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Comparison of Arterial Spin Labeling and First-Pass
Dynamic Contrast-Enhanced MR Imaging in the
Assessment of Pulmonary Perfusion in Humans:

The Inflow Spin-Tracer Saturation Effect

Yi-Ru Lin,"? Ming-Ting Wu,**" Teng-Yi Huang,* Shang-Yueh Tsai,’
Hsiao-Wen Chung,"®> Vu M. Mai,® Cheng-Yu Chen,” and Huay-Ben Pan**

The flow-sensitive alternating inversion recovery (FAIR) and
the first-pass dynamic contrast-enhanced MR imaging (CE-
MRI) techniques have both been shown to be effective in the
assessment of human pulmonary perfusion. However, no
comprehensive comparison of the measurements by these
two methods has been reported. In this study, healthy adults
were recruited, with FAIR and CE-MRI performed for an es-
timation of the relative pulmonary blood flow (rPBF). Regions
of interest were encircled from the right and left lungs, with
right-to-left rPBF ratios calculated. Results indicated that, on
posterior coronal slices, the rPBF ratios obtained with the
FAIR technique agreed well with CE-MRI measurements
(mean difference = —0.02, intraclass correlation coefficient
R, = 0.78, 95% confidence interval = [0.67, 0.86]). On middle
coronal slices, however, FAIR showed a substantially lower
rPBF by up to 43% in the right lung compared with CE-MRI
(mean difference = —0.38, R, = 0.34, 95% confidence inter-
val = [-0.09, 0.68]). The location-dependent discrepancy be-
tween measurements by FAIR and CE-MRI methods is attrib-
uted to tracer saturation effects of arterial inflow when the
middle coronal slice contains the in-plane-oriented right pul-
monary artery, whereas the left lung rPBF is less affected due
to oblique orientation of the left pulmonary artery. Intrase-
quence comparison on additional subjects using FAIR at
different slice orientations supported the above hypothesis.
It is concluded that FAIR imaging for pulmonary perfusion in
the coronal plane provides equivalent rPBF information with
CE-MRI only in the absence of tracer saturation effects;
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Assessment of pulmonary perfusion in clinical practice
has traditionally been performed by nuclear medicine
scintigraphy using radioactive isotopes such as the
Tc99m-labeled macroaggregated albumin (Tc99m-MAA)
(1). In recent years, MR imaging emerged as an attractive
alternative for such a purpose (2-5). MR imaging has the
advantages of simultaneous acquisition of high-resolution
anatomic images, multiple functional information to assist
diagnosis, and no ionization radiation exposure. Research
studies have further shown that MR is able to detect per-
fusion deficits due to pulmonary embolism (3,6) and that
MR provides consistent information compared with per-
fusion scintigraphy, which is regarded as the current clin-
ical standard (7,8). It is thus clear that MR imaging may
have the potential to become one of the routine clinical
modalities for screening or monitoring pulmonary dis-
eases.

Among the pulmonary perfusion MR imaging tech-
niques reported to date employing the proton nuclei, the
flow-sensitive alternating inversion recovery (FAIR) ap-
proach based on arterial spin labeling (9—11) and the first-
pass dynamic contrast-enhanced MR imaging (CE-MRI)
using i.v. injection of Gd-based contrast agents
(2,3,6,7,12,13) seem to hold strong promise in direct clin-
ical applications. The FAIR approach, like other similar
arterial spin labeling methods, does not necessitate injec-
tion of contrast agents (4,10,14); hence, it is completely
noninvasive and allows multiple measurements (15). Re-
cent development incorporating inhalation of oxygen fur-
ther allows ventilation-perfusion scans to be performed in
a single examination without contrast administration (11).
On the other hand, dynamic CE-MRI utilizing rapid bolus
injection of contrast agents is advantageous in situations
where tissue transit time and pulmonary blood volume are
to be obtained to assist diagnosis (3,7,16). Measurement of
lung perfusion by CE-MRI has been validated by experi-
mental studies using animal models with invasive micro-
sphere measurements as the standard (13,17). Further-
more, first-pass dynamic CE-MRI usually takes less than a
minute of scan time and is hence appropriate for clinical
studies.
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Although CE-MRI and FAIR are both able to assess regional
lung perfusion, their mechanisms are quite different. How-
ever, there have been only few reports comparing the mea-
surement of regional pulmonary perfusion by these two
methods (14). We hypothesize that FAIR of lung, unlike its
applications in the brain, may be more complicated due to
major arterial inflow contained in the region of interest.
Therefore, we attempt to compare the measurements of re-
gional pulmonary perfusion assessed by FAIR and the CE-
MRI techniques in healthy human adults. The specific aim of
this study is to investigate the suitability of the FAIR perfu-
sion estimation method at different coronal slice locations.
Note that coronal slice orientation is investigated here be-
cause the coronal view provides better comparison between
the right and left lungs, as commonly seen in chest radio-
graphs or lung perfusion scintigrams. In addition, a weakness
inherent in the FAIR technique that tends to result in under-
estimation of pulmonary blood flow in the right lung is
reported and its reasons are experimentally investigated.

MATERIALS AND METHODS
Theory

Consider the time evolution of the longitudinal magneti-
zation within an image voxel, M(t), given by the modified
Bloch equation including the effects from arterial blood
inflow and venous blood outflow:

dM(t) M, — M()
da -1, M- M), [1]

where M, is the longitudinal magnetization at thermal equi-
librium per gram of tissue, T, is the longitudinal relaxation
time, f is the capillary blood flow in units of milliliter of
blood per second per gram of tissue, and M, (t) and M,(f) are
the longitudinal magnetization per milliliter of blood in the
arteries and veins, respectively. In an arterial spin labeling
experiment where the upstream inflow spins are fully satu-
rated, M, (t) = 0. If one further assumes a single compartment
model, where the proportions of the labeled spins are iden-
tical for the image voxel and for the venous outflow, M, (f) =
M(t)/\ with X\ being the tissue/blood water partition coeffi-
cient. Equation [1] thus becomes

dM() M, - M(t) |
i — 1, M@ (2]

Solving for the modified Bloch equation yields

_ Tiapp Tapp —
M(t)—TlMg‘f‘ 1_T1 M,e ) [3]
where
1 A\
Tlapp = (f + X) [4]

is the apparently shortened longitudinal relaxation time in
the presence of inflow with saturated spins. Substitution of
t = 0 and t — o into Eq. [3] yields, after some manipulation,
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f Tlapp MO ’ [5]
where M stands for the longitudinal magnetization at the
steady state (i.e., t — o in Eq. [3]). Equation [5] forms the
basis of all arterial spin labeling methods, in which the
blood flow f can be estimated on a voxel-by-voxel basis by
subtracting the image obtained with labeled arterial flow
(M?°) from the image obtained without labeling (M,,).

Being one of the variants of the arterial spin labeling
methods, the principle of FAIR imaging for an assessment
of tissue perfusion is based on the difference in signal
intensity between two images acquired using selective ver-
sus nonselective inversion-recovery preparation and oth-
erwise identical scanning parameters (9). In a slice-selec-
tive inversion-recovery scan, the blood flow into the image
slice and subsequent capillary/tissue water exchange
cause a signal change proportional to the perfusion (i.e.,
the tagged image). In contrast, the inflowing blood results
in no signal changes in image acquisition with nonselec-
tive inversion (i.e., the control image). Consequently, a
subtraction of the tagged and control images yields a per-
fusion map reflecting regional blood flow, in a manner
analogous to Eq. [5]. Note that an important prerequisite
for successful applications of the FAIR method is that the
inflowing blood should be clearly separable from the im-
age slice in the tagged and control images. If the image
slice contained part of the upstream vessels, the inflowing
blood would become a mixture of inverted and nonin-
verted spins in the tagged scan. In other words, some of the
endogenous tracer becomes indistinguishable to the static
tissue in the image slice, causing possible reduction in
perfusion-related signal changes.

Assuming that the upstream artery exhibits a proportion 3
lying within the image slice (0 < B < 1), these arterial spins
would not experience any saturation before being excited by
the imaging RF pulse. Equation [2] hence becomes

dM'(t) _My-M'®) f8  f
a ~ 1, Moy Mo. 6]

where we have denoted the longitudinal magnetization as
M () to distinguish from the original M(#) in Eq. [1]. Solv-
ing for the modified Bloch equation yields

, Tl'dpp Tlapp /T4,
M(t)fTBMO-i- 1—TB M,e [7]
where
1 B\
e (2R) o
1

Clearly, the time evolution of the longitudinal magnetiza-
tion as expressed in Eq. [7] is no longer identical to that in
Eq. [3]. If one still used Eq. [5] to estimate the tissue blood
flow f, one would obtain

i

S M"_Mrss—x( : 1)—(1 f. 19]
B T1app MO a TTHPP TB - B .



Inflow Spin-Tracer Saturation Effect

Superior vena cava

Aortic arch

Right pulmonary artery

Left pulmonary artery

Right lung

Main pulmonary artery
(pulmonary trunk)

Right ventricle

FIG. 1. Schematic drawing of the relative locations of the main
pulmonary artery from the right ventricle and the right and left
pulmonary arteries. These three vessels are oriented along very
different directions, i.e., main trunk perpendicular, right main pul-
monary artery parallel, and left main pulmonary artery oblique to the
coronal imaging plane, causing possible different spin-tracer satu-
ration effects in FAIR imaging in a coronal scan.

In other words, when the upstream artery exhibits a pro-
portion B lying within the image slice, the resulting esti-
mation of the tissue blood flow would be underestimated
by a factor of B. One further notices that even if the deri-
vations above were performed for a saturation recovery
experiment, the same principle holds true, at least quali-
tatively, for all arterial spin labeling methods.

The FAIR technique has been used successfully used in
transaxial brain imaging (9) because the blood supply is
relatively unidirectional (caudocranially) below the skull
base level, such that the inflowing blood can be regarded
as completely tagged in the transaxial slice-selective inver-
sion-recovery scan. In comparison, the vessels for inflow-
ing blood for the lungs consist of the main pulmonary
artery (or the pulmonary trunk) from the right cardiac
ventricle, plus the subsequently branched right and left
pulmonary arteries flowing into the right and left lungs,
respectively (Fig. 1). These three major vessels are obvi-
ously oriented along very different directions. If FAIR
were to be used in a coronal scan for lung perfusion, it is
likely that for some slice locations, the image slice would
contain a substantial portion of the upstream vessels, caus-
ing an effective “saturation of the spin-tracer” and thus a
reduction in perfusion-related signal changes as shown in
Eq. [9]. The above phenomenon is further anticipated to be
prominent especially for the right lung, because the right
pulmonary artery is along the left-right direction (Fig. 1)
that is likely in-plane oriented in a coronal scan (i.e., a
larger B). In contrast, performing sagittal scans may largely
circumvent this tracer saturation effect.

Experiments—Part |: Intersequence Comparison between
FAIR and CE-MRI

Subjects and Image Acquisition

A total of six healthy young adults (aged 23-28 years, all
male) volunteered participation in this study. None of
these participants had a history of pulmonary diseases. All
subjects underwent FAIR imaging followed by CE-MRI
performed on a 1.5-T MR system (General Electric Signa
CVi, Milwaukee, WI). Coronal perfusion-weighted MR im-
ages were acquired following a transaxial localizer slightly
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above the heart to see the relative locations of the right and
left pulmonary arteries (Fig. 2). FAIR imaging was per-
formed using an inversion-recovery-prepared single-shot
fast spin-echo sequence (10,11), with TI = 1400 msec,
effective TE = 27 msec, echo spacing = 4.58 msec, NEX =
15, matrix = 128 X 128 (half Fourier) and interpolated to
256 X 256 for display, and slice thickness = 10~12 mm
with two coronal slices acquired sequentially (for slice
locations see Fig. 2). Cardiac gating was used along with
breath-holding on end-inspiration during each single ex-
citation, such that motion-related influences were mini-
mized in signal averaging. Note that cardiac gating was
needed to ascertain consistent cardiac phase, not only to
ensure the same shape and location of the heart in all
images, but also because the amounts of blood flow from
the right ventricle to the lungs during systole and diastole
are substantially different. In FAIR imaging, cardiac gating
was achieved by placing the excitation pulse at TD after
the R-wave, where TD stands for trigger delay and was set
in our study to 1.6 times the R-R interval. The inversion
RF pulse was then placed at time TI before the excitation
pulse, consistently for all signal averages. The inversion
RF pulse was toggled between being slice-selective and
slice-nonselective at a time separation of 5~6 sec to ensure
complete T, recovery and interleaved within the 15 signal
averages. Thickness of the inversion pulse was set at twice
of the excitation pulse. Total imaging time for FAIR was
about 3 min or less at each slice location.

Dynamic CE-MRI at the same slice locations as in FAIR
was accomplished using an inversion-recovery-prepared

FIG. 2. Transaxial localizer from which the coronal image locations
were determined. Dashed lines indicate the two coronal slice loca-
tions. Note that the middle slice covers a significant portion of the
right pulmonary artery (open arrow), whereas the posterior slice
does not include the upstream pulmonary arteries. The two vertical
solid lines indicated the slice locations for the sagittal scans in the
intrasequence comparison part of the study (see text for details).
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segmented EPI technique (18) with TI/TR/TE/ETL = 180/
6.5/1.2/4, matrix = 128 X 128 and interpolated to 256 X
256 for display, and slice thickness = 10~12 mm with two
coronal slices acquired (identical to that used in FAIR for
every subject). This sequence allows about four slices to be
acquired in one cardiac cycle (18). A bolus of
0.05 mmol/Kg Gd-DTPA (Magnevist, Schering, Germany)
was injected into the antecubital vein using an MR-com-
patible power injector at a speed of 3 mL/sec after the
image acquisition started. Cardiac gating was also used
together with breath-holding, again at end-inspiration, to
avoid image misregistration. A total of 40~60 frames, sep-
arated by one R-R interval from one another, were ob-
tained at each coronal slice location. Hence total imaging
time for CE-MRI was less than a minute. For all healthy
subjects included in our study, breath-holding during the
first-pass transit of the contrast agent was successful. The
subjects were in supine position throughout the entire
examinations. The institutional review board in our hos-
pital approved the imaging protocol.

Perfusion Calculation

Relative pulmonary blood flow (tPBF) maps were created
on a voxel-by-voxel basis after image acquisition. For the
FAIR method, rPBF maps were calculated by a subtraction
of the tagged and control images (10,11). For the genera-
tion of rPBF maps using the dynamic CE-MRI images, the
signal intensity-time curves for all voxels within the lungs
were first extracted and baseline intensity subtracted.
v-Fitting was performed to remove the recirculation ef-
fects, following which the rPBF was obtained using the
central volume principle given by rPBF = rPBV/rMTT,
where rPBV, the relative pulmonary blood volume, was
estimated by an integration of the y-fitted signal intensity-
time curve (assuming changes in signal intensity approx-
imately proportional to contrast concentration) and tMTT,
the mean transit time, was computed as the normalized
first moment of the signal intensity-time curve (13,16).

Data Analysis

Comparison of the two types of rPBF maps was accom-
plished using region-of-interest (ROI) analysis. For this
purpose, 20 ROIs (10 each in the left and right lungs), each
about 200 voxels in size, were selected in the pulmonary
parenchyma on each coronal image slice. Large vessels
showing obviously too high rPBF values were avoided by
comparing individual voxel values with an rPBF thresh-
old. Voxels with rPBF values larger than the threshold
were excluded from the ROI analysis. Regions near the
fissure were also avoided as rPBF is expected to be intrin-
sically smaller than in the pulmonary parenchyma. Care
was taken such that the selection of ROIs was roughly
symmetric in the two lungs in order to allow right-to-left
comparisons, because neither of our two perfusion tech-
niques provided PBF information in an absolutely quanti-
tative manner. Following selections of the ROIs, the right-
to-left rPBF ratio was defined as R = (rPBF of ROI in the
right lung)/(@PBF of ROI in the left lung). The ratios ob-
tained from the FAIR and the CE-MRI rPBF maps were
denoted Rpar and Repmrr respectively, with ROIs de-
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fined on CE-MRI rPBF maps copied to FAIR rPBF maps to
ensure identical ROI locations. Therefore, 20 rPBF ratios
(10 Rpar’s and 10 Rgpnwi’'s) Were obtained per slice on
every subject. Subsequently, 10 values of Ryar/BRepmri
were derived for each slice. Note that in the ideal situation
where both FAIR and CE-MRI provide accurate perfusion
information, Rp g and Rgpmr; are expected to be equal.

Statistical Analysis

The overall difference between Rp,z and Rgp gy for the
six subjects (total 60 ROI pairs in each of the two slice
locations) was investigated separately for the middle and
posterior slices using paired Student’s t test. A P value of
0.05 or smaller was regarded as statistically significant.
Note that the paired ¢ test was used because the ROI pairs
on different coronal slice locations are nearly identical in
terms of their locations along both the superior—inferior
and the left-right directions. The overall agreement be-
tween Rpar and Rep vgr for the six subjects was assessed
using the intraclass correlation coefficient (19), which pro-
duces measures of consistency or agreement of values
within cases, i.e., TPBF measurements obtained using
FAIR and CE-MRI within a same case in this study. This
overall agreement was again examined separately for the
two slice locations. In addition, a graphical visualization
of the agreement between Ry ,;r and Rep vrp Was assessed
using the Bland—Altman analysis (20).

Experiments—Part II: Intrasequence Comparison with
FAIR

Effects of Slice Orientations

To provide further evidence of the location-dependent
tracer saturation effects in FAIR imaging, an additional
three subjects (aged 21-26 years, all male) were recruited
for the second part of the study. Coronal and sagittal FAIR
images were obtained in separate scans. Two slices were
acquired for the coronal scan, with slice locations indi-
cated as in Fig. 2 (middle and posterior, in order to illus-
trate different tracer saturation effects). For the sagittal
scan, two more slices were obtained: one acquired crossing
the right lung and the other crossing the left lung (solid
lines in Fig. 2), respectively, to allow for left and right
comparison. Care was taken such that the transmitter and
receiver gains were kept identical for all scans. The values
of rPBF, calculated using the method as detailed previ-
ously, were then compared for each pair of orthogonal
images on the intersected column of voxels. Ideally, per-
fusion estimation should be independent of the slice ori-
entations if B (Eq. [9]) is the same. We hypothesized that
(1) sagittal planes have similar B at the right slice versus
the left slice; (2) the posterior coronal plane have similar 3
for both lungs to that in the sagittal planes; and (3) the
middle coronal plane have  values that are higher for the
right lung than for the left lung, since the middle coronal
planes included the upstream right pulmonary artery
within the imaging slice. Therefore, a comparison of pul-
monary blood flow at the same voxels measured by coronal
FAIR versus sagittal FAIR, respectively, would provide an
“intrasequence” comparison to test the phenomenon of
slice-location-dependent tracer saturation effect.
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Table 1
Rear/Rce-mmi Values (Mean + std from 10 ROI Pairs) Listed for the Six Subjects in Different Slice Locations
Rear/Rce-mri Subject 1 Subject 2 Subject 3 Subject 4 Subject 5 Subject 6
Posterior slice 1.00 £ 0.14 0.96 = 0.15 0.92 = 0.10 1.03 = 0.20 0.89 = 0.10 1.06 = 0.21
Middle slice 0.69 = 0.19 0.55 = 0.15 0.70 = 0.10 0.64 = 0.22 0.70 = 0.18 0.89 = 0.15
Underestimation for
middle slice (%) 31 43 34 38 21 16

Note. In the ideal situation where both FAIR and CE-MRI provide accurate perfusion information, Rga g and Rcevrs are expected to be equal
and their ratio should be close to unity for healthy subjects. Note that compared with Rrpr/Rce.mri’s for the posterior slice, in the middle

slice Rear/Rce-mri’'S Were substantially smaller on all subjects.

The data analysis for this part of study consisted of the
following steps. The coronal rPBF values were plotted in a
voxel-by-voxel manner against the sagittal rPBF values in
a scatter plot, for the caudocranial voxel columns inter-
sected by two orthogonal slices (total four pairs). The
locations of the intersecting columns were identified in the
coronal and sagittal images using anatomic coordinate val-
ues indicated on the transaxial localizer (Fig. 2). Note that
the imaging voxels were highly anisotropic in the FAIR
images, with slice thickness three times larger than the
in-plane voxel width before zero-filled interpolation. As a
consequence, the voxel columns intersected by two or-
thogonal slices were constructed by averaging rPBF values
from three adjacent voxels. The overall agreements be-
tween coronal and sagittal rPBF values were assessed us-
ing the intraclass correlation coefficient R; for the four
pairs of intersecting imaging slices, respectively.

Effects of the Inversion Time TI

We hypothesized that the tracer saturation effect arises
mainly from an inclusion of upstream vessel by the imag-
ing slice. Hence, its existence is anticipated to be largely
independent of the inversion time TI, except that the right-
to-left discrepancy may somehow reduce at very long TI
due to T,-relaxation-induced loss of the labeled tracers
(11). The possible influences of TI on the tracer saturation
effects were experimentally investigated on two healthy
subjects using coronal FAIR imaging at three different TI
values (1000, 1400, and 1800 msec), with results compared
with data obtained from CE-MRI. For this purpose, Rpa
and Rcpygrr were derived from 20 ROIs in each slice (10
ROIs in each lung, as described in a previous section,
Experiment Part I) and their ratios calculated (10 Ryar/
Repvrr Values in each slice from the 10 ROI pairs). Results
were plotted separately for the posterior and middle slices.
Ideally in the absence of tracer saturation effects, the FAIR
to CE-MRI perfusion ratio (Ryar/BRcrmri) should be close
to unity. Differences in Ryar/Rcrmrr between the poste-
rior and middle slices were assessed using Student’s t test,
with P value of 0.05 or smaller regarded as statistically
significant.

RESULTS

Intersequence Comparison between FAIR and CE-MRI
Table 1 listed the ratios Rpamr/Bcram: (Mean * std for 10
ROI pairs) in different slice locations for each subject. As

seen in Table 1, in the posterior image slice, the values of
Ry ar/Begmrr Were close to unity in all of our cases. Thus,

FAIR and CE-MRI provided basically consistent rPBF in-
formation at the posterior slice location. In the middle
slice location, however, the Rpr/Bcpvrr Values were
substantially lowered, suggesting 16~43% underestima-
tion of FAIR-derived rPBF in the right lung than the CE-
MRI method. The inconsistency of FAIR and CE-MRI per-
fusion in the middle slice is clearly at variance to the
situation in the posterior slice.

The phenomena mentioned above could also be de-
picted in the rPBF maps. Figure 3a and b shows the coro-
nal rPBF maps of a 23-year-old male subject acquired
using FAIR and CE-MRI, respectively, from a posterior
slice location (for slice locations see Fig. 2). These two
images visually showed no evident difference in pulmo-
nary perfusion between the right and the left lungs. Figure
4a and b shows the coronal FAIR and CE-MRI rPBF maps
of the same subject acquired from a middle slice location.
In contrast to the similar image appearance for Fig. 3a and
b, the FAIR rPBF map in Fig. 4a demonstrated substan-
tially lower perfusion in the right lung (open arrow) than
the contralateral side in the left lung (long arrow). On the
other hand, the CE-MRI rPBF map in Fig. 4b of the same
subject indicated that there was no evident visual differ-
ence in the perfusion for the right and left lungs.

The association between Rp g and Repgr; for the two
slice locations is shown in Fig. 5 for the 60 ROI pairs
from the six subjects recruited in our study. Rp.r’S were
in general smaller than Rqj \g;’s in the middle slice, but
not in the posterior slice. The mean difference between
Rpamr and Repvgrr for the posterior coronal slice was
—0.02 and did not reach statistical significance (paired
Student’s t test, P = 0.115). The intraclass correlation
coefficient (19) assessing the absolute agreement be-
tween Rpar and Reparr Was Ry = 0.78. The 95% con-
fidence interval was [0.67, 0.86]. A Bland—Altman plot
(20) showed that the disagreement between Ry,;x and
Repvrr Was less than 0.27 within two standard devia-
tions (Fig. 6a; mean difference of —0.02, upper and
lower limits at 0.22 and —0.27, respectively). For the
middle coronal slice, however, the mean difference be-
tween Rpar and Ry nvgg for the 60 ROI pairs was —0.38,
which was statistically significant (paired Student’s t
test, P = 0.000). Intraclass correlation coefficient R; was
only 0.34, with 95% confidence interval equal to [—0.09,
0.68], suggesting that FAIR showed a substantially lower
perfusion in the right lung compared with CE-MRI.
Bland—Altman analysis showed a preferential lower
Rk than Rep g by —0.38 and a prominent disagree-
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FIG. 3. Coronal rPBF maps of the posterior slice from a 23-year-old
male subject obtained using (a) the FAIR (rPBF derived from a
subtraction of the tagged and control images) and (b) the CE-MRI
techniques (rPBF derived using central volume principle from the
v-fitted first-pass Gd-bolus transit), respectively. With regions of
large vessels excluded, the exemplified rectangular regions-of-in-
terest (white boxes) yielded Rgag = 0.84 and Regmm = 0.85,
suggesting that FAIR and CE-MRI provide consistent information in
pulmonary perfusion.

Lin et al.

ment (Fig. 6b; mean difference of —0.38, upper and
lower limits at 0.04 and —0.80, respectively).

Intrasequence Comparison with FAIR

Figure 7 demonstrated the comparison of rPBF obtained
using FAIR with different slice orientations. In Fig. 7a it is
seen that for the posterior coronal slice, rPBF values were
consistent with those obtained using sagittal scans for both

: .
.

FIG. 4. Coronal rPBP maps of the middle slice from a 23-year-old
male subject (the same as in Fig. 3) obtained using (a) the FAIR and
(b) the CE-MRI techniques, respectively. In a, the pulmonary blood
flow in the right lung (e.g., open arrow) appears substantially lower
than in the left lung (e.g., long arrow). In contrast, the CE-MRI rPBF
map in b shows no obvious right-to-left perfusion difference. The
exemplified rectangular regions-of-interest (white boxes) yielded
Rear = 0.62 and Rgemr = 0.99, respectively. The disagreement
between rPBF maps obtained from the two methods in the middle
image slice is clearly seen.



Inflow Spin-Tracer Saturation Effect 1297
16
» Posterior slice, y = 0.97x o
14 T o Middle slice, y = 0.69x °o
x
E [=]
w12
FIG. 5. Right-to-left rPBF ratios Rg 5 plotted ver- S
sus Rge_mri from 60 ROI pairs in each slice for six — w= |
healthy subjects. In the posterior slice, Rgar .g 10
agrees well with Rcemm by showing consistent L)
values with a regression line of y = 0.97x (filled % 08 |
circles). The intraclass correlation coefficient was —6
R, = 0.78. On the contrary, Rga g tends to be lower by
than Rce.mmi (v = 0.69x; open circles) in the middle 5, 06
slice, with intraclass correlation coefficient R, = o
0.34.
04
0.2 1 1 Il 1 1 Il L
04 06 0.8 1.0 1.2 14 1.6 18 20

the right and the left lungs (regression slopes both close to
unity; intraclass correlation coefficients = 0.90 and 0.91
for the right and left lungs, with 95% confidence intervals
being [0.86, 0.94] and [0.87, 0.94], respectively). For the
middle coronal slice, however, Fig. 7b showed that the
rPBF values estimated from the coronal FAIR image were
in good agreement with their sagittal counterpart only for
the left lung (regression slope = 1.11; intraclass correlation
coefficient R; = 0.89; 95% confidence interval = [0.83,
0.92]). For the right lung, coronal rPBF values were in
general lower than sagittal rPBF by about 22% on the
average (regression slope = 0.78; intraclass correlation
coefficient R, = 0.79; 95% confidence interval = [0.70,
0.85]).

Figure 8 shows the FAIR images acquired with different
TI values (top row, posterior slices; bottom row, middle
slices; from left to right: TI = 1000, TI = 1400, and TI =
1800 msec, respectively). As visually demonstrated, the
posterior coronal slices did not exhibit seemingly reduced
perfusion in the right lung (Fig. 8a—c). The tracer satura-
tion effects in the middle slices, on the other hand, can be
seen regardless of the TI values chosen (Fig. 8 d—f). Perfu-
sion ratios (Rpar/Rermri) for the six images are plotted in
Fig. 9, with values derived from interrogated ROI pairs as
selected using the approach described in the aforemen-
tioned Method for Experiment Part I. The differences be-
tween Ry ar/Ber-mrr Obtained from the posterior slices and
those from middle slices were all statistically significant,
with the P values increasing with increase in TI.

DISCUSSION AND CONCLUSIONS

Recent technical developments have rendered MR imaging
to play an increasingly important role in the monitoring of
the respiratory system (3-5,7,12,13,21,22). Although pro-
ton MR imaging compared poorly in signal-to-noise ratio
to imaging using hyperpolarized idle gas (21,22), proton
MR imaging in the lungs does not necessitate substantial

Right-to-left ratio from CE-MRI

hardware and software system modifications and is hence
directly applicable in clinical practice (3-5,7,12,13). Even
if proton MR imaging may not entirely substitute for nu-
clear medicine scintigraphy, which is the current standard
for perfusion imaging in the lungs, the ability to obtain
information on rPBF at high spatial resolution in a short
time has demonstrated strong clinical potential of perfu-
sion MR in the pulmonary system.

The FAIR technique for pulmonary perfusion imaging,
as well as other variants of the arterial spin labeling meth-
ods, is uniquely advantageous in its use of the endogenous
tracer, which is particularly suitable in situations where
repeated examinations are needed (15). One recent study
comparing a FAIR-based spin labeling method with CE-
MRI concluded that the perfusion parameters obtained
with the two modalities were generally in good agreement
(14). Results from our study indicate, however, that the
FAIR-derived perfusion maps could substantially under-
estimate the rPBF in the right lung by 16 to 43% (Table 1),
with obvious difference that is visually perceivable (Fig.
4a). In addition, this estimation error depends on slice
locations, i.e., being more severe at the middle than pos-
terior coronal images. This result of underestimated rPBF
in the right lung for the middle slice is consistent with our
inference of the spin-tracer saturation effects as detailed in
a previous section. Going back to Fig. 2, the two coronal
image slices acquired for rPBF calculation in this study are
located covering the right pulmonary artery (the middle
slice) and posterior to the two pulmonary arteries (the
posterior slice), respectively. For the flow-sensitive (i.e.,
tagged) images in FAIR, the in-plane right pulmonary ar-
tery experiences a substantial amount of spin inversion
when imaging the middle coronal slice, in contrast to the
expected situation where the upstream “labeled” spins
should be noninverted and close to the thermal equilib-
rium magnetization. Consequently, the FAIR-derived rPBF
in the right lung is significantly underestimated. On the
other hand, the tracer saturation effect for the left pulmo-
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FIG. 6. Bland-Altman analysis plots to assess the agreement be-
tween rPBF ratios obtained from all six subjects using FAIR and
CE-MRI for the posterior (@) and middle (b) coronal slices, respec-
tively. In a, the center dashed line indicates the mean percentage
disagreement (defined as Rear — Rce-vri divided by the mean of
Rear @nd Ree.mm) @t —0.02, whereas the upper and lower dotted
lines show that the disagreements within two standard deviations
are within 0.22 and —0.27, respectively. Hence, for the posterior
slice, rPBF ratios derived from FAIR and CE-MRI show fairly good
agreements. For the middle slice, however, the mean percentage
disagreement shown in b is at —0.38, suggesting substantial un-
derestimation of rPBF in the right lung by the FAIR method.

nary artery is expected to be less prominent, due to rela-
tively oblique vessel orientation. Hence, perfusion under-
estimation for the left lung, if present, should be much less
in extent than for the right lung. In contrast to the middle
slice, the posterior coronal slice does not contain the up-
stream vessels. The spin-tracer saturation effect is absent.
Thus, no underestimation of perfusion is seen in the rPBF
maps obtained from FAIR imaging, similar to what was
reported in a recent study showing comparison on poste-
rior coronal image slices (14). In such circumstances, FAIR
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and CE-MRI provide consistent information in pulmonary
perfusion by showing intraclass correlation coefficient R,
of 0.78 (95% confidence interval [0.67, 0.86]).

In order to verify that the discrepancy between FAIR
and CE-MRI did not root from artifactual origins other
than the inflow tracer saturation effect, we acquired
sagittal FAIR images to compare with coronal FAIR im-
ages to examine the intrasequence relationship of scan
location versus perfusion measurements. If such a dis-
crepancy originated from, for instance, imperfect distri-
bution of the RF flip angle within a large field-of-view,
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FIG. 7. Scatter plots showing the rPBF estimated from posterior (a)
and middle (b) coronal FAIR images, plotted against values mea-
sured from sagittal FAIR images at the same voxel locations with
identical transmitter and receiver gains in the left lung (circles; solid
regression lines) and right lung (crosses; dashed regression lines),
respectively. The rPBF values obtained from the posterior coronal
slice were in good agreement with those from the sagittal slice for
both lungs, showing regression slopes close to unity with intraclass
correlation coefficients both greater than R, = 0.90 (a). The middle
coronal rPBF, however, showed consistency with sagittal rPBF in
the left lung only (R, = 0.89), with coronal values lower than sagittal
by 22% on the average (regression slope 0.78; R, = 0.79) in the right
lung (b).



Inflow Spin-Tracer Saturation Effect

FIG. 8. Coronal FAIR images acquired with
different Tl values (top row, posterior slices;
bottom row, middle slices; from left to right:
TI = 1000, TI = 1400, and Tl = 1800 msec,
respectively). The posterior slices did not
visually exhibit reduced perfusion in the
right lung (a-c). On the other hand, the
tracer saturation effects in the right lung
(arrows) can be seen in the middle slices
regardless of the Tl values chosen (d-f).

the sagittal FAIR images would show similar regional
disagreement in perfusion estimations. In our experi-
ments, we observed lower rPBF only for the right lung
on middle coronal FAIR images, not in any of the sagit-
tal planes or in the posterior coronal slice. The intrase-
quence comparison results hence provided a reinforcing
evidence of the tracer saturation effects and essentially
ruled out other artifactual causes.

The presence of inflow tracer saturation effect in FAIR
has several implications in pulmonary perfusion MR im-
aging. The first issue is the expected limited slice coverage
confined to posterior coronal slices where the spin-tracer
saturation effects are largely absent. Limitation in slice
coverage could be detrimental, especially for clinical di-
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FIG. 9. Right-to-left perfusion ratios derived from FAIR images
acquired using three different Tl values, expressed as the ratios to
values obtained from CE-MRI, for interrogated ROI pairs as selected
from Fig. 8 using the approach described under Methods. The
circles were the individual values, with error bars (mean = std) on
their right-hand-side. Differences between perfusion ratios obtained
from the posterior slices and those from middle slices were all
statistically significant.
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agnosis because whole-lung imaging is often desirable.
Performing, e.g., sagittal scans may circumvent rPBF un-
derestimation in the right lung for arterial spin-labeling
techniques (4), which, however, may not be a preferential
solution in clinical practice because the number of slices
would need to be substantially increased to cover the
entire lungs. Even if three-dimensional sagittal scanning in
one lung has been shown to be effective in revealing focal
perfusion deficits (4), right-to-left comparison would not
be directly accessible in sagittal imaging. Note that right-
to-left comparison of pulmonary perfusion is especially
important clinically for preoperative evaluation of lung
function, such as candidate selection for lung transplanta-
tion, volume reduction surgery (23), and postoperative
evaluation of lung functions on patients with congenital
heart diseases (24). Therefore, coronal imaging capability
is a highly desirable feature in clinical practice.

Since the tracer saturation effects as indicated in Egs. [6]
to [9] apply in general to all perfusion imaging methods
based on arterial spin labeling, a reasonable extrapolation
of the results from our study would suggest that other
techniques such as QUIPSS 1II (25) are likely to be suscep-
tible to the same pitfalls when applied to coronal perfu-
sion imaging of the lungs. Furthermore, the presence of
tracer saturation effects is relatively independent of the
inversion time (or the inflow time) TI (Figs. 8 and 9), as
long as the TI values are appropriately chosen (on the
order of 1400 msec) to reflect perfusion within the pulmo-
nary parenchyma. However, there appears a trend that the
saturation effect diminished while the TI was elongated, as
seen in Fig. 9. This result is consistent with the inherent
effects of tracer loss due to T, relaxation and therefore
reduces the contrast-to-noise ratio for FAIR imaging (11).
In other words, the measurement discrepancy in pulmo-
nary perfusion seen on middle coronal FAIR images may
become obscured at longer TI (>1800 ms), which is, how-
ever, not a recommended option because of the expected
reduction in perfusion sensitivity.

In contrast to FAIR, the rPBF maps obtained with CE-
MRI from the healthy subjects included in our study did
not show similar right-to-left difference. The Ry gy val-
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ues were mostly not too far from unity, as is expected for
healthy subjects, regardless of the coronal slice locations.
Note that one may argue that in perfusion scintigraphy of
normal subjects, the total perfusion volume of the right
lung may be larger than that of left lung. However, this
difference is simply due to the fact that the left lung is
usually smaller in the presence of the left-sided heart. By
using the regional perfusion analysis in our study, i.e., ROI
to ROI comparison, the influence of total lung volume
could be eliminated and therefore the right-to-left ratio
should be close to unity in normal subjects. In addition to
the values of Ry mg; in accordance with expectation, im-
aging of pulmonary perfusion using CE-MRI is advanta-
geous in that it is considered relatively mature, with PBF
calculation validated using invasive methods in animal
models (13,17) and its clinical value widely demonstrated
(6—8,12,26—28). At least in our limited scale of study, no
technical pitfalls in CE-MRI perfusion were found. The
experimental results in Fig. 7 obtained using only FAIR
imaging further indicated that the perfusion underestima-
tion was inherent in coronal FAIR imaging but not related
to CE-MRIL

One relatively minor issue further favoring the use of
CE-MRI to assess pulmonary perfusion is the point-spread-
function blurring shown in the FAIR rPBF images (Figs. 3a
and 4a). In this study, the half-Fourier single-shot fast
spin-echo scheme was used as the signal readout module
after the inversion-recovery preparation, with center-out
phase encoding order. Since the lung parenchyma and the
pulmonary vessels have relatively short T, compared with
the total length of the data acquisition window (on the
order of a second or less), a relaxation-induced attenuation
of the high-spatial-frequency components at the outer part
of the k-space could lead to significant point-spread-func-
tion blurring (29). The blurring was visually prominent for
the FAIR rPBF maps in both Figs. 3a and 4a along the
left-right direction (i.e., the phase encoding direction),
compared with the CE-MRI rPBF maps in Figs. 3b and 4b.
Fortunately, the point-spread-function blurring was not a
severe problem in terms of ROI analysis of rPBF in our
study. It is further noted that the blurring issue is related
only to the signal readout module, rather than the intrinsic
difference in the contrast preparation schemes between
FAIR and CE-MRI.

We conclude that FAIR and CE-MRI provide consistent
rPBF estimations only in the absence of the inflow tracer
saturation effects. If coronal slices were taken, as prefer-
entially performed for clinical lung imaging, FAIR would
result in substantial rPBF underestimation in the right
lung when the image slice covers the upstream right pul-
monary artery. For whole-lung coverage, therefore, CE-
MRI compares favorably to FAIR in the assessment of
pulmonary perfusion. The FAIR technique should be care-
fully exercised in clinical practice to avoid misleading
interpretations and diagnosis.
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