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Low-Dose Quantitative Myocardial Blood
Flow Imaging Using 1°O-Water and PET
Without Attenuation Correction
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Misalignment between PET and low-dose CT (LD-CT) can cause
severe artifacts in cardiac PET/CT because of attenuation-
correction errors, even when using slow or cine LD-CT. Myocar-
dial blood flow (MBF), as measured by '°O-water, can be
determined from the rate of 1®0O-water washout from myocardial
tissue, which is independent of tissue attenuation. The purpose
of the present study was to assess the accuracy of these MBF
measurements in the absence of attenuation correction.
Methods: Twenty-five patients referred for evaluation of myo-
cardial perfusion underwent 6-min rest and adenosine stress
PET scans after the administration of 370 MBq of '5O-water;
both scans were followed by slow LD-CT. Data were acquired
on a PET/CT scanner and reconstructed by a 3-dimensional
row-action maximum likelihood algorithm both with (CTAC) and
without (NAC) attenuation correction. An ascending aorta vol-
ume of interest was used as input function. MBF and coronary
flow reserve (CFR) were calculated for 17 myocardial segments
using nonlinear regression of the standard single-tissue-
compartment model with corrections for left and right ventricular
spillover and perfusable tissue fraction. Results: High correlation
(r? = 0.99 and 0.97, with slopes of 0.96 and 0.91 for rest and
stress, respectively) and excellent agreement (intraclass correla-
tion coefficient [ICC], 1.00 and 0.98) between NAC- and CTAC-
based MBF values were found. Absolute rest and stress MBF
values were 3% and 8%, respectively, lower for NAC scans.
The correlation coefficient between all NAC and CTAC CFR
values was 0.95 (ICC, 0.95; slope, 0.92) and 0.97 (ICC, 0.99;
slope, 1.01) when only CFR values below 2 were considered. De-
viations between CTAC and NAC values were smallest for basal
segments and increased toward the apex. Conclusion: MBF
and CFR can be measured accurately using '>O-water and
PET without correcting for attenuation, reducing the effective
dose to the patient to 0.8 mSv for a complete rest-stress proto-
col. This dose is an order of magnitude lower than typical values
for 82Rb, 99mTc-methoxyisobutylisonitrile, or CT perfusion scans.
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Several recent studies have stressed the added value of
combined quantitative myocardial blood flow (MBF) and
coronary flow reserve (CFR) measurements over qualitative
myocardial perfusion imaging (/-5). The introduction of
integrated PET/CT systems, equipped with a CT scanner of
at least 64 slices, allows for measurements of calcium
score, MBF at rest and MBF during pharmacologic stress,
and CT coronary angiography in a single scan session,
increasing the diagnostic efficiency and patient comfort
(1,5-7). The necessity of an on-site cyclotron for the
production of 30 has been an obstacle for its introduction
into routine clinical practice; however, because water is
freely diffusible and has no metabolic interactions in tissue,
PET using 'O-water is considered to be the gold standard
for noninvasive quantitative measurements of MBF (3,5).

It has been shown that, in about 25% of cases, mis-
alignment between PET and low-dose CT (LD-CT) causes
severe artifacts in cardiac PET/CT images obtained with
82Rb, !3N-ammonia, or '8F-FDG because of attenuation-
correction errors, even when CT acquisition methods that
acquire an image averaged over the respiratory cycle, such
as cine LD-CT, are used (8—15). In addition, the use of
CT- instead of ®8Ge-based transmission measurements for
attenuation correction increases the radiation burden to the
patient, with about 0.7 mSv for a 30-mAs LD-CT to several
millisieverts for respiration-averaged LD-CT. Because the
effective dose of 150O-water itself ranges from 1.1 mSv for
an injection of 1,100 MBq (the amount typically used on
stand-alone PET scanners with interplane septa) to 0.4 mSv
for 370 MBq (16,17), the addition of respiration-averaged
LD-CT represents a highly significant increase in radiation
burden, as it accounts for up to 90% of the radiation dose.
The absolute increase in radiation burden due to CT
attenuation correction is, of course, the same for 32Rb,
13N-ammonia, or *°™Tc-methoxyisobutylisonitrile.

For any flow tracer such as '’O-water, 8?Rb (/8), or 13N-
ammonia (4), MBF can be derived from dynamic scans,
although extraction is directly proportional to MBF only for
150-water. In the case of >O-water, total scan duration is
5-10 min, and MBF is calculated using a tracer kinetic
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model either per myocardial segment, per coronary artery
territory (/9), or on a voxel-by-voxel basis (20,27). Online
blood sampling or image-derived left ventricular cavity, left
atrium, or ascending aorta time—activity curves can be used
to define the arterial input function. The generation of
quantitative parametric MBF images of diagnostic quality
has long been hampered by poor count statistics of >O-
water scans acquired using PET scanners with interplane
septa. Improved sensitivity of the latest generation of PET/
CT scanners, however, results in better statistics and
considerably better image quality, allowing for the gener-
ation of high-quality MBF images, even when using only
370 MBq of ’O-water (5,22).

MBF as measured with >O-water is calculated using the
model introduced by lida et al. (23,24) and improved by
Hermansen (/9), which is based on earlier work by
Bergmann et al. (25,26) but also incorporates a perfusable
tissue fraction (PTF) parameter to account for partial-
volume—induced underestimation of myocardial radioactiv-
ity concentrations. MBF is determined not from the uptake,
as for microspherelike tracers such as #Rb or '*N-ammo-
nia, but from the washout rate of '3O-water from myocar-
dial tissue. Because tissue attenuation (and subsequent
correction, either correct or incorrect) affects only the
height of the myocardial time-activity curve but not its
shape, MBF values as measured using '>O-water are much
less sensitive to misalignment between PET and CT than
those determined with microspherelike tracers. In theory,
attenuation correction could even be omitted completely
from O-water scans if only MBF is needed, provided that
an image-derived input function is used. Leaving out
a transmission, however, implies that also no correction
for scattered radiation can be performed, because the single
scatter simulation correction (27,28), used on all state-of-
the-art PET/CT scanners, requires the presence of a tissue
attenuation map. The aim of the present study was to assess
the quantitative accuracy of '>O-water-based MBF and
CFR measurements without attenuation correction.

MATERIALS AND METHODS

Patients

Data were obtained from a cohort of patients who were being
evaluated for coronary artery disease and were therefore referred
for CT angiography and PET MBF measurements. A total of 25
consecutive patients were included in the current study (13 men:
age range, 47-78 y; mean age, 63 y; and 12 women: age range,
31-78 y; mean age, 59 y). None of the patients had a documented
history of coronary artery disease. Electrocardiography did not
show signs of a previous myocardial infarction, and echocardiog-
raphy showed a normal left ventricular function without wall
motion abnormalities in all patients.

Image Acquisition

PET/CT images were acquired using a Gemini TF 64 scanner
(Philips Healthcare) (29). Two minutes after the start of in-
travenous adenosine infusion (140 wg-kg~!-min~!), 370 MBq of
150-water were injected as a 5-mL bolus (0.8 mL-s™ 1), followed
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immediately by a 35-mL saline flush (2 mL-s™!) and the start of
a 6-min emission scan. This PET scan was followed immediately
by a slow LD-CT scan (55 mAs; rotation time, 1.5 s; pitch, 0.825;
collimation, 16 X 0.625; acquiring 20 cm in 37 s, compared with
5 s for a regular LD-CT) during normal breathing. Adenosine
infusion was stopped after the LD-CT. After an interval of 10 min
to allow for decay of radioactivity and washout of adenosine,
a second 6-min O-water scan (370 MBq) was started, followed
by a second slow LD-CT scan. The duration of the total scan
procedure was less than 25 min. Images were reconstructed into
22 frames (1 x 10, 8 x 5,4 x 10, 2 x 15, 3 x 20, 2 x 30, and 2 X
60 s) using the 3-dimensional row-action maximum likelihood
algorithm and applying all appropriate corrections for scanner
normalization, dead time, decay, scatter, randoms, and attenuation
based on the corresponding slow LD-CT scan. In addition, the
same reconstruction, but without attenuation (and scatter) correc-
tion, was performed. Reconstructed images consisted of 45 planes
of 144 x 144 voxels, with voxel dimensions of 4 X 4 X 4 mm.
Images were converted from DICOM to the ECAT 7 format
(Siemens/CTI) before further analysis.

Blood Time-Activity Curves

Using the CAPP package (Siemens/CTI), we placed 1-cm-
diameter regions of interest (ROIs) over the ascending aorta (AA)
in approximately 10 attenuation-corrected transaxial image planes
of the frame in which the first pass of the tracer could be seen, and
we combined them into a volume of interest (VOI). A second VOI
was placed over the right ventricular (RV) cavity, with boundaries
at least 1 cm from the RV wall to avoid spillover of myocardial
activity into this VOI. VOIs were drawn only on attenuation-
corrected (CTAC) images to avoid differences in CTAC and non—
attenuation-corrected (NAC) data caused by the variability of ROI
definition. Both VOIs were then projected onto the dynamic
CTAC and NAC images to generate arterial and RV time—activity
curves, that is, Ca(t) and Cry(t), respectively.

Parametric Images

Parametric MBF and PTF images were generated using
software developed in-house within Matlab 7 (The MathWorks),
applying a basis function solution of the standard single-tissue-
compartment model (20,27) including corrections for left ventric-
ular and RV spillover (/9) and perfusable tissue fraction (23):

CpET(t) = PTFXMBFXCA(t) ®e MV_T[ + VACA(t) + VvaRv(t).
Eq. 1

Here, V4 accounts for left ventricular spillover and arterial blood
volume, Vgy is the RV spillover factor, and V4 the distribution
volume or partition coefficient of water in the myocardium, fixed
at 0.91 mL-g~! (23). In the present study, 30 logarithmically
spaced precomputed basis functions with MBF values ranging
from 0.1 to 2.2 mL-g~"min~! for rest scans and from 0.1 to
5.5 mL-g~!-min~! for stress scans were used:

_ MBF

fi(t) = MBFiXCA(t)®C Va o,

Eq. 2

The linear combination of fi(t), CA(t), and Cgry(t) that minimizes
the sum of squared differences with the measured Cpgr(t) gives
PTF, V,, Vgrv, and MBE. To avoid noise-induced high perfusion
values in voxels outside the heart or in blood vessels, MBF was set
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to zero in voxels with PTF less than 0.25 g-mL~! or V5 + Vgy
greater than 0.75, and MBF and PTF images were then filtered
with a gaussian filter 10 mm in full width at half maximum.

Data Analysis

CTAC PTF images were transformed to short-axis images using
the CAPP package, and the same transformation was applied to
the original CTAC and NAC dynamic images to avoid the effects
of variability in reslicing parameters on the comparison between
CTAC and NAC data. ROIs according to the 17-segment model of
the American Heart Association were drawn on short-axis CTAC
PTF images and transferred to the CTAC and NAC dynamic
images. MBF, PTF, V,, and Vgy were then calculated for each
segmental ROI, for each coronary artery territory, and for the
whole myocardial wall by nonlinear regression of Equation 1 to
the ROI time—activity curves, using software developed in-house
within Matlab 7. Correlation and agreement between segmental,
coronary artery territory, and average myocardial MBF and CFR
values based on NAC and CTAC images were assessed using
regression and Bland—Altman analyses and paired 2-tailed ¢ tests.

RESULTS

Mean (£SD) resting MBF for all myocardial segments in
all 25 patients was 1.00 = 0.45 mL-g~!-min~! when based

on CTAC and 0.96 + 0.42 mL-g~"min~! when based on
NAC images. For stress MBF, these values were 2.35 *
0.95 and 2.16 * 0.84 mL-g~!-min~!, respectively, and for
CFR they were 2.56 = 1.12 and 2.42 = 0.95, respectively.
Figure 1 shows blood and average myocardial time—activity
curves for a typical patient, both with and without attenuation
correction. Table 1 summarizes correlation, slope, intercept,
and absolute differences between average myocardial MBF
and CFR values as determined from NAC and CTAC images.
Figures 2 and 3 show correlation and agreement between MBF
and CFR values, respectively, for all coronary artery territo-
ries. In Table 1, regression parameters are given separately for
the clinically most relevant range of CFR less than 2.
Correlation coefficients and intraclass correlation co-
efficients were all greater than 0.95 for coronary artery
territory MBF and CFR values. However, NAC rest and
stress MBF, and CFR values, showed a small but significant
underestimation for all 3 coronary artery territories sepa-
rately and combined (P < 0.0005). For the female patient
group, the difference between CTAC- and NAC-based CFR
was not significant for any of the coronary artery territories.
In general, underestimation of MBF and CFR increased
with MBF and CFR itself (slope of CFRxac—CFRctAC VS.

TABLE 1. Correlation, Agreement, Slope of Linear Regression with Zero Intercept, and Mean Percentage Difference

Between CTAC and NAC MBF and CFR Values for Whole Myocardium

MBF
Parameter Rest Stress All CFR CFR <2 (n = 9§)
Correlation coefficient (r?) 0.99 0.97 0.99 0.95 0.97
Intraclass correlation coefficient 1.00 0.98 0.99 0.95 0.99
Slope 0.96 0.91 0.92 0.92 1.01
Mean difference = SD (%) —2.8 =+ 3.2 —-7.9 =55 —54 +52 —2.7 = 14.4 1.3 £ 4.1
P, CTAC # NAC <0.0005 <0.0005 <0.0005 0.02 0.43
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CFRcracs —0.17; P < 0.0005), as also shown by slopes
less than 1 in Table 1.

To illustrate the distribution of differences over the myo-
cardium, correlation coefficients and slopes of linear regres-
sion between CTAC and NAC CFR values for each myocardial
segment are shown in Figure 4. Values for men and women
separately are shown in Supplemental Figure 1 (supplemental
materials are available online only at http://jnm.snmjournals.
org). No clear pattern in the distribution of correlation
coefficients across the myocardium was found. In general,
the slope of the linear regression between CTAC and NAC
values was close to 1 in the basal ROIs and decreased
somewhat toward the apex. No significant differences between
CFR based on CTAC and NAC images were found in the basal
segments, except for the inferolateral segment, and in the mid
anterior and anterolateral segments, whereas the other mid and
apical segments showed significant differences (P < 0.05).

Figure 5 shows parametric short-axis MBF images of
a typical patient, based on CTAC and NAC data, generated
using the basis function method described above.

DISCUSSION

In the present study, the quantitative accuracy of MBF
and CFR measurements based on >O-water images without

attenuation correction was assessed. A high correlation
between CTAC and NAC values was found for both MBF
and CFR, although both MBF and CFR showed a small but
significant underestimation when based on NAC images,
especially at high flow values and in apical and inferior
segments of the myocardium. For CFR less than 2,
correlation and agreement between CTAC and NAC data
were excellent, without significant differences between
CTAC and NAC values.

The omission of attenuation correction implies that
scatter correction cannot be performed either, because the
single scatter simulation method for correction of scattered
radiation relies on the availability of an attenuation map to
describe the underlying geometry. This lack of scatter
correction does not seem to influence quantitative accuracy
of NAC MBF measurements to a large degree. Because
water is distributed rather homogeneously, scatter contri-
butions to input function and myocardial time—activity
curves will be rather similar, probably differing by a nearly
constant factor. A constant scaling factor between input
function and myocardial time-activity curves, already
caused by different attenuation in AA and myocardium,
will only affect the height of the curves and not their shape.
Therefore, lack of attenuation and scatter correction is
likely to affect only spillover factors and PTF, but not MBF

. A °® B
FIGURE 3. Correlation (A) and agree-
ment (B) between CTAC and NAC CFR 5
values for 3 coronary artery territories of &
all subjects. Blue symbols represent 4 o g
territories with CFRcrac less than 2 & E & o . o
and red symbols CFRgTac greater than = 5 [ o O P - T
or equal to 2. Black and blue solid lines « 3 g ‘0 i - Q. %;&%ﬁb ———————————————————————
in left-nand graph represent linear fitsto | © o2 o(ﬁg"pu v
all data and to only territories with < b é;%“ &
CFRcrac less than 2, respectively. Solid © o
and dashed lines in right-hand graph 1 o o
depict mean difference between NAC =
and CTAC values and corresponding 0 1 =
95% confidence intervals (black, all 0 ! ? CFRS ¢ ° ¢ 0 ! 2 CFRS 4 ° 6
data; blue, CFRctac < 2). CTAC CTAC
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FIGURE 4. Correlation coefficients (2 and intraclass
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with zero intercept (B) between CTAC and NAC CFR values
of all 17 myocardial segments. Darker gray level in B
corresponds to lower slope. *Segments with significant
difference between CTAC and NAC CFR values (paired t
test, P < 0.05).

itself, which for 13O-water is based on the washout rate.
However, the variations in slopes of NAC versus CTAC
CFR values, as seen in Figure 4, may in part be explained
by a slightly larger difference in scatter contribution
between inferior and apical segments and the AA than
between basal segments and the AA. Although the range of
MBF values in the present study was quite large, the patient
population did not include patients with previous myocar-
dial infarctions, which may lead to more heterogeneous
flow distributions. Therefore, further investigation of the
validity of NAC images in patients with different patterns
of flow distribution is warranted.

As can be seen from Table 1 and Figures 2 and 3, there
was good agreement between CTAC- and NAC-based MBF
and CFR values for MBF less than 2 mL-g~!'min~! and
CFR less than 2, with linear regression slopes close to 1.
Above these values, NAC images showed increasing un-
derestimations with increasing MBF and CFR, leading to
slopes less than 1 as shown in Figure 4. An explanation of
the underestimation of MBF in NAC images may lie in
different effects of scattered radiation on the shapes of
myocardial and AA time—activity curves. Myocardial time—
activity curves are affected by scatter originating from

o
o

o
o -

£
=
B
504
L
as]
=

o
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o

FIGURE 5. Short-axis CTAC (left) and NAC (right) resting
MBF images of patient with reduced inferior wall perfusion.
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nearby well-perfused organs such as the gastrointestinal
tract, spleen, and liver, which is likely to lead to an increase
in the tail of the time—activity curves relative to their peaks.
This effect is much less in AA because of its greater
distance to well-perfused tissues and leads to an apparent
undercorrection for spillover and blood volume in the tails
of the myocardial time-activity curves, resulting in an
apparent reduction in clearance of '3O-water and corre-
sponding decrease in apparent MBF. This decrease in
apparent MBF was confirmed by the larger discrepancy
between CTAC and NAC CFR and MBF values in inferior
and apical myocardial segments than in basal and anterior
segments. The larger decrease in apparent MBF in vasodi-
latation stress scans might then be explained by an increase
in partial blood volume because of vasodilatation. How-
ever, for the clinically relevant range of CFR values around
1.5, generally accepted to be the level associated with
ischemic heart disease (5), the use of NAC images did not
lead to the underestimation of MBF and CFR. Therefore,
the underestimation at higher MBF and CFR values will not
have any consequences in the use of NAC images in
clinical practice.

There is a visual difference between NAC and CTAC
images in Figure 5, especially in the area just outside the
anterior wall, which shows low perfusion values in the NAC
images but zero perfusion in the CTAC images. This is
mainly caused by the thresholds used for generating these
parametric images, for which MBF was set to zero for
voxels where PTF was less than 0.25 g-mL ™! (likely to be
either lung or blood). For NAC images, however, PTF is
overestimated for superficial tissues and underestimated for
deeper tissues, causing overestimation of PTF in voxels just
outside the anterior and lateral walls. An increased PTF
threshold would yield zero MBF in these voxels but at the
same time would result in inferior wall voxels with PTF
values below this threshold, which would then erroneously
be shown as a flow defect in the MBF images.

Together with the anatomic tissue fraction as determined
from a !>0-carbon monoxide scan, PTF can be used to
measure the perfusable tissue index, which has been sug-
gested to be a marker of myocardial viability (30,31). The
proposed omission of an LD-CT scan for attenuation correc-
tion would no longer yield PTF values that can be used for
this purpose. Whether the perfusable tissue index is needed as
an additional measure, and thus, whether an LD-CT scan is
required, would depend on the clinical situation.

The use of NAC images would, obviously, solve all prob-
lems that have been reported about attenuation-correction
artifacts induced by misalignment between PET and LD-CT
scans. Additionally, the use of NAC images considerably
reduces the radiation burden to patients referred for MBF
imaging. The low amounts of administered radioactivity
result in a total effective dose for a rest—stress protocol of 0.8
mSyv, a reduction of several millisieverts because of omission
of the LD-CT scan, which cannot be omitted for other tracers.
A total effective dose of 0.8 mSv is an order of magnitude
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lower than typical values for 82Rb, *°™Tc-methoxyisobutyl-
isonitrile, or CT perfusion scans (/6).

CONCLUSION

MBF and CFR can be measured quantitatively using
150-water and PET without correcting for attenuation and
scatter. The omission of the LD-CT scan avoids trans-
mission—emission misalignment artifacts and considerably
reduces radiation burden, resulting in a total effective dose
as low as 0.8 mSv for a complete rest—stress protocol.
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