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individual value was 9.3% * 3.0% in the basal inferolateral
segment for the EXP phase. It was considered that the
relatively large differences in radioactivity concentrations
of the EXP polar map, as shown in Figure 5, compared to
the MID or the INS polar maps were due to the results
over all subjects, but was not from outliers.

Discussion

This study investigated the effects of respiratory phases
on breath-hold CT-based attenuation correction in car-
diac SPECT with monitoring of the respiratory phase
and amplitude. Reconstruction using CT attenuation
maps at the INS and MID phases, with correction for at-
tenuation and scatter, provided quantitative SPECT
images that agreed with images derived from TCT-based
attenuation maps. The SPECT images with CT attenu-
ation maps at INS and MID phases showed similar
radioactivity concentrations, as seen in Figures 4 and 5.
This may be due to similarities between CT attenuation
maps at INS and MID, for instance the separation be-
tween the surfaces of the inferior myocardial wall and
the liver, as shown in Figure 3. Polar map analysis of the
four attenuation maps showed no significant heterogen-
eity in any image dataset in terms of weight-normalized
radioactivity concentrations.

The CT-AC images corrected with EXP attenuation
maps differed significantly from the TCT-AC and CT-
AC image datasets at INS and MID phases. In addition,
for all segments, the percent differences from TCT-AC
images indicated a bias of CT-AC images with EXP
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attenuation maps: a positive bias in anterior to anterolat-
eral segments and a negative bias in inferior to infero-
septal segments for CT-AC images with both INS and
MID attenuation maps, as shown in Figure 5. The mag-
nitude of the bias for CT-AC images with EXP attenu-
ation maps was larger than that of CT-AC images with
the other respiratory attenuation maps. As previously
reported, MBF was non-linearly related to the radio-
activity concentration for °'T1 kinetics [8,11]. Error with
positive bias in the concentration propagated to error in
MBF values more than negative bias with the same mag-
nitude. Therefore, we considered the CT attenuation
maps at the INS or MID phases to be preferable to those
at the EXP phase. Instead of breath-hold CT acquisi-
tions, respiratory gating in both SPECT and CT scans
was expected to be another approach for CT-AC. Uni-
formity of radioactivity concentrations in myocardia has
been improved by respiratory-gated SPECT acquisition
[22]. Although respiration-related artifacts must be cor-
rected ideally, the breath-hold CT-AC might be suitable
for dynamic SPECT studies with low-dose injections,
such as measurement of absolute MBE, which needed
temporal changes in radioactivity concentrations.
Although no significant heterogeneity in regional
radioactivity concentrations was observed, Figures 4 and
5 show reduced radioactivity concentrations in the an-
terior regions near the apexes and increased concentra-
tions in the inferior regions in images with all
attenuation maps. Potential reasons for the reduced con-
centrations are as follows: first, residual errors in
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registration between an attenuation map and a SPECT
image. Fricke et al. reported that a 3.5-mm misalignment
in the ventrodorsal direction induced a spurious defect
in the anteroseptal wall in a phantom study [23]. The
second reason is spillover from the anterior wall due to
partial volume effects. The anterior wall was surrounded
by void space in terms of °* Tl concentration. Spillover
from the wall, particularly near the apex, could be
affected by the partial volume effects three-
dimensionally. In contrast, possible reasons for relatively
high concentrations in the inferolateral to inferior wall
are as follows: (1) residual errors in registration as seen
with the anterior wall, (2) overestimation of attenuation
effects around the inferolateral to lateral walls caused by
the liver, as pointed out by Cook et al. [18], and (3) spill-
over from other organs. Little effect of overlap between
the heart and the liver was reported by McQuaid and
Hutton [24]. However, in their numerical phantom
study, spatial resolution effects of a SPECT scanner were
excluded, and the assumed activity ratio between the
myocardium and the liver was 75:30. Their experimental
conditions were different from those in our human
study, specifically the spatial resolution of the SPECT
scanner and the activity ratio of the two organs (liver/
anterolateral myocardium=1.1+0.3, range=0.7 to 1.7).
High radioactivity concentration was also observed in
the left kidney (the activity ratio of the left kidney/an-
terolateral myocardium=1.5+0.3, range=1.1 to 2.0). It
could cause additional spillover to the anterolateral myo-
cardium. Anatomical information from the CT image
prior to spatial resolution matching to SPECT was
expected to help correct for the spillover and, thus, pro-
duce a more accurate quantitative SPECT image.

In this study, the use of CT-AC attenuation maps with
breath holding was validated at resting conditions. In
order to measure coronary flow reserve, a stress SPECT
scan is needed. A series of resting and stress scans could
take a relatively long time. For optimal comfort, the pa-
tient would step off the scanner bed during the interval
between the two scans, or the two scans would be car-
ried out on different days. In such cases, additional CT-
AC scans would be needed for accurate attenuation cor-
rection. The respiration amplitude observed by the mon-
itoring system was 8.50 £5.58 (2.51 to 17.50) mm. The
accuracy of the system, 0.35-mm RMS, was considered
sufficient to discriminate the three respiratory phases
during a single session, that is, while a subject lay con-
tinuously on the scanner bed. However, it would be diffi-
cult, using the monitoring system, to ensure inter-
subject reproducibility of the amplitude of respiratory
motion as well as intra-subject results obtained during
different sessions. The respiratory motion was estimated
by measuring positions of the infrared-reflective target
placed on the abdominal surface. The amplitudes and
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directions of surface movements depend on the individ-
ual subject, the location of the target, and any non-linear
deformation of the abdominal surface and internal
organs.

The registration of an attenuation map and a pre-
reconstructed SPECT image, prior to reconstruction of a
quantitative SPECT image corrected for attenuation and
scatter, was limited to translations in three spatial direc-
tions. If a rigid-body model including rotations or a
non-linear registration was employed, an image cor-
rected with CT-AC at the EXP phase might provide a
consistent result with a TCT-based scan or CT-AC at
the other respiratory phases. However, the use of INS or
MID attenuation maps has an advantage over the EXP
attenuation map in terms of separation between the
heart and the liver surfaces, which would contribute to
accurate registration of attenuation maps and pre-
reconstructed SPECT images. As shown in Table 1,
translations toward caudal directions were needed to
align CT attenuation maps at any respiration phases to
SPECT images. The reason could be different baseline
positions of the hearts during breath-hold CT acquisi-
tions and SPECT acquisitions with breathing freely, as
previously reported by Pan et al. [25]. For TCT attenu-
ation map, no alignment between the attenuation map
and SPECT image was needed essentially because tem-
poral resolutions of TCT and SPECT scans for respira-
tory motions were nearly identical. The slight shifts of
TCT attenuation maps to SPECT images in cephalad/
caudal directions, 2.4 + 2.1 mm, might be caused by glo-
bal and/or intra-torso motions of subjects.

Conclusion

Use of breath-hold CT attenuation maps at end-
inspiration and middle phases for attenuation and scat-
ter corrections demonstrated accurate quantitative
images in cardiac SPECT/CT studies. This technique
might be applicable to routine clinical study. Quantita-
tive assessment of absolute MBF and coronary flow re-
serve in clinical settings would be an additional potential
application.
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Abstract )

In clinical cardiac positron emission tomography using ’O-water, significant
tracer accumulation is observed not only in the heart but also in the liver
and lung, which are partially outside the field-of-view. In this work, we
investigated the effects of scatter on quantitative myocardium blood flow
(MBF) and perfusable tissue fraction (PTF) by a precise Monte Carlo
simulation (Geant4) and a numerical human model. We assigned activities
to the heart, liver, and lung of the human model with varying ratios of organ
activities according to an experimental time activity curve and created dynamic
sinograms. The sinogram data were reconstructed by filtered backprojection.
By comparing a scatter-corrected image (SC) with a true image (TRUE), we
evaluated the accuracy of the scatter correction. TRUE was reconstructed using
a scatter-eliminated sinogram, which can be obtained only in simulations. A
scatter-uncorrected image (W/O SC) and an attenuation-uncorrected image
(W/O AC) were also constructed. Finally, we calculated MBF and PTF with a
single tissue-compartment model for four types of images. As a result, scatter
was corrected accurately, and MBFs derived from all types of images were
consistent with the MBF obtained from TRUE. Meanwhile, the PTF of only
the SC was in agreement with the PTF of TRUE. From the simulation results,
we concluded that quantitative MBF is less affected by scatter and absorption in
3D-PET using 150-water. However, scatter correction is essential for accurate
PTE

(Some figures may appear in colour only in the online journal)
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1. Introduction

Recent models of commercial positron emission tomography (PET) or PET-computed
tomography (PET-CT) systems provide a three-dimensional (3D) (without septa) acquisition
mode that allows injection of a lower activity of tracers compared with the two-dimensional
(2D) (septa-extended) mode, because of increased sensitivity of the systems. However, scatter
fraction, number of random events, and counting losses are higher than those observed in
the 2D acquisition mode, suggesting the need for accurate correction methods, including
correction of scatter originating from activity outside the field-of-view (FOV).

The benefit of the 3D mode has been demonstrated in brain imaging (Cherry ez al 1993,
Sadato et al 1997, Moreno-Cantu et al 1998, Ibaraki et al 2008) and the mode is widely
accepted in whole-body PET oncology imaging (Lodge et al 2006), but is not in widespread
use in cardiac studies (deKemp ez al 2007, Brink ez al 1991). Some direct comparisons between
2D and 3D in quantitative cardiac studies have been reported for 8F-FDG (Lubberink et al
2004), '*N-ammonia (Roelants et al 2006, Schepis et al 2007), O-water (Schifers et al 2002),
and $?Ru (Votaw and White 2001, Knesaurek et al 2003). All the studies obtained positive
results except for that of Votaw and White, which demonstrated disadvantages of the 3D mode
due to increased scatter and random events.

130-water is an ideal tracer because it diffuses immediately and produces no metabolites
in tissues. As such it is considered to be the gold standard for noninvasive quantification
of myocardial blood flow (MBF) (Knuuti et al 2009, Knaapen et al 2010). In addition, due
to its short half-life (122.24 s), both rest and stress assessments are feasible within a short
time period. The quantitative accuracy of absolute MBF measurements in 3D-PET has been
compared between 2D and 3D in dogs (Roelants et al 2006), and between 3D and a microsphere
in pigs (Schifers et al 2002). However, the amount of scatter depends on the distribution of
activity and absorbers in the entire body, and therefore different results would be obtained in
humans than those derived thus far in animal studies.

The aim of this study was to use a precise simulation of 3D-PET and O-water to clarify
the impact of scatter on quantitative MBF and perfusable tissue fraction (PTF) measurements
in humans. For this purpose, we used the Monte Carlo simulation library Geant4 (Agostinelli
et al 2003) and a numerical human model. The simulation tool was also validated by comparing
the scatter fraction and an annulus phantom image with experimental results prior to the cardiac
PET simulation.

2. Materials and methods

2.1. Monte Carlo simulation

We used the Monte Carlo simulation library Geant4 (version 9.2) to trace annihilation gamma
rays from their generation points to scintillation crystals. The geometrical configuration was
constructed for the ECAT ACCEL (Siemens, Knoxville, TN, USA) PET scanner described
in the following section. To enhance the realism of the simulation, we used a numerical
human model with a configuration that included not only the scintillator ring but also scanner
components such as photo multiplier tubes, front shield, septa, the bed for the patient, and the
housing of the equipment, which slightly increased scatter (Hirano et al 2010). An illustration
of the simulation setup is presented in figure 1.

2.2. PET system

The PET scanner reproduced in the cardiac 3D-PET simulation was the ECAT ACCEL. The
scanner was also used for validation of the simulation. The scanner employed lutetium silicon
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Figure 1. (a) Ilustration of Geant4 simulation with a numerical human model. Radial lines drawn
outward from the heart show gamma ray tracks. (b) Cross-sectional image through the center of the
scanner. The PET configuration included the scintillator ring, photo multiplier tubes, front shield,
septa, bed, and housing of equipment.

oxide scintillation crystals arranged in 24 detector rings covering a 16.4 cm axial FOV, 82.4 cm
ring diameter, and 56.2 cm patient port, and it provided 47 sections with an interslice spacing
of 3.375 mm. The crystals had dimensions of 6.45 mm x 6.45 mm x 25 mm (transaxial
x axial x depth), and the crystal blocks were separated in an 8 x 8 array. The total number
of detector blocks was 144, and thus one ring consisted of 384 elements. The scanner could
be operated in both 2D and 3D modes. The radial and axial spatial resolutions were 6.22 and
5.71 mm full width at half maximum (FWHM), respectively, at a radial distance of 1 cm from
the center. The energy window of the system was set to 350-650 keV. The scanner acquired
direct and oblique sinograms with a maximum ring difference of 12 and a span of 3 in the 3D
mode, and 175 3D sinograms (192 views, 192 bins) were created. The system performance
has been previously described by Herzog et al (2004).

2.3. Numerical human model

A numerical human model was employed for the realistic simulation of the cardiac PET.
The numerical model for a Japanese adult was developed by Nagaoka et al (2004) based on
MRI images of the average Japanese body type, and used heights of 173.2 and 160.8 cm
and weights of 65 and 53 kg for males and females, respectively. The model consisted of
320 x 160 x 866/804 voxels (for males and females, respectively) with a 2 mm cubic voxel,
with the identification number for one of 51 organs or tissue types assigned to each voxel.
In this study, we used the male model. The model was entered into Geant4 by implementing
G4PhantomParameterisation, combining eight voxels into one to reduce computation time,
and thus the simulation had a 4 mm spatial resolution for the numerical human model.
We calculated the attenuation coefficients, which were not provided by the model, using
the compositions and densities of soft tissue, skeleton, lung, adipose tissue, glandular tissue,
bone, muscle, skin, brain, eye, thyroid, upper face, larynx, trachea, gastrointestinal tract, testis,
urinary bladder, spleen, heart, pancreas, liver, kidney, breast, and blood available in Akkurt
and Echerman (2007).We assigned density and composition data of the tissues listed above to
the 51 organs and tissue types in the model.

2.4. Validation of the simulation

In order to validate the simulation, we compared the scatter fraction measured during the
simulation with an experimental value that was measured according to the NEMA-NU 2007,
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which considered the intrinsic radioactivity of 17°Lu (Watson ez al 2004). In addition, we
visually compared the reconstructed image and profile of an annulus phantom with the
experimental image. The sinogram projections which included scatter obtained from a view
of the direct sinogram were also compared. The phantom was a water-filled cylinder with
both a length and diameter of 20 cm each, and included a smaller tube 20 cm in length with
an outer diameter of 6 cm and inner diameter of 5 cm filled with '8F solution located at a
cylinder radius of 5 cm. The experimental image was acquired by an emission scan of 20 min
with 185 MBq !8F solution in the tube after a transmission of 20 min using three %Ga/%Ge
sources.

The simulation images were obtained using the following procedures. Two gamma rays
(511 keV) with back-to-back angular distributions were radiated on the target phantom. In
order to reduce computation time we did not simulate transportation of positrons. We took
into account the following electromagnetic processes: Compton scatter, photoelectric effect,
Rayleigh scatter, multiple scatter, bremsstrahlung, and ionization. The first three processes
involve gamma rays, while the rest involve electrons. Positions where gamma rays interacted
with the scintillator and deposited their energy were stored in (x, y, z) coordinates in the list
mode. We did not blur the interacting points. The energy resolution was set to 15% (FWHM).
The value was experimentally determined from energy spectra of the whole detector system
by counting the number of single events for each energy window set to 195-205, 205-
215, ... and 695-705 keV. We then created a 3D sinogram in the ECAT 3D format. Finally,
we reconstructed the image into a 128 x 128 matrix and 47 slices by Fourier rebinning
and filtered backprojection (FBP) with attenuation correction and scatter correction based
on the single scatter simulation (Watson er al 1995, Ollinger 1996, Watson et al 1997). The
image reconstruction including these corrections was performed by the PET software (ECAT
7.2: Siemens). The attenuation map was calculated analytically from the tissue data. The
normalization was also performed analytically. In the normalization we did not correct for the
fluctuation of detector gains because of the uniform gains in the simulation.

2.5. Simulation of a cardiac PET examination using 1>O-water

We investigated the effects of scatter on the simulation’s quantification of MBF and PTF.
We assigned activities to the myocardium, cardiac cavities, liver, and lung of the numerical
human model and created 3D sinograms of each area. For each area 3 x 10° pairs of gamma
rays were assessed. We then combined the sinograms at a ratio of organ activity that was
estimated based on an experimental time activity curve (TAC) (Bq/mL) obtained from a
clinical cardiac examination and the organ volumes (mL) of the numerical human model
(myocardium: 410 mL; liver: 1161 mL; lung: 3341 mL,; cardiac cavities: 480 mL) under the
assumption that the activity of each organ was homogeneous. The clinical examination was
performed with a patient (male, age 57 yr) using ECAT ACCEL and °O-water; images were
reconstructed into 38 frames (5s x 24, 15s x 8,30 s x 6) by FBP with attenuation and
scatter corrections. The protocol was approved by the local ethics committee of the National
Cerebral and Cardiovascular Center.

To construct the experimental TAC, regions of interest (ROIs) were carefully drawn at
the centers of organs to avoid spillover. With respect to the myocardium, it is difficult to
remove spillover so we estimated the TAC using the equation C(t) = PTF- MBF - a(f) ®
exp(—MBF - t/p) for a conventional single-tissue compartment model (Kety 1951, 1960)
assumed to have 1.0 mL/min/g of MBF and 1.0 g mL~" of PTF (C(¢) = TAC of myocardium,
a(t) = experimental input function, p = 0.91 for water partition coefficient, and ¢ = time). We
converted the combined sinogram to the ECAT 3D format, and reconstructed the following
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Figure 2. (a) and (b) show reconstruction images of the phantom of a simplified myocardium
obtained from the experiment and the simulation, respectively. (c) Profiles at the levels of the white
lines in (a) and (b), normalized by total counts. (d) Sinogram projections normalized by total counts
obtained from the experiment and the simulation. These projections were taken from a view of the
direct sinogram.

four image types using the FBP method without any smoothing filters: scatter-corrected image
(SC), scatter-uncorrected image (W/O SC), attenuation-uncorrected image (W/O AC), and
true image (TRUE). TRUE, which cannot be obtained experimentally, was reconstructed
using a sinogram in which scatter was eliminated completely. For this type of image, scatter
correction was not carried out, but correction was made for gamma ray attenuation. We
compared SC with TRUE to evaluate the accuracy of the scatter correction implemented by
the PET software. If the scatter correction was sufficiently accurate, SC would be equivalent
to TRUE. We created 76 3D sinograms (38 frames for TRUE and 38 frames for SC, W/O AC
and W/O SC) and reconstructed them into simulation images with different organ ratios (e.g.,
myocardium : liver : lung : ventricles = 1 : 0.4 : 4.5 : 3.1 at the 15th frame) according to the
TAC in figure 3. The reconstructed images were scaled, where the ROI value of the cavity of
the left ventricle (LV) in the SC at the 15th frame corresponded to that of the experimental
value. Finally, we calculated regional MBFs and PTFs with a single-tissue compartment model,
including spillover correction for the left and right ventricles (Iida et al 1992, Hermansen et al
1998, Katoh et al 2004), for the four types of images. MBFs and PTFs were represented in
17-segment polar maps together with polar maps normalized by the values of TRUE, called
true MBF and true PTF, respectively. In this simulation, neither cardiac nor respiratory motion
was generated. A motionless heart and minimized spillover from the myocardium allowed us
to use a TAC with LV as the input function.

Three billion pairs of gamma rays were propagated in each organ. The simulation was
performed in parallel using five personal computers with comparable specifications (Linux
operating system installed on a 2.4 GHz Intel Core 2 Quad with 2 GB of memory) and twenty
processors. These computations took about 60 h to complete.

3. Results

3.1. Scatter fractions and phantom images

In order to check the adequacy of the simulation, we compared the scatter fractions and
images of an annulus phantom obtained in both the experiment and the simulation. The scatter
fractions in the experiment and the simulation were 45.0% and 45.9%, respectively. These
values also agreed with the value (46.5%) obtained in another study (Herzog et al 2004) using
the NEMA NU2-2001 standard. Figures 2(a) and (b) show images of the annulus phantom
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Figure 3. Activities in whole organs as functions of time. Activities were estimated from an
experimental TAC (Bq/mL) and used organ volumes (mL) from the numerical human model
(myocardium: 410 mL; liver: 1161 mL; lung: 3341 mL; cardiac pool: 480 mL).

Figure 4. Representative simulation images at the center of the FOV (at the 15th frame).
(a) Scatter-corrected image (SC). (b) True image (TRUE). (¢) Scatter-uncorrected image
(W/ O SC). (d) Attenuation-uncorrected image (W / O AC) scaled by a factor of 10.

with activity in the tube from the experiment and the simulation, respectively. Figure 2(c)
shows the profiles of the images at the levels of the white lines in figures 2(a) and (b), which
were normalized by total counts. Figure 2(d) shows sinogram projections normalized by total
counts obtained from the experiment and the simulation. The simulation image was visually
consistent with the experimental image, and the profile had consistency. The ratio of peak to
baseline counts in the simulation reproduced the experimental ratio within 6%. The simulation
projection was also consistent with the experimental projections.

3.2. Quantification of MBF and PTF

The TAC (Bq) of each organ estimated from the clinical TAC (Bq/mL) and organ volumes (mL)
of the numerical human model are shown in figure 3. Though the activity concentration of the
lung was low, the activity of the whole lung was large due to its large volume, especially in
the early phase. At 140 s from the scan start time, the portion of the liver adjacent to the heart
had an activity approximately 2.5 times larger than that of the myocardium. Representative
simulation images at the 15th frame (70 s from the scan start time) are shown in figure 4. TRUE
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Figure 5. (a) TAC of posterior myocardium, (b) TAC of apex myocardium, (c) input function (TAC
of left ventricle cavity obtained from the simulation for each type of image). Abbreviations; SC,
TRUE, W/0 SC and W /O AC stand for scatter-corrected image, true image, scatter-uncorrected
image, and attenuation-uncorrected image, respectively.

was sharply defined because scatter was fully eliminated, while other images were relatively
blurred. The SC image however was almost equivalent to TRUE image. An input function
(TAC of the LV) and TAC of posterior and apex myocardium are shown in figure 5. The
TAC derived from the SC corresponded to that derived from TRUE both in the input function
and the posterior myocardium, and even higher activity existed in the portions of the liver
and lung located partially outside the FOV. This tendency was observed for other areas of the
myocardium except for the apex, for which the TAC was overestimated by approximately 15%.
Polar maps of MBF calculated from dynamic simulation images are shown in figures 6(a)—(d),
while normalized maps based on the true MBF are depicted in figures 6(e)—(g). Polar maps of
PTF and the normalized maps are shown in figure 7. Means =+ SD of normalized MBFs of SC,
W/O AC, and W/O SC were 1.03 £ 0.05, 1.08 + 0.18, and 1.13 £ 0.08, respectively. As
for the normalized PTF, means of SC, W/O AC, and W/O SC were 1.00 =+ 0.07,1.35 + 0.50
and 0.85 £ 0.09, respectively. Although equivalent MBFs within about 10% were obtained
from all types of images, only the PTF of SC was close in value to the true PTE.

4. Discussion

4.1. Adequacy of the simulation

The scatter fraction obtained in the simulation was in good agreement with the experimental
value. Scatter reproducibility is essential for our simulation in order to accurately estimate
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Figure 6. (a)-(d) Polar maps of absolute MBF. (e)~(g) Polar maps of MBFs normalized by the true
MBF. The means 3 SDs of normalized MBFs were 1.03 =+ 0.05, 1.08 + 0.18 and 1.13 £ 0.08
for SC, W/0O AC, and W/O SC, respectively. Legend abbreviations are the same as in figure 5.

PTF (g/mL)

(a) TRUE (b) sC (c) W/0 AC (d) W/o sc .

(e) Normalized SC (f) Normalized W/OAC  (g) Normalized W/O SC

1.00+0.07 1.35+£0.50 0.85%0.09

Figure 7. (a)—~(d) Polar maps of absolute PTF. (e)~(g) Polar maps of PTF normalized by the true
PTE. The means + SDs of normalized PTFs were 1.00 4 0.07, 1.35 =+ 0.50 and 0.85 & 0.09
for SC, W/O AC, and W/O SC, respectively. Legend abbreviations are the same as in figure 5.

the influence of scatter on quantitative MBF and PTF, the values of which this simulation
determined with good accuracy. Furthermore, the simulation image of the phantom and
profiles were also consistent with the experimental data. In these profiles, tails of peaks
were small, which indicated that scatter was corrected accurately in both the simulation and
the experiment. The sinogram projections also had consistency. Differing from the profiles
of the images, scatter was still not corrected, resulting in tails of the peaks being observed.
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The simulation is therefore appropriate in fulfilling the purpose of this study, and should be a
reliable tool for estimation of scatter in 3D-PET.

4.2. Effects of scatter on MBF and PTF

TAC of the SC coincided with that of TRUE, indicating that scatter was accurately corrected.
For the myocardial apex, the TAC of the SC was overestimated (15%) and was relatively larger
than for other myocardium regions. This was likely due to uncorrected scatter originating from
the liver bordered by the apex, because a similar simulation that excluded the activities of liver
and lung demonstrated less overestimation. Absolute TAC without corrections naturally was
much different from true TAC. The TAC of W/O AC was much smaller, because arms of
the numerical human model beside the body caused strong absorption. However, absolute
MBFs derived from not only SC but also W/O SC and W/O AC were in agreement with
MBFs of TRUE regardless of the differences between absolute TAC. This is because MBF
was calculated from the washout rate of the tracer, and the washout rates for all types of
images were similar. This simulation showed that scatter and absorption did not change the
shape of the TAC in the clearance phase. Our finding that MBFs derived from W/O AC and
SC were equivalent was consistent with the results of Lubberink ez al (2010), which were
observed in a clinical context. However, in our simulation, MBF of the septum and posterior
myocardium (segment numbers 9 and 10 of W/O AC in figure 6) was overestimated by about
40%. This was because spillover originated from lung activity, and the lung was located close
to the myocardium in the numerical human model. In a similar simulation that did not include
lung activity, the overestimation was reduced to almost zero. As this simulation has indicated,
scatter and absorption have a small effect on the clearance rate of 15Q-water, and variation of
absolute MBF of almost segment is suppressed within about 10% even without attenuation
and scatter corrections. This is one of the advantages of 1>O-water in such scans.

In contrast to MBF, scatter correction is clearly essential for accurate PTF measurement.
Although PTF derived from SC had good agreement with TRUE, PTF was overestimated
by 35% for W/O AC and underestimated by 15% for W/O SC. For W/O SC, due to scatter
effects we observed a relatively large overestimation in the input function rather than the tissue
TAC C(¥), as shown in figure 5. This resulted in underestimation of the PTF value because PTF
was roughly proportional to C(¢)/a(z). For W/O AC, regional dependencies of errors on PTF
values were observed. From anterior to lateral regions (segment numbers 1, 6, 7, 12 and 13 of
W /O AC), overestimation of PTF values was found because photon attenuation was smaller in
the myocardial regions, C(t), compared to the LV cavity, a(f). From septal to posterior regions
near the apex (segment numbers 9, 10, 14 and 15 of W/O AC), a significant attenuation effect
in the myocardial regions rather than the LV cavity resulted in underestimation of PTF values.

PTF or perfusable tissue index (PTI) defined by PTF/ATF (anatomic tissue fraction) is
useful as a marker of myocardial viability (Knaapen et al 2003), and several studies on the
relationship between PTI and myocardial viability have been made (Yamamoto et al 1992,
de Silva et al 1992, Gerber et al 1998, Itoh et al 2002). PTI can also be potentially used
to noninvasively assess myocardial fibrosis (Knaapen et al 2004). Use of a O-water scan
sequential to a 1>O-CO scan could provide not only quantitative MBF but also PTI, which
would also be the advantage of 30 cardiac PET. The '>0O-CO scan, together with a transmission
scan, is needed for calculation of ATF; however a single low-dose CT scan could provide ATF
and serve as a substitute for these scans, resulting in reduction of scan duration, radiation dose,
and risk of patient motion between scans (Harms et al 2011).

In the simulation, spillover was minimized because gamma ray detection points could
be identified absolutely and the heart was motionless. Nevertheless, some spillover was still
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observed due to the binning and interpolation involved in creating sinograms and image
reconstruction, which caused about 0.3 of arterial blood volume. This simulation did not
include other causes of spillover such as limited spatial resolution, positron range, cardiac
motion, etc. However, even if these were included, current results would be considered valid
because scatter distribution and the myocardium image would only be blurred.

The methodology developed in this work can be applied to other tracers to estimate the
effects of scatter on absolute MBF. In addition, we can investigate the influence of positron
range and cardiac motion on spillover and quantification of MBE. Geant4 enables propagation
of positrons, and the XCAT phantom (Segars ez al 2010) that provides the possibility of cardiac
motion.

5. Conclusion

We investigated the effects of scatter on quantitative myocardium blood flow (MBF)
and perfusable tissue fraction (PTF) using a precise three-dimensional positron emission
tomography (3D-PET) simulation with a numerical human model. The simulation had good
agreement with the experimental scatter fraction and a phantom image. In this simulation of a
cardiac 3D-PET scan, scatter was corrected accurately for every region of the myocardium,
and absolute MBFs remained unchanged even when the scatter and attenuation corrections
were not applied. This simulation demonstrated that quantification of MBF using 3D-PET
and 1>O-water was less affected by scatter and absorption. In contrast, to obtain accurate PTF,
scatter correction was necessary.
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Abstract

In dynamic susceptibility contrast-enhanced magnetic resonance imaging
(DSC-MRI), an arterial input function (AIF) is usually obtained from a time—
concentration curve (TCC) of the cerebral artery. This study was aimed at
developing an alternative technique for reconstructing AIF from TCCs of
multiple brain regions. AIF was formulated by a multi-exponential function
using four parameters, and the parameters were determined so that the AIF
curves convolved with a model of tissue response reproduced the measured
TCCs for 20 regions. Systematic simulations were performed to evaluate the
effects of possible error sources. DSC-MRI and positron emission tomography
(PET) studies were performed on 14 patients with major cerebral artery
occlusion. Cerebral blood flow (CBF) images were calculated from DSC-MRI
data, using our novel method alongside conventional AIF estimations, and
compared with those from >O-PET. Simulations showed that the calculated
CBF values were sensitive to variations in the assumptions regarding cerebral
blood volume. Nevertheless, AIFs were reasonably reconstructed for all
patients. The difference in CBF values between DSC-MRI and PET was
—22 £ 74 ml/100 g/min (r = 0.55, p < 0.01) for our method, versus
—0.2 £ 8.2 ml/100 g/min (r = 0.47, p = 0.01) for the conventional method.

0031-9155/12/237873420$33.00 © 2012 Institute of Physics and Engineering in Medicine Printed in the UK & the USA 7873
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The difference in the ratio of affected to unaffected hemispheres between DSC-
MRI and PET was 0.07 = 0.09 (r = 0.82, p < 0.01) for our method, versus
0.07 £ 0.09 (r = 0.83, p < 0.01) for the conventional method. The contrasts
in CBF images from our method were the same as those from the conventional
method. These findings suggest the feasibility of assessing CBF without arterial
blood signals.

(Some figures may appear in colour only in the online journal)

1. Introduction

Quantitation of cerebral blood flow (CBF) provides essential information about
pathophysiological status in cerebral ischemic disease. Dynamic susceptibility contrast-
enhanced magnetic resonance imaging (DSC-MRI) has been extensively utilized to assess
quantitative or semi-quantitative CBF images in clinical settings (Calamante et al 1999). The
most commonly accepted technique for quantitation is based on the deconvolution of the
time—concentration curve (TCC) of cerebral tissues using the arterial input function (AIF), as
originally proposed by @stergaard and co-workers (@stergaard et al 1996a, 1996b).

In general, AIF is required in quantitative assessment of perfusion in cerebral and other
tissue. In the field of nuclear medicine, the standard technique for obtaining AIF is based
on the arterial blood sampling. The arterial-blood-sampling-based technique has also been
applied to quantitative assessment of perfusion using MRI with gadopentetate dimeglumine
(Gd-DTPA) (Larsson et al 1990, Fritz-Hansen et al 1996), but is invasive and requires labor
intensive works. Thus, AIF has normally been obtained from the arterial blood signals obtained
from MR images by selecting regions of interest (ROIs) on a pertinent artery, e.g., the internal
carotid artery (ICA), middle cerebral artery (MCA) (Calamante et al 1999), or aorta (Brix
et al 2004). Such a technique (the arterial voxel selection method) however suffers from errors
attributed to the cross contamination between the artery and adjacent tissue or the partial
volume effect (van Osch et al 2001, Hansen et al 2009). It is also important to note that the
nonlinear relationship exists between the tracer concentration and the relaxation rate (van Osch
et al 2003), causing systematic errors in AIF thus in CBE.

Recently, an alternative technique has been developed by Yang et al (2004, 2007) and
Schabel et al (2010a, 2010b), with the intention of reducing the effects to the partial volume
effect, and minimizing errors caused by the nonlinear relationship between contrast agent
concentrations and relaxation time. In such techniques, AIF was reconstructed from tissue
TCCs; thus errors attributed to the partial volume effect could be reduced. An additional
advantage of this approach is the reduced dynamic range of MR signals. Recently, our
group proposed a technique to reconstruct AIF from tissue time-activity curves (TTACS)
in PET, based on a mathematical formulation that describes the AIF with only a small
number of parameters (Kudomi et al 2008). The parameters were determined so that TTACs in
multiple tissue regions simulated by the convolution of the AIF by tissue-response functions
reproduced the observed TTAC best by means of the nonlinear least-squares minimization
procedures. This study demonstrated that the AIF could be accurately reproduced from a
sequential PET image obtained with i.v. 1’0-water, enabling the quantitative assessment of
regional hepatic blood flow images in clinical settings.

In this study, we extended the tissue-based method of Kudomi er al (2008) to the
quantitatively assessment of CBF in the DSC-MRI. Verification of this method was first
evaluated by systematic simulations, and then validated in patient population, by referring the
PET technique as a gold standard.
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2. Materials and methods

2.1. Theory

To reconstruct AIF from TCCs of multiple brain regions, a model function was assumed for
AIF:

0 (t<n)

wrtrar L — P (K1 + ) (1 = 1)) t <t<n)

CArtery @) = (1)

wirerlexp {Ke(1+ o) (0 — n)) +exp (Ko (1 + @) (2 — 1)}
—2-exp{K.(1 +a)(t — 1)} t>n)

where the model function was derived by assuming that the contrast agent is intravenously
administered between #; and #, at a constant rate of A, and that the agent diffuses back and
forth between arterial blood and whole-body interstitial spaces at rates ¢ K, and K, respectively
(Kudomi er al 2008) (see figure 1(a)). The TCC of cerebral tissue (Crissue(?)) in a given volume
segment was expressed as

CTissuc = f ’ CArtery H® e—%t, (2)
where f and v are CBF and cerebral blood volume (CBV) in the volume segment, respectively.
The residue function was assumed to follow a single-compartment model that could be
expressed by a single-exponential function, consistent with an approach frequently used in
previous simulation studies (Calamante et al 2000, 2007, Wu et al 2003a, Smith et al 2004,
Salluzzi et al 2005, Willats et al 2006). TCCs of tissues were obtained from different brain
regions of normal gray matter, and used in the AIF reconstruction as follows, as previously
described (Kudomi et al 2008).

In addition to f for each region, four parameters describing the shape of the AIF (A,
K.(14a), t; and t,—1) were determined by means of the combination of nonlinear least-
squares and grid search minimization, such that the TCCs of multiple brain regions were best
fit to (2), as illustrated in figure 1(b). Detailed procedures are essentially the same as in the
previous report (Kudomi ef al 2008). Three important assumptions were made as follows.
(1) There is a single AIF common over all brain regions, and therefore one set of the four
parameters can be shared among all the tissues selected for reconstructing AIF; (2) while f
varies among regions, CBV is assumed to have a constant value of 4 ml/100 g, a typical value
for a normal gray-matter region (Yamaguchi et al 1986, Ito et al 2004); and (3) there is no
difference in the tracer arrival time among different tissue regions. The second assumption
is intended to provide a unique absolute scale (A), which corresponds to the height of AIF.
If this assumption is absent, then only relative A, and hence relative f, can be determined.
The AIF was computed by substituting the obtained parameter values into (1). CBF images
were calculated by deconvolving the TCC of each voxel in dynamic MRI images with the
reconstructed AIF.

2.2. Simulation study

Systematic simulations were carried out in order to evaluate the effects of possible errors on the
reconstructed AIFs and resultant CBF values. The first simulation was carried out in order to
evaluate the effect of the estimation error of each parameter describing the shape of the model
function on resultant CBF value. In the second simulation, the effect of finite sampling period
on the shape of reconstructed AIF and resultant CBF was evaluated. The third simulation was
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Figure 1. Procedures of reconstructing the arterial input function proposed in this paper.
(a) Compartment model for creating the arterial input function (AIF). Four sets of parameters were
defined to formulate the arterial input function. (b) The procedure for reconstructing an AIF from
multiple tissue curves. The observed tissue curves are fitted to the theoretical tissue curves (Ciigsue(?))
generated from the AIF model function (Carery(f)), which contains four unknown parameters
(A, K, (14), t; and tp—1). The parameter values minimizing the sum of squared residuals for all
tissue curves are selected as the optimal ones. The value of f is optimized for each region selected
for AIF estimation. The AIF was obtained by substituting the optimized parameter values into
equation (1).

intended to evaluate the error attributed to assumption 2, namely, how the discrepancy between
actual and assumed CBYV values affects the shape of the reconstructed AIF and resultant CBF
value. The fourth simulation was intended to evaluate the error due to assumption 3, namely,
how the variation of tracer appearance times among tissues selected for AIF reconstruction
affects the shape of the reconstructed AIF and resultant CBF value. The fifth simulation was
carried out to evaluate effects of statistical noise in the MR signals on calculated CBF values.
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In these simulations, the AIF observed in one patient study was used as the true AIF.
Using (2) and the true AIF, two TCCs were generated by assuming f = 60 ml/100 g/min, v =
4ml/100 g, and f =30 ml/100 g/min, v =4 ml/100 g, corresponding to the respective values
for normal and ischemic gray matter. In each simulation described below, CBF values of the
two simulated tissues were calculated by deconvolution of the two TCCs with deliberately
generated erroneous AIFs. The deconvolution procedure was the same as that described in
section 2.3.2. The magnitude of errors in the calculated CBF values was then evaluated as a
function of each error source. The sampling period was assumed to be 0.66 s, as in the present
patient study. All TCCs of tissues in the simulations were generated using (2) and the true
AIF.

In the first simulation, AIFs were generated using (1) by changing each of the model
parameters (A, K (14«) and f,—#;) from the true value to + standard deviation (SD) (where
the true values are the ones in the true AIF) and SDs were calculated over the total 14 patient
studies. The value of #; was fixed at 12.2 s. While two out of A, K, (14«) and £,—1; were fixed
at true values, the other parameter was varied within the range of the true value & SD.

In the second simulation, 20 TCCs of tissues were generated for each of the four different
sampling periods (0.1, 0.5, 1.0 and 2.0 s). For all TCCs, the v value was assumed at4 ml/100 g,
while f values were randomly generated by assuming a Gaussian distribution with a mean
of 60 ml/100 g/min and a SD of 12 ml/100 g/min (Calamante et al 2000, Yamaguchi et al
1986, Hatazawa et al 1995, lida et al 1998, Ito ef al 2000, 2002). For each sampling period,
ATF was reconstructed from the 20 TCCs generated. In this and subsequent simulations, one
set of 20 f values was shared.

In the third simulation, for values of v ranging from 3.5 to 4.5 ml/100 gin 0.1 ml/100 g
steps, 20 TCCs of tissues were generated using randomly generated f values as described in
the previous simulation; for each v value, AIF was reconstructed from the 20 TCCs generated.
The examined range of CBV was determined based on the previously reported CBV values
for normal gray matter (Yamaguchi et al 1986, Ito et al 2004).

In the fourth simulation, 20 TCCs of tissues were generated using randomly generated f
values and a v value of 4 ml/100 g. The true AIF was utilized for generating the TCCs, but only
the 1, value was deliberately changed: 7; was set at 12.2 s for 6 of the 20 TCCs, 12.2 + Az/2s
for other 7 TCCs, and 12.2 — At/2 s for the rest. Twenty TCCs were randomly assigned to
each of the three groups. For each value of At ranging from 0.0 to 4.0 s in 0.4 s steps, AIF
was reconstructed from the 20 TCCs generated. The At of 4.0 s simulated the situation that
the ROIs for AIF reconstruction are placed over a wide region ranging from top to base of the
cerebrum.

In the fifth simulation, 20 TCCs of tissues were generated by assuming 20 CBF values
employed in the second simulation. For all TCCs, the v value was assumed at 4 ml/100 g.
Statistical noise of Gaussian distribution was added to these TCCs with the coefficient of
variation (COV) of 1%, 2%, 4%, 6% and 8% to generate 50 sets of 20 TCCs for each noise
level, as in previous reports (Henkelman 1985, Wu et al 2003b). An additional TCC was
generated using the given AIF for f = 60 ml/100 g/min and v = 4 ml/100 g, from which
50 CBF values were calculated using each of 50 AIFs obtained from each of 50 sets of
20 TCC:s as described in the theory. Mean and COV of the calculated CBF were then shown
as a function of the noise level.

2.3. Patient study

2.3.1. Subjects. We retrospectively reviewed 14 patients (64 £ 12 years old; 11 males and
3 females) with chronic cerebral arterial occlusive disease in the ICA or MCA. Patients had
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