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Abstract

Objective Cardiac '>O-water PET studies provide an
accurate quantitation of regional myocardial blood flow
(rtMBF). We developed a motion correction system using
an optical motion-tracking device to detect a subject’s
global movement for cardiac study.

Methods PET studies were carried out on a cardiac
phantom and a healthy volunteer at rest. The three-
dimensional locations of the markers attached to the
subjects during scans were measured using an optical
motion-tracking system. In the phantom study, we per-
formed a transmission scan and seven '®F emission scans
of a baseline and with artificial misalignment of shifts and
rotations. The correlation coefficients between the baseline
and the other images before and after the corrections for the
misalignment were calculated. In the human study, we
performed a 50-water dynamic scan with a transmission
and axially 30 mm-shifted transmission scans. Motion of
the subject was estimated by the information from the
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system, and was corrected on each sinogram using atten-
uation maps realigned to dynamic frames. Reconstructed
dynamic images were then realigned to the transmission
data. We calculated rMBF values for nine segments and
myocardial images from the emission images, which were
reconstructed with the first attenuation map (reference) and
with the misaligned attenuation map before and after our
corrections.

Results In the phantom study, the correlation coefficients
were improved from 0.929 £ 0.022 to 0.987 £ 0.010
(mean £ SD) after the corrections. In the human study, the
global and cyclic movements were detected. The cyclic
movement due to respiration was smoothed by frame-
averaging, and reasonable information of the global
movement was obtained. The rMBF value (mean 4+ SD)
was 0.94 & 0.12 mL/min/g for the reference. The rMBF
values using the misaligned attenuation map changed from
1.03 £ 0.21 to 0.93 & 0.11 mL/min/g after the correction,
and spurious defects in myocardial images were also
recovered.

Conclusions Our technique provided reasonable infor-
mation for correcting the global movement of the subject.
It was shown that this system was applicable to detect and
correct subject movement in cardiac PET studies at rest.

Keywords Myocardial blood flow - PET -

Motion correction - Attenuation correction -
150.labeled water

Introduction
Motion of a patient during a positron emission tomography

(PET) scan can cause deterioration in image quality and
quantitative accuracy. Several techniques have been
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proposed for motion compensation in neuroimaging [1-7].
In cardiac PET studies, effects of wall contractile and
respiratory motion can be smoothed in the temporary
sampled PET images, but global movement of the patients
during the relatively long scanning period is still a signif-
icant source of errors [8-11].

It was shown that misalignment by a 20-mm shift in the
lateral/septal direction between transmission and '8F-fluo-
rodeoxyglucose (‘®FDG) emission scans caused a 30%
change in regional activity in cardiac "E_FDG PET [8]. To
align two '"®F-FDG emission images acquired on different
days, Bacharach et al. [11] proposed a registration tech-
nique based on the rigid body model using the transmission
images by assuming no misregistration between transmis-
sion and emission data sets.

Cardiac 'O-water PET studies provide quantitative
information with regard to the viabilities of myocardium
using the myocardial blood flow (MBF), coronary flow
reserve, and perfusable tissue index [12-19]. Naum et al.
[20] demonstrated that the movement occurred during
dynamic scans with cycling. They proposed a method to
correct for the motion during a single dynamic scan, and
among different sessions, by aligning the dynamic frames
of ’O-water images using two external radioactive mark-
ers placed on the back of a subject. Although their tech-
nique did not provide correction for misalignment between
transmission and emission data, reasonable improvement in
calculated MBF values was demonstrated.

Correcting the misalignment between the transmission
and emission data is a challenging task because the image
contrast of transmission images differs from that of emis-
sion images. The distribution of *O-water also varies
dramatically in regions of the right and left ventricles,
myocardium, and other organs over time. Additionally, the
image quality of PET with >O-water is worse than that
with other radioligands due to the short half life of '°0,
which makes image registration difficult.

In this paper, we describe a novel approach using an
optical motion-tracking system for detecting the subject’s
global movement during the relatively long study period, as
an extension of the early studies of Watabe et al. [4]. The
proposed technique provided correction for misalignment
between dynamic emission sinograms, and also provided
accurate attenuation correction, in which misalignment
between attenuation map and each emission sinogram was
corrected in the reconstruction stage.

First, the inherent accuracy of our system was evaluated.
Then, the system was validated on a cardiac phantom study
for artificial misalignment between an attenuation map and
emission data. Correction for global movement obtained by
monitoring the locations of external markers on chest skin
was validated in a '°O-water cardiac PET study in a
healthy volunteer at rest.
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Materials and methods
Hardware-based position monitoring system

To detect motion of a subject, we adopted an optical
motion-tracking device in which targets attached to the
chest skin are monitored. The motion compensation
approach using an optical motion-tracking system has been
previously validated in brain PET studies [3-7]. We
applied this approach to the cardiac PET studies. Figure la
shows an optical motion-tracking system, POLARIS
(Northern Digital Inc., Canada). The POLARIS has two
charge-coupled-device cameras, and provides the 3D
position of a target. The three-dimensional position is
measured in the form of 6 degrees of freedom: three
rotational angles, and three translational directions. The
manufacturer reports that the accuracy of the rotational
angle and translation are better than 0.3° and 0.5 mm,
respectively. Figure Ib shows a target with four infrared-
reflective markers and supporting post. The target and
supporting post made of carbon resin were pinned with two
fluoroplastic screws. Figure Ic shows the position cali-
bration tool used to convert the locations of subject posi-
tions in the POLARIS coordinate into PET coordinates.
Figure 1d represents the schematic diagram of our system.
Locations of targets attached to the chest skin of the subject
and the gantry of a PET scanner were measured with the
POLARIS. The target on the gantry of the PET scanner was
used as a reference in order to convert the subject’s posi-
tions from the POLARIS coordinate to the PET coordinate.
Figure le shows an example of the experimental setup with
a healthy volunteer in the cardiac PET study. Two targets
were attached to the chest skin of the subject. Three legs of
the supporting post were attached to the skin of the subject
using surgical tape. The axial field-of-view (FOV) of the
PET scanner used in the human study, HEADTOME-V
tomography (SHIMADZU Corp., Kyoto, Japan), was
200 mm, and the gantry diameter was 850 mm [21]. The
geometries of targets attached to the thoracic surface were
85 x 85 mm? (the left-hand target in Fig. le, target 1) and
65 x 90 mm? (the right-hand target in the Fig. le). The
heights of supporting posts for target 1 and target 2 were 50
and 42 mm, respectively. We calculated the subject’s
positions in the PET coordinate by measuring the locations
of the target with four infrared-reflective markers (the
primary target). Another target was used as a reserve in
cases when the primary target was hidden from the FOV of
the POLARIS.

Motion correction

The rigid motion correction technique employed is an
extension of the previous work for brain PET studies by
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Fig. 1 Our motion correction
system. a Optical motion-
tracking device. b Target
consists of infrared-reflective
markers with supporting post.
¢ Position calibration tool with a
target. d Schematic diagram of
the system. Locations of the
targets on the subject and the
gantry were measured with the
optical motion-tracking device.
e An example of the
experimental configuration

(>

Reference

Gantry h target
e
Target
-1

e

Optical motion
tracking device

Watabe et al. [4]. We consider four coordinates: the
POLARIS Cq, a target on a PET gantry for reference Cg, a
target attached on a subject Cr, and the PET scanner Cp.
By measuring the location and orientation of each target
attached to the subject and the gantry using the POLARIS,
we obtained a 4 x 4 transformation matrixes, Tr_g from
Cr to Cs, and Tg.,5 from Cg to Cs, respectively. Motion
matrix Mp,_p, from a position P, = P(#;) to another
position P, = P(t;) in the PET coordinate is written as
follows [4]:

)

where 77 and T, are positions in target coordinates
corresponding to positions P; and P, in the PET
coordinate. Tg_,p is the matrix to transform a position
from the gantry coordinate to the PET coordinate. The
matrix is given by the following equation:

1 1 1
Mp,p, = To—pTg sT1 s TTg—rS To-sTg_p

@)

Ts_,p is the matrix which relates the POLARIS and PET
coordinates and is obtained by position calibration.

The point source was embedded in a given position of a
target, which is fixed on the calibration tool shown in
Fig. 1c. By measuring the position of the point source
using the POLARIS, the position Ps = (xs, ¥s, zs) of the
point source in the POLARIS coordinate is calculated
using the known position Pr = (¥r, y1, zr) in the target
coordinate and Ty, as Pg= Tr_gPr. The position
Pp = (xp, ¥p, zp) in the PET coordinate is also obtained
from the reconstructed emission image. By changing the
position of the target, in which the point source is
embedded, Ts_,p is calculated using the least-squared-fit
between the pairs of Pgs and Pps. The PET coordinate was

To—p = Ts—pTGos
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Scanner Front-side
ECAT EXAQT HR HEADTOME-V
X
Z Y Y

Fig. 2 PET coordinates defined by position calibrations

defined by the position calibration as shown in Fig. 2. The
positions of subjects in the PET coordinate will be dis-
cussed in the following.

To correct a subject’s movements during a dynamic
acquisition of an emission scan with multiple frames, we
estimated the heart locations from the locations of the
target, which are measured by the POLARIS. The dis-
placement of the COG of the heart’s position from during
the transmission scan to during each dynamic frame of the
emission scan is given by

1 F ITCT
HY — H™°T = ZZH(r) —NZH(t)
t t
F TCT

D 1P+ AW] -5 D IP() + AW

t t

©)
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where H™“T and H' are the averaged COGs of the heart
positions during the transmission and the dynamic frame,
H(¢) and P(¢) are the COGs of positions of the heart and the
target at time 7, A(Y) is a term representing a non-rigid relation
for positions at time f between the heart and the target, L and
N are the numbers of measurements of the target’s positions
by the POLARIS during acquisition of the dynamic frame
and the transmission scan, respectively. For motion correc-
tion, we assumed the rigid body model, in which the target
and the COG of the heart’s position have linear movement at
least in the FOV of a PET scanner, that is, we assumed that
summations of A(#) for the transmission scan and the
dynamic frame equal to zero. The procedures of our motion-
correction technique are as follows: (1) An attenuation map
is aligned to the coordinate of a dynamic frame of an emis-
sion scan using the motion matrix in Eq. 1, in which P, and
P, are ZTCTP($)/N and FP(1)/L in Eq. 3. (2) The attenuation
map is then converted to its sinogram by forward projection.
(3) Each sinogram of the dynamic frames is reconstructed
with the realigned attenuation sinogram. (4) The emission
image is aligned to the transmission coordinate with the
inverse matrix of the motion matrix. (5) Last, procedures
from 1 through 4 are repeated for all dynamic frames of the
emission data.

Position calibrations

Position calibrations were performed on two PET scanners
to obtain a matrix Tg_p in Eq. 2, which transforms the
subject’s positions from a gantry coordinate to a PET
coordinate. For ECAT EXACT HR tomography (CTI/
Siemens, Knoxville, TN, USA) [22] used in a cardiac
phantom study, ten emission scans were performed, each
displaying different positions of a radioactivity point
source of '®F solution, using the calibration tool in Fig. 1b.
For the PET scanner used in a healthy volunteer study, 14
emission scans were performed with the '®F solution point
source and calibration tool.

The accuracy of the calibrations was evaluated from
Ts-s and Ts_,p in Eq. 2. The accuracy of Tg_,s part was
evaluated by determining the standard deviation (SD) of
rotational angles and translations calculated from position
data of the gantry, because Tg_,s depends on only the
accuracy of the measurements in regard to the POLARIS.
To evaluate the accuracy of Ts_ p part, we calculated errors
between a position of a point source Pp, and the approxi-
mation position using Ts_,p, Px = Ts_.pPs:

e(i, k) = Px(i,k) — Pep(i, k) (4)

RMSE(i) = [ S |Px(i,k) — Pp(i, k)

k=x,y,z

(k=X,Y,Zandi=1,...,N)

(5)
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where e(i, k) is the approximation error of a point source in
the ith position for each direction, X, Y, and Z are
orthogonal axes in Fig. 2, RMSE(i) is the root mean square
error, and N is the number of positions of a point source.

Phantom study

To validate our correction technique for the misregistration
between the attenuation map and emission data, we per-
formed PET scans using a cardiac phantom (KYOTO
KAGAKU co., LTD, Kyoto, Japan, type HL-D) and the
ECAT EXACT HR tomography. The phantom mimics the
human thoracic region and has cardiac and liver inserts.
The insert can be filled with radioisotope solution. The
myocardium and liver inserts were filled with the '|F
solution of relative activities of 1 and 4. A target (without
the supporting port) for the POLARIS was attached to the
phantom using polyethylene cross tape. Then, we per-
formed a 1,000-s transmission scan for attenuation cor-
rections. After the transmission scan, seven ‘3F emission
scans were performed with a set of single frame data for
180 s. The first scan was the baseline (scan #1), in which
there was no misalignment to the transmission. For the
following three emission scans (scan #2-4), the phantom
was moved in the X, Y, and Z directions. For the other three
scans, the phantom was rotated about the X, ¥, and Z axes
(scan #5-7). The phantom’s positions were measured with
the POLARIS.

The reconstructed images before and after the correction
were obtained using an FBP (filtered back-projection)
algorithm with a Gaussian filter of 6 mm FWHM (full-
width at half-maximum). The matrix size and voxel size of
images were 128 x 128 x 47 and 4.4 x 44 x 3.1 mm°,
respectively. All emission data were corrected for physical
decay of '8F with base time as the start of the first emission
scan, and all of the emission images were reoriented to the
short axis using a transformation matrix.

To evaluate the effects of the corrections, we calculated
correlation coefficients for myocardial regions between the
baseline and misaligned emission images, both before and
after the corrections.

Human study

A cardiac "*O-water PET study was performed on a healthy
volunteer (male, 32 years old) using the HEADTOME-V
tomography in order to validate use of the external markers
on the chest skin and also to evaluate the effects of the
global movement on the quantification of MBF by artificial
misalignment between attenuation and emission data. The
healthy volunteer gave written informed consent according
to a protocol approved by the Ethical Committee and
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Internal Review Board of Osaka University. The PET study
consisted of a 20-min transmission scan, an 8-min >0-CO
emission scan for blood pool imaging, a 6-min 50-water
emission scan with 26 dynamic frames (12 x 5, 8 x 15
and 6 x 30 s), and a second 20-min transmission scan. All
scans were acquired in a 2D acquisition mode. The
radioactivity of inhaled *0-CO gas was 3.2 GBq. °O-
water was injected via the left brachial vein; activity was
1.1 GBq for 40s. All scans were performed without
pharmacological stress. To investigate the accuracy of the
POLARIS for tracking the locations of the target attached
to the thorax skin of the subject, the couch of the PET
scanner was moved +30 mm along the axial direction
before the second transmission scan, corresponding to the Z
direction in Fig. 2, with the subject lying on the couch. It
was expected that the shift in the +Z direction caused the
artificial deterioration of image quality and quantitative
accuracy in especially the anterior and lateral regions. The
subject’s positions during the scans were monitored by the
POLARIS, at a frequency of one sample per second.

The reconstructed images for the four cases were obtained
using an FBP algorithm with a Gaussian filter of 9 mm
FWHM. The matrix and voxel sizes of the reconstructed
images were 128 x 128 x 63 and 2.03 x 2.03 x
3.13 mm°>. No scatter correction was performed during the
image reconstruction stage.

Regional MBF values were estimated for four cases.
Case |: the first attenuation map and emission data, case
2: the first attenuation map and emission data with
correction for the subject’s motions, case 3: the second
attenuation map and the emission data, case 4: the sec-
ond attenuation map and the emission data after the
correction for the subject’s motions and the 30-mm-
shifted misalignment. Differences in the MBF values for
cases 1 and 2 were considered to indicate effects from
the correction for the frame-averaged motion if the
subject’s motion was small. Differences in MBEF values
for cases | and 3 could indicate errors in the quantifi-
cation of MBF caused by the artificial misalignment
between the second attenuation map and the emission
data. The lack of any difference in MBF values for cases
1 and 4 indicated that our technique tracked the shift of
the target on the thorax skin accurately and corrected the
misalignment. In order to generate cases 2 and 4, the
positions P; and PY in Eq. 1 were calculated as aver-
aged COGs of the subject’s positions during the first and
second transmission scans and the jth dynamic frame of
150.-water or C'*0 emission scan. Using Eq. 1 with P;
and {PY’}, we performed frame-by-frame motion cor-
rections for all dynamic frames of emission data. Due to
the fact that the PET scanner did not provide a dynamic
transmission scan, we assumed that the subject did not
move during the transmission scan.

24

For quantification of MBF, we employed a compartment
analysis model proposed by lida et al. [13], which provided
corrections for spillover from a left ventricle and partial vol-
ume effect and generated a MBF value in units of mL/min/g of
perfusable tissue. All transmission and emission images were
reoriented to the short axis. To calculate tissue time activity
curves, regions of interest (ROIs) were drawn in nine
myocardial regions: apical, mid-anterior, mid-lateral, mid-
posterior, mid-septal, basal-anterior, basal-lateral, basal-
posterior, and basal-septal regions. To avoid spillover effects
from the right ventricle, the sizes of ROlIs in septal regions
were smaller than those in other regions. Another ROI was
drawn on the left ventricle in order to estimate the arterial
input function [19]. These ROIs were manually and inde-
pendently drawn for the four cases. In addition, to validate the
consistency between the quantitative results of MBF values
and the quality of the images, we calculated the build-up and
washout phase images [23] for the four cases. The build-up
and washout phase images were obtained by subtracting a
blood pool image from summed images of early (0-180 s)and
later (180-360 s) frames of a '>O-water image.

We evaluated the magnitude of the subject’s motions in
the PET coordinate during each scan. We defined position
P, in Eq. 1 as the position at the start of the first trans-
mission scan, and position P, as the position at an arbitrary
time during a transmission or an emission scans. The
rotational angles and translations for arbitrary times were
obtained using Eq. 1. We represented motion during a scan
in the form of mean £ SD for each rotational angle and
translation.

Results
Position calibrations

Table 1 shows the inherent accuracy of our system in the
two PET scanners. Values of SDs for rotations and trans-
lations obtained from Tg_,s data were very small. Table 1
also shows the approximation errors (mean + SD) occur-
red while transforming the positions of a point source from
the POLARIS coordinate to the PET coordinate using
Ts_,p. There was no bias in any direction in either scanner.
Each value of RMSE was smaller than the spatial resolu-
tion of the corresponding scanner [21, 22].

Cardiac phantom study

Table 2 lists the observed misalignment from the reference
position of the phantom in the transmission scan and the
correlation coefficients between the reference image and
the misaligned images before and after the corrections
(mean £+ SD; 0.929 £ 0.022 and 0.987 £ 0.010). The
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Table 1 Inherent accuracy of the motion correction system in the two PET scanners

Scanner TG-s Ts.p # of point
- - positions
Rotational angle (deg) Translation (mm) [ ey A RMSE
Tx Ty z I ty I
ECAT EXACTHR 00 0.0 0.0 0.0 0.0 0.0 0.0+08 0009 00+08 1304 10
HEADTOME-V 0.0 0.0 0.0 0.0 0.0 0.1 00+15 00x16 00+06 23+£02 14

Standard deviations of rotational angles and translations obtained from Tg_,s data and approximation errors (mean & SD in mm) by trans-
forming positions of a point source from the POLARIS coordinate to the PET coordinate using Ts_,p. Columns Ti_.s, 7+, 7y and r, denote SDs of
rotational angles about three orthogonal X, Y, and Z axes, respectively. f,, t, and t, denote SDs of translations along three orthogonal axes,
respectively. Columns T, p, €y, €,, and e, denote average values (mean + SD in mm) of e(i, X), e(i, ), and e(i, Z), respectively. e(i, k) was
defined in Eq. 4. RMSE denotes an average value (mean £ SD in mm) of RMSE(i), defined in Eq. 5

Table 2 The observed misalignment and correlation coefficients for
the phantom study

Scan no. Rotation (deg) Translation Correlation
(mm) coefficient
e ry r. t. t, t, Before  After
MC MC
2 0.0 0.2 5.1 357 0.8 —3.4 0.89 0.997
3 0.0 -10 1.3 09 352 3.2 0938 0.995
4 0.0 =02 0.9 59 0.1 428 0917 0.971
5 13.1 1.4 04 19 225 17.1 0926 0.986
6 24 —156 2.1 109 38 4.7 0938 0.982
7 —-0.6 1.8 —135 134 119 —9.5 0960 0.992
a Ant.
Sep. Lat.
Pos.
b 10.0 ; : . ; ; ;
5 Reference
w, - efore correction +
2 80 7N After correction - - - - 7
>
;g 6.0 4
a
— 4.0 +
2
jd 3
3 20t
8] A
0.0 et D »
0 20 40 60 80 100 120
Pixel

Fig. 3 Reconstructed and reoriented images of the phantom.
a Reconstructed images. Left, mid, and right columns represent the
reference emission image (no misalignment), the second emission
images before correction for misalignment, and the second emission
images after correction for the misalignment, respectively. b Profiles
at the level of white lines in images. Solid line, cross symbols, and
dashed lines represent the first emission image, the second emission
images before correction, and the second emission images after
correction, respectively
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effects of our correction technique are demonstrated in
Fig. 3. The left column in Fig. 3a is the reference emission
image (no misalignment). The middle and right columns
represent the emission images with the misalignment of the
X-direction before and after the corrections. For the image
in the middle column, only the position was transformed to
the transmission coordinate after the reconstruction. Fig-
ure 3b represents line profiles at the level of white lines in
the slices.

Human study

Table 3 summarizes the observed movements of the sub-
ject during scans relative to the beginning of the first
transmission scan, in the form of rotational angles about
and translations along three orthogonal axes. It was
observed that the magnitude of the average parts of the
rotational angles and translations tended to increase. The
value of ¢, changed from —1.8 £ 0.6 to 28.3 &+ 0.6 mm
between the '>O-water emission and the second transmis-
sion scan mainly because of the 30-mm shift of the couch
as well as the motions of the subject. There was little
change in the SD in any rotational angle or translation
among the scans.

Figure 4 shows motion parameters during 150-water
scan. Figure 4a and b represent the sample-by-sample
and frame-averaged translations. Figure 4c and d shows
the sample-by-sample and frame-averaged rotational
angles.

Table 4 shows that the MBF values (mean + SD),
which were obtained from nine myocardial segments,
were 094 +0.12, 091 £0.13, 1.03 £0.21, and
0.93 4 0.11 mL/min/g for the four cases. The values for
cases 1 and 2 were obtained from the emission data and
the first attenuation map before and after motion cor-
rection. The values for cases 3 and 4 were obtained from
the emission data and the second attenuation map before
and after the corrections for the subject’s motions and
the 30-mm shift of the couch. There were significant
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Table 3 Observed movements (mean =+ SD) of the healthy volunteer during scans relative to the beginning of the first transmission scan

Scan Rotational angle (deg) Translation (mm)

Iy ry ry x ty t,
TCT | —0.1 £02 —04 + 0.2 —02 +02 0.7 +£0.5 1.3+ 06 1.0 £ 038
cho 0.0+ 02 —0.1 +£0.2 —07 + 0.1 26+03 1.0+ 05 —17+07
B50-water 04 +02 0.0 £+ 0.1 —0.7 £ 0.1 27402 13+04 —18 +06
TCT 2 —04 +02 07 +02 —2.0 + 0.1 3.7+03 2.6 + 0.5 283 + 0.6

I's, Iy, and r, denote rotational angles (degrees) about X, Y, and Z-axes, respectively. £, f,, and t, denote translations (mm) along X, Y, and Z axes,

respectively

Fig. 4 Motion parameters a 40 4.0 . . r
during "*O-water study on the 3.0 30+
healthy volunteer. a, b Sample- R i e e e
by-sample and frame-averaged 20 ! 20 ,‘ 00 066
translations. ¢, d Sample-by- £ 10 1.0 R0 05 00000-0..-0..0-00-O
sample and frame-averaged £ oo 0.0 -
rotational angles ‘0 ) 140
40k | -1
f TS0 X
20 : 20 % N S SNV
3.0 ik 30t
40 ~ . ' 4.0 - - :
0 100 200 300 0 100 200 300
Time (sec) Mid-frame time (sec)
t t t, ty ——t, —0 t,
c 10 d 10 .
05 I it 05}
g 48 lt R u' f z 13 [ $
o BB & o A0 o 00 00.gO O o
o 0.0 HmERl i 5 0.0 @FRP0C0006E 00 0. o0
R R A I s
o5 o o S 05|
| LM RT3 R () 3 £ ile,: - 3end o
}ijh’}f«%ﬂfgw}#’ﬁ‘?ﬁ?g":\%’}%‘%ﬁ%}'ﬁ ,-*‘E’ﬁ'”%‘ﬁ{g M K g5 g R K K Hem g
1.0 1.0 B
0 100 200 300 0 100 200 300
Time (sec) Mid-frame time (sec)

r

f, T.

y

Table 4 MBF values (mL/min/g of perfusable tissue) of the healthy
volunteer

Myocardial Case
region
1 2 3 4

Apical 1.05 1.00 0.99 1.05
Mid-anterior 0.92 0.89 1.26 0.99
Mid-lateral 0.93 0.89 1.38 0.89
Mid-posterior  1.14 1.16 0.96 1.01
Mid-septal 1.05 1.06 1.08 1.12
Basal-anterior  0.87 0.80 1.18 0.80
Basal-lateral 0.86 0.82 0.95 0.84
Basal-posterior .88 0.83 0.84 0.86
Basal-septal 0.73 0.72 0.65 0.82

Mean + SD 094 £0.12 091+ 0.13 1.03 £+ 0.21 093 £0.11
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y 7@ z
differences in the mid-anterior and mid-lateral regions as
well as the basal-anterior regions between cases 1 and 3.

Figure 5 demonstrates the influence of misalignment
between an attenuation map and emission data on the
quality of myocardial images, as well as the effect of our
correction technique. Figure Sa—f represent the build-up
and washout phase images of middle myocardial
obtained from the ‘O-water data. Anterior, lateral,
posterior, and septal regions of myocardia were arranged
in a clockwise manner. Figure 5a and e was obtained
from the data of case 1, and Fig. 5b and { was calculated
from the data obtained in case 2. Figure 5c and g was
derived from the data in case 3, and only positions of
reconstructed images were transformed to the first
transmission coordinate after reconstructions for visual
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Fig. 5 Myocardial images of the healthy volunteer. a-d Build-up
phase images. e-h Washout phase images. a and e were reference
images obtained from data of case 1. b and f are images from data of
case 2, which were corrected for the motions of the subject. ¢ and g
are images from case 3 of the emission data and the second

comparison with the other images. Figure 5c and g
demonstrates that reconstruction with an incorrect atten-
uation map caused spurious defects from anterior to
lateral myocardial regions, as well as an artifact in the
posterior region. Figure 5d and h is an image calculated
from data obtained in case 4, in which images were also
transformed to the first transmission coordinate.

Discussion

In this paper, we developed an optical motion-tracking
based system to detect global movement of the subject and
correct for the movement during cardiac '>O-water studies.

First, the inherent accuracy of the system was assessed
from position calibrations. As shown in Table 1, the Tg_s
part could be negligibly small compared with the magni-
tude of the subject’s motions in Table 3 and Fig. 4. For the
Ts—p part shown in Table 1, there was no bias in any
direction. The value of RMSE for each scanner was smaller
than the spatial resolution of the scanner [21, 22]. There-
fore, it was considered that the position calibrations pro-
vided a sufficient level of accuracy for our motion
corrections.

To validate the present technique, we performed a car-
diac phantom study. As shown in Fig. 3a, a defect and
blurred region from the anterior to the lateral, which was
mainly caused by a 5.1° rotation about the Z axis and a
35.7 mm shift along the X axis, was recovered using the
present technique. The effect of the present technique was
also shown more objectively by the correlation coefficients
and profile comparison in Fig. 3b.
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attenuation map without our motion corrections. d and h are images
from case 4, which were corrected for the motions and the
misalignment between the emission data and the second attenuation
map

In the healthy volunteer study, no correction was applied
for the motions of the subjects during the transmission
scans because the PET scanners do not have the ability to
perform dynamic transmission scans. Motions during a
transmission scan resulted in a blurred attenuation map,
and caused over- or under-estimation of the radioactive
concentration in myocardium of '*O-water images. How-
ever, as shown in Table 3, the magnitudes of the mean and
SD during the transmission scans were smaller than the
spatial resolution provided by the PET scanner, even if the
magnitudes were slightly larger than those of the mean and
SD during emission scans. In addition, a 9-mm smoothing
filter was employed during the image reconstruction stage.
Therefore, we considered that valid transmission data were
acquired for the subject. For the same reason as in the case
of the transmission data, the emission data of 50-water
scan were acquired properly. So we used the data of case |
as the reference for the other cases.

The global movement and cyclic movement of the target
were observed as shown in Fig. 4a and c. The cyclic
movement was attributed to respiration. From Fig. 4b and
d, the cyclic movement was smoothed by frame-averaging.
In addition, the regional MBF values (Table 4) and the
myocardial images (Fig. 5) of cases | and 2, which were
derived from the same transmission and emission scans
before and after the motion correction, were nearly the
same. This result indicated that our system provided rea-
sonably accurate information about the global movement.

In case 3, in which no correction for the subject’s motions
and the 30-mm shift between the emission data and the
second attenuation map was applied, the MBF values for the
mid-anterior, mid-lateral, and basal-anterior regions were



Ann Nucl Med (2010) 24:1-11

significantly larger than the reference values. This overesti-
mation was associated with spurious defects from the ante-
rior to lateral regions, as shown in Fig. 5c and g. In case 4
with our correction technique, the MBF values for myocar-
dial regions, in which overestimated MBFs were obtained for
the corresponding regions in case 3, were similar to the
reference values. The image quality in Fig. 5dandh was also
nearly the same as in Fig. 5aand e. Figure 5d shows a clearly
delineated contour of the myocardial region similar to the
contour in Fig. 5a. The spurious defects from the anterior to
lateral regions in Fig. Sg were recovered in Fig Sh. Owing to
these results, the present technique tracked the location of the
external target attached to the chest skin accurately, and then
corrected the artificial misalignment during transmission and
emission scans. Figure 5 not only shows the effects of our
correction technique, but also suggests that the use of an
attenuation map with large global movement could cause the
appearance of spurious defects in myocardial imaging with
130-water PET.

Several listmode-based motion correction techniques
have hitherto been proposed [1, 3-7]. Compared to these
techniques, our technique provides poorer time resolution,
even though our technique was applied to an emission scan
consisting of dynamic frames with shorter duration. List-
mode-based methods, however, require wide band trans-
mission and high computational power for manipulating
the listmode event data, especially under high count rates.
For the listmode-based methods, in which data processing
is conducted prior to the motion correction, corrections for
detector efficiency, detector geometry, and crystal inter-
ferences are important issues, especially in the case of
scanners with gaps between detectors or no intersection of
motion-corrected LOR with detector(s). For our technique
with 2D acquisition mode, the sinogram data are simply
normalized by the built-in software of the used PET
scanners. Our technique could shorten the processing time
by re-binning the listmode data during the period when
substantial movement is detected, and then correcting the
re-framed dynamic sinogram. Furthermore, our technique
is applicable to many commercially available PET
scanners, which often have no feasibility of listmode
acquisition.

Instead fixating the POLARIS on a certain position, such
as the gantry of the PET scanner described in [3, 6], we
attached the reference target onto the gantry and then used
the target and the calibration tool to transform the subject’s
position from the POLARIS coordinate to the PET coor-
dinate. Thus, our method allows for more flexibility in
adjusting with regard to the location of the POLARIS. This
is an important feature for the cardiac study due to the large
inter-subject variability in the shapes of the torsos among
patients, and as shown in Fig. le, there were enough gaps
to set the best positioning for cardiac PET study. However,
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for exercise study, such as the studies with cycling, smaller
targets and supporting post might be needed to ensure
working space. An additional advantage is the portability
of the POLARIS, which enables the sharing of the device
among scanners in different locations.

For our technique based on the rigid body model, two
targets were enough to detect the displacements and rota-
tions of the thoraxes of the subjects, in which the secondary
target was used as a reserve for cases in which the primary
target was hidden from the FOV of the POLARIS. The
secondary target and additional targets might be used with
the corporation of the primary target to construct a non-
rigid body model by detecting deformation between the
chest and abdomen, and/or over the thorax region.

Another approach for the motion correction was based
on image-driven information. Juslin et al. proposed an
alignment technique for dynamic '>O-water PET images by
means of the independent component analysis. They
demonstrated an improvement in quantitatively functional
and parametric values, although they did not take into
account for the misregistration between the transmission
and emission data sets, and the movements during each
emission scan [24]. The advantages of our method com-
paring software-based technique were (1) the misalignment
between the transmission and dynamic image, and mis-
alignment among the dynamic images could be corrected
because our method was independent of the distribution
and concentration of the tracer, and suboptimal image
qualities (e.g., statistical noise, blurring and types of trac-
ers). (2) Accurate attenuation correction was available
because the misalignment between the transmission and the
dynamic image was corrected in the reconstruction stage of
the dynamic image, and (3) inherent accuracy could be
obtained from the position calibration and the optical
motion tracking device. Consequently, the present tech-
nique can be utilized in PET studies with several types of
tracers such as >N-Ammonia and '*F-FDG.

In this study, the motion correction system was dem-
onstrated on one subject at rest. The system is to be eval-
uated by large population of various subjects because
characteristics of motion such as magnitudes, frequencies,
and directions could be different among subjects. Valida-
tion of our system is also needed for the studies during the
physiologically or pharmacologically stressed conditions,
in which repositioning of the heart in thoracic cavity, and
larger and/or irregular (non-cyclic) chest motion by respi-
ration would be expected. In our method, one of the limi-
tations was correction for the misalignment due to the
motion of the diaphragm with a deep breathing during a
stress study, and due to the motion of the diaphragm with
cough or sneezing even though during a resting study. To
correct such misalignment, detection of irregular motion
and a non-linear model might be needed to estimate the
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location of the heart using information obtained from the
locations of targets on the chest.

Our system intended to correct global movement during
dynamic scans. It was expected that the system would work
on transmission and emission data smoothed temporally
and spatially. Attenuation correction artefacts due to res-
piration was out of the scope for our system, which were
investigated in the X-ray combined PET system studies
[25, 26].

Conclusion

Our technique using an optical motion-tracking device
provided the reasonable information for correcting the
global movement of the subject. It was shown that this
system was applicable to detect and correct subject
movement in cardiac PET studies at rest. We conclude
that the present technique would contribute to improve-
ment in the quantification of MBF in 'O-water PET
studies.
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Abstract

Purpose Although '’0-O, gas inhalation can provide a
reliable and accurate myocardial metabolic rate for oxygen
by PET, the spillover from gas volume in the lung distorts
the images. Recently, we developed an injectable method in
which blood takes up '*0-O, from an artificial lung, and
this made it possible to estimate oxygen metabolism
without the inhalation protocol. In the present study, we
evaluated the effectiveness of the injectable '>0-O, system
in porcine hearts.

Methods PET scans were performed after bolus injection
and continuous infusion of injectable '*0-O, via a shunt
between the femoral artery and the vein in normal pigs. The
injection method was compared to the inhalation method.
The oxygen extraction fraction (OEF) in the lateral walls of
the heart was calculated by a compartmental model in view
of the spillover and partial volume effect.

Results A significant decrease of lung radioactivity in PET
images was observed compared to the continuous inhalation
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of '%0-0, gas. Furthermore, the injectable '*0-O, system
provides a measurement of OEF in lateral walls of the heart
that is similar to the continuous-inhalation method (0.71+
0.036 and 0.72+0.020 for the bolus-injection and
continuous-infusion methods, respectively).

Conclusion These results indicate that injectable '°0-O, has
the potential to evaluate myocardial oxygen metabolism.

Keywords Myocardial oxygen metabolism - PET - Pig -
OEF - Injectable '°0-0,

Introduction

In the myocardium, fatty acid or glucose is used to produce
energy by aerobic metabolism. Oxygen is one of the most
important substrates closely related to the aerobic metabo-
lism in the TCA cycle; thus, oxygen metabolism should be
a direct reflection of myocardial metabolism of these
substrates. Therefore, there has been considerable interest
in the development of a method to quantify oxygen
metabolism in the myocardium.

Recently, ''C-acetate has been used for this purpose [1-5].
" C-acetate is taken up by the mitochondria and metabolically
converted into acetyl-CoA. It then enters the TCA cycle and
is transformed to ''C-CO,, which is cleared rapidly from the
myocardium. Thus, the clearance pharmacokinetics reflects
oxygen metabolism in the myocardium. However, the
quantification of oxygen metabolism using ''C-acetate is
quite difficult because of various intermediary compounds.

The use of '0-0, gas inhalation and PET scanning can
provide a quantitative myocardial metabolic rate for oxygen
(MMRO,) [6, 7]. The tracer kinetic model used is based on
that originally proposed to describe the behavior of *0-0,
in brain tissue [8, 9]. However, the direct translation of the
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compartmental model for the brain to the heart is not
permitted, because subtraction for spillover from gas
volume in addition to that from the blood pool is needed.
A previous study demonstrated that the gas volume can be
accurately estimated from the transmission scan data; thus,
this technique did not require additional emission scanning
for estimating the quantitative gas volume images [6, 7].
However, gaseous radioactivity in the lung during the
inhalation of '30-0, gas is too high in comparison to other
regions. Subtraction for this contribution is straightforward
and accurate using the transmission scan-derived gaseous
volume images, but the lung radioactivity degraded image
quality in the estimated MMRO, images.

As an alternative to gas inhalation, we recently developed a
method to prepare an injectable form of '>0-O,. This was
accomplished by exposing pre-collected blood to 150-0, gas
using a small artificial lung system resulting in a maximum
yield of 130 MBq/ml. We demonstrated that cerebral oxygen
metabolism could be estimated in normal and ischemic rats
using injectable '*0-O, [10-12]. This technique has the
potential of avoiding the inhalation protocol.

The aim of the present study was therefore to test the
feasibility of using the injectable '*0-O, oxygen system
for estimating myocardial oxygen metabolism in pigs. The
injection method was compared to the inhalation method
to determine if the injection method resulted in a reduction
of lung radioactivity, an improved image quality, a more
accurate estimate of myocardial oxygen metabolism, and
an improved signal-to-noise ratio.

Materials and methods
Theory

150-Oxygen was administered by IV injection or
inhalation and was carried as '*O-hemoglobin by blood
to peripheral tissues including the myocardium, where it
was converted to '*O-water (150-H20mel) through aerobic
metabolism. The increased distribution volume of
150-H,0 1101, represented by the exchangeable water space
of tissue, causes delayed removal of radioactivity. This
allows the definition of an appropriate model and
equations to be derived for the calculation of a regional
myocardial metabolic rate for oxygen (rMMOR,) and
regional oxygen extraction fraction (rOEF). Previous
studies demonstrated that these calculations were similar
to those used for estimating cerebral blood flow and
oxygen metabolism and require the measurement of
regional myocardial blood flow (tMBF) and a correction
for spillover of activity from the vascular pools and the
pulmonary alveoli [6, 7]. rMBF was measured by the
150-H,0 injection technique [13]. Activity in the vascular
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pools of the heart chambers and the lung was
evaluated with a conventional measurement of blood volume
using '°0O-CO, and activity in the pulmonary alveoli was
evaluated with an unconventional and indirect measurement
of gas volume obtained from the transmission scan.
Furthermore, the existence of recirculating 50-H,0,¢¢ in
the blood fireely accessible to the myocardium was taken into
consideration.

The differential equation describing the myocardial
kinetics after administration of 150—02 can be written as
follows:

0 — OFF - £ - Ao(t) + £ - Ay(t) = (g £ A)C'"y"(t) (1)

where C™°(t) designates the true radioactivity concentra-
tion in the myocardium at time t, f is myocardial blood
flow, Ap(t) is the 15O—Oz radioactivity concentration in
arterial blood, Aw(t) is the '*O-H,O radioactivity concen-
tration in arterial blood, p is the myocardium/blood
partition coefficient of water, and A is the physical decay
constant of O-15.
Solving Eq. (1) in terms of C™°(t) gives:

C™°(t) = OF - £ - Ag(t)*e T £ Ay (t)*e )
@)

where the asterisk denotes the convolution integral. During
steady-state conditions under the continuous administration
of 1°0-0,, the following relationship holds:

OEF £ Ay +f- Ay
(+4)

In the actual PET studies, the spillover from vascular
pools and pulmonary alveoli and the partial volume
effect should be taken into consideration [14]. Then, the
measured radioactivity concentration in the region of
interest (ROI) in the myocardium (R™°(t)) can be
expressed as:

Cmyo 2=

(3)

Rmyo(t) =@ Cmyo (t)
+(VE¥® - A(t) — @  Fyein - OEF - Ao(t) — @ - Fyein - Ay(t))
+ng0 . Cgas(t)

4)

where o denotes the myocardial tissue fraction, Vg*° is
the myocardial blood volume, A(t) is the total O-15
radioactivity concentration in arterial blood, F, is the
microscopic venous blood volume, V' is the gas volume
in the myocardial ROI and Cg(t) is the O-15 radioactivity

concentration in Vg .
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With the bolus injection or infusion methods using an
artificial lung system, the radioactivity in the pulmonary
alveoli is expected to be negligible in comparison with the
inhalation method. Thus, Eq. (4) can be converted to:

RMyo (t) —0- Cmyo (t)
+ (VY- A¢(t) — @ Fyein - OEF - Ay (t) — - Fyein - Ay (t))
(5)

Subjects

In this study, four healthy miniature pigs (22-30 kg) were
used. The pigs were anesthetized by IM injection of
ketamine and xylazine followed by continuous infusion of
propofol (5 mg/kg/h). The animals were then placed in the
supine position on the bed of the PET scanner. All
experimental procedures were approved by the local animal
welfare committee.

Injectable '*0-0, preparation

In the “injection” study, injectable '0-O, was used.
Injectable '0-O, was prepared as described previously
[10-12]. In brief, part of an infusion line kit (Terumo
Corporation, Tokyo, Japan) and an artificial lung 18 cm in
length (Senko Medical Instrument Mfg Co. Ltd., Tokyo,
Japan) were connected using silicone tubing to make a
closed system. Then, venous blood collected from a pig,
which was used in the following PET studies, was added to
the system and circulated (100 ml/min) by a peristaltic pump,
followed by introduction of '*0-0, gas (~7,000 MBg/min/
433 ml) into the artificial lung for 15 min to prepare
injectable '30-0, (5.6-60.7 MBg/ml).

In the “continuous infusion” study, the left femoral artery
and right femoral vein were both cannulated. The two
cannulas from the artery and the vein were connected to the
opposite sides of an artificial lung to create a femoral shunt.
The blood flow in the shunt was aided by a peristaltic pump
(30-50 ml/min). '*0-0, gas (~7,000 MBq/min/433 ml) was
continuously introduced into the artificial lung.

PET protocol (Fig. 1)

The PET scanner was an ECAT EXACT HR (CTI/Siemens)
[15], which has an imaging field of view (FOV) of 55 cm in
diameter and 15 cm in axial length. The spatial resolution
of the scanner is 5.8 mm in full width at half maximum at
the center of the FOV.

After obtaining a 20-min transmission scan for attenua-
tion correction and gas volume estimation, the blood pool
image was obtained with a 4-min PET scan after the pigs
inhaled 2.7 GBq '*0-CO for 30 s. Arterial blood samples
were taken every minute during the '*0-CO scanning, and
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(min)
20 Transmission scan
4 = 150-CO for blood pool image

6 150-H,0 for blood flow image

= Dual administration of injectable *0-0O, and

12 [l 0-H,0 (Injection method)
=
25 150-0, infusion via the femoral shunt
(Constant infusion method)
25 1%0-0, gas inhalation

(Constant inhalation method)

Fig. 1 Outline of the PET imaging study. The interval between scans
was more than 15 min to allow for physical decay of O-15
radioactivity to background levels

the radioactivity concentration in the whole blood was
measured with a Nal well-type scintillation counter cali-
brated against the PET scanner. Subsequently, '>O-water
was injected into the right femoral vein for 30 s at an
infusion rate of 10 ml/min (injected radioactivity was about
1.11 GBq). Immediately after injection of 'SO-water, 26
dynamic frames (12x5 s, 8x15 s and 6x30 s) of PET data
were acquired for 6 min.

Furthermore, two PET scans were successively per-
formed after the IV injection of '°0-0, (5.6-60.7 MBg/ml)
for 30 s at an injection rate of 20-80 ml/min for the
“injection” study, and by the continuous '*0-O, gas
infusion through the artificial lung in the femoral shunt for
the “continuous infusion” study. In the “injection” study, 52
dynamic frames (12x5 s, 8x15 s, 6x30s, 12x5s, 8x15 s
and 6%30 s) of PET data were acquired for 12 min, and
1.11 GBq of '"O-water was injected IV for 30 s at 10 ml/
min starting at 6 min after the administration of IV '°0-0,
according to the dual administration protocol we developed
previously [16]. In the “continuous infusion” study, 26
dynamic frames (10x30 s, 5x60 s, 1x600 s and 10%30 s)
were acquired for 25 min, and the 600-s frame was used for
steady-state analysis.

Another PET scan was performed by '’0-O, gas
inhalation in one of the four pigs in the same protocol as
the “continuous infusion” study. This was the “continuous
inhalation” study. The interval between scans was more
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than 15 min to allow for physical decay of O-15
radioactivity to background levels. All acquisitions were
obtained in the two-dimensional mode (septa extended).

Data analysis

A filtered back-projection algorithm with a 6-mm Gaussian
filter was used for image reconstruction. The reconstructed
images had a matrix size of 128 x 128 x 47 and a voxel size
of 1.84 x 1.84 x 3.38 mm, and all image data sets were
resliced into short-axis images across the left ventricle [13].

Myocardial blood flow

rMBF was calculated from the injection of '*O-H,0 by fitting
the myocardial and arterial time-activity curve data to a
single-tissue-compartment model that implemented correc-
tions for partial-volume effects by introducing the tissue
fraction. In addition, the model was corrected for spillover
from the left ventricular (LV) chamber into the myocardial
ROI by introducing the arterial blood volume [13]. In these
experiments, the time-activity curves generated from large
ROIs placed in the LV chamber were used as the input function.

Regional oxygen extraction fiaction

In the “injection” study, rOEF was calculated according to
Egs. (2) and (5). In these formulations, Fy., was assumed
to be 0.10 ml/g tissue and p was fixed at 0.90 ml/g. The
blood volume image obtained from the 150-CO scan was
used for the determination of V5*°. The value of A(t) was
obtained from the LV radioactivity concentration measured
from the PET data set with small LV ROIs to minimize
spillover from the myocardium. The calculation for the
estimation of recirculating '>0O-H,O was performed as
previously described [16]. For the “continuous infusion”
and “continuous inhalation” studies, in which a 600-s frame
was regarded as steady-state, Eqs. (3) and (5) or Egs. (3)
and (4) were used for calculating rOEF, respectively.

Results

Table 1 summarizes the conditions of animals during the PET
studies. The parameters were all within the physiologic range.

Figure 2 demonstrates the dynamic images obtained in
the “injection”, “continuous infusion”, and “continuous
inhalation” studies. With the injection and continuous-
infusion methods, the right ventricle on the left side and the
vena cava on the lower side were well delineated, whereas
the left ventricle was moderately shown on the right side.
The 16th frame (600~1,200 s after the initiation), which
was used for steady-state analysis with the continuous-
infusion method, was visibly distinct compared with all of
the frames obtained with the injection method. However,
with the continuous-inhalation method, neither ventricle
could be depicted because of high radioactivity in the lung
on the right and lower-side images.

The radioactivity in the blood pool obtained by 150-co
PET (Fig. 3g) and the gaseous volume estimated by inverse
transmission data (Fig. 3h) were subtracted from the raw
PET images (16th frame) with the continuous-inhalation and
continuous-infusion methods, respectively (Fig. 3¢ and f).
Both methods clearly delineated the myocardium after
subtraction in comparison to the blood flow image
(Fig. 3i). However, the continuous-inhalation method
showed salient radioactivity on the lateral wall (Fig. 3c),
whereas the continuous-infusion method showed only
modest radioactivity in the myocardium (Fig. 3f). It is also
notable that there was considerable radioactivity in the right
ventricle with the continuous-infusion method even after the
subtraction (Fig. 3f). :

To further examine the differences between the continuous-
infusion and continuous-inhalation methods, time-
radioactivity curves during the PET scans were taken from
four ROIs: the left ventricle (LV), right ventricle (RV),
myocardium (Myo), and lung (Fig. 4). At the steady-state
frame (600~1,200 s), the continuous-infusion method
showed higher radioactivity in the RV and LV than in the
myocardium (Fig. 4a), whereas the radioactivity of these
regions was similar with the continuous-inhalation method
(Fig. 4b). The radioactivity in LV was about two-thirds of
that in RV in Fig. 4a, indicating that measurable radioactivity
was excreted through the lung even after the femoral
administration of '0-O,. The lung excretion was also
observed on the blood-subtracted image (Fig. 3e). Actually,
there was significant radioactivity in the lung (Fig. 4a),
although that was the lowest among the four ROIs. In
contrast, the radioactivity in the myocardium was the lowest
among the four ROIs with the continuous-inhalation method

Table 1 Physiological parame-

ters of pigs during the PET pH pCO, pO- tHb O,Sat HR BP (mmHg)
studies (mmHg) (mmHg) (g/dl) (%) (bpm)
Diastolic Systolic
Average 7.46 40.3 125.8 12.8 97.7 85 97.8 125.2
SD 0.032 2.51 16.69 1.30 1.83 19.5 10.4 19.3
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Fig. 2 PET images obtained in (a) the injection method, (b) the continuous-infusion method with injectable '>0-O,, and (c) the continuous-

inhalation method with '*0-0, gas

(Fig. 4b). The heart-to-lung radioactivity ratios were calcu-
lated from Fig. 4 for the quantitative estimation of image
quality; the continuous-infusion method provided a ratio of
1.38+0.24, whereas the ratio was less than one with the
continuous-inhalation method.

Table 2 shows the quantitative OEF values in the lateral
wall obtained by the injection, continuous-infusion, and

35

continuous-inhalation methods. These OEF values were
consistent among the three methods.

Figure 5 represents the noise equivalent counts (NEC)
standardized by the total counts detected by the PET
scanner. Although the injection method tended to show
rather high values, there was no significant difference
between the values obtained by the injection and
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|

1

Infusion

Blood pool

Fig. 3 PET images obtained in the study are shown. The 16th frame
(steady-state frames) of the continuous-inhalation method and the
continuous-infusion method are shown in (a) and (d), respectively.
The ‘blood-subtracted’ images shown in (b) and (e) were created by

continuous-infusion methods as determined by a Mann
Whitney U-test.

Discussion

In previous studies, we showed the usefulness of the
injectable '°0-O, system for estimating cerebral oxygen
metabolism in small animals such as rats under normal or
ischemic conditions [10—12]. Injectable '°0-O, replaced
the inhalation protocol and radioactive '*0-O, was admin-
istered via the tail vein. Thus, injectable 150-0, could
abolish the artifact from the high radioactivity in the
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Inhalation
blood(-)
gas(-)

\/

Inhalation
blood(-)

Infusion
blood(-)
gas(-)

Infusion
bleod(-)

Gaseous

volume

subtraction of the blood-pool image by '*0-CO (g) from (a) and (d).
The ‘blood- and gas-subtracted’ images shown in (c) and (f) were
created by the successive subtraction of the gaseous image (h) from
(b) and (e). The myocardial blood flow image is also shown in (i)

inhalation tube that distorts the PET images, especially in
small animals. We considered that the concept could also be
utilized in the hearts of large animals. Therefore, in the present
study, we tested the feasibility of an injectable '*0-0, system
for estimating myocardial oxygen metabolism in normal
pigs. In addition, since a shunt between the femoral artery
and vein can be created in pigs but not in small animals,
continuous infusion via the femoral shunt was also
performed to achieve a constant and reliable delivery of
radioactivity to the heart.

Dynamic PET scans showed a large difference in the
radioactivity distribution among the three methods. Since
the labeling efficiency to prepare injectable '*0-O, was
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Fig. 4 Time-activity curves from the left ventricle (LV), the right
ventricle (R¥), the myocardium (lateral wall, Myo) and a lung region
with the continuous-infusion method (a) and the continuous-inhalation

lower with pig blood (ca. 61 MBg/m! at most) than with the
blood of rats and humans (130 MBg/ml), the injection
method provided rather obscure images. With the injection
and continuous-infusion methods, the radioactivity in the
lung was dramatically reduced in comparison to the
continuous-inhalation method, since the heart-to-lung ratio
with the continuous-infusion method was about 40% higher
than with the continuous-inhalation method. This finding
suggested that the two methods that inject radioactivity via
a vein are more useful for analyzing myocardial oxygen
metabolism in pigs than the continuous-inhalation method.
However, a distinct difference between radioactivity of the
right and left ventricles was observed in the images and
time-radioactivity curves after venous administration of
150-0,, indicating a certain degree of excretion of the
radioactivity by the lung. Therefore, the spillover from the
pulmonary alveoli to the myocardium could not be omitted
in the two methods with venous administration, and Eq. (4)

Table 2 OEF estimated by the three methods using injectable *0-0,
or °0-0, gas

OEF

Injection Infusion Inhalation
Pig. 1 0.70 0.72
Pig. 2 0.67 0.72
Pig. 3 0.71 0.74
Pig. 4 0.76 0.69 0.72
Average 0.71 0.72 0.72
SD 0.036 0.020
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method (b). The supply of radioactivity was started at time 0 s and
stopped at 1,200 s. The 16th frame for the steady-state analysis was
600-1,200 s

was used for the OEF analysis, although the radioactivity in
the lung was lower than that in the myocardium.

On the other hand, with the continuous-inhalation
method, the radioactivity of the lung was in between the
radioactivity in the RV and LV. This is curious because
O-15 radioactivity was supplied from the inhalation tube
and transferred from the lung to blood so that the
radioactivity in the lung should have been the highest
among the four ROIs. This may have been caused, in part,
by inhomogeneous distribution of the radioactivity in the
lung due to its structure in comparison with the myocardi-
um and ventricles, and/or by artifacts from the lung to other

0.8 |-
s 06 f
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Q °
2 | @ é
X
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0 i H ]
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Fig. 5 The ratio of noise equivalent counts (NEC) to total counts in
the total field of view of the PET scanner obtained with the
continuous-infusion method (/nf), the continuous-inhalation method
(Inh) and the injection method (/1)
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tissues. In any case, it is notable that the radioactivity in the
myocardium was the lowest with the continuous-inhalation
method, leading to difficulty in analyzing myocardial
oxygen metabolism.

The OEF values in lateral walls were calculated to
compare the ability of the three methods to determine
myocardial oxygen metabolism by using the blood flow
derived from the dual-administration protocol with the
injection method and the single-administration protocol
with the two continuous methods. There was no difference
in the blood flow between the two protocols. Consequently,
the three methods provided the same OEF value of about
0.7 and this is a physiological value in normal pigs, as was
previously demonstrated [17, 18]. We have demonstrated
the potential of the injectable 150-0, system for the
estimation of physiological cerebral oxygen metabolism in
rats and monkeys during early and late ischemia, hyperten-
sion, and ischemia plus hypertension [10-12, 19]. There-
fore, we believe that the injection and continuous-infusion
methods provide a physiological OEF in the myocardium.
Nevertheless, we recognize the necessity to evaluate the
reliability and usefulness of the injectable 50-0, method
in myocardial applications. Further studies using patho-
physiological animal models are required in the future, such
as myocardial ischemia, hypoxia, and heart failure. On the
other hand, since MMRO, is basically regarded as the
product of MBF and OEEF, the results indicated that these
three methods were equivalent in their ability to quantify
MMRO, in normal pigs, at least in the lateral wall.
Although the images after the subtraction of spillovers
from blood and gas showed different contrast between the
continuous-infusion and continuous-inhalation methods, the
ability of these two methods to measure OEF and MMRO,
in the lateral walls was equivalent.

We did not evaluate myocardial oxygen metabolism in
other heart regions since the radioactivity in the right
ventricle could not be removed due to a significant
difference of radioactivity between the ventricles with the
continuous-infusion method. The injection method might
be able to evaluate oxygen metabolism in other regions
besides the lateral wall, although this was not evaluated in
this study due to the low radioactivity of injectable 150-0,
as described above. In the injection method, O-15 radioac-
tivity was delivered from the femoral vein to RV, the lung,
LV, and finally the myocardium. Thus, when the LV and
myocardial activity reach a maximum, the RV activity is
expected to be low. The later frames of the dynamic PET
images with the injection method might avoid the high RV
activity and delineate the myocardium and LV more clearly.
With accurate anatomical information by gated PET/CT, the
injection method will provide oxygen metabolism in other
heart regions. In addition, the injection method has a benefit
in that it is noninvasive and shortens the acquisition time in
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comparison with the continuous-infusion method. Future
studies are needed to determine whether the injectable
150-0, system can be used in other heart regions.

With the injection method, the ratio of noise equivalent
counts (NEC) to total counts tended to be the higher,
probably because of the absence of high radioactivity
adjacent to the PET scanner. Nevertheless, the continuous-
infusion method did not show this tendency. This may be
because tubes for the input to the artificial lung were
positioned at the femoral shunt and the output to the drain
of O-15 gas was positioned alongside the PET scanner,
resulting in an increase of random counts during the study.
Also, it is notable that the value with the continuous-
inhalation method was not small, which suggests that the
inhalation protocol itself did not worsen the results, but
rather the high radioactivity in the lung might affect the
analysis. In any case, if more care is given to shielding of
the radioactivity in tubes and/or for arrangement of instru-
ments in the PET room, a higher value of NEC/total counts
will be obtained with the injectable '*0-0, system.

The declining slope delineated in the time-activity curves
with the continuous-infusion method requires some expla-
nation. Since the flow rate of O-15 gas supply to the artificial
lung positioned at the femoral shunt was maintained constant
during the PET scan, it is possible that a decrease of labeling
efficiency of the artificial lung occurred due to the deposition
of any components of blood. The blood of rats or humans
was negligibly deposited in the artificial lung during
circulation at the same rate for at least 30 min in our other
experiments, so that this problem may be specific for pigs. It
is unclear which component in pig blood was exactly
involved in the deposition and three of four pigs did not
show a declining slope of the time-activity curve.

In practice, in routine studies on myocardial oxygen
metabolism using large animals such as pigs, the continuous-
inhalation method with '°0-O, gas may be easier to
perform for the following reasons: (1) the intubation tube
used for gas anesthesia prior to the PET scan can also be
used for '0-0, gas inhalation; (2) catheterization of the
femoral artery and vein to create the femoral shunt for the
continuous-infusion method may be troublesome; and (3)
the injection of '0-0, requires an artificial lung, preparation
time, and blood taken from the same animal prior to the PET
scan. However, the injection of 150—02 has a substantial
advantage over the continuous-inhalation method in that there
is reduced radioactivity in the lung and clearer images of the
heart are obtained. Therefore, the method for estimating
myocardial oxygen metabolism should be selected depending
on the objectives of the study and the surgical procedures.
Furthermore, since radioactivity administered into the
femoral vein is partially excreted into expired air, the
injectable '*0-O, system might be used for evaluating
pulmonary function in the future.
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Conclusion

In this study, we tested the feasibility of using an injectable
'30-0, system to estimate myocardial oxygen metabolism
in pigs. Both the bolus-injection and continuous-infusion
methods reduced the radioactivity in the lung and provided
similar OEF values in the lateral walls of the heart. These
findings indicate that the injectable '*0-O, system has the
potential to evaluate myocardial oxygen metabolism.
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