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Table 1 Correlation coefficient, slope and y-intercept between qOEF-AI and cbOEF-AI with different summation periods

O, summation CO;, summation time (s)

time (s)

340-390 (A) 390-440 (B) 340-440.(C)

Correlation Slope y-Intercept Correlation Slope y-Intercept Correlation Slope y-Intercept

coefficient coefficient coefficient
0-60 0.35 0.24 0.79 0.06 0.05 1.02 0.21 0.16 0.88
0-120 0.87 0.91 0.10 0.52 0.35 0.68 0.88 0.69 0.31
0-180 0.79 0.94 0.09 0.90 - 0.59 0.41 0.94 080 020
0-240 0.59 0.74 030 0.86 0.61 0.39 0.83 0.74 0.28
60-120 0.84 1.06 —0.05 0.74 0.57 0.44 0.90 0.87 0.13
60-180 0.75 0.99 0.04 0.93 0.70 029 0.91 0.86 0.15
60240 0.63 0.84 0.19 0.87 0.66 0.34 0.77 0.78 0.24
120-180 0.91 0.86 0.15 0.89 0.70 0.30 0.79 0.82 0.20
120-240 0.51 0.73 023 0.75 0.59 0.43 0.64 0.70 0.20
180-240 030 0.44 0.64 0.54 042 0.61 0.47 0.54 0.51

Time O was the '°0; scan start time. The scan for '°0, and C'°0, was the single scan for 480 s

the DARG protocol might be used for acute patients due to
its simple and rapid procedure.

As shownin Fig. 1, even though the DARG protocol can
be terminated at 7.3 min from '°0; inhalation, our study
must have 10 min of transmission scan to correct attenu-
ation of photons. The time duration for the transmission
scan is possible to minimized by segmented attenuation

by means of hardware [30] or software although simplicity
of ¢cbOEF-Al is lost by applying these techniques. We
blindly selected data from patients, who underwent DARG
protocol. Therefore, varieties of patient’s history and
diagnosis were included, and it is difficult to judge clinical
usability of the cbOEF-Al with DARG protocol by our
study so far. Clinical impact of cbOEF-AI with DARG

correction techniques [28], or using hybrid PET-CT scan-
ner. Note that for computing cbOEF-AI no C"0 scan is
required. Kobayashi et al. [24] showed no blood volume
correction was required to compute cbOEF-Al, when they
used bolus injection of HL’O instead of steady-state
protocol. '

In this study, we used the DARG protocol with C'°0,
inhalation after 6 min from the beginning of 'O, inhala-
tion. The optimal summation time for ¢cbOEF-AI could be
different if the time interval between inhalations of '°0,
and C°0, gases is altered. If one is administrated C’st
gas earlier than 6 min, the contamination of I50;; radio
activity on C'°0, phase becomes larger, which will result
in changing optimal summation time for cbOEF-AI Fur-
ther systematic investigations will be required to obtain
more general conclusion, and it might be possible to
shorten the tofal scan duration for proper ¢cbOEF-AI with
the DARG protocol. The image quality of PET is also
influenced on the results. In our study, all data were
obtained in 2D mode. It is not clear that 3D acquisition of
PET affects our results. Ibaraki et al showed that qOEF was
possible to obtain in 3D acquisition as good as 2D acqui-
sition [29], which suggests the usability of cbOEEF in 3D
acquisition, although further studies are required to con-
firm. For computing cbOEF, it is important to assure that a
patient does not move during PET acquisition. There are
several techniques to compensate the motion of the patient
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protocol is beyond the scope of this paper. We have a plan
to evaluate diagnostic accuracy for the present technique in
future.

Conclusion

In this paper, we investigated the feasibility of cbOEF-AlL
with DARG protocol, and relationship between cbOEF-AI
and qOEF-AI by varying the summation time. The cbOEF-
Al with the DARG protocol may contribute to diagnose
unilateral misery perfusion within 7.3 min,
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Abstract

Purpose The quantitative assessment of renal blood flow
(RBF) may help to understand the physiological basis of
kidney function and allow an evaluation of pathophysio-
logical events leading to vascular damage, such as renal
arterial stenosis and chronic allograft nephropathy. The
RBF may be quantified using PET with H,'°0, although
RBE studies that have been performed without theoretical
evaluation have assumed the partition coefficient of water
(p, mi/g) to be uniform over the whole region of renal
tissue, and/or radioactivity from the vascular space (V. ml/
ml) to be negligible. The aim of this study was to develop a
method for calculating parametric images of RBF (K, k)
as well as Vx without fixing the partition coefficient by the
basis function method (BEM).

Methods The feasibility was tested in healthy subjects. A
simulation study was performed to evaluate error sensitiv-
ities for possible error sources,
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Results The experimental study showed that the quantita-
tive accuracy of the present method was consistent with
nonlinear least-squares fitting, ie. K prn=0.93K,
NLF_O.II m!/min/g (7=080, p<0001), kZ‘BFM=0'96kZ,
Nip=0.13. ml/min/g (r=0.77, p<0.001), and WV,
BEM=0.92 VA N =0.00 ml/ml (=0.97, p<0.001). Values of
the Akaike information criterion from this fitting were the
smallest for all subjects except two. The quality of
parametric images obtained was acceptable.

Conclusion The simulation study suggested that delay and
dispersion time constants should be estimated within an
accuracy of 2 s. ¥, and p cannot be neglected or fixed, and
reliable measurement of even relative RBF values requires
that V, is fitted. This study showed the feasibility of
measurement of RBF using PET with H,"°0.

Keywords Positron emission tomography - Renal blood
flow : Compartment model - Parametric image

Introduction

The quantitative assessment of renal blood flow (RBF) may
help to understand the pathophysiological basis of kidney
function and to evaluate pathophysiological events leading
to. vascular damage, such as renal arterial stenosis and
chronic allograft nephropathy. The quantitative estimation
of RBF by the use of H,'°0 and dynamic PET has been
developed and demonstrated by Nitzsche et al. [1]. The
kinetic model of H»'?O is based on the assumptions that all
aclivity is extracted by the parenchyma, exlraction is very
rapid, and tubular transport has not started or is insignifi-
cant at a level that does not influence the calculation of
RBE [I=5]. With these assumptions, RBF has been
estimated based on regions of interest (ROI) by the Ha'"0
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dynamic PET approach [, 3, 4], Also. calculations (o
produce parametric images of RBE has been reported [3].
~However, the quantitative computation of RBF has so far
assumed that the blood/tissue partition coefficient of water
{(p. ml/g) is uniform for the whole region of renal tissue [3,
4], and/or that the contribution of radioactivity from the
vascular space is negligible [3-7]. The influence on
quantitative accuracy of these assumptions is unknown.

In previous studies RBE has been computed from the
uptake rate (K, ml/min/g) [1=7]. Some studies also
simultancously computed the partition coefficient (p) [0,
7], and the apparent p values obtained ranged belween
0.52 and 0.78 ml/g. From the published values of water
content for tissue (76%) and blood (81%) [8] the p value
can be physiologically determined as: p,nys=0.94 ml/g [9].
The much smaller apparent p value might be due (o the
tissue mixture (or a partial volume effect) [10, 11] because
of the composite structure of the kidney. The effects of the
tissue mixture affect mostly K and not clearance rate (k>
min”"). Therefore the clearance rate of H-'°O (k; min’')
multiplied by pphys could be used for the calculation of
blood flow rather than K (ml/min/g) [1 1] when the effect
of the tissue mixture is not negligible, although it is
unknown how the glomerular filtration rate (GEFR)
additionally contribute to ks. Thus, the influence of GFR
on k, should be evaluated and allowed for in the
computation of RBF.

The aim of this study was to develop a method to
simultaneously calculate parametric images of K, and /s as
well as the arterial blood volume (Fx, mi/ml). The
feasibility in terms of quantitative accuracy and image
quality of calculated images was experimentally tested in
healthy subjects. GFR was measured in each subject to
investigate how much it contributes to the clearance rate
(k>, min’'). A simulation study was also performed to
evaluate error sensitivities for possible error sources.

Materials and methods
Theory

The present formula was characterized by simultaneously
estimating multiple parameters of uptake rate constant
(K, ml/min/g) and clearance rate constant (k> ml/g) as
well as activity concentration in the arterial vascular space
(¥, mi/ml). The kinctic model for H»'°O was based on a
single-tissue compartment model as follows:

Cil)=(1 = V) K A (0) e 1 V) 4,0 (1)

where Ci(#) (Bg/ml) is radioactivity concentration in a voxel
of PET image, 4.(1) (Bg/ml) is the arterial input function,
and @ indicates the convolution integral.

2 Springer

In the present computation, we applied a basis function
method (BFM) as introduced by Koeppe et al [12] to
compute the cerebral blood: flow parametric image as well
as the clearance rate constant simultaneously. Gunn et al.
[13] applied this method to parameiric imaging. of both
binding potential and the delivery of ligand relative to the

. reference region. The computation method has also been

applied to myocardial blood flow studies to compuie the
uptake, cleararce rates and blood volume [14, 15]. The
BFM procedure for the present RBF computation is
illustrated in Fig. 1. The BFM method enables parametric
images (o be computed by using linear: least squares
together with a discrete range of basis functions as the
parameter value for & incorporating the nonlinearity and
covering the expected physiological range. The
corresponding basis functions formed are:

F(k?n 1) = Au'(l) & C"kz" ‘ ; (2)

Fora physiologically reasonable range of k. ie. 0< b <
15.0 ml/min/g, 1,500 discrete values for k> were found to

The kinetic model for H,'°0 In kidney: Eq (1)

Read arterlal input function

]

Precalculate the basis functions (Eq (2))
(k,: 1500 discrete values between 0 ~ 15 ml/min/g)

Read pixel G(h from image

Take one basis function

Estimate ©and ¥, for this basis
functlon using Eq (3) and
standard linear least squares

Repeat for all Image pixels

Repeatforall §
hasls functions

Determine by direct search the
basis function that minimizes s?

Solve K, and V, from ©and ¥

Write K, , k, and V, into parametric
images

Fig. 1. Schematic diagram of the computation procedure by the BFM
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be sufficient. Then Eq. | can be transformed for each basis
function into a linear equation:

Ci) =@ Flls )+ ¥ 4,(1)
O =01~V K (3)
U=V,

Hence for fixed values of ks, the remaining two
parameters © and W can be estimated using the given basis
function by standard linear least squares, and are repre-
sented as @;, and ¥;,. The value k5 for which the residual
suni of squares

ske)’= Y (Cil) - Oz Flla, 1) ~ Tio - AW))  (4)
I

is. minimized is determined by a direct search, and

associated parameter values for this solution (Ky, ks, V)

are obtained.

Subjects

Six healthy human subjects (the demographics are shown
m Table 1) were studied under basal conditions and
stimulation (after enalapril infusion) conditions. All sub-
jects were nonsmokers and none of them was taking any
medication. All subjects gave written informed consent,
The study was approved by the Ethics Committee of the

Hospital District of South-Western Finland, and was
conducted in accordance with the Declaration of Helsinki
as revised in 1966,

Table 1 Baseline characteristics of the six subjects studied

Characteristic Mean+SD
Age (years) 5845
Plasma creatinine (pmol/l) 85+10
Estimated GFR (mi/min)® 78+4
Weight (kg) 82.844.5
Body mass index (kg/m?) 26,6422
Blood pressure (mmHg)

Systolic 136+t
Diastolic 8244
Heart rate (min™") 5745
Fasting plasma total cholesterol (immol/l) 53+1.0
Fasting plasma high density cholesterol (mmol/l) 1.520.4
Fasting plasma friglycerides (mmol/}) 1.2404
Fasting plasma low density cholesterol (mmol/l) 3.240.8
Blood haemoglobin (g/i) 144+12
Fasting plasma glucose (mmol/l) 54404

PET experiments

PET was carried out in 2-D mode using a GE Advance
scanner (GE Medical Systems, Milwaukee, WI). After a
300-s transmission scan, two scans were undertaken with
injection of H,'°0 (1.0 to 1.5 GBq) into the cephalic vein
of the right forearm. The first scan was under resting
conditions and the other was under stimulated conditions,
namely 20 min afler infusion of 0.5 mg enalapril. The scan
protocol - consisted of 20 frames over a fotal of 240 s
(15%4 s, and 5x10 s). During PET scanning, blood was
withdrawn continuously through a catheter inserted into the
left radial artery using a peristaltic pump (Scanditronix,
Uppsala, Sweden). Radioactivity concentrations in the
blood were measured with. a BGO coincidence monitor
system. The detectors had been cross-calibrated to the PET
scanner via an ion chamber [16]. GFR was also measured
in each subject [17]. To obtain the PET equivalent flow
ratio for GFR, a kidney weight of 300 ¢ and a corlex ratio
of 70% were assumed [8].

Data processing

Dynamic sinogram data were corrected for dead time in
each frame in addition to detector normalization. Tomo-
graphic images were reconstructed from corrected sinogram
data by the OSEM method using a Hann filter with a cut-off
frequency of 4.6 mm. Attenuation correction was applied
with the transmission data. A reconstructed image consisted
128x128x35 matrix size with a pixel size of 4.3x4.3 mm
and 4.2 mm with 20 frames. Measured arterial blood time—
activity curves (TAC) were calibrated to the PET scanner
and corrected for the dispersion (1=5 and 2.5 s for inirinsic
and extrinsic; respectively) [18] and delay [19]. The
corrected blood TAC was used as the input function.

A set of Ky, k> and F, images was. generated according
to the BEM formula described above, using a set of
dynamic reconstructed images and input function. Compu-
tations were programmed in C environment (gcc 3.2) ona
Sun workstation (Solaris 10 Sun Fire 280R) with 4 GB of
memory and two Sparcv9, 900-MHz CPUs.

Data analysis

A template ROI obtained by summing whole frames of a
reconstructed dynamic image was drawn on an image of the
whole region of each kidney (average ROI size for the all
subjects was 153+43 cm®). Also, a ROl was drawn on a
region of high tracer accumulation on the summed image as
an assumed cortical region. Functional values of Ky, &> and
V. were extracted from both ROIs, i.e. for the whole region

 Estimated according to the Modification of Diet in Renal Disease
study equation:

182

and the cortical region, respectively. Data re shown
individually or as means+SD. Student’s paired ¢ test was
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used for comparisons between the physiological states and
p.values <0.05 were considered significant.

The ROI for the whole region was divided plane-by-
plane ‘into subregions of fen pixels each. The subregions
were created by exiracting pixels first from the horizontal
direction and then from the vertical direction inside the
whole ROL in each slice. Each subregion consisted of a
single area with the same number of pixels. Functional
values of Ky, k> and V, were exiracted from each subregion.
Tissue TACs were also obtained for each subregion from
corresponding dynamic images. The three paramelers Ky, k>
and JA were estimated using the Eq. 1 and the input
function fitted (o the tissue TACs by the nonlinear least
squares fitting method (NLF, Gauss-Newton method).
Functional -values of K, k> and Vx from corresponding
subregions were ‘then compared between  the methods.
Regression analysis was performed.

The model relevancy introducing p and/or Fu into the
computation was tested using the Akaike Information
Criterion (AIC) [20]. The most appropriate model provides
the smallest AIC. The tissue TACs from the subregions were
fitted and AICs were compuled for models with the three
parameters Ky, ky and Fy, fixing p =K/k») at 0.35 ml/g
(mean value obtained in the present subjects), fixing Fx at
0 mi/ml, and fixing ¥4 at 0.15 ml/ml (mean value obtained in
the present subjects).

Error analysis in the simulation

Error propagation from errors in the input function for the
present BFM formula was analysed for two factors: delay
and dispersion in arterial TAC. It is known that the
measured arterial TAC is delayed and more dispersed
relative to the true input TAC in the kidney because of
the time for transit of blood through the peripheral artery
and the catheter tube before reaching the detector {18, 19].
Calculations of RBE so far have employed a fixed partition
coefficient (p. =K /k», ml/g) and/or assumed the blood
volume (Fs, ml/ml) as negligible throughout the whole
renal region and do nol estimale it regionally. BEM

formulae with a fixed value of p (BEM-pfix) and blood

volume Vi (BFM-vfix) in addition to the present BEM
formuila, and the error in these formulae, were analysed.

A typical arterial input function obtained from the present
PET study was used in the present simulation as the true
input function. ‘Applying this input function to the water
Kinetic model in Eq. 1, a tissue TAC was created assuning
values for normal kidney tissue (K,=2.0 ml/min/g,
Va=0.14 ml/g [5], and p=0.4 ml/g, corresponding to the
estimated means. in cortical region in all subjects in this
study).

Time in the input function was shifted from -4 to 4 s to
simulate the error sensitivity due to the error in the time
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delay. where a positive error represents an over-correction
of the time delay. The input function was convoluted or
deconvoluted with a simple exponential [ 18] by shifting the
time constant from —4 to 4 s to simulate the error sensitivity
due to error in dispersion correction; where a negative error
represents under-correction, as described previously [18;
21]. Values of Ky and k> were calculated using simulated
input functions and the tissue TACs based on the: BFM
formula. Errors in these calculaied Ky and ky values are
presented as perceniage differences from the assumed
values. Then, the value of p was varied from 0.3 fo
0.5 ml/g and the tissue TAC was generated as above. lo
simulate the error from the value of p in BEM-pfix formula.
Also, the V; value was varied from 0.0 to 0.4 ml/ml and the
tissue TAC was generated to simulating the errorfrom Fx in
BFM-vfix formula. Then, K; and %> were calculated using
the true input function and the created tissue TACs;
assuming p=0.4 ml/g and F,=0.0 ml/ml in the BEM-pfix
and BFM-vfix formulae, respectively. Error in K and &,
values due fo fixing p is presented as the percentage
difference in K and 5 as a function of p. Error in K and k>
values due fo neglecting ¥, is presented as the percentage
difference in K and - as a function of V4. Also, K and ks
were computed with Fj fixed at 0.14 ml/ml in the BEM-viix
formula from the set of the tissue TACs, in which K; and p
were fixed at 2.0 ml/imin/g and 0.4 ml/g, respectively, and Va
was varied. The percentage difference in K; and k between
the two conditions, i.e. the initial (K1=2.0 ml/min/g and
V,=0.14 ml/ml) and changed conditions (prescnied as AK,
and Ak, respectively) is presented as a function of the
percentage difference in the assumed Vi from (.14 ml/ml
(AVF) to investigate the extents to which the change in K
and k> were estimaled when K and k> were computed in the
BEM-vfix formula.

Results
Experiments

The relationships of the regional ROI values of K, k5 and
Iy between NLE and BEM are shown in Fig. 2. The
regression lines obtained were Ky gry=0.93K np=0.11 ml/
min/g (=0.80, p<0.001); k> pev=0.96/ 31 5—0.13 ml/min/g
(=0.77, p<0.001), and Vi grne=0.92Va N =000 ml/mi
(=0.97, p<0.001), where the subscripts show the methods
used for calculating the parametric values; the slopes were
not significantly different from unity,

The fitted curve by the present model estimating Ky, k>
and V. fitted better than the other two models fixing
p (EKi/ks) or Vi, An example of fitted curves is shown in
Fig. 3. Also, the AIC values from three parameter fitting
were the smallest for all subjects except two values for two
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parameter fitting fixing V1 in patient 2 and fixing p in
patient 3, although some AIC values were similar (Table 2).
These results show that the present method with three
parameter fitting is feasible for computing RBE

Values of Ky, kyppnys and Fa were obtained for the
whole renal region and cortical region (Table 3). The K

‘Table 2. AIC values for the models

Activity Concentration (kBq/mi)

.y o
”W"",“‘"-vm-m“,
ol .
0 50 100 150
Time (sec)

Fig. 3 Curves fitted to the measured tissue TAC from the different
computation methods. Three parameters: Ky, 4> and V. were
computed. p-fixed: K, and Vx were computed with p (=K /k;) fixed
at 0.35 ml/g. Fs-fixed: Ky and k> were computed with V fixed at
0.15 ml/g. Va-ignored: K and k> were computed without taking into
account Fx

Fraey
b

Subject  Three p-ﬁxedb Va-fixed (0.15) V,\-ignorcd"
paramelers®

! 484420 519428 499+15 494+15

2 47449 48614 47449 47748

3 525+12 523483 527+10 527+7

4 483+14 497821 50112 506+13

S 497+18 502+19 . 508432 499413

6 4961 | 507£14 - 50049 49749

9Ky and &, Fy computed.
YK, and 1y computed with k& fixing such that p=K/k:=0.35 ml/g.
K and k> computed with 1%, fixed at 0.15 ml/g,

4%, and ks computed without taking into account V.

1

iy

84
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Table 3 Values of K|, kxponys and Fy (n=6) in the whole renal region and the cortical region calculated by the present method for the baseline

conditions and the stimulated conditions

Ky (ml/min/g)

Ko Ppigs (ml/min/g)

s (nil/’ml) GIR (ml/min/g)

Whole region
Baseline
Enalapril-stimulated

Cortical region
Baseline
Enalapril-stimulated

1.09+0.33
1.03+0.44

1.570.60*
1.42+0.39*

3114148
2.55+1.29

3.64+2.15%
3.55+1.64*%

0.150.09 - 0.35£2"

0.16+0.14

0.18£0.12*
0.2540.14*

No significant difference was found between the baseline and stimulated conditions.

*Difference was significant between the whole and cortical regions.
A kidney weight of 300 g and a cortex ratio of 70% were assumed.

values were smaller than /> 'puiye values and the ratio
between them ranged from 0.35 to 045, suggesting that K
values underestimated RBF due to the partial volume effect.
Both K and &:punys Were not significantly different between
the resting and stimulated conditions for the whole renal
region and the cortical region, respectively, although the
value of V4 was higher under the stimulated conditions than
under the basal conditions. The GER obtained was 78+4 ml/
min, corresponding 10 a clearance rate of 0.37+0.02 ml/min/
g and {0 9.6% of the k> obtained for the cortical region under
the normal conditions. '

Representative K and ks pynye Images generated by the
present method are shown m Fig. 4. The quality of the
image is acceptable. The K and />'pyy. values ranged
from 1.5 to 2.0 ml/min/g and 3.0 to 5.0 around cortical
region, respectively, and sonie parts showed higher values
than these. The average time required to compuie the
parametric images was 2 min 23 s.

Error analysis

The sizes of the errors introduced in both K; and k> were
less than 20% for estimation of delay and the dispersion

Fig. 4 Representative paramet- K.
ric images of K (leff) and 1
ka'panys (right) for a subject

under baseline conditions. Cor-

onal (ipper) and transverse

(lower) views are shown

0.0 ml/min/g

@ Springer

time constant up to 2 s (Fig. 3). The error sensilivity in K
and k> was 40% when the partition coefficient was 0.35
(Fig. 6). The magnitude of the error was markedly
enhanced when the blood volume was ignored (Fig: 7a),
and if the arterial blood volume increased by 25%, K; and
k> were overestimated by 20% (Fig. 7a).

Discussion

We have presented an approach to generating quantitative
Ki. ks and V, images using H,'>O and PET applying the
BEM computation method. The validity of this approach in
healthy human subjects under resting and stimulated
conditions is described. The rate constant valies of K,
and f>'ppiys Obtained from the paramefric images were
consistent against NFL and the quality of the K and
2'Ponys images obtained was acceplable. The smaller X,
against k>'punys values suggested that the Ky values under-
estimated the absolute RBF value due to the partial volume
cffect. The simulation showed that the delay time and
dispersion time constant should be estimated within an
accuracy of 2 s, and V4 and p cannot be ignored/fixed to

k2' pphys

0.0 mi/min/g
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Fig.: 5 Error. propagation. from 40 40
the ‘error in input time (a) and b
dispersion time constant (b) to
Ky and ks (the two lines were
identical). Positive and negative L2 20k
values of error indicate over- g\‘: g\‘:
and under-correction of delay & o
time and dispersion time; b b
respectively f 0 f 0
£ =
£ £
M 20 H 20
1 i i .40 i I ]
'40-5 -2.5 0 25 5 -5 -2.5 0 25 5

Error in delay time (sec)

estimate the rate constants of K and/or k». Also V, cannot
be ignored, even when only relative rale constant values are
needed. These findings suggest that the present k, obtained
BFM technique provides an RBF image with reasonable
accuracy and quality.

In the present study the rate constants of K and k, were
experimentally computed, and the ratios obtained ranged
from 0.35 to 0.45 ml/g;, which corresponds to the apparent
kidney-blood partition coefficient. The much smaller
apparent p value might be due to a partial volume effect,
as has been demonstrated in a previous brain and cardiac
study [10, 11], because of the composite structure of the
kidney, the spatial resolution of the reconstructed image and
breathing movement of the patient during the scan. When
the rate constant X, is underestimated due to the partial

K

s

Error in K,, K, (%)

-40
0.35 0.375 0.4

p (mlig)

0425 045

Fig: 6 Error propagation from the partition coefficient (p, mi/g) to K,
and k>. When the true p was varied between 0.6 and 0.8 ml/g. the size
of the error in RBF was simulated assuming p=0.7 ml/g

Error in Dispersion time (sec)

’(1 BEsEaRnKNERE k2

volume effect, ky'punys could be applied for RBF rather than
K. The present study showed that the coniribution of GER
to the clearance rate was only 10%, and that by pppys is more
appropriate for RBF assessment, although further study of
how the GER changes under stimulated conditions is required.
The /ppiys value in the cortical region obtained in the
present study was 3.64:£2.15 ml/min/g under normal condi-
tion, a value within the nonmnal range of 4 to 5 ml/min/g
reported in the literature [22]. Middlekauff et al. [23-25]
applied the ROI base analysis, and showed similar RBF

-values around 4 mUmin/g. These findings also support the

use of fo'ponye for the calculation of RBF. The different
values of RBF between the present study and the previous
studies {3-5] might be due to differences in the approaches.
The present computation of RBF by the BEM has two
main advantages over the NLE. One is the ability fo -
produce a voxel-by-voxel quantitative parametric map, and
the other is faster computing speed. In fact, the parametric
iimages were obtained within a reasonable time, i.e. 2.5 min
with an image size of 128x128 pixels with 35 slices and 22
frames. The time could be further reduced by applying a
threshold to omil pixels with lower values. From a clinical
standpoint, voxel-by-voxel analysis is preferred to ROI-
based analysis because the operator can independently
define ROIs to improve reproducibility, and faster compu-
tations are important for analysing very large datasets.
Kinetic paramieters estimated by the NLE agreed well
with those estimated by the BEM as shown in Fig, 2. The
disagreement in some rale constant values between the
voxel-based (BEM) and ROl-based computation’ methods
might have been due to the composiie structure between the
cortical region and its surroundings, or to image noise.
Although superior to the NLF in terms of computing speed
and ability to generate parametric maps, the BEM shares
the same source of errors as the NLF because they use the

_@_ Springer
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Fig..7 a Error propagation from 100
the arterial blood volume (I4. a
mi/ml) to Ky and k> (the two

lines were identical); When the

true Iy changed from 0.0 to nr
0.4 ml/ml the size of the error.in
Ky and k> calculated assuming
F4=0.0. ml/ml was simulated. b
Error propagation from the
change in arterial blood volume
from 0.14 mi/ml (AF5) to the
change in Ay and k> from the
initial conditions (AK; and Ak,
mi/min/g) (the two lines were

50

Errorin K, k;, (%)

i i

40

o

N
Q

Error in AK;; Ak, (%)
[

¥
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identical)

0
0 0.1 0.2

Anterial blood volume (mb/mL)

same model and assumption. Delay and dispersion in input
function, motion of the patient during a study [26-28], and
flow heterogeneity [29] are sources of error for parameters
estimated by both the NLE and BFM. Selection of a
specific range of k> and the number of basis function can
affect the accuracy and precision of the estimated param-
eters in neuroreceptor studies [30, 31]. However, the range
was 0 to 15 ml/min/g in the present computation with
H>'70, and the limits of this range would be acceptable for
the present computation. In practice, selection of a wider
range and/or a large number of discrete values of the basis
function is slow and inefficient against the required
accuracy and precision.
The present simulation study showed that if Va is
neglected or fixed, not only the absolute rate constants, 1
¢. RBF value, are overeslimated, but estimated changes in
RBE between two physiological states could be over- or
underestimated. These findings suggest that Vs should be
- included to obtain either absolute or relative values of RBE.
For p, the present simulation revealed that the error
sensitivity in RBF for that value was significant. The
values of p for the whole and cortical regions were 0.35 and
0.42 ml/g, respectively. If the value was fixed at 0.4 ml/g. a
40% overestimation in RBF for regions with a p of 0.35
occurred. Thus, regional difference in p introduce error in
quantitative RBF values. Also the AIC analysis showed that
introducing the exira parameters of p and Vi did not
increase the AIC value against the others. These findings
suggest that both p and Vi need to be estimated
simultaneously with quantitative RBF, especially when
changes under different conditions are assessed.
Knowledge of RBF is mostly necded in determining the
severity of renovascular disease. Although the degree of
renal artery stenosis is easily diagnosed, ifs actual effect on
RBE remains difficult to quantify. In clinical work,

@ Springer
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estimates of GFR have not shown very good accuracy in
relation fo possible interventional {reatment. Also, there is
no good clinical method to easily measure single-kidney or
regional RBF. We can obtain the effective renal plasma
flow (ERPF) by infusing p-aminohippuric acid and mea-
suring the urine and plasma concentrations, but this method
only gives the total ERPF for both kidneys. An alternative
is a magnetic resonance (MR) based method, which is
problematic in patients with chronic kidney disease,
because the contrast agent gadolinium is contraindicated
in these subjects [32]. The present PET-related methodol-
ogy may provide quantitative estimate of regional RBF, and
be clinically applicable under conditions such as chronic
allograft nephropathy and acute kidney insufficiency. The
procedure — as presented here — still involves a small degree
of invasiveness because of blood sampling. However, many
noninvasive methods for estimating input funclions have
been proposed [3-5, 23-25, 33, 34], and their implemen-
tation will allow RBF to be determined in a fully
noninvasive fashion, particularly for clinical pumoses.

In conclusion, although some issues remain fo be
investigated, this study shows the feasibility of measure-
ment of RBF using PET with H,'°0.
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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 fakes up 6.0, 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 *0-0, system
in porcine hearts. ,

Methods PET scans were performed after bolus injection
and continuous infusion of injectable '*0-05 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 '°0-0, system
provides a measurement of OEF in lateral walls of the heart
that is similar fo 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 '*0-05 has
the potential to evaluate myocardial oxygen metabolism,

Keywords Myocardial oxygen metabolisim - PET-Pig -
OEF: Injectable *0-0,

Introduction

In the myocardium, fatty acid or glucose is used to produce
energy by acrobic 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 quant:fy oxygen
metabolism in the myocardium.

Recently, ''C-acetate has been used for this purpose [1-53].
!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 pharmacokinelics 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,) [0, 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
dccurately 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 '*0-05 gas is too high in comparison to other
regions. Subtraction for:this confribution 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 '’0-0; gas
using a small artificial lung system resulting in a maximum
yield of 130 MBqg/ml. We demonstrated that cerebral oxygen
metabolism could be estimated in normal and ischemic rats
using injectable '>0-0, [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 injeclable 150-0, oxygen system
for estimating myocardial oxygen metabolism in pigs. The
injection method was compared to the inhajation 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.

Matei'ials and methods
Theory

'>0-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 (‘So-Hzo.m) through aerobic
metabolism. The increased distribution volume of
'SO-HzOme(, 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 (tMMOR;) and
regional oxygen exiraction fraction (tOEF). 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 (rMBF) and a cotrection
for spillover of activity from the vascular pools and the
pulmonary alveoli [6, 7]. tMBF was measured by the
'30-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 '?0-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 B0-H,01ma in
the blood freely accessible to the myocardium was taken into
consideration.

The “ differential - equation describing the myocardial
kinetics after administration of '>0-O, can be written as
follows:;

Cmvn(l} = QEF-f-A (t) +1- Aw(t) - (%-i-/l) CmYo(t) (1)

where C™°(t) designates the {rue radioactivity concentra-
tion in the myocardium at time t, f is myocardial blood
flow, Ao(t) is the '*0-O, radioactivity concentration in
arterial blood, Aw(t) is the '*0O-H,0 radioactivity concen-
tration in arterial blood, p is the myocardium/blood
partition coefficient of water, and 4 is the physical decay
constant of O-15. /
Solving Eq. (1) in terms of C™(t) gives:

C™°(t) = OEF - £ - Ay ()*e” 21 4 £ A (t)*e (A
‘ (2

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

OFF Ao+ f Ay
G+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™Y°(t)) can be
expressed as:

cmye

)

Rmyo([) = Cmy()(t)
VR 2 A = a - Fyan - OEF - Ag(t) = @ Fyan - Au(1))
TV'(‘J“‘ Cous(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, Fiuy is the
microscopic venous blood volume, V5 is the gas volume
in the myocardial ROI and C,,(t) is the O-15 radtoacthty

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 converled (o:

Rmyo(l) —q Cn|‘\50(t)
+ (ngo Ay (t) — o Fvein: OEE 'Ao(t) =0 Fyeis* Aw(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 focal animal
welfare commitiee.

Injectable '*0-0, preparation

In the “injection” study, injectable '°0-0, 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 Mfe Co. Ltd., Tokyo,
Japan) were connected using silicone {ubing 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 'SO—OZ gas (~7,000 MBg/min/
433 ml) into the artificial Jung for 15 min {o prepare
injectable '*0-0, (5.6-60.7 MBq/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 creale a femoral shunt.
The blood flow in the shunt was aided by a peristaltic pump
(30-50 ml/min). 1°0-0, gas (~7,000 MBq/min/433 ml) was
continuously infroduced into the artificial lung.

0

PET protocol (Fig. 1)

The PET scanner was an ECAT EXACT HR (CTI/Siemens)
[I5], 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 velume 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 °O-CO scanning, and

“{min)

20 Transmission scan
4 MW" *0-CO for blood pool image
6 150-H,0 for blood flow image

= Dual administration of injectable *50- O, and

2 B o H.0 (Injection method)
25 ¥0-0, infusion via the femoral shunt
{Constant infusion method)
o
28 %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 physu.a] 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 '°O-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 1V injection of '*0-0, (5.6-60.7 MBg/ml)
for 30 s at an injeclion rate of 20-80 mli/min for the
“injection” study, and by the continuous “0-0, gas
infusion through the artificial lung in the femoral shunt for
the “continuous infusion” study. In the “injection” study, 52
dynamic frames (12x5s, 8x155s,6%30s, 12X55s, 8x15 s
and 6x30 s) of PET data were acquired for 12 min, and
1.11 GBq of ""O-water was injected IV for 305 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 [0%30 s)
were acquired for 25 min, and the 600-s franme was used for
steady-state analysis.

Another PET scan was performed by ''0-0, 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 (o’ 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 % 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
ROl 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 fruction

In the “injection” study, rOEF was calculated according to
Egs. (2) and (5). In these formulations, F..;, 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 '°O-CO scan was
used for the determination of Vg*°. 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 '’0-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 | summarizes the conditions of animals during the PET
studies. The parameters were all within the physiologic range.
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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 lefi 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-slate 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 '*0-CO
PET (Fig. 3¢) 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
confinuous-infusion. methods, respectively (Fig. 3¢ and f). |
Both methods clearly delineated the myocardium after
subtraction in comparison to the blood flow image
(Fig. 31). 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 afier the
subtraction (Fig. 31). .

To further examine the differences between the continuous-
infusion and continuous-inhalation methods, tine-
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. 3¢). 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 Physioclogical parame-

ters of pigs during the PET pH pCO- P03 tHb O-Sat . HR BP (mmHg)
studies (mmHg) (mmnHg) (g/d) %) (bpm)
Diastolic. - Systolic
Average 746 403 125.8 12.8 97.7 85 97.8 125.2
SD 0.032 2.51 16.69 1.30 1.83 19.5 104 193
@_ Springer
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Q@ Injection method

- 50:1008 - 1001605

‘500-16608 - 1650.1800¢ © - 1800:2100¢ 124002100

b Contlnuous Infusion method

- 0010508 W50.1200% 170013508 - 1350-15008

- 2700:3000 330035005 3600:36505

- 2400:27008

1230.0-12600's

1?600'10,05 12900132005 13200-13500s 13500133002 1%800-141005 14100144008 14400147008 14700150005

C Continuous inhalation method .

12000123008 1233012600

12600-1290 0%  12900-13200% - 13200:13500% - 1350033600 12000141008 = 14100:144009% - 14400-1470.0% 147015000y

Fig. 2 PET images obtained in (a) the injection method, (b) the continuous-infusion method with injectable *0-05. and (¢) the continuous-

inhalation method with '?0-0; gas

(Fig. 4b). The heart-lo-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

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

Figure 3 represents the noise equivalent counis (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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Inhalation

|
|
|
’

Infusion

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 '*0-0, system for estimating cerebral oxygen
melabolism 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 1%0.0, could
abolish the artifact from the high radioactivity in the
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* Inhalation
blood(-)

Inhalation
blood(-)

Infusion Infusion

blood(-)

Blood flow

subltraction of the blood-pool image by Bo.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 gascous 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 130-0, 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 nol 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 20-0, was
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Fig. 4 Time-activity curves from the left ventricle (LF), (he right
ventricle (R¥), the myocardium (lateral wall. Myo) and a lung region
with the continuous-infusion method (a) and the confinuous-inhalation

lower with pig blood (ca. 61 MBq/ml 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 o the
continuous-inhalation method, since the heart-fo-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 radioactivily of the
right and left ventricles was observed in the images and
time-radioactivity curves after venous adminisiration of
*0-0,, indicating a cerfain degree of excretion of the
radioactivily by the lung. Therefore, the spillover from the
pulmonary alveoli to the myocardium could not be omitied
in the two methods with venous administration, and Eq. (4)

‘Table 2 OFF estimaled by the three methods using injectable 120:0»
or 170-0; gas

OEE

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 5. 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 radioaclivity in the
lung due fo ifs structure in comparison with the myocardi-
um and ventricles, and/or by artifacts from the lung to other

0.8
w06
- 21
S °
Y o4 ® A

X
0.2 A
0 { i i
In Inh n

Fig. 5 The ratio of noise equivalent counts (NEC) to tolal counts in
the total field of view of the PET scanner obtained with the
continuous-infusion method (/nf). the continuous-inhalation method
(/nhi) and the injection method: (/nf)
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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 (hree 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 demonsirated
the potential of the injectable 130-0, 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-infiision
methods provide a physiological OEF in the myocardium.
Nevertheless, we recognize the necessity to evaluate the
reliability and usefulness of the injectable 150-0, 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 OEF, the results indicated that these
three methods were equivalent in their ability to quantify
MMROs 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 20-0,
as described above. In the injection method, O-15 radioac-
tivity was delivered from the femoral vein to RV, the ling,
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 shoriens the acquisition time in
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comparison with the continuous-infusion method. Future
studies  are needed to determine whether the injectable
'30-0, system can be used in other heart regions.

With the injection method; the ratio of noise equivalent
counts (NEC) to total counts {ended 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 outpul 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-O, 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
Iung 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-O, 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 130:0, has a substantial
advantage over the continuous-inhalation method in that (here
is reduced radioactivity in the lung and clearer images of the
heart are obiained. 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
130-05 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 '50-0, system has the
potential to evaluate myocardial oxygen metabolism.
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