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Abstract

Purpose **' Tl has been extensively used for myocardial
perfusion and viability assessment. Unlike **™Tc-labelled
agents, such as *"™Tc-sestamibi and " Tc-tetrofosmine, the
regional concentration of 2°' Tl varies with time. This study
is intended to validate a kinetic modelling approach for in
vivo quantitative estimation of regional myocardial blood
flow (MBF) and volume of distribution of **'T1 using
dynamic SPECT.

Methods Dynamic SPECT was carried out on 20 normal
canines after the intravenous administration of 2°' Tl using a
commercial SPECT system. Seven animals were studied at
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rest, nine during adenosine infusion, and four after beta-blocker
administration. Quantitative images were reconstructed with
a previously validated technique, employing OS-EM with
attenuation-correction, and transmission-dependent convolu-
tion subtraction scatter correction. Measured regional time-
activity curves in myocardial segments were fitted to two-
and three-compartment models. Regional MBF was defined
as the influx rate constant (K, ) with corrections for the partial
volume effect, haematoerit and limited first-pass extraction
fraction, and was compared with that determined from
radio-labelled microspheres experiments.

Results Regional time-activity curves responded well to
pharmacological stress. Quantitative MBF values were higher
with adenosine and decreased after beta-blocker compared to
a resting condition. MBFs obtained with SPECT (MBFgpgcr)
correlated well with the MBF values obtained by the radio-
labelled microspheres (MBFys) (MBFgpecr=—0.067+
1.042xMBFys, p<0.001). The three-compartment model
provided better fit than the two-compartment model, but the
difference in MBF values between the two methods was small
and could be accounted for with a simple linear regression.
Conclusion Absolute quantitation of regional MBF, for a
wide physiological flow range, appears to be feasible using
20171 and dynamic SPECT.

Keywords Myocardial blood flow . Dynamic SPECT -
Thallium-201 - Compartment model - Quantitation

Introduction

Myocardial perfusion imaging using Thallium-201 (**'Tl)
is well established in routine clinical practice for detecting
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exercise-induced myocardial ischaemia and/or for assessing
myocardial viability in patients with coronary artery disease.
The diagnosis, however, has been limited to qualitative or
visual assessment of the physical extent of the defect areas
rather than quantitative assessment of physiological functions.
Quantitative methods would for example enable longitudinal
studies when assessing therapy response and pharmacological
interventions. Some groups have already investigated the
feasibility of estimating quantitative parameters with dynamic
SPECT in the myocardium using *°'Tl [1] and **™Tc-
Teboroxime [1, 2], but these techniques have not yet been
applied to clinical practice. This is largely attributed to the
fact that quantitative reconstruction programmes are not
readily available on commercial SPECT systems.

We have developed a reconstruction programme package
for SPECT, which can accurately provide quantitative
images of radio-labelled tracer distributions in vivo, which
is a pre-requisite for absolute physiological parameter
estimation. The adequacy and accuracy of these methods
have been demonstrated in multiple papers for **Tc and
*'T1 in cardiac studies [3-5], and for " Tc and '*I in
brain studies [6]. It has also been demonstrated, in brain
studies, that physiological parameters such as cercbral
perfusion [6] and cerebral flow reactivity [7] obtained using
our package were as accurate as those determined by PET.
These findings suggest that absolute quantitation of regional
myocardial perfusion might also be possible in a clinical
setting using commercial SPECT cameras.

29171 is a potassium analogue, and its kinetics has been
extensively mvestigated in previous studies [8, 9]. Due to the
high first-pass extraction fraction (EF) [10] and a large
distribution volume, *”'T] has been considered an ideal tracer
for quantitation of absolute myocardial blood flow, not only
at rest but also at hyperemic conditions. As a clinical
implication, quantitative assessment of MBF and coronary
flow reserve is important. For instance, coronary micro-
vascular dysfunction or impaired endothelial function in
patients with coronary risk factors or patients with cardiomy-
opathy or with heart failure is an un-resolved important issue to
answer [11]. Coronary flow reserve can also be reduced in
patients with hyper-cholesterolemia without overt coronary
stenosis [12]. The low energy and long half-life of °'TI have,
however, seriously limited its use in nuclear cardiology.

The goal of this study was to validate our reconstruction
methodology for the estimation of myocardial blood flow
using 2”'Tl and dynamic SPECT using tissue time-activity
curves (TTAC) derived from myocardial regions. In
addition, we aimed to find the optimal kinetic model
configuration and to investigate the factors affecting the
estimation of physiological parameters such as the partial
volume effect (PVE), appropriate choice of input function,
conversion from plasma to blood flow using haematocrit
(Hct) and the limited first-pass tracer EF.

€ Springer
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Materials and methods
Subjects

A total of 21 dogs were studied in which 8 were in a resting
condition, 9 dogs during constant infusion of adenosine for
increased MBF, and 4 dogs during constant infusion of
beta-blocker. Of the 21 studies, | study was un-successful
and projection data could not be retrieved from the scanner,
reducing the number of resting studies to 7 and total dog
studies to 20. Adenosine was infused continuously over the
study duration at a rate ranging from 140 to 700 mg/kg/h to
achieve a range of blood flow increases. An initial dose of
beta-blockers ranging from 2 to 6 mg was given, followed
by a constant infusion for the duration of the study of 2 or
4 mg/h. The study protocol was approved by the animal
ethics committee at the Akita Research Institute of Brain,
Akita City, Japan where all experiments were carried out.

SPECT procedures

All dogs were anaesthetised, and the catheters for dose
administration and arterial blood sampling were inserted
before the study. The SPECT system was a conventional
dual-head gamma camera (Toshiba GCA-7200A, Tokyo,
Japan) fitted with short focal length fan-beam collimators
(LEHR-Fan). The transverse field-of-view (FOV) was 22 cm
diameter and axial FOV was 20 cm. The dogs were carefully
taped into a cradle to minimise motion during the study,
and also to ensure that no truncation occurred. Heart rate and
blood pressure were monitored throughout the study and
recorded at regular intervals.

Before the injection of any tracer, a 15-min transmission
study was carried out in which a rod source filled with
approximately 740 MBq of *™Tc was placed along the
focal line of one of the fan-beam collimators (see Fig. 1).
The transmission study was followed by injection of 3 MBq
of '*'Ce microspheres into the left ventricle via a catheter
and blood was withdrawn from the aorta at a constant flow
rate of 5 ml/min for 2 min to serve as an input function. For
the pharmacological intervention studies, adenosine infu-
sion or beta-blocker injection followed by infusion was
commenced before the '*'Ce microsphere administration.

Dynamic SPECT was commenced with the start of the
4-min constant infusion of 110 MBq **'TL. The frame
collection rates and 360° rotation times were 10x1 min
(rotation time 15 s), 62 min (30 s), 3x4 min (60 s) and
5%5 min (60 s) for the first hour for all studies. Resting
blood flow studies had an additional 1810 min (120 s)
frames collected for a total study period over 4 h. The
shorter total study time for the drug infusion studies was
mandated by the difficulties in keeping the dogs stable with
prolonged infusions of the drugs used. A 34% energy
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Fig. 1 Schematic diagram of data acquisition using & clinical dual-
headed SPECT camera fitted with fan-beam collimators. Transmission
scan was performed using a **™Te-filled rod source placed at a focal

window centred on 77 keV was used for the **'TI
acquisitions [4, 13].

Arterial blood samples were taken every 20 s for the first
6 min, every 60 s for 6-10 min, 120 s for 10-20 min, 300 s
for 20-30 min and 600 s for 30-60 min. For the resting
studies, blood samples were also taken every 20 min for
1-2 h and additional samples at 2.5, 3 and 4 h post-""'TI
infusion. In six studies, plasma was separated immediately
after sampling by centrifugation, and plasma samples were
counted in a well counter cross-calibrated with the SPECT
scanner. To minimise the effects of the continued exchange
of 2°'T] between plasma and red blood cells in the test
tubes after sampling, immediate, rapid separation of plasma
from whole blood was required. An averaged relationship
between plasma and whole blood concentration ratio over
time was obtained, and then multiplied with the whole blood
curves for all studies to derive a plasma input function.

At the end of the SPECT study, the microsphere blood
flow measurement was repeated with *'Cr microspheres.
The dogs were then killed by injection of potassium
chloride (KCl) and the myocardium was dissected into
samples suitable for counting in the well counter. The 2°'T1
concentration in the tissue samples was derived from the
sample weight normalised gamma counter counts. The
samples were stored to allow for the decay of WP (=
73 h vs T12=32.5 days for "*'Ce and 27.8 days for *'Cr)
and then counted to measure the '*'Ce and *'Cr activities.
Separation between '*'Ce and *'Cr counts was based on
their respective gamma ray energies (145 keV for '*'Ce and
323 keV for *'Cr).

SPECT data processing
Projection data were processed according to previously

described procedures [5]. Briefly, the transmission data
obtained by the fan-beam collimator were first re-binned
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line of one of the collimators, and only one of the detectors was used
(left). Both detectors were used in the emission scan (right)

into parallel projections. Transmission projections were
normalised by blank projection, re-constructed to generate
quantitative maps of the attenuation coefficient for **™Tc
and then linearly scaled to provide attenuation correction
maps for **'T1. Emission data were corrected for detector
non-uniformity and also re-binned into parallel projections.
The projection data were then cormrected for scatter with
transmission-dependent convolution subtraction (TDCS)
originally proposed by Meikle et al. [14] and further
optimised by our group [4, 5]. The emission projection
data were re-constructed with the OS-EM reconstruction
algorithm [15] using three iterations and ten subsets. The
re-constructed images were cross-calibrated with the well
counter system.

Data analysis

Re-constructed images were normalised by acquisition time
for each frame. Multiple circular regions of interest (ROI)
were drawn on the myocardium, and the TTAC of *'TI
were generated for the anterior, apical, lateral, posterior and
septal areas of the myocardium. The two-compartment
model (one tissue compartment) and three-compartment
model (two tissue compartments) shown in Fig. 2 were
applied to determine two parameters (K, and K;) for the
two-compartment model and four parameters (K;-Ky) for
the three-compartment model by means of non-linear least
squares fitting (NLLSF).

The regional MBF was considered to be related to K,
obtained from compartment model fits. K, is, however,
affected by the PVE. Hct and the limited first-pass EF
whose effects were corrected according to Eq. 1:

PVE

M = e =T~

K, (1)
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2-Compartment model 3-Compartment model
Fig. 2 Two- and three~compartment models evaluated in this study. K in
units of ml/min/g denotes the regional MBF for both models. Distribution
volume (V) in units of ml/g is defined as K'\/K; for the two-compartment
mode, and Q-L(I +2) for the three-compartment model

The physiological basis for the correction factors in Eq. 1
can be described as follows:

1. TTACs obtained from SPECT images are under-estimated
duc to the limited spatial resolution relative to the
myocardial wall thickness and also due the myocardial
contractile motion. This phenomenon is known as PVE.
The PVE correction factor for each TTAC was deter-
mined from the ratio of the last SPECT frame counts to
the **' Tl myocardial tissue sample counts obtained from
the tissue samples taken and measured with the well
counter at the end of the SPECT scan.

The arterial input function for the compartment model
studies was defined from the plasma radioactivity
concentration curve, rather than the whole blood radio-
activity curve. K is therefore the regional “plasma” flow.
Thus, for comparison with the microsphere flow measure-
ments, which estimates the whole blood flow, K; was
divided by (1-Het) to obtain the flow for the total blood.
For a tracer with limited first-pass EF<1.0, flow (MBF)
is related to K, by K,=EF xMBF. The first-pass EF is
flow-dependent and decreases at high flow. We have
applied an empirical formulation for the first-pass EF
based on the data by Weich et al. [10] (EF=0.84—
0.524-logo(K, ) where K| is K;/(1-Hct). The K,
values obtained with two- and three-compartment models
with/without corrections according to Eq. | were com-
pared to the average of microsphere blood flow values
obtained pre- and post-dynamic SPECT scan.

The distribution volume of *°'T1 (V) was defined as

Vy= i: for the two — compartment model (2a)

k

Vo= 2 1+ 5—1 for the three — compartment model.
K> K
(2b)
€ Springer
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As mentioned before, the resting studies were collected
for 4 h, whilst the adenosine and beta-blocker studies were
collected for approximately 1 h. To investigate whether the
shorter collection time introduces systematic bias, NLLSF
fits restricted to the first | h of the resting study data were
also performed and compared with the Vy values from the
full 4 h resting data set and with the estimates obtained
from the beta-blocker and adenosine studies.

Akaike information criterion (AlC) and Schwarz criterion
(SC) were calculated for both two-compartment and three-
compartment model fits [16] to test the adequacy of the two
models. All data are presented as mean+1 SD. Student's
t test was employed in the comparison of the Vy values.
Pearson's regression analysis was applied to compare K|
and microsphere flow values, A probability value of <0.05
was considered statistically significant.

Results

Figure 3 shows the plasma to whole blood concentration
ratios in the six dogs with rapid plasma separation and the
averaged data. Equilibrium is reached after about 40 min,
at which time the mean ratio was found to be 0.76. As
expected, relative plasma concentration is highest early on
as the tracer is injected into the plasma (and not red blood
cells). **'T1 is rapidly cleared from the plasma causing a
rapid decline in relative plasma concentration and “under-
shoot™ before equilibrium is established. Samples left for a
prolonged period before plasma separation showed the value
of approximately 0.78, which was close to the plasma to
whole blood concentrations ratio at the equilibrium shown in

+ Dogls
* Doglé
4  Mean Rato
— Mean Data Curve Fit
A 'y [ ]
T s
L]
04 . - . . -
o 10 o 30 40 ] 60
Sample Tene (cn)

Fig. 3 Individual and mean plasma to whole blood concentration
ratios over time for the six dogs with rapid plasma separation. Error
bars indicate the standard error of the mean. Solid line is the curve fit
to mean ratio data
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Fig. 4 A typical example of
sequential SPECT images of the
n'l_\tn‘ardluln for six representa-
tive slices after intmvenous injec
tion of ' T1 into a canine at rest

Fig. 3. The plasma to whole blood ratio curves could be
approximated by the following equation:

RI" wh = Adp€ A+t + A4, (] — & R":“J“J. (3)

which resulted in 4,=1.30320,045, A4,;=0.7649+0.0056,
A =0.03636£0.0039 min~', A\,=0.1263+0.0077 min"" and
Ar=09516+0.41 min. The correlation coefficient for the fit
was r=0.995.

Figure 4 shows a typical example of sequential images
after the intravenous injection of *°'T1 for six representative
slices of a dog studied at rest. It can be seen that *°'Tl
appeared in the ventricular chambers first and then
gradually accumulated homogeneously into the left myo-
cardium. The quality of these images is reasonably good,
indicating that our approach of estimating the kinetic
parameters by NLLSF is feasible without excessive noise

2 v v T
5 E
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o %\L‘ 4
] P
E e e ]
2 b
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- . 3
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® " 3
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E " Plasma Counts E
g E
-] 3
o 3
0 50 100 150 200 250
B 000 (e @ 7000 —
£ |, : 2 |3
B Pl Adenosine ] 4 Beta blocker
o | ’ '1-‘;- L 15000 It
| e 2000 |} Lot a——— 2
Bl y i, g e = T —————
] [ { — =
E i e} .[ i ““‘H'-.._‘ E
s I - %
g M08 IL ®
3 | 3
= [l |L =
= \ (=
T oot b}
E I\ g Reviai. oo
3 o PSSP B it F—— g o A ] | 1 . i
L] » “ L L] n 0 ] n » “w »x 0 n
@ T duin) @ Tame nin)
Fig. 5 TTACs and two- and three-compartment model fits for a resting studics were collected for 4 h compared to =] h for the
resting, adenosine (increased MBF) and beta-blocker (reduced MBF) pharmacological intervention studies
study. Note the different time scales for the resting study because
@ Springer
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amplification. Curve fits to representative TTACs for resting,
beta-blocker and adenosine infusion studies are shown in
Fig. 5. The height of the TTACs relative to the input function
corresponded well with the pharmacological challenges.
Compared to the resting studies, peaks of TTACs relative
to the arterial input function were higher for adenosine and
lower after beta-blocker administration. Results of kinetic
fitting by the two- and three-compartment models are also
plotted on this figure. Visually, the three-compartment model
provided better fits than the two-compartment model to the
observed TTACs, which is particularly evident for the initial
scan period of the resting and adenosine studies.

Shown in Fig. 6a—e is the comparisons of K| obtained by
NLLSF (three-compartment model fit) with the microsphere

flow estimates. Values were averaged over the myocardial
segments in both axes, thus each point corresponds to a
single study. There was good correlation between K and the
microsphere flow when no corrections were applied, but K,
significantly under-estimated the true flow (Fig. 6a). All the
corrections improved the K, estimates (Fig. 6b-d) and the
best agreement between K, and microsphere flow was
observed when all three factors were comrected as described
in Eq. | (Fig. 6e). Results of the regression analysis also
demonstrated the highest correlation coefficient when all
three correction factors were applied. Table 1 summarises
the results of the Akaike information criteria (AIC) and
Schwartz criteria (SC) obtained from the kinetic fitting
analysis for all myocardial segments of all subjects. Both

Fig. 6 Plot of K, denved from a b

the three-compartment model fit S =K, ~0078+0249°MBF R~ 089 § [ =K, =0129+0375"MBF R=028
against the mean of the pre- and

post-dynamic SPECT 4 No Corrections " PVE Correction

microsphere blood flow mea-
surements. a No correction for g
PVE, limited first-pass EF or
conversion from plasma to =
blood flow has been applied. ‘g
b Correction for PVE has been

applied, but not for Het or g

No Het, EF Correction

limited first-pass EF. ¢ Correc- L g . ° ol
tions for PVE and Het have -
been applied, but not for limited " -
first-pass EF, d Corrections for 0 1 2 3 4 i o 1 2 3 5 s
PVE and limited first-pass EF ¢ Microsphere MBF (ml/min/g) d Microsphere MBF (mlimin/g)
have been applied, but not for Sp ==K, =0206+ 061 "MBF R=089 Sp ——K, - 0035+ 0438 MEF R-092
Het. e All corrections are ap-
plied for PVE, limited first-pass
EF and Het 4| PVE and Hct Corrections | PVE and EF Corrections
No EF Correction 2 | No Het Correction
g 2 a3
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Microsphere MBF (ml/min/g) Microsphere MBF (ml/min/g)
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Table 1 Summary of improvement in fit with the three-compartment model over the two-compartment model

Study Number Mean AIC two- Mean AIC three- Mean SC two- Mean SC three- Number of curves (%)

group of curves comp tment comy compartment (three-compartment better
than two-compartment)®

Resting 35 652.4 630.2 (p<0.01) 663.8 638.4 (p<0.01) 24 (69)

Beta-blocker 20 3784 378.8 (p=n.s.) 382.0 (p=<0.01) 3847 (15

Adenosine 45 405.1 393.6 (p<0.01) 408.7 399.5 (p<0.01) 28 (62)

The p value indicates that the value in the cell is significantly lower than the corresponding other value,

AIC: Akaike information criterion, SC: Schwarz critenon

*This column gives the number of TTAC fits where the three-compartment model fit provided a significant improvement over the two-

fit rding to all critenia (AIC, SC).

AIC and SC demonstrated that the three-compartment
model fit provided significant improvement over the two-
compartment model fit for resting and adenosine studies.
For the beta-blocker studies, AIC between the two model
fits was not significantly different, whilst SC demonstrated
significantly better fit with the two-compartment model.
Improved AIC and SC for the three-compartment model fit
were observed in 69% of resting TTACs and 62% of
adenosine TTACs, but only 15% in beta-blocker TTACs.
As shown in Fig. 7a and b, the K, and ¥ values derived
from the two-compartment model fit showed significant
differences compared with those by the three-compartment
model. Both K, and V; were under-estimated with the two-

compartment model fit compared with the three-compartment

Fig. 7 a Plot of K, estimates a

derived from the two-compartment
model fit against those from the
madc] fit *2- vs 3-Compartment Fits
b Plot of Vy estimates derived | Corrections
from the two-compartment model s

compartment model fit. ¢ Plot of
K, values denved from the two-
compartment model fit against

model fit. It should, however, be noted that there was a good
correlation between the two- and three-compartment models
for K,, thus the bias introduced by the two-compartment
model fit can potentially be corrected. K, values by the three-
compartment model fit with all three corrections were 0.86+
0.36, 2.71+1.64 and 0.55+0.24 mlVmin/g corresponding to
rest, adenosine infusion (with constant infusion at 140-
700 mg/kg/h) and beta-blocker (with 2-6 mg administration),
respectively. Difference in ¥y was less than 10% and again
this bias can potentially be corrected by the regression
equation. The K; obtained with the two-compartment
model also demonstrated a good correlation with the
microsphere flow (Fig. 7c), though there was again a
systematic under-estimation in K.

5[ =K, GCM) = 0.004+0.792°K, 3CM) R=0.58 b = —V BCM) = 069540911V, GCM) R= 084

0

»
¥y 3-Compartment Model Fit
8 8

mean of the pre- and post- 1
Jynamic SPECT microsph
blood flow measurements
0 1 2 3
Corrected K1 (3CM)
[+

Corrected K1 RCM)
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Fig. 8 F, values obtained from the two-compartment model fit to the
full 4 h resting data, adenosine and beta-blocker infusion | h curves
and fit to first | h only of the resting study curves. Data from the
multiple individual myocardial regions are shown

Figure 8 plots the ¥, values for all evaluated myocardial
segments for the fit to 4 h resting data, adenosine and beta-
blocker infusion 1 h data and fit to only the first | h of resting
data. The 4-h resting Fy values are significantly higher
(p<0.01) compared with the adenosine, beta-blocker values
and compared with the fit to the first | h resting data.
However, the 1-h resting values are not significantly different
from the beta-blocker ¥, values nor the adenosine values.

Discussion

This study demonstrates that the kinetic analysis of quanti-
tatively assessed myocardial 21T accumulation (build-up
and washout in healthy canines) provided quantitative MBF
values, which agreed well with flows obtained using
microspheres for a wide physiological range of flows.
The size of the TTACs relative to the arterial plasma
concentration corresponded well to the pharmacological
stresses induced by adenosine and beta-blocker challenges,
The compartmental model approach could reproduce these
TTACs to make the determination of kinetic parameters,
such as K, and V,, possible. The three-compartment model
gave results which were generally higher than the two-
compartment model and which were statistically significant-
ly better in terms of AIC, SC for the resting and adenosine
studies, and this was in line with the visual inspection of the
TTAC model fit curves. It should, however, be noted that the
differences were only small between the two- and three-
compartment model approaches, approximately 20% for K
and 10% for ¥y The bias associated with the two-
compartment model could be corrected by a linear
regression as shown in Fig. 7a—c. This opens the possibility
of using the more reliable two-compartment model fit due to
its reduced number of parameters for routine clinical studies.
The improved reliability of the two-compartment model fit in

@ Springer
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the clinical setting is particularly important if one intends to
shorten the study time or generate parametric images.

The three corrections for PVE, Het and first-pass EF
proved to be important. The PVE correction method used in
this work cannot, however, be applied to clinical studies,
and the PVE correction in the beating heart still remains a
considerable challenge in clinical studies. PVE may be
reduced by gating the data, which may not, however, be
feasible for the already noisy and large dynamic SPECT
data sets. PVE may also be reduced by including resolution
recovery as part of the reconstruction process [17-20].
Alternatively, it may also be possible to include PVE as part
of the kinetic model fitting [21-25]. However, this adds
extra fitting parameters and requires some parameters to be
assumed fixed.

The input function is an important component in
compartment model fitting. In this study, rapid arterial blood
sampling was performed, and the plasma was separated by
centrifugation. A number of important insights were gained
by performing rapid separation of plasma in a subset of
samples and dogs. It was found that *°'T1 enters the red
blood cells as observed from the rapid separation of plasma
in a subset of samples and dogs, which is not un-expected
as potassium is also known [22] to be taken up by the red
blood cells. The exchange of **' Tl between red blood cells
and plasma is relatively slow compared to the passage of
blood through the capillary bed and hence direct uptake of
activity from the red blood cells into tissue is believed to be
negligible. Hence, tissue uptake will be dominated by the
activity in the plasma during passage through the capillary
bed and plasma in the substrate being measured. As a
consequence, the flow measurement obtained with *°'T1 is
plasma flow, which is in contrast to the microsphere studies,
which measure whole blood flow. Conversion of plasma to
blood flow was achieved by dividing the plasma flow by
(1—Het), as shown in Eq. 1, which then allowed the direct
comparison with the microsphere measurements,

Rigorous estimation of the input function requires
frequent arterial blood sampling. This is not only considered
invasive, but also labor intensive. In addition, it has been
shown in this study that rapid separation of the plasma for at
least the first 3040 min post-"'Tl administration is
required to obtain accurate plasma concentration. If the
separation of plasma is delayed, then the true plasma
concentration at the time of sampling cannot be measured,
which results in biased K, estimates. An empirical
relationship of plasma to whole blood ratio as a function
of time was developed and was found to be sufficiently
consistent between dogs (Fig. 3) to allow the mean curve to
be applied with minimal bias. Thus, in clinical practice,
whole blood samples may be counted and converted to
plasma concentration using the empirical relationship. This
also potentially allows the input function to be obtained
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non-invasively from the SPECT data using, for example, a
curve derived from a left ventricular region. However, it
should be noted that the relationship between plasma and
whole blood counts in this study was derived for a 4-min
infusion protocol and may be different for other injection
protocols, such as bolus injection. Previously, it has been
shown that population-based input functions calibrated with
one or two blood samples could avoid the need for frequent
arterial blood samples [26-28]. There is also a potential for
applying this approach to **' Tl studies. This is beyond the
scope of this study and a systematic study should be
designed to confirm this in clinical settings.

2017 has a high trans-capillary EF and thus the initial
regional uptake of this tracer predominantly reflects the
regional blood flow [10]. Use of a tracer that has a high
first-pass EF is essential when one intends to quantitatively
assess MBF at a high flow range or the coronary flow
reserve. The EF of 2Tl is reported as >0.8 [10] for a wide
flow range and is known to be higher than **Tc-labelled
tracers such as tetrofosmine and sestamibi [29]. The
physical characteristics of **'T1 are unfortunately not ideal
as low energy emission increases the attenuation factor and
the scatter in the image. In addition, the relatively long half-
life limits the administered activity to about a tenth of that
with *™Tc tracers. Despite these shortcomings, the phys-
iological characteristics of having high first-pass EF make
271 an interesting tracer particularly for the absolute
quantitation of MBF and the coronary flow reserve. This
study demonstrates that quantitative physiological parame-
ters can be derived from dynamic **'Tl SPECT studies,
despite its less than ideal imaging characteristics.

Whilst the quantitative physiological parameter estima-
tion removed the systematic bias between MBF estimated by
20171 dynamic SPECT and by microspheres, the spread of
data points around the regression line was rather large
(Figs. 6e and 7c¢). This is not only due to possible errors in
the estimation of MBF from the **'TI, but there was also
considerable variation in flow estimated by the micro-
spheres at the beginning and end of the study. Thus, at least
part of the variability is attributable to errors in microsphere
flow measurement, and particularly for the pharmaceutical
intervention studies, flow may not have remained constant
throughout the entire study duration, which may also
account for some of the differences seen between the
various flow measurements.

V4 estimated in this study could serve as an index of
viability, as viable myocytes are required to maintain the
large concentration gradient between plasma and myocar-
dium at equilibrium. There was no significant difference in
¥4 values between rest, beta-blocker and adenosine studies
when fitted for 1 h (Fig. 8). The significant difference
between the 1- and 4-h fit for resting data could be
explained by the limitation of the two-compartment model.
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Considerable spread in the ¥ values observed over all dog
studies on the other hand was partially attributed to the
short (insufficient) scan time for reliable estimates of V.
With the exception of the large, outlying ¥ values in all 5
regions of | dog, the resting ¥y values fell within a
relatively narrow range of 47 to 65 (mean+SD=5516).
Given the sufficiently long scan time, significant reduction
in ¥, in infarcted areas may be detected. However, this
would need to be tested with a suitable study design.

The scan time of 4 h required to achieve reliable ¥y
estimates is not practical in the routine clinical setting. As
has been shown by Lau et al. [30], the scan period may be
split into two sessions, an early dynamic scan for 30 min
followed by a single static scan at approximately 3 h. This
scheme is not more onerous than current rest/re-distribution
protocols and hence could be practical. In addition, it may
be possible to simplify the scanning protocol further to two
static scans by using the table look-up method for the two-
compartment model, which has been successfully employed
for other SPECT tracers with relatively slow kinetics similar
to **'T1 [27, 31, 32]. This warrants further investigation.

This study relies on established, rigorous attenuation and
scatter correction in SPECT [5] and availability of multi-
detector SPECT systems capable of performing dynamic
acquisition. To our knowledge, this is the first report that
has demonstrated that it is possible to obtain quantitative
physiological parameter estimates of K| and Vy in the
myocardium using a clinical SPECT scanner and 2°'T.
This work suggests that it is feasible to apply our technique
to clinical studies. Further studies are, however, needed to
validate the proposed approach in the clinical setting.
Incomplete motion correction is one possible error source,
particularly in patients. Dynamic SPECT is probably more
sensitive to the possible movement of patients during the
study. Shortened clinical protocol is preferred, but this
requires additional development to improve the reliability
of parameter estimates. In addition, two scanning sessions
are needed to assess the coronary flow reserve. We have
recently demonstrated a technique to assess two cerebral
blood flow images, one at rest and another after a vasodilating
drug, from a single session of a SPECT scan in conjunction
with split dose administration of '**I-iodoamphetamine and
dynamic SPECT [7]. As a clinical implication, the quanti-
tative assessment of MBF and coronary flow reserve is
important. For instance, coronary micro-vascular dysfunction
or impaired endothelial function in patients with coronary
risk factors or patients with cardiomyopathy or with heart
failure is an un-resolved important issue to answer [I1].
Coronary flow reserve can be reduced in patients with hyper-
cholesterolemia without overt coronary stenosis [12]. A
systematic study should be carried out to validate this
approach for assessing MBF at rest and after adenosine from
a single session of a scan.
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Abstract

Purpose The liver is perfused through the portal vein and
the hepatic artery. When iis perfusion is assessed using
positron emission tomography (PET) and '*O-labeled water
(H,'*0), calculations require a dual blood input function
(DIF), i.c., arterial and portal blood activity curves. The
former can be generally obtained invasively, but blood
withdrawal from the portal vein is not feasible in humans.
The aim of the present study was to develop a new
technique to estimate quantitative liver perfusion from H,'*0
PET images with a completely non-invasive approach.
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Methods We studied normal pigs (n=14) in which arterial
and portal blood tracer concentrations and Doppler ultraso-
nography flow rates were determined invasively to serve as
reference measurements. Our technique consisted of using
model DIF to create tissue model function and the latter
method to simultaneously fit multiple liver time-activity
curves from images. The parameters obtained reproduced
the DIF. Simulation studies were performed to examine the
magnitude of potential biases in the flow values and to
optimize the extraction of multiple tissue curves from the
image.

Results The simulation showed that the error associated
with assumed parameters was <10%, and the optimal
number of tissue curves was between 10 and 20. The
estimated DIFs were well reproduced against the measured
ones. In addition, the calculated liver perfusion values were
not different between the methods and showed a tight
correlation (r=0.90).

Conclusion In conclusion, our results demonstrate that DIF
can be estimated directly from tissue curves obtained
through H,'*0 PET imaging. This suggests the possibility
to enable completely non-invasive technique to assess liver
perfusion in patho-physiological studies.

Keywords Hepatic blood flow - Input function - Portal vein -
Positron emission tomography - H,'*0

Introduction

The quantitative determination of hepatic blood flow has
the potential to provide important information in the

assessment and follow-up of liver disorders, which are
almost invariably accompanied by abnormalities in organ
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perfusion, representing a prognostic indicator and respond-
ing to disease amelioration [4, 10, 19, 21, 28-31, 35].
Positron emission tomography (PET) and '*O-labeled water
(H,'%0) enable to assess hepatic perfusion quantitatively
[29, 30, 35], as based on tracer kinetic modeling, requiring
the notion of the time variation of radiotracer concentra-
tions in the liver tissue and in the blood entering the organ
(input function).

The liver is characterized by a dual blood supply,
comprising the hepatic artery and the ponal vein, draining
venous blood from the gastrointestinal tract. Thus, in the
modeling of PET data from liver, two blood time—activity
curves are required to represent the input function (dual
input function [DIF]). However, blood withdrawal from a
peripheral artery [8, 9, 16, 17, 26, 33] is not always
successful and risk-free, and it requires careful correction in
time delay between the sampling site and the tissue. More
importantly, the portal vein cannot be accessed from any
peripheral site, making its blood collection impractical in
humans.

The aim of the present study was to develop a new
technique to estimate the two components of the DIF non-
invasively from dynamic H,'°O PET images. The present

Calt) =0.
= Kl+ar (1 —exp(Ke(1 +a)(ty —1)))

KX(1+a)

(exp (Ke(1 + a)(ry — 1)) +exp (Ke(l + a)(r; — 1)) — 2 - exp (Ke(1 + a@)(ry — 1))

method was characterized by use of a model input function
to create a tissue model function, which was used to
simultaneously fit multiple tissue curves from PET image.
The parameter obtained in the input function model
reproduced the input function. Computer simulation studies
were performed to examine the magnitude of potential
biases in the parameter estimates caused by the inherent
assumptions and to optimize the extraction of multiple
tissue curves from the image. The present investigation was
conducted in pigs because the comparison between mea-
sured and estimated values necessitated deep catheterization
and invasive Doppler flow measurements.

Materials and methods
Theory and computation of non-invasive DIF

A model function was created to shape the input function
according to the dose of tracer, administration process,
body weight, and physiological state in each subject [18].
The model function introduced is

(r<n)

(IIS"S‘Z) (l}

(r>1)

Details of the model function are given in the Appendix.
Briefly, 4 indicates the height, and #; and #,—1, indicate the
appearance time of tracer and administration duration,
respectively. K. (ml/min) and K(=aK,) (ml/min) represent
the tracer bidirectional diffusion rates between arterial
blood and whole body interstitial spaces, respectively.

The portal vein blood model function was generated by
introducing the gut compartment model [29-31, 35], that is,
a single compartment model between arterial blood and gut
compartment, assuming no difference in appearance time
between arterial and portal blood (or delay time of portal
input), with diffusion rate k, in the gut system as

Co(t) = kgCalt) @ e™h" (2)

Using these arterial and portal input model functions, the
tissue response function can be expressed by assuming a
single tissue compartment model [29-30, 35] and that
tracers in arterial and portal blood were well mixed before
exchange with liver tissue as

Cns(t) = (Calf) +£,Cp(t)) R e (3)

€ Springer

where k; is defined as (f,+/,)/V;, and ¥ (ml/g) is the
distribution volume of water between blood and tissue. In
the present study, ¥y was fixed to 0.7 ml/g, which was
suggested to fix in a sensitivity analysis by Ziegler et al.
[35] and was obtained as 0.71+0.03 ml/g for same subjects
in our preliminary evaluation using measured blood input
functions. Including a blood volume term into this
equation, the model function for liver tracer concentrations,
as measured by PET (Cpgr), can be expressed as

Crer(t) = (1 — Vo) (ACA() + £,Cp(1)) @ &7
+ ¥oConpu (1)
where Cippulf) is defined as

(4)

Ciopur (1) = raCalr) + ryCo(1) (5)

where r, and r,, are arterial (f, mI/min/g) and portal vein
blood flow (f, ml/min/g) ratios to total hepatic flow, i.e,
=St f) and rp=fJ(A+) [35]. The flow chant to
estimate input functions in this procedure is simplified in
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Fig. 1. Multiple tissue time-activity curves (TAC) from
liver image were used to estimate the input functions. First,
the model function in Eq. 4 was individually fitted to tissue
TACs, assuming that k, in Eq. 2 is constant by a non-linear
fitting method (variable-metric method in the PAW envi-
ronment: version 2.13/08 [http://wwwasd.web.cern.ch/
wwwasd/paw/]), and the set of seven parameters of 4, 1,
1, K(1+a), f. f, and ¥, in Eqs. 1 and 4 was obtained for
each tissue TAC. Then, means and standard deviations of
f, b, and ry(=f/(fi+f;)) were calculated, and the tissue
TACs with values of f, or r,>1 standard deviation of
respective means were excluded to avoid the potential
influence of TACs outside the liver. In the second step,
assuming that all parts of the liver share the same input
functions, values of 1y, t5, and », were fixed to their means,

Tissue TAC l

N (N: number of TACs

Step

Fit [Tissue TAC 1((A,K, t1,£2,fs, o, VO) parameters
Fit|Tissue TAC 2|(A,K,t1,12,fa,fp, Vo)are estimated
from each TAC
using Eq (5)
Fit[Tissue TAC N (A,K, 1,12, fa,fp, Vo)

¥
g [ vl

Mean of t1, tz and r=(fafp)
(N’:number of

i
TACs omitted)

Omit TAC (tror 2> SD

e e

Iﬂxh,bandrbﬂldrmnl
2 9

ﬁ

L
]lnpmfrom estimated parameters

Fig. 1 A schematic diagram of the procedure to estimate the input
functions using multiple tissue TACs. Step /| The model function
(Eq. 4) was individually fitted to N tissue time-activity curves (TAC).
Then, means and standard deviations of t;, t;, and r, were calculated,
and the tissue TACs with values of f; or £,>1 standard deviation of
respective means were excluded (indicated as N' TACs) to avoid the
potential influence of TACs outside the liver. In the second step,
assuming that all parts of the liver share the same input functions,
values of 1, 13, and r, were fixed 1o their means, and the other two
parameters (4 and K (1 +a)) were estimated by minimizing Eq. 6 by
the grid search method. Finally, the image-based input function was
obtained by substituting the estimated parameters into Eq. |

A and K, and fa and Vo for
each TAC, are estimated

-N' by minimizing Sz In Eq (6)
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and the other two parameters (4 and K (1+a)) were
estimated by minimizing the following equation:

s =35 (ct - (0-m(ran+gown) ©
Tl @& 3
e’ + ViCupult))

where Cpgr'™ is the tissue TAC for kth frame in ith tissue
region of interest, ¢ is the corresponding time of kth frame,
and £/, _ﬁ.'(=f.(i —r,V/r,) and V' are values of arterial and
portal vein blood flows and of blood volume for ith tissue,
respectively. In this procedure, §* was minimized by the
grid search method ro avoid dependency of initial guess,
where §° was calculated for 1,000 discrete values of both A
and K.(1+a) between ranges of three standard deviations
from respective mean values, omitting the negative value.
In this procedure, for a given input function, i.e., given A4
and K{1+a), f, and ¥, for each TAC were computed by
the grid search method, with acceptable ranges of 0-
100 mUmin/g and 0-1 ml/ml, and steps of 1 ml/min/g and
0.01 ml/ml, respectively, and then substituted in Eq. 6.
Finally, the image-based input function was obtained by
substituting the estimated parameters into Eq. 1.

Simulation study

The present method for generating portal vein input
assumes that the diffusion rate in the gut system, kg, is a
fix constant, and there is no time delay between portal and
arterial blood. It is not a priori known how these assumed
factors degrade the accuracy of estimated DIF and flow.
Morcover, tissuec TACs from PET images convey some
degree of noise, and the accuracy of the estimated input
function might depend on either the degree of noise, or the
applied number of tissue TACs, or both. A simulation study
was designed to reveal the influence of the above elements
on the accuracy of the current method.

To this purpose, we selected one arterial curve from one
of the present experiments. First, a portal input curve was
created by assuming k,=0.5/min, comesponding to the
estimated mean in all animals. The combination of these
arterial and portal vein curves was treated as the ‘true DIF".
In the present experimental study, the average of activity
concentrations in an area of the summed image was
distributed with a 20% range around the mean for the
whole liver, and this percentage was independent of the size
of the selected areas in regions >50 pixels. This supports
the assumption that flow values in the liver distribute
around a 20% range around a mean of arterial flow of
15 ml/min/100 g [22]. Thus, by assuming ten values of £, as
13, 13.5, 14, 14.5, 15, 15, 15.5, 16, 16.5, and 17 ml/min/
100 g, and ratio n(=f,/f,)=6 [22], one set of ten hepatic
tissue TACs was generated from the true DIF using Eq. 6.
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The propagation of an error in k, and delay time to blood
flow estimation was simulated. The sequence of steps in
this procedure is simplified in Fig. 2a and b. For &,
simulated portal input curves were created from the selected

a
Arterial input (Ca)
kg= |0.35 X o 85 /min
—
PITT T m
\ f i [] N
Combinations
—— of Cyp and Cp
[] K] [
I __ . of tissue
Ll
|—y‘ : | i |
L 7 T —
Estimate DIF
1 — =5 oami
|f‘-'ld'lp I lf.ll!ﬂl!J .....-....-['l.n‘_'jgj values -
b
Arterial (C4) and
portal (Cp) inputs
Delay= 0. 1 10 sec
Simulated portal
........ s ’; Inputs (Cp)
+ ) [1
Ns of tissue
]| } II |
[] [ ] [
Estimate DIF
f and 1, faandfy | ... | faandfp | Coias o

Fig. 2 Schematic diagram of the procedure to analyze error sensitivity
in hepatic arterial (f,) and portal flow (f,) values against assumed &,
(a) and time delay (b). Portal input curves were created by changing
the value of &, from 0.35 to 0.65/min in (a) and by shifting the time
from 0 to 10 s in (b), respectively, and combinations of the arterial
{C,4) and simulated portal (Cp) curves were used as the simulated dual
input functions (DIF). Sets of tssue time—activity curves (74C) were
generated from these simulated DIFs by assuming ten values of f,
from 13 to 17 ml/min/100 g. In tum, each set of tissue TACs was used
to back-estimate DIF fixing &, as 0.5/min and time delay as 0.0 s.
Finally, £, and f, were calculated from estimated DIFs for each &, and
delay hime
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arterial curve by changing k, from 0.35 to 0.65/min for
error simulation in k,, and combinations of the arterial and
simulated portal vein curves were used as the simulated
DIF. Sets of tissue TACs were generated from these
simulated DIFs, with the same assumptions of f, and r as
given above. In turn, each set for each k; was used to back-
estimate DIF (arterial and portal components), fixing &, as
0.5/min in this process as presented above. Finally, £, and £,
were calculated from estimated DIFs for each &, by the
Gauss—Newton non-linear fitting method in the interactive
modeling and data analysis system called PyBLD (htp:/
homepage2.nifty.com/peco/pybld/pybld.html) [5] using
Eq. 4. For delay time, simulated portal input curves were
created from the selected arterial curve by shifting the time
from 0 to 10 s, and combinations of the arterial and
simulated portal vein curves were used as the simulated
DIF. Sets of tissue TACs were generated as above. In turn,
each set for each delay time was used to back-estimate DIF
fixing time delay as 0.0 s. Finally, £, and £, were calculated
from estimated DIFs for each delay time. Mean of percent
difference between computed and assumed (‘true’) flow
values are presented as a function of &, and delay time.
The influence of noise versus number of TACs on the
accuracy of the method was explored. As shown by Edward
et al. [7], as the noise on tissue TACs increased, the
standard deviation of uptake ratio of tracer increased; as
more regions were used, the standard deviation tended to
decrease. However, if the number of TACs is larger, the
noise on tissue is also large and vice versa. Our simulation
was intended to reveal an optimal number of tissue TACs to
be extracted from the whole region of the liver. The
procedure is summarized in Fig. 3. First, tissue TACs with
noise were generated as follows: Gaussian noise at peak
was imposed on the set of ten hepatic tissue TACs
generated above. Two levels of noise were introduced,
corresponding to 10% and 20% of counts at the level of the
peak and 10% and 20% each of the square root of counts at
the other points. This procedure was repeated 100 times and
100 sets of noisy tissue TACs, embracing a total of 1,000
pixels obtained. Next, the ith set of tissue TACs in Ath
frame with /, defined as C'; were summed for same f, as

1 s
LA AN

where Ny indicates the summed number of tissue TACs and
corresponds to the summed number of pixels. Ny were set
to 5, 10, 20, 50, 100, and 200, corresponding to a number
of tissue TACs (Ny) of 200, 100, 50, 20, 10, and 5,
respectively. Here, when Np was 200, the 100 tissue TACs
were summed as Ny=100 and additionally combinations of
fi=13 and 13.5, 14 and 14.5, 15 and 15, 15.5 and 16, and
16.5 and 17 ml/min/100 g were summed. For each Ny, and

(7)
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Fig. 3 Schematic diagram of the procedure to analyze statistical
accuracy of hepatic arterial () and portal flow (/) values against
noise on tissue curves. First, tissue time-activity curves (74C) with
noise were generated by imposing Gaussian noise on the set of ten
hepatic tissue TACs. This procedure was repeated 100 times, and 100
sets of noisy tissue TACs were obtained. Next, the Ny (=5, 10, 20, 50,
100, and 200) sets of tissue TACs with the same flow value were
summed. For each Ny, dual input function (DIF) was estimated. Then,
arterial (f,) and portal blood flow (fy) values were computed using
estimated DIF and tissue TACs. This procedure was repeated 100
times

each level of noise, DIF was estimated, as described. Then,
arterial and portal vein blood flow values were computed as
above, using estimated DIF and tissue TACs with £, of
15 ml/100 g/min. This procedure was repeated 100 times,
and the bias and deviation in values of arterial and portal
vein flow results were calculated. Their bias and deviation
was presented as a function of N,

Experimental study
PET experiment

Fourteen pigs under anesthesia with weight 30.0£1.1 kg
were studied. Data on glucose metabolism in these animals
have been previously reported [13, 14]. Animals were
deprived of food on the day prior to the study at 5:00 pm.
Anesthesia was induced with ketamine (1.0 g) into neck
muscles and maintained by ketamine and pancuronium
(total of 1.5 g and 40 mg, respectively) administered
intravenously during the experiment. Animals were intu-
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bated through a tracheostomy, and their respiration was
controlled by a ventilator providing oxygen and normal
room air (regulated ventilation, 16 breaths per minute).
Catheters were inserted into the carotid artery for arterial
blood sampling and the femoral vein for administration of
H,'*0. Splanchnic vessels were accessed by sub-costal
incision; after dissection of the hepato-gastric ligament,
purse string sutures were allocated to allow catheter
insertion via a small incision in the portal vein. A catheter
was inserted directly in the portal vein for portal vein blood
sampling. Ultrasound-based flow-probes (Medi-Stim But-
terfly Flowmeter, Medi-Stim AS) were placed around the
portal vein and hepatic artery to determine blood velocity in
each vessel. The diameter of the hepatic artery and portal
vein were measured off-line from B-mode ultrasound
images acquired using an Acuson Sequoia 512 mainframe
with a 13-MHz B-mode linear array transducer. The area of
the vessel was calculated assuming circular shape. Then,
blood flow was obtained for cach vessel during the PET
scans. The surgical access was closed, and the distal
catheter extremities were secured to the abdominal surface
to avoid tip displacement. The animals were then trans-
ported to the PET center for tracer administration, liver
imaging, and blood sampling. Vital signs, blood pressure,
and heart rate were monitored throughout the study.

PET acquisition was carried out in 2D mode using an
ECAT 931-08/12 scanner (CTI Inc, Knoxville, TN, USA)
with a 10.5-cm axial field of view and a resolution of
6.7 mm (axial)*6.5 mm (in-plane) full width at half
maximum. After transmission scan for attenuation correc-
tion, the dynamic scan was started after the injection of
H,'*0 (274 MBq, 30-s bolus injection), consisting of 20
frames with gradually increasing individual durations (6% 5,
6x 15, and 8x30 s),

During PET scanning, blood was withdrawn continu-
ously from the carotid artery and portal vein through
catheters (1.4 mm in inner diameter; length of tube was
900 mm to the detector and 60 mm in the detector sensitive
region) by using a peristaltic pump (Scanditronix, Uppsala,
Sweden) with a withdraw speed of 6 ml/min. Radioactivity
concentrations in blood were measured with a BGO
coincidence monitor system. The detectors had been
cross-calibrated to the PET scanner via ion chamber [26].

At the end of the experimental period, animals were
sacrificed by potassium chloride injection and anesthetic
overdose, the abdominal cavity was rapidly accessed, and
the whole liver was explanted and weighed and its volume
was measured by water displacement; liver density was
calculated as the ratio of organ weight-to-volume to derive
the ultrasound-based flow to PET-equivalent unit (i.e., flow
per unit of tissue volume).

The protocol was reviewed and approved by the Ethical
Committee for Animal Experiments of the University of Turku.

€ springer
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Data processing

Dynamic sinogram data were corrected for dead time in
cach frame in addition to detector normalization. Tomo-
graphic images were reconstructed from corrected sinogram
data by the median root prior reconstruction algorithm with
150 iterations and Bayesian coefficient of 0.3 [1]. Attenu-
ation correction was applied with transmission data. A
reconstructed image had 128x 128 =15 matrix size with a
pixel size of 2.4 mm»2.4 mm and 6.7 mm with 20 frames.

Measured arterial and portal vein blood TACs were
corrected for physical decay and dispersion [11] as 7=2.5 s,
which was experimentally obtained and usually applied in
our center. The arterial TAC comected for decay and
dispersion was then corrected for delay by fitting to a
whole-liver tissue TAC [12]. The arterial curve obtained,
C,(f), was used as the measured arterial input function.
Then, the portal vein curve, corrected for dispersion (7=
2.5 5) and delay with the same delay time for arterial TAC,
Cplt), was fitted according to the following equation:
Colt) = keCy(t + Aty) @ e (1434) (8)
to obtain k; and to account for the appearance time (Af,
seconds) via the gut system. Obtained measured curves
were directly fitted with Egs. 1 and 2 to examine adequacy
for a usage of model functions.

A region of interest (ROI) was placed on the whole
region of the liver in a summed image and subsequently
divided plane-by-plane into sub-regions of 700 pixels each,
corresponding to 11-22 sub-regions. Sub-regions were
created by extracting pixels firstly from horizontal then
vertical directions inside the whole ROI in each slice. Each
sub-region consisted of a single area with the same number
of pixels. Tissue TACs in the sub-regions were extracted
from dynamic images. Then, DIF was estimated according
to the procedure introduced above. In the first step, initial
values and boundary conditions for the non-linear fitting
(PAW environment) for each parameter were 20,000
between 0.0000002 and 200,000,000 Bq/ml for A4, 5
between 2 and 20 ml/min for K(1+a), | between ~10
and 100 s for 1, 20 between 1 to 60 s for £, ¢, 20 between
1 and 100 ml/min/g for f,, 100 between | and 400 ml/min/g
for /. and 0.05 between 0 and 1 mi/ml for V. In the second
step, 5% value in Eq. 6 was minimized, and the image-based
input function was obtained. Areas under the curves (AUC)
for measured and image-based inputs were calculated for 0
to 180 s. Their percent difference was calculated.

Perfusion values f, and f, were calculated by non-linear
Gauss—Newton fitting method (PyBLD environment).
Results obtained with the new technique were compared
with (a) those obtained with the measured input function
and (b) the ones from our independent reference method,

Q) Springer
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i.e., ultrasonography, after their normalization to the organ
volume to derive PET-equivalent units.

Statistical analysis

Data are shown individually or as mean=SD. The Student’s
paired 1 test was used for intra-individual comparisons of
flow values. Regression analyses were performed according
to standard techniques. A p<0.05 was considered to be
significant. Differences between the flow values were
calculated as (fi—fy)/fx where fy and fy are flow values
from the non-invasive method and from the measured input
or ultrasonography, respectively, and plotted in Bland-
Altman plot [3].

Results
Simulation study

The biases in values of arterial, portal vein, and total blood
perfusion due to a fixed &, and delay time are presented in
Fig. 4a and b as a function of the value of k, and delay
time, respectively. The error in total flow results did not
exceed 10% for a <20% (i.e., 0.4-0.6 min') difference
between the fixed and the assumed (true) &, and for a <10-s
time delay.

The influence of noise and number of tissue TACs, i.e.,
the bias and deviation on both arterial and portal blood flow
values, showed to be minimal for a number of tissue TACs
of 10 to 20 at both noise levels (Fig. 5). As shown in Fig. 5,
if the number of tissue TACs is increased, noise on each
curve for input estimation becomes larger. On the other
hand. a smaller number of tissue TAC corresponds to less
information from tissue TAC in terms of variation of flow
values. This result suggested that the optimal number of
tissue TACs to be applied to preserve accuracy is in the
above range, which is independent of the two noise levels.
Among the five parameter composing the model input
functions, the three parameters fy, t;, and r, were deter-
mined with same accuracy, i.e., both the difference and
deviation in those values were less than 1 s for r; and 1, and
5% for r,, respectively, for the noise level of 10%,
independent of the number of tissue TACs. Bias and
deviation of the remaining two parameters 4 and K.(1+a)
depended on the number of tissue TACs following the same
tendency as the bias and deviation on blood flow values, as
described above.

Experimental study

Reconstructed images are shown in Fig. 6, together with
divided sub-regions. In the first step of our procedure, the
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obtained value of 1, from TACs extracted from sub-regions
overlapping the vena cava (e.g., lower sub-region at upper
left side image in Fig. 6) was 10 to 13 s carlier than the
mean, and these TACs were omitted from further process-
ing. The estimated f,—r; was 27+3 s, which was similar to
the tracer administration duration.

Figure 7 shows the curves of the model arterial and
portal input functions (Egs. | and 2) directly fitted to
measured curves. The model functions for those were
superimposable to measured curves, although both modeled
curves slightly overestimated at the late times. This result
suggested that the model function was almost adequate to
use for the estimation of input.

The mean+SD of k, was 0.497+0.153 ml/min/g and that
of Af, was 0.7+5.1 s obtained by fitting the portal TAC
using arterial TAC by Eq. 8.

Estimated, image-derived arterial and hepatic input
functions were almost superimposable to the measured
curves (Fig. 8). The mean£SD and range of difference of

AUCs were —3.1548.73% ranging from -13.5% to 17.9%
and 1.47+8.87% ranging from —13.5% to 10.2% for arterial
and portal imput functions, respectively. The coefficient of
variation of the estimated flow ratio between artery and
portal vein in the first step across sub-regions was 26+9%.
The mean+SD of that ratio across subjects was 0.15+0.07
and those from ultrasonography was 0.16+0.06, and paired
t test showed no significant difference between them. This
suggests supporting the assumption that the ratio between
arterial and portal input defined in Eq. 5 relates to the flow
values.

The Bland-Altman plot between values of hepatic
arterial, portal, and total perfusion, as estimated by using
the image-derived versus the measured blood curves, is
shown in Fig. 9. This plot demonstrates a small overesti-
mation by image-derived method with a bias of 0.01 and
0.07 m/min/g for arterial and portal flow, respectively, and
that 0.08 ml/min/g for total flow. Respective regression
lines were the following: y=0.00+1.09 x (r=0.97, p<
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Fig. 5 Bias (leff) and deviation (right) in the arterial and portal vein blood flow values as a function of the number of time-activity curves applied

to the estimation of the input function
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Fig. 6 View of liver H,'*O PET images in four slices and sub-regions
(solid ling). The small area with high activity levels on the mid-right
and mid-left side of the image corresponds to the vena cava and aorta,
respectively

0.001), y=0.05+1.02 x (r=0.87, p<0.001), and y=0.02+
1.06 x (r=0.90, p<0.001). Paired ¢ test showed no
significant difference between the methods. Differences
6.8+20.0%, -4.9+£14.3%, and —-5.8+15.6% for
arterial, portal, and total blood flow values, respectively.
The Bland-Altman plot between values of hepatic
arterial, portal, and total perfusion, as estimated by using
the current method versus ultrasonography, is given in
Fig. 10. This plot demonstrates an overestimation by
image-derived method with a bias of 0.02 and 0.22 ml/
min/g for arterial and portal flow, respectively, and that
0.24 ml/min/g for total flow. Respective regression lines
were the following: y=0.06+0.69 x (r=0.69, p=0.12), y=
0.41+0.98 x (r=0.54, p=0.025), and y=0.24+0.97 x (r=
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Fig. 7 Time-activity curves representing the arterial (broken line) and
portal (solid line) model input functions (Eqs. | and 2) in comparison
with the measured arterial (Mack circles) and portal (open circles)
input functions
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Fig. 8 Estimated arterial (red line) and portal vein (blue line) input
functions from PET images and their comparison with measured
arterial (plot in light blue) and portal input (plot in pink) functions

0.60, p=0.022). Again, paired ¢ test showed no significant
difference between the methods. Differences were 3.6+
52.0%, 15.5£31.3%, and 16.9£33.0% for values of arterial,
portal, and total blood flow, respectively.

The total flow values ranged from 0.5 to 2 ml/min/g in
the animals (Figs. 9 and 10). However, only two out of 14
showed smaller values of 0.5 ml/min/g (i.e., approximately
500 ml in the whole organ), which is still physiologically
reasonable, while the great majority clustered between |
and 2 ml/min/g.

Discussion

In the current work, we developed and validated a method
to estimate the two components of the hepatic dual input
function from liver H,'*0 PET images and quantify hepatic
perfusion. Computer simulations were used to evaluate the
influence of assumptions, noise in raw data, and number
and size of the regions of interest to be used in the analysis.
After demonstrating that , can be assumed within a 20%
range by introducing a negligible error in perfusion
estimates and that 10-20 regional time—activity curves
appear optimal, the method was validated experimentally
by showing its coherence with measured blood tracer levels
and with liver perfusion results obtained by an independent
technique.

The current approach estimated the hepatic arterial and
portal input functions from multiple tissue curves to
calculate respective and total organ perfusion. A high



