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M5 MEBIRMBHEMEM A: Arrow indicates intramural hematoma in patients with A2
dissection. B: Arrow points to thrombosed clot in dissecting aneurysm in a patient with intracranial
vertebral artery dissection. C: Arrow indicates double lumen in a patient with intracranial vertebral

artery dissection. BEEEMEIARIC ST Ml M, ARRELREHT 5 Z L A8AEEL 2o,

. b5 5 N T - .
Fig. 1 sagital T.w(a,e), T,w(b,f), MRA (maximum intensity projected image through superior-inferior (c.g) and anterior-posterior (d,h) direction)
Images of possible MCA-M1 BAD patient at affected right side (a-d) and normal left side (e-h) and DWI(). Black arrows show possible plague,
white arrows show perforators and white arrow heads show slice locations of T w and T,w images
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Abstract

Purpose *"'T1 has been extensively used for myocardial
perfusion and viability assessment. Unlike *™Te-labelled
agents, such as **™Te-sestamibi and *™Te-tetrofosmine, the
regional concentration of 2”'T| 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 *"'Tl using
dynamic SPECT.

Methods Dynamic SPECT was carried out on 20 normal
canines after the intravenous administration of **' 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, haematocrit 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 (MBFspgcrt)
correlated well with the MBF values obtained by the radio-
labelled mlcmphcms (MBFys) (MBFspger=—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
29171 and dynamic SPECT.

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

Introduction

Myocardial perfusion imaging using Thallium-201 (*°'T1)
is well established in routine clinical practice for detecting

@ springer



Eur J Nucl Med Mol Imaging

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 >*'TI [1] and *"™Te-
Teboroxime [1, 2], but these techniques have not yet been
applied to clinical practice. This is largely attributed to the
fact that quantitative reconstruction programimes are not
readily available on commercial SPECT systems.

We have developed a reconstruction programme package
for SPECT, which can accurately provide gquantitative
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
29'T] in cardiac studies [3-5], and for **"Te and '*1 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 investigated in previous studies [8, 9]. Due to the
high first-pass extraction fraction (EF) [10] and a large
distribution volume, **'T1 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 **'T1 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 *”' 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
(Het) and the limited first-pass tracer EF.
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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, 1 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
cthics committee at the Akita Research Institute of Brain,
Akita City, Japan where all experiments were camried 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. ).
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 2°'Tl. The frame
collection rates and 360° rotation times were 10=1 min
(rotation time 15 s), 62 min (30 s), 3%4 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 scquisition using a 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 2°'Tl
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->"'T|
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 *"'T1 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°' Tl
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 2°'T1 (T} ;=
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
(leff). 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 2°'T]. Emission data were corrected for detector
non-uniformity and also re-binned into parallel projections.
The projection data were then corrected 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 “°'Tl
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,—K,) for
the three-compartment model by means of non-linear least
squares fitting (NLLSF).

The regional MBF was considered to be related to X,
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

MBF = BF = (1 - Hep) ©
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Fig. 2 Two- and three-compartment models evaluated in this study. K; im
units of ml/min/g denotes the regional MBF for both models. Distribution
volume (F4) in units of ml/g is defined as K'/K; for the two-compartment
mode, and %-l {l - E) for the three-compartment model
The physiological basis for the correction factors in Eq. |
can be described as follows:

1. TTACs obtained from SPECT images are under-estimated
due 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 *°'T1 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-Hct) 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=MBF. 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'log o(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.

ta

The distribution volume of 2°'T1 (V) was defined as

Vy = % for the two — compartment model (2a)
2
V= El (I + LFE'i) for the three — compartment model.
K, Ky
(2b)
Q) 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 | 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 Fy values from the
full 4 h resting data set and with the estimates obtained
from the beta-blocker and adenosine studies.

Akaike information criterion (AIC) 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 mean1 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
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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
myocardium for six representa-
tive slices after intravenous injec-
lilll! Ilf"nl-n o a canmine at rest

Slice

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

(1 - era),
which resulted in A4,=1.303+0.045, A4,=0.7649+0.0056,
A1=0.03636+0,0039 min ', A\,=0.1263+0.0077 min "' and
Ar=0.9516+0.41 min. The correlation coefTicient for the fit
was r=(0.995.

Ryt jwp = Age~ M+ (3)

(4

l'ime ®

Figure 4 shows a typical example of sequential images
after the intravenous injection of **' Tl 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
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Fig. 5§ TTACs and two- and three-compartment model fits for a
resting. adenosine (increased MBF) and beta-blocker (reduced MBF)
study. Note the different time scales for the resting study because

resting studies were collected for 4 h compared to =1 h for the
pharmacological intervention studies

a Springer

63



Eur J Nucl Med Mol Imaging

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
comesponded 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

Fig. 6 Plot of K derived from
the three-compartment model fit
against the mean of the pre- and
post-dynamic SPECT
microsphere blood flow mea-
surements. a No correction for
PVE, limited first-pass EF or
conversion from plasma to
blood flow has been applied.

b Cormrection for PVE has been
applied, but not for Het or
limited first-pass EF. ¢ Correc- 1 .
tions for PVE and Het have

W

Corrected K1 3CM)

—_—K, = 0078 + 0.249*MBF R=089

No Corrections

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 corrected as described
in Eq. | (Fig. 6¢). Results of the regression analysis also
demonstrated the highest correlation coefficient when all
three correction factors were applied. Table | summarises
the results of the Akaike information criteria (AIC) and
Schwartz criteria (SC) obuined from the kinetic fitting
analysis for all myocardial segments of all subjects. Both

--——-kl =0.129 + 0375*MBF R=0288

PVE Correction
No Hct, EF Correction

been applied, but not for limited

first-pass EF. d Corrections for
PVE and limited first-pass EF
have been applied, but not for
Het. e All corrections are ap-
plied for PVE, limited first-pass
EF and Het No EF -

Corrected K1 (3CM)

Microsphere MBF (mi/ming)

_;i.muul-mr R=089 5

PVE and Hct Corrections

Micrasphere MBF (mi/min/g)
—— K, - 0038+ 0638'MEF R-092

-

PVE and EF Corrections
No Hct Correction

Corrected K1 3CM)

1 2
Microsphere MOF
e

Corrected K1 3CM)

4€) Springer

3

(mimin/g)

5

e

“

L 4

64




