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Abstract, Eight different modifications of the same single tissue compartment model 1o
measure myocardial blood flow, based on inhalation of '*0-labelled CO, and positron emission
tomography, wete assessed in both dogs and human normal volunteers. Several models
provided results with the same degree of accuracy in dogs. However, a number of these models
gave poorer results in humans. It was established that the model containing compenents for
blood flow, fraction of water exchanging tissue and spill-over arterial bleod volume provided
the most accurate and reproducible results. This model contains inherent corrections for the
Yimirted spatial resolution of positron emission tomographs. For ease of computation,
linearisation of the operational (fitting) equation was tested, but found not to be satisfactory.
The left atrium was slightly better than the left ventricle for determining the arterial input
function. Inclusion of the blood volume term in the fitting procedure was significantly berter
than subtracting blood volume prior to analysis, both in terms of accuracy and precision.

1. Introduction

Mpyocardial blood flow (MBF) is an important parameter in the assessment of myocardial
ischaemia, infarction and other pathological conditions where angiographic data are
inconclusive. Using positron emission tomography (PET) several tracer procedures have
been proposed for non-invasive regional MBF measurements, based on the following three
radiotracers: 13NH; (Schelbert ez al 1979, 1981, Krivokapich e a/ 1989, Bellina et a/ 1990,
Hutchins er 2/ 1990), 82Rb (Budinger er al 1980, Selwyn er o/ 1982, Mullani et af 1983,
Huang et al 1989, Herrero er al 1990) and H,'*0O (Bergmann et o/ 1984, 1989, Huang et
al 1985, Tida er al 1988). Of these three tracers H,'50 has the advantage that (in the
"myocardium) it is freely diffusible (Johnson er al 1952, Yipintsoi and Bassingthwaite 1970)
and metabolically inert (Bergmann er a/ 1984). This implies that it can be used reliably in
metabolically impaired myccardium. In addition, the short half-life of oxygen-15 is an
important advantage if repeat measurements are required (e.g. following pharmacological
interventions) or if the measurement of MBF is to be combined with a metabolic or receptor
study.

At present most H,'50O applications have utilised bolus injections (Bergmann et al
1984, 1989, lida et al 1988), although the use of a slow infusion of H,'30 has been
reported (Huang er a/ 1985). Recently, a new method was described where H,'5Q was
administered via continuous inhalation of C'*0, (Araujo ¢r af 1991) which, under the
influence of lung carbonic anhydrase, is essentially equivalent to a slow infusion of H,'50
(West and Dollery 1962). The slow administration reduces dead-time losses due to the high
count rates encountered during the initial phase of bolus injections.
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One difficulty associated with the quantitative measurement of MBF is the limited spatial
resolution of PET scanners, resulting in the so called partial volume effect (Hoffman er a/
1979). This is compromised even further by both cardiac and respiratory movements (Ter-
Pogossian et al 1982). The high arterial concentration which occurs during H,!%0
administration constitutes another problem. Due to the limited spatial resolution spill-over
of activity from the heart chambers into the myocardial region of intetest (ROI1) may result.

In the present study eight different modifications of the same single-tissue compartment
model (Kety 1951, 1960a, b) for kinetic analysis of H,!°0 time-activity curves were applied
to data obtained in both dogs and humans and then compared. The purpose of this analysis
was to identify the mode! which would produce the most accurate and reproducible MEF
results, accounting for potential underestimation of myocardial activity and possible cross
contamination from the cardiac chambers.

2. Theory

As mentioned above, !30-labelled water is a metabolically inert tracer which, in the
myocardium, is freely diffusible (Johnson et o/ 1952, Yipintsoi and Bassingthwaite 1970).
Its behaviour in tissue can be described by the standard differential equation for a single
tissue compartment model (Kety 1951, 1960a, b):

dC() 1 dt = EGt) — (E1 Vy + N.C.() (1)
where
C{r) = regional tissue concentration of H,'50 (Bq per ml (tissue)} as function of
time 2,
CAr) = arterial whole blood concentration of H,'50 (Bq per mi (blood)} as function
of time ¢,

F = regional flow in ml (blood) per ml (tissue) min~?,
V4 = volume of distribution of water (ml (blood) per ml (tissue)),
A = decay constant of 150 (= 0.338 min~!),

The solution to this differential equation is given by:
Clr) = FCy(r) » exp(—(F/'V4 + N.1) (2)

where = indicates the convolution integral. C(r) represents the tissue response to an
arterial input function C,(r). Since radioactive decay has been incorporated in equations (1)
and (2), both C{t} and C(¢) should not be corrected for the decay of 150.

An alternative linearised (i.e. no convolution) solution to equation (1), as proposed by
Blomgvist (1984), is

t !
G = Ff Cim)dr = (B/Vy + ). f [Glnar 3)
In equations (1) to (3) the following assumptions are made:

(1) Both F and V, are constant during the measurement period.

(2) Water is freely diffusible, i.e. the extraction fraction of water is unity and no binding
of water in tissue occurs,

In practice it is not the actual tissue concentration which is measured, but rather the
mean concentration within a (macroscopic) Ro1. Such an rol will contain not only tissue,
but also blood. However, equations (1) to (3) would still provide a valid description for a
macroscopic Rol if the following two additional assumptions are correct:
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(3) Venous and tissue concentrations are the same, i.e. the effect of ¥, not being equal
to 1 is negligible.

(4) The contribution to the signal arising from arterial activity is negligible.

However, both myocardial bleod volume (MBv) and its arterial fraction can not be
neglected (Crystal et af 1981). In addition, due to the limited spatial resolution of PET
scanners, the measured regional tissue concentration will be contaminated with a signal
originating from the high level of activity present within the cardiac chambers (spill-over
effect).

If the size of the ror sampled is small and the thickness of the myocardium is large
compared to the spatial resolution of the scanner, the contribution of arterial activity would
best be described by:

Cal®) = (1 = V). G + V. Ci(0) )

where

Cioi{f) = measured ‘tissue’ concentration in rol (Bq per ml (Ro1))

V, = arterial blood volume {ml (arterial blood) per ml {ro1))
If, however, larger RoIs are employed, the spill-over signal will be higher than the signal
from the local arterial vessels. In that case equation (4) should be replaced by

Ciot) = Gl + Voo Ci(1) (5)

where ¥V, now represents the arterial spill-over fraction.

The limited resolution of PET scanners might not only result in the inclusion of spill-over
activity, but also in an underestimation of the regional tissue concentration C(#) (partial
volume effect (Hoffman er af 1979)). This effect is further enhanced by the presence of both
cardiac and respiratory movements (Ter-Pogossian et a/ 1982). The resulting
underestimation in F and V, will be identical. One method to deal with this partial volume
effect and losses due to cardiac wall motion is to include a component for the fraction of
water exchanging tissue, originally suggested by lida er a/ (1988), as follows:

F=aF (6)
Vd = (Ip (7)

where

o = fraction of water exchanging tissue (ml (water exchanging tissue) per ml (ro1))

p = partition coefficient of water (m! (blood) per ml (water exchanging tissue))

F = flow for the water exchanging tissue (ml (blood) per ml (water exchanging
tissue) min~1).

It should be noted, that « represents the fraction of tissue within the rRo1 which is capable
of exchanging water within the time course of the measurement. Consequently, F'
represents blood flow for this fraction of water exchanging tissue within the rort rather than
for the entire rol. In equation (7) it has been assumed that the volume of distribution of
water for the water exchanging tissue is the same as the partition coefficient of water for
(normal) myocardial tissue. Substituting equations (6} and (7) in equations (2) and (3)
respectively results in:

C{1)
G = a-F’-Ioca(-r)dr ~ (F'ip + )\).']:Ct(‘r)dr (9)

Based on the theory given above, eight different operational equations can bé defined,
by wutilising four different descriptions of C, with two different methods to incorporate

a F'.Cfr) » exp[— (F'lp + N).r] (8)
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arterial blood volume. An overview of the different operational equations is given in table
1. The difference between V, and V,, models is schematically illustrated in figure 1, that

between V4 and o models in figure 2.

Table 1. Overview of tested models.

Model Operational equation

1 Gl = {1 = PQIFCL) » expl=(F/V; + M.} + V.00

Gty = FC () % expl-(F/Vy + N).al] + Vo Ci0)

Cnl® = (1 = VLo F.C{8) » expf—(Fip + N).7]] + V,.C(r)

Clod?) = a-F.Ct) » expl=(Flp + N).4l} + V. Cl1)

Crl) = [(1 - Va) E+ Va(E/Vy + W] j Cdr = WVy+ N f Cood M7 + V,.Cf)
Curlt) = [P+ Vo F/V, + N { Clrdr — (FrVy + 3 | [ Cuod7) ydr + Vo Galt)

Col®) = [l = V).F + V, (Ig'/p + V] IO Gy(rydr - (F’/p + "){, Cood AT + V,.Cl2)
Corlt) = [ F + Vo (Fip + N {] Cdn) = (F/p + 3 Io Cod VAT + Vo Cif8)
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rigure 1. Schematic illustration of the difference between V, (left) and V,, (right} models. In the V, models the
arterial signal component within the ROl is assumed to be entirely due to the regional arteria! blood volume V,
with the spill-over signal from the jeft vemricle being negligible. The volume ¥, should, therefore, be taken into
account in artributing the tissue signal to a certain volume, resulting in equation (4) in the text, In contrast, in
the V', mudels, the arterial signal is assumed to originate entirely from spill-over activity, i.e. the regional arterial
signal is negiigible compared 1o the spill-over component, resulting in equation (5) in the text. It should be noted
that, in practice, a combination of both blood signals will be present. However, since the time course of both
signals is the same, it is not possible to discriminate between them and consequently, in fitting, one of the models
has to be selected.

C,(8) (left atrium and/or ventricle) and C,(f) (myocardium) can be measured non-
invasively as a function of time with dynamic PET scanning (Weinberg et a/ 1988, Araujo
et al 1991). Using standard non-linear regression analysis the operational equation can then
be fitted for F, V4 or oy, F and ¥V, or V,, depending on the actual model used. In the
models containing ¢, a value for p has to be assumed. From i virro water content data for
blood and myocardial tissue (Altman and Dittmer 1971, ICRP 1974) a partition coefficient
of water of 0.96 m! ml~! can be calculated for the myocardium which was the value used
in the present study. This value is in agreement with the values of 0.91 g mi~! and
0.92 g ml~" used by Iida ez af (1988) and Bergmann et al (1989), respectively, taking into
account the density of myocardial tissue (1.04 g ml-1),
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Figure 2, Schematic illustration of the difference between ¥ (left) and o {right) models. If there is full count
recovery within an roI, a ¥; model would be more appropriate, since it avoids any assumptions regarding the
volume of distribution of water. However, if the recovery is less than 100% an « model would be a better choice,
sinice, by definicion, it incorporates a component to account for this loss of recovery. Such a model does, however,
require an assumed value for the volume of distribution of water.

As an alternative to fitting for three parameters, MBYV can be measured separately and
subtracted from the tissue data before fitting or it can be fixed to the measured value in
the fitting process. This would reduce the number of parameters to be estimated in the
regression analysis to two, but would introduce an inaccuracy by treating the venous blood
volume as being at arterial concentration, due to equilibration of C13Q in the blood pool.

3. Methods

Data were obtained in 8 dogs and 11 normal subjects during resting conditions and
following pharmacological interventions. The purpose of these pharmacological
interventions was to alter MBF and hence provide a means of testing the various models over
a wider flow range.

3.1. Scanning protocol

For both animal and human studies use was made of an ECAT 931-08/12 (CTI Inc.,
Knozville, TN, USA) positron emission tomograph (Spinks et a/ 1988). First, a short
rectilinear transmission scan was performed in order to optimise positioning of the heart
in the centre of the field of view. This was followed by acquisition of a transmission scan
for the purpose of attenuation correction of all subsequent emission scans.

Following the transmission scan a blood pool scan was performed using C!50. The
C!5Q gas was inhaled for 4 min at a concentration of 3 MBqml~! and a flow rate of
500 ml min~!, One minute after the end of inhalation, to allow for equilibration (Martin
et al 1987), a single scan with a duration of 6 min was acquired. Arterial (dogs) or venous
(humans) blood samples were collected 0, 2, 4 and 6 min after the start of scanning. After
150 levels had fallen to background levels, in humans, a base-line MBF study was
performed. Sequential dynamic scans (frames) were collected over a period of 7 min
according to the following protocol: 1 {background) frame of 30s, 6 of 55, 6 of 105, 6 of
20 s and 6 of 30 s. Subjects inhaled a constant supply of C130, for a period of 3.5 min
beginning at the start of the second frame. C'5Q, gas was delivered at a concentration of
3 to 5 MBgq ml~! and a flow rate of 500 ml min~!, The first frame of 30 s was introduced
as a means of monitoring and correcting for residual tissue activity.
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When residual 130 activity had fallen to background levels, in humans, a repeat MBF
study was performed following administration of dipyridamole. The scanning and gas
administration protocol were identical to those used for the base-line studies.

Although identical scanning and gas administration p ‘ocols were used in dogs, the
order of MBF studies was variable. A variable amount of dipyridamole was utilised and in
one dog morphine was given in an attempt to cover also intermediate and reduced flow
rates.

All emission scans were reconstructed using a Hanning filter with a cut-off frequency
0.5 of maximum. This resulted in a spatial resolution of 8.4 X 8.3 X 6.6 mm’® FWHM (full
width at half maximum) at the centre of the field of view (Spinks ¢z al 1988).

2.2 Animal studies

The method was validated in eight fasting greyhound dogs with weights ranging from 28
to 35 kg. Anaesthesia was induced with intravenious sedium pentobarbital {25 mg kg~1).
The dogs were then intubated and mechanically ventilated with an N,0O/0,/air mixture.
Anaesthesia was maintained using halothane (0.5 - 1%). Catheters were advanced via the
femoral artery into the descending aorta for withdrawal of arterial blood samples and into
the left ventricle for the measurement of left ventricular pressure and injection of
radiolabelled microspheres. A catheter was inserted into the femoral vein for continuous
infusion of an isotonic dextrose/saline solution and for the administration of drugs. An
electrocardiogram was contimiously recorded for the duration of the study.

Regional MBF measurements were made ar rest (# = 5) and following a 4 min
intravenous infusion of 0.30 to 0.56 mg kg~! dipyridamole (# = 7)or a 3 min intravenous
infusion of 3 mg morphine (# = 1). These drugs were used in order to raise or lower
MBF respectively. In all cases PET scanning started 2 min after the end of drug infusion.

Two minutes after the start of each C%0; run, 15 pm diameter microspheres were
infused into the left ventricle over a period of 30 s. Microspheres were labelled with !138n,
95Nb, %8¢ or 3'Co. Continuous withdrawal of femoral arterial blood at a flow rate of
5.12 ml min~"! using 2 Harvard pump was started at the beginning of microsphere infusion
and continued for 2 min after the end of infusion. At the end of the experiments, the dogs
were sacrificed by intravenous injection of an overdose of sodium pentobarbital and the
hearts extracted and dissected regionally. These tissue samples were weighed and together
with the corresponding arterial blood samples counted in a gamma counter (Wallak
Ultragamma 2).

3.3 Human studies

Human studies were performed in 11 healthy normal male subjects with an age ranging
from 26 to 42 years. No subject had signs or symptoms of cardiac disease. A Venflon
cannula was advanced into an antecubital vein for the withdrawal of venous blood samples
and for the infusion of coronary vasodilators. .

MBF measurements were performed at base-line and following infusion of dipyridamole
(0.56 mg kg~ 1) over a period of 4 min. C'30, scans were initiated 2 min after the end of
infusion. As a precaution, aminophylline was readily available to reverse the effects of
dipyridamole.

All normal subjects gave written informed consent prior to scanning. The studies were
approved by the Research Ethics Committee of Hammersmith Hospital. Permission to
administer the radioactive tracers was obtained from the United Kingdom Administration
of Radioactive Substances Advisory Committee.
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3.4, Data analysis

After reconstruction, all images were transferred to a workstation (Sun 3/60, Sun
Microsystems, Mountain View, USA).

A functional image of myocardial blood volume (MBV) was generated by dividing the
Cl150 image by the average concentration of the blood samples (both image and samples
corrected for decay) on a pixel by pixel basis, The MBv image was used to define a number
of roIs, positioned over the left atrium, with a mean (£5D) size of 2.2+ 0.6 ¢cm? for dog and
2.140.7 cm? for human studies. Of these Rols only those (3 to 5) with an MBv value greater
than 0.9 ml (bleod) per ml {(roOI) (i.e. a recovery coefficient > 90%) were projected onto the
dynamic C!30, images in order to generate left atrial time-activity curves. The average of
these atrial curves was in turn used as the arterial input function for the subsequent kinetic
MBF analysis. A similar procedure was followed to produce a second arterial input function
based on RoOIs positioned over the left ventricle. In this case the mean size was
3.3+£0.9 cm3 for dog and 2.8+ 1.0 cm? for human studies. As for the atrium, only those
Rols with a recovery coefficient >90% were accepted for further analysis, thereby reducing
spill-over contamination from the myocardium into the blood curve.

A second functional image was generated for the definition of tissue ro1s. This (washout)
image was produced by adding the last three frames of the dynamic C!°Q, scanning
sequence and subtracting the MBv image described above (Araujo et al 1991). Although a
flow component will be present, the washout image will primarily be determined by the
tissue volume of distribution of water. Routinely, a number of circular (10 mm radius) Rols
were defined for the myocardium, taking care that the position of each ror was centred
within the myocardial wall as assessed from the washout image. These RoIs were projected
on 10 the dynamic C'*Q, images to produce tissue time-activity curves. For the subsequent
kinetic analysis average tissue response curves were generated for the anterior, lateral and
inferior segments of the left ventricle and for the septum based on the position of the
original RoIs. :

In two studies (one dog, one human) additional tissue time activity curves were
generated in a similar fashion, but with varying size and positioning of the original Rols.
The purpose of this analysis was to test the stability of the various models with respect to
size and positioning of the roIs, thereby providing an indirect assessment of reproducibility.
The radius of centred circular ro1s was varied from 4 to 20 mm. In addition, a number of
circular (4 to 10 mm radius) rOIs were defined such that their centres were located either
on the inner or the outer edge of the myocardium, Finally, parallel elliptical rois (short
axis = 4 mm perpendicular to the myocardium; long axis = 20 mm) were defined on one
dog study, with the innermost RoI positioned entirely within the left ventricular chamber
and the outermost ROI in the lung,

Selected studies were refitted with ¥V, fixed to the MBV value obtained from the C!°0
analysis.

In the dog studies MBF was also calculated from the microsphere data using the standard
reference technique (Heymann er a7 1977). In the comparison of MBF obtained from PET and
microsphere data a correction was made for the density of myocardial tissue (1.04 g mi~1)
since they are expressed per ml and per g of tissue respectively.

In the regression analysis no weighting was applied to account for possible uneven noise
levels of different frames. It should be noted, however, that proper weighting factors are
not simply refated to the recorded counts within an roL, but primarily to the activity within
the total field of view of the scanner. Selected studies were therefore also fitted using
weighting factors which were based on the total count rate of the scanner, These fits
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provided MBF resuits which were not significantly different from those of the unweighted
fits. Although this finding indicates that the results are not very sensitive to changes in
weighting, further studies will be required to determine the optimal weighting factors.

4. Results
4.1, Animal studies

In figures 3 and 4 MBF data are related to microsphere flow for all eight models, respectively
using the left atrium and the left ventricle as an input function. Results of the linear
regression analyses are given in table 2. For both input functions a good correlation can
be observed for all convolution models (1 to 4), with a poorer correlation for the linearised
models (5 to 8). Average values for Vy, o, V, and ¥, are shown in table 3.

The effects of size and position of the original Rols (schematically illustrated in figure
5) on the fitted parameters are shown in figure 6 (only data for models 1 to 4 illustrated)
for the anterior wall. Similar results were obtained for the lateral and the postero-inferior
walls. In terms of stability of MBF, of all eight models, best results were obtained for models
3 and 4 (i.e. the convolution models which include a component for the fraction of water
exchanging tissue), the main effects of increasing Rror size being a decrease in o and an
increase in V, or V.

In figure 7 (data for models 1 to 4 only illusirated) the effect of roI position using large
elliptical Rols, as schematically illustrated in figure 8, is demonstrated, with modeis 1, 3 and
4 giving the most stable results. It is clear, however, that a shift towards the ventricle is
associared with less change in MBF than a shift towards the lung.

Table 2. Linear regression of MBF with microsphere flow.

Model* Slope** Intercept™* Cotrelation
(mlml™! min~!) coefficient

la 0.95x0.06 0.28+0.20 091
2a 1.00£0.06 0.0210.21 0.91
3a 0.96+0.06 0.36+0.20 091
4a 0.96+0.06 0.36+0.20 0.91
5a 0.49+0.08 0.7210.25 0.68
fia 0.36£0.07 0.65+0.23 0.56
7a 0.50+0.07 0.80+0.23 0.71
8a 0.50£0.07 0.80+0.22 0.71
lv 1.04+0.07 -0.08+0.23 0.92
2v 1.06+0.07 ~0.31+£0.22 0.93
3v 1.04£0.06 -0.0310.22 0.93
4v 1.04+0.06 -0.0310.22 0.93
5v 0.6810.09 0.35+0.30 0.76
6v 0.57+0.09 0.30+£0.30 0.69
Tv 0.68+0.08 0.41£0.28 0.78
8y 0.68+0.08 0.41+0.29 0.78

* a indicates left atrial (N = 52), v left ventricular (N = 44) input.
** Values + standard errors are given.



Comparisen of MBF models 9

Maodel ne (1) (5)
8 Y T T 8 T T T
° °
61 g 1 ;1 d ° E
9 ° o
* o® °
4r ° - 41 4
e
2r 8 2} .
N " " o L ! N
00 2 4 6 8 0 2 4 6 8
@) (6)
8 v — 8 r - v
o
L 4 N ] i
3] ° > 6 o
og 0 ® °
ar o ° N 4r ° -
— [N ] o o
- o
1 ot - 2 Q °° -
c o
E L ] L] %
- o
L 0 . L . 0 L A -
E 0 2 4 [ g 0 2 4 6 8
E
w
i3]
=
E 1
2 8 8 T . .
s
j=
g 6r ) 6 LI Y ;
-3 °
= 4r 1 ar o ° E
o
0o q,
2r E 2F ? J
L]
0 . L L 0 N A L
0 2 4 6 8 0 2 4 6 8
(4} (8)
8 T v v 8 T T T
o
o
B g ° o " o o @ 1
O ° . ° .
ar s b 4F o -
o ° 00{
ar 4 of e i
L]
0 L i L 0 1 M 1
0 2 4 & 8 0 2 4 6 8

Microspheres (ml ml~! min~"

Figure 3. Comparison of MBF obtained from the eight different models listed in table 1, using the left atrium
for the definition of the input function, with microsphere flow. The lines correspond to the best fits of the linear
regression anzlyses.



10 Adriaan A Lammertsma et al

Modsl no {1)
8 —— . 8 — 8
[ L1 ]
6F s v o0 ) & : @ 1
o o
[
al o °? i PR E
o @
21 - 2 4
0 3 s A 0
1] 2 4 6 8 0 8
(2) 5
B ¥ ¥ T 8 v (.) v
o
w
6[' o [] T 6 ¥ N
o
- » 003 LI
= 47 e ] ar T
E oa o 2%
1 L u - L 4
£ 2 2 o "
— [
£
zo0 - N L o L i
m 0 2 4 6 8 0 2 4 6 8
=
£
o
u
S 7
© B . r
]
£ 9
o 4 = 4
=
4 a4l i
4 2l ]
8 00 8
A
4 6 .
i 4t i
- 2— -4
0
8 4] 2 4 6 8

Microspheres (ml ml~! min~")

Figure 4. Comparison of MBF obtained from the eight different models listed in table 1, using the left ventricle
for the definition of the input function, with microsphere flow. The lines correspond to the best fits of the linear
regression analyses.



10 mm P

4 tissue ROIs
{4-10 mm radius)
shifted towards
LV chamber

Comparison of MBF models

4 mm

10 mm

9 tissue ROIs (4-20 mm
radius) centred in middle
of myocardial wall

4 mm

el

fung

4 mm

4 tissue ROIs
(4-10 mm radius)
shifted towards

1 2
(4 6

4 678 910 1112 13 14

10)( 4681012 14 16 18 20 ){ 4

16 17 18 19 ROl number
6 8 10) ROI radius (mm)

11
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4.2. Human studies

A similar analysis to that shown in figure 6 for dogs is given in figures 9 and 10, for base-line
and dipyridamole lateral wall data respectively. Again, from the eight models tested,
convolution modeis 3 and 4, which include a parameter for the fraction of water exchanging
tissue, provide the most stable results, The main difference between these two models are

Table 3. Mean values (£sD) of V), o, V, and V, in dog studies.
Model* v, o v, v,

(miml™)  (mlml™)  (miml™Yy  (mlml™h

la 0.90+0.08 0.10£0.12

2a 0.81£0.14 0.100.12

3a 0.94£0.09 0.10%0.12

4a 0.85%0.15 0.10£0.12

5a 0.50£0.09 0.2110.13

6a 0.71£0.14 0.21£0.13

7a 0.94£0.09 0.2120.13

8a 0.74£0.15 0.21£0.13

v 0.62+0.11 0.1240.12

2v 0.82£0.15 0.1240.12

3Iv 0.96+0.11  0.120,12

4v 0.850.16 0.12£0.12

5v 0.9220.11 0.19£0.12

6v 0.7510.15 0.1910.12

v 0.96+0.11 0.1920.12

8v 0.78+0.15 0.1920.12

* a indicates left atrial (N = 52), v left ventricular (N = 44) input.
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the more realistic values for the fraction of water exchanging tissue obtained with model
4 (i.e. the model which treats the blood contribution as being due to”spill-over from the
cardiac chambers), especially for ROIs which are centred on the inner edge of the
myocardium.

Mean values of MBF, o and V,,, as obtained with model 4, for six normal subjects are
given in table 4 for both left atrial and left ventricular input functions. As for dogs (table
3) there was no significant difference in o and ¥y, estimates obtained from atrial and
ventricular input functions. Left atrial input functions provide a somewhat lower
intersubject variability than left ventricular input functions. As an index of regional
variability for each of the six subjects the coefficient of variation (cov) of M8F over the four
regions was calculated. Mean values of this analysis are given in table 5. It can be seen that
the variability is less for atrial than for ventricular input functions, especially in the
dipyridamole studies. A paired t-test applied to the base-line data showed not a significant
difference (P = 0.267). For the dipyridamole studies, however, the significance level was
P = 0.037.

In figure 11 a fit, according to model 4, for MBF, & and V;, is compared to a similar fit
for MBF and «, but with V,, fixed to the MBv value obtained from the C'0 scan. The
quality of the latter fit is clearly inferior. This was also reflected in the MBF values with
the three parameter fit resulting in an MBF value similar to microsphere flow, but with the
two parameter fit producing an MBF value which was a factor of two lower. In addition,
standard errors of MBF and « were higher if MBv was subtracted prior to fitting.
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Figure 6. Effects of size and position of the original 2ols on the fitted paramerers of medels | to 4 in one of
the dog studies. The numbering of the rots is as shown in figure 5. (0) represents MEF, (*) represents ¥y or o
and (x) represents ¥, or V,.
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Table 4. Mean values (15p) for model 4 in six normal subjects.

ROI MBF o Vio
(mlml™ (mlml™y  (mlml™Yy

Left atrium, base-line

Anrterior 0.92+0.13  0.58+0.06 0.20%0.03
Inferior 0.94+0.11 0.55+0.05 0.25£0.03
Lateral 1.00£0.17 0.58+0.08 0.22£0.03
Septum 0.83+0.16 0.74£0.11 0.251£0.06
Left ventricle, base-line
Anterior 0.9610.14 0.5620.05 0.2210.03
Inferior 1.00£0.19 0.531£0.06 0.2810.04
Lateral 1.04+0.23 0562006 0.251£0.03
Septum 0.86+0.18 0.72£0.10 0.28+0.07
Left atrium, dipyridamole
Anterior 4.2310.60 0.69x0.15 0.13x0.10
Inferior 4244079 0671008 0.1410.04
Lateral 4.60+1.20 0.6610.12 0.14+0.05
Septum 4.224092 0.85%0.17 0.16+0.12
Left ventricle, dipyridamole
Anterior 473£098 0.63x0.10 0181005
Inferior 4.58+1.51 0.58%0.10 0.24+0.13
Lateral 5.16+1.89 0.59+0.10 0.21+0.09
Septum 4,51+x1.50 0.75%£0.03 0.26+0.04

Table 5. Mean intrasubject regional cov for model 4.

Left atrium, base-line 15.2%
Left ventricle, base-line 16.2%
Left atrium, dipyridamole 10.1%
Left ventricle, dipyridamole 16.4%

5. Discussion

150 labelled H,O has the advantage over other currently available tracers of regional MBF
(e.g. ’NH; and #2Rb) in that its uptake in myocardial tissue is independent of metabolism.
Therefore, in theory, it is the most reliable tracer in metabolically impaired myocardium.
In addition, the short half-life of 30 makes it an attractive tracer if more than one study
within a single scanning session are required such as measurements of MBF before and after
administration of dipyridamole,

An important disadvantage of H,">O is its high arterial concentration. In the present
study eight different tracer models were compared, with each model incorporating an
intrinsic correction for the contribution of arterial activity to the ‘measured’ myocardial
concentration. It should be realised, however, that there are some implicit assumptions
common to all models.

Firstly, it is assumed that both MBF and the volume of distribution of 15Q-labelled water
are constant during the study period. This is a standard requirement for all practical PET
techniques. It is a reasonable assumption for base-line studies, but some inaccuracies might
occut in challenge studies such as following dipyridamole injection. This illustrates the
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advantage of minimising the scanning period as much as possible. It should be noted that
in the present study only one scanning protocol was assessed. Although it is likely that the
comparative results also hold for other protocols, further studies will be required to optimise
the scanning protocol.

A second assumption common to all models is that the extraction fraction of water is
unity. Although it has been shown that there are some diffusion limitations for water in
the brain (Eichling et af 1974, Paulson et ol 1977, Go et al 1981, Lammertsma e af 1981,
Herscovitch er al 1987), this effect should be negligible in the myocardium due to the much
larger permeability surface area product of myocardial tissue. For the myocardium the
permeability P has been estimated to be 6 x 107* cms™! (Rose er a/ 1977), whilst the
estimated values of the surface area § for the myocardium range from 730 to
1260 cm? ml~! {(Altman and Dittmer 1971). Therefore the PS product will range from
3091 to 5336 ml dl~! min~'. Using these products, it can be calculated that even for a
flaw as high as 8 ml ml~! min~!, the extraction fraction for water will be at least 98%.

In compartmental analysis of RoI data it is usually assumed that for freely diffusible
tracers such as water, venous and tissue activity can be treated as a single compartment.
This is a valid assumption if the volume of distribution of the rracer in tissue is unity, From
tn virro water content data for blood and myocardial tissue (Altman and Dittmer 1971,
ICRP 1974) a partition coefficient of water of 0.96 ml ml~! can be calculated for the
myocardium, The resulting error in flow for such a value is negligible (Koeppe ¢z af 1987).

However, this assumption could potentially be compromised in the V; models {(models 1,
2, 5 and 6).
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Figure 11. Measured time activity curve {0} for an rol positioned over the septum of a normal subject. The solid
line represents the best fit for MBF, @ and V,, according o mode] 4. The dashed line represents a similar fit with
V,, fixed to the value obtained from the measurement of MBV.

5.1. Comparison of models

In degs, good correlation between MEBF and microsphere flow was obtained for all
convolution models (models 1 to 4; figures 3 and 4, table 2). The performance of the
linearised models {models 5 to 8) was significantly worse (see, for example, slope and
correlation coefficient in table 2), especially for increased flow rates. Although the latter
models are approximations (Blomgqvist 1984), they would have been interesting from a
computational peint of view. In addition, they would have allowed direct firting of
sinograms. However, it is clear that the results obtained with these linearised models in the
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present study are not satisfactory, The poorer performance of these linearised models is
mainly due to a higher degree of scatter at high flow rates, where arterial and tissue curves
become more similar and the regression analysis becomes more sensitive to small errors. For
the linearised models, at any time point, both arterial and tissue concentrations and their
integrals are required. The limited time resolution of practical PET scans requires that values
for either the instantaneous or the integral concentrations need to be interpolated.
Apparently, in the present study, this interpolation resulted in errors which were amplified
at high flow rates. For successful application of the linearised models, further studies will
be required to optimise the interpolation procedure.

In order to aveid interobserver variability, for clinical applications MeF results should
not be too sensitive to the actual positioning of the rRots. From the analysis illustrated in
figures 6, 7, 8 and 10 it followed that best stability was obtained for models 3 and 4,
incorporating the fraction of water exchanging tissue. It is of interest to note that a shift
towards the chamber had less severe implications than a shift towards the lung. This is
probably due to the fact that none of the models incorporated a contribution from lung
radioactivity which is at a different concentration.

Although models 3 and 4 provided similar MBF results, in human studies model 4 seemed
to be more realistic. The low fractions of water exchanging tissue, in agreement with
previously published data (lida et a/ 1988), implied that a major part of the blood
contribution should be due to spill-over activity. This is especially the case for rols shifted
towards the left ventricle (Ro1s 1 to 4 in figures 6, 8 and 10).

It is of interest to note that for human studies « is lower and V, is higher than for the
dog studies. This is consistent with the fact that the myocardial wall in greyhounds is
substantially thicker than that in man (Araujo et a/ 1991). '

It should be realised that the fraction of water exchanging tissue obtained with model
4 not only serves as a correction factor, but also has potential as a physiological parameter
of interest in its own right. For example, in infarction, a reduction in o might be expected.
However, the remaining (water exchanging) tissue could have normal MBF, In contrast, in
pure ischaemia, a reduced MBF with normal « would be expected. However, further studies
will be required to assess theses hypotheses. It should be noted that the values of « in the
septum tend to be higher than those for the other myocardial regions. This is most likely
due to spill-over activity from the right ventricle, which is at venous concentration. This
spill-over signal will, therefore, be more similar to the tissue than to the arterial signal,
resulting in an apparent increase in the fraction of water exchanging tissue,

Left «atrial and left ventricular input functions provided similar MBF values in both dog
and human studies. However, due to the lower intrasubject variation in human studies, at
present preference should be given to the left atrium as a site for defining the arterial input
function. The left ventricle is probably more affected by spill-over of myocardial activity,
especially in dipyridamole studies. Although, in theory, a correction can be made for the
latter spill-over effect (Iida er @/ 1990), preliminary studies (data not shown) have not shown
a significant improvement. A potentially more accurate technique would be external
detection of continuously withdrawn arterial blood (Iida ez a/ 1988), as routinely employed
in cerebral blood flow studies (Lammertsma e al 1990). However, definition of the arterial
input function from the left atrium (or ventricle) has the important advantage that
cannulation of the radial artery can be avoided. In addition, external detection would
require corrections to be made for delay and dispersion of the measured input function
{Lammertsma et a/ 1990). The present study provides further evidence that the input
function can be defined from the scans themselves, as previously demonstrared by Weinberg
et al (1988). In this respect an independent C!30 scan is useful in ensuring sufficient
recovery of arterial ROIs.
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The main disadvantage of model 4 is that it has to be assumed that p (i.e. the water
content ratio) of myocardial tissue is constant. Further studies will be required to assess if
this assumption holds in various pathological conditions, especially where this would result
in heterogeneous tissue composition within roils. In this respect it should be noted that in
brain studies it has been demonstrated that flow and distribution volume of water have
different sensitivities to tissue heterogeneity (Lammertsma er ¢/ 1990). However, at least in
predominantly normal tissue, this potential drawback is compensated by the major
advantage that the obtained MBF value is independent of limitations of spatial resolution.

Theoretically, the statistical precision of MBF could be improved by limiting the number
of parameters to be fitted. One option is subtracting blood volume (using the C!50 scan)
prior to fitting or alternatively to fix the blood volume component to this measured value.
However, this would treat the venous blood volume as being at arterial concentration.
Comparison of three and two parameter fits in selected cases demonstrated poorer fits for
the two parameter approach as shown in figure 11. In addition, especially in the septum,
MBF was grossly underestimated with the two parameter fit. It is of interest to note that in
the latter case even the standard error of MBF deteriorates due to the poorer fit.

6. Conclusions

The present study has demonstrated the accuracy of myocardial blood flow measurements
using inhalation of C130; and positron emission tomography.

Several variations of the same tracer kinetic model provide similar results in animal
studies. However, in humans, preference should be given to a model incorporating MgF, a
fraction of water exchanging tissue and a spill-over blood volume component. This model
assumes that the water content of myocardial tissue is constant. Further studies are required
to validate this assumption. Linearisation of the operational equation of this model does not
provide satisfactory results.

Use of an arterial input function obtained from Rrol analysis of the left atrium provides
slightly better inter- and intrasubject regional variation than that obtained from the left
ventricle. However, care should be taken in ensuring sufficient count recovery within the
ROIs used.

Fitting of an arterial blood volume component from the data is superior over an
independent measurement of (total) blood volume.

Further studies will be required to determine the best route of administration of the
tracer, i.e. infusion of C15Q, as against infusion of H,!50, and to establish the optimal
input function (e.g. infusion versus bolus).
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