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Technetium-99m-galactosyl-neoglycoalbumin (*®*"Tc-NGA) is
a synthetic ligand to the hepatocyte receptor, hepatic binding
protein (HBP). A five-state mathematical model containing a
bimolecular chemical reaction was utilized for quantitative
estimation of the following physiologic and biochemical pa-
rameters: extrahepatic plasma volume V., hepatic plasma
flow F and volume V,; receptor-ligand forward-binding rate
constant k, and reaction volume V,; and receptor concentra-
tion [R].. Nine normal subjects were studied. Given (a) liver
and heart time-activity data, (b) the patient's weight, height,
and hematocrit, (c) the fraction of injected dose in a 3-min
blood sample, and (d) the amount and galactose density of
the NGA dose, a computer program executed a curve-fit to
the kinetic model. Systematic error, as measured by reduced
chi-square, ranged from 1.43 to 2.56. Based on the nine
imaging studies, the mean and relative error of each param-
eter were: [R],, 0.813 + (0.11) uM; ky, 2.25 + (0.15) uM™’
min~'; F, 0.896 + (0.20) liter/min; V,, 1.67 + (0.27) liter; and
Vi, 0.228 + (0.22) liter. Two unique features of *"Tc-NGA
radiopharmacokinetic systems permit the simultaneous esti-
mates of receptor quantity, ligand affinity, and hepatic plasma
flow. The first is the ability to administer a quantity of ligand
capable of occupying a significant fraction of receptor; and
the second is a simple model structure that conserves mass.
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Reoeptor-binding radiopharmaceuticals provide an op-
portunity to carry out analytic measurements of a specific
biochemical interaction within its native physiologic en-
vironment (/,2). The fundamental components that gov-
ern the rate of a receptor-binding process are the receptor
and ligand concentration, and the forward and reverse
binding rate constants. Various models have been tested
for a variety of receptor-binding radiotracers: '*F-spiroper-
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idol (3-5), !'C-N-methyl-spiperone (6-8), ''C-quinuclidi-
nyl benzilate methiodide (9), ''C-raclopride (10), and ''C-
carfentanil (/7). Each of these methods, however, suffer
from a common deficiency: they cannot simultaneously
measure an index of receptor affinity, such as the forward-
binding rate constant ks, and the concentration of receptor,
[R],. This limitation results from an inability to safely
inject an amount of ligand capable of occupying a signifi-
cant fraction of free receptor.

We present here the kinetic analysis of a receptor-
binding radiopharmaceutical, technetium-99m-galactosyl-
neoglycoalbumin (**Tc-NGA), that permits high preci-
sion measurements of both k, and [R],. This was achieved
via optimization of the radiopharmacokinetic system (12)
by using a ®"Tc-NGA preparation of moderate affinity
and injections of a high molar dose. We illustrate the
analysis of ™Tc-NGA time-activity data using subjects
with normal hepatic function.

MATERIALS AND METHODS

Human Subjects

Four female and five male subjects were studied. Their ages
ranged from 26 to 42 yr and their weight ranged from 48 to 87
kg. Table 1 lists the age, sex, height, weight, hematocrit, expected
plasma volume (/3) and hepatic plasma flow (/4), and the *™Tc-
NGA dose of each study. Liver function tests, urine analysis, and
cellular blood counts were performed within 24 hr prior to the
9mTc-NGA study and between 24 and 48 hr after the study. Each
imaging study was performed in the morning after a 12-hr fast
by the subject. All subjects had normal test values and had not
received any medication within 2 wk prior to the ®™Tc-NGA
study. The protocol was approved by the University of California,
Davis Human Subjects Review Committee. Informed consent
from each subject was obtained prior to the *"Tc-NGA study.

Radiopharmaceutical Preparation

The NGA, having 24 galactose units per albumin molecule,
was prepared by the covalent coupling of IME-thiogalactose to
normal human serum albumin (/5). The product was sterile and
nonpyrogenic. Labeling of NGA with ®™Tc was achieved by the
electrolytic method (75). The final concentration of the labeled
product was 5.2 X 105 M. Quality control was performed using
high-performance liquid chromatography (TSK-3000SW, Beck-
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TABLE 1
Human Subjects
Expected
Ex- hepatic
pected plasma
Sub- Hema- plasma fiow
ject Age Height Weight tocrit volume  (liter Dose
no. (y) Sex (m) (kg) (%)  (iter)  min~') (mCi)
1 33 Male 1.70 75 42 2.80 1.00 45
2 29 Male 183 73 39 315 102 40
3 41 Male 1.75 70 41 2.86 0.95 49
4 27 Male 1.75 69 39 291 0.97 49
5 26 Male 1.73 66 44 2.57 0.85 6.2
6 30 Female 1.70 51 40 217 0.70 54
7 42 Female 1.50 48 46 1.60 0.60 4.1
8 39 Female 1.58 49 37 2.00 0.71 42
9 32 Female 1.75 87 41 2.92 1.18 49

man Instruments; Palo Alto, CA) (1.0 ml/min, 0.9% saline) with
radioactivity (100-200 keV), and optical absorbance (280 nm)
detectors. Last, a counting standard (0.1 ml polypropylene test
tube), representing a 5000-fold serial dilution of the labeled
product, was prepared and counted.

Data Acquisition

Each patient received an intravenous injection of ™ Tc-NGA
scaled to 1.8 x 10~° mole per kilogram of body weight. Injected
activity ranged from 4.0 to 6.2 mCi. Patients were imaged in the
supine position under a large field of view gamma camera (ARC
3000, ADAC Laboratories, Milpitas, CA) fitted with a low-energy
all-purpose parallel-hole collimator. A symmetric 15% window
was employed. The center of the field of view was positioned
over the xiphoid, which permitted visualization of the entire liver
and heart. Computer (DPS 33000, ADAC Laboratories; Milpitas,
CA) acquisition of gamma camera data was started just prior to
injection of ®™Tc-NGA. Digital images (128 X 128 pixels) were
acquired in byte mode at a rate of four frames per minute. A
timer was started when the bolus of activity entered the left
ventricle of the heart. Three minutes later, approximately 1.0 ml
of blood was drawn and transferred to a preweighed polypropy-
lene test tube. Computer acquisition (256 X 256 X 16) was halted
after 30 min, after which static images (1000K cts), including
anterior, posterior, right lateral, and right anterior oblique views,
were obtained.

The time-activity curves for the blood and liver were generated
with the use of standard nuclear medicine software in the follow-
ing manner. The frame representing an image acquired during
5.0-5.25 min postinjection was recalled for viewing. Regions of
interest (ROIs) were then identified for the whole liver and heart,
leaving sufficient space to differentiate between the two organs.
Counts within each ROI were then calculated for each frame.
The first frame of the dynamic study, and hence zero time, was
identified by searching for the maximum counts within the heart
ROL. Then, data from the liver and heart ROIs were normalized
for counting time, and corrected for radioactive decay and back-
ground.

The fraction of injected NGA per liter of plasma, T, was based
on the subject’s peripheral hematocrit, the weight of the 3-min
blood sample (corrected by the specific gravity of whole blood;
1.05 mg/ml), and the radioactivity assay (100-200 keV) of the
counting standard and blood sample.
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The Kinetic Model

Figure | represents a schematic of the *™Tc-NGA kinetic
model. The model can be divided into three sections: (a) the
initial conditions, (b) the model states, and (c) the ROI time-
activity data.

Initial Conditions. Each term above the top diagonal arrows
represents an equation that equals [L]., [L], and [D] at time t,,
the start of simulation. These terms are referred to as the initial
conditions (Equation A2a-d of the Appendix) and are based on
the fraction of injected dose per liter f at time t, and assume
conservation of NGA between liver and plasma. Initial conditions
at time t, rather than time zero are required because compart-
mental models assume instantaneous mixing within each com-
partment. We therefore sampled the plasma compartment at 3
min postinjection to allow homogenous distribution of *™Tc-
NGA within the plasma.

Model States. The center line represents the exchange of
#mTc-NGA between extrahepatic and hepatic plasma and the
bimolecular reaction of ™Tc-NGA with hepatic binding protein
(HBP) at the hepatocellular membrane (see Equations Ala-d).
Symbols for each state which are described in Table 2 are: [L].,
[L]n, [C], and [D]. The arrows within the center line represent
the physiologic and chemical processes that control “™Tc-NGA
uptake. These include hepatic plasma flow F, extrahepatic plasma
volume V., hepatic plasma volume V), receptor concentration
[R]o, forward-binding rate constant ks, and ligand-receptor reac-
tion volume V,.

ROI Data. Symbols Y, and Y, represent liver and heart ROI
data which are coupled to the model states by detector sensitivity
coefficients o (see Equations A3a-b).

Parameter Estimation

Estimates of parameters [R],, F, kv, V¢, Vi, and o, proceeded
in a two-step process. First, all model parameters were assigned
initial values. Initial values for V. and V, in liters were calculated
from total plasma volume, which was based on sex, total body
weight, height (/3), and peripheral hematocrit (see Appendix,
Equations A4-A6). The calculation of hepatic plasma volume
assumed 13% of the plasma volume in the liver, with 60% of the
hepatic plasma volume within the sinusoids (/4). The initial
value for parameter [R], was determined by the curvature of the
liver time-activity data (Equation A7). The initial value for pa-
rameter F in liters per minute was based on peripheral hematocrit

n, i, (Lo - TLYp)/Vn Initial
\ \ Conditions
LAZ kolR]Y . ki Model
(M=t + (RISl —2~[0] giiC,
\\ y / ROI
Data

FIGURE 1. The kinetic model for ®Tc-NGA receptor binding
uses a bimolecular chemical reaction. The objective of the kinetic
analysis is the simultaneous estimation of parameters [R],, ks, F,
Ve, Vi, and o,. These parameters represent receptor concentra-
tion, **"Tc-NGA-receptor forward binding rate constant, hepatic
plasma flow, extrahepatic plasma volume, hepatic sinusoidal
plasma volume, and a detector sensitivity coefficient.
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TABLE 2
Symbols
Symbols Description Units
[C] ligand-receptor compiex concentration uM
[D] lysosomal metabolite concentration uM
F hepatic plasma flow liter min™’
f fraction of the injected Tc-NGA dose per  liter ~°
liter
Ko forward-binding rate constant uM~! min™
k-,  reverse-binding rate constant min~'
K metabolic rate constant min~'

[L]e NGA concentration in extra-hepatic plasma uM
[L}»  NGA concentration in hepatic plasma uM
L amount of NGA injected pumol
n total number of data points
[R]o receptor concentration preinjection uM
ts time of plasma sample and start of simula- min
tion
Ve extra-hepatic plasma volume liter
Vh hepatic plasma volume liter
V, reaction volume (assumed equal to Vy) liter
Vo total plasma volume (equal to V, + Vi) liter
Y simulated liver ROI count rate cts min™'
Y. simulated heart ROI count rate cts min™’
At frame duration min
g detector sensitivity coefficient cts min~' nM™'

x3  reduced chi-square

and total body weight (Equation A8). The initial value for param-
eter k, in molar per minute was based on the NGA galactose
density, pg, (16) (Equation A9). Based on in vitro measurements
(17) of human tissue, the reverse-binding rate constant, k,, was
set equal to 3.3 X 10~ min~'. Parameter k,, was set to zero. The
initial values for parameters o, through o5 were based (Equations
A10-A14) on the plasma sample, Y, and Y, at time t,, and
derived from Equation A3a and A3b using conservation of mass.

In the second step, solutions for the state equations (Equation
A1) were calculated numerically (see Notes) (/8) (VMS Version
4.7, Digital Equipment Corporation; Maynard, MA) for each
time point starting at t,. The liver ROI was simulated from t; to
the end of data acquisition. The heart ROI was simulated from
t; to 15 min postinjection. Initial conditions for the numerical
solution were supplied by Equations A2a-d. Simulated values for
the heart (Y) and liver (Y,;) time-activity data were generated
by conversion of the model state to observational values via
Equations A3a-b. Maintaining the constraints defined by Equa-
tions A2c, A3b, A12 and A14, parameters [R],, ks, F, Ve, Vi, and
o, were adjusted until a minimum value for the weighted sum of
squares, ssw, (/9) (Equation A1S5) was obtained. Minimization
employed the downhill simplex algorithm (20). Boundary limits
were imposed on the parameters F and V), (2X normal value)
during the curve-fit procedure. Termination was made when the
fractional change in ss,, was less than 1.0 x 1074,

After termination of the curve-fit, systematic error (goodness-
of-fit) was measured by reduced chi-square (2/) (Equation A17).
The variance-covariance matrix was calculated by singular value
decomposition (22) of the system sensitivity matrix (/2). The
square root of each diagonal element of the covariance matrix
was used as the standard error of parameter estimates [R],, kv, F,
Vc, V,., and o).
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Model Predictions

The simulation was used to predict the relative values of each
model state. The fraction of injected dose for NGA within the
hepatic sinusoid fi,; extrahepatic plasma f;_; NGA-HBP complex
f.; metabolic product fp; and free receptor fr, were calculated (see
Appendix).

RESULTS

Parameter Estimation

Table 3 lists the parameter estimates resulting from
curve-fits to time-activity data of each *™Tc-NGA study.
The parameters that were adjusted during the curve-fitting
process, [R],, ks, F, Ve, Vi, and o,, are tabulated as the
estimated mean with relative standard error, se(p)/p. The
fixed parameters, I and L,, were measured and assumed
to be errorless. The parameters that were constrained
during curve-fitting, o, 03, and o4, are reported with
relative standard errors. Systematic error listed in Table 3
as reduced chi-square x? ranged from 1.43 to 2.56. Low
values indicate low systematic error of the curve-fit. The
study with the best fit to the liver observer was Subject 1.
The worst fit was Subject S. Curve fits to the liver observer
employed approximately 105 points, whereas fits to the
heart data used approximately 45 points. Table 4 contains
the mean, X, standard deviation, s.d., relative uncertainty,
s.d./X, and range of each model parameter.

The curve-fit to Subject 1 is illustrated in Figure 2.
Triangles and diamonds represent decay-corrected count
rates for the liver and heart ROIs. The smooth lines
represent the Y, and Y, simulations of the ®™"Tc-NGA
kinetic model. The curve-fit produced a receptor concen-
tration [R], of 0.914 + (0.093) uM, ks of 2.23 + (0.28)
uM" min~', and a hepatic plasma flow, F, of 0.685 +
(0.46) liter min™".

Model Predictions

The percent injected dose (%ID) (Fig. 3) calculated by
the kinetic simulation predicted that 97% of the injected
NGA existed as NGA-receptor complex C at 30 min. A
plot of the percentage of free receptor (Fig. 4) versus time
predicted that 50% of the total receptor existed as HBP-
NGA complex at 30 min postinjection.

DISCUSSION

Radiopharmacokinetic modeling of *™Tc-NGA is the
first in vivo radioassay to provide simultaneous estimates
of receptor quantity and affinity with a single injection.
Our design of *™Tc-NGA as an in vivo radioassay started
with pre-experimental simulations (/2), which predicted
the requirement of high **Tc-NGA affinity and molar
dose for maximum precision of [R], and ks, Based on
conservation of mass, the imposition of Equations A2c
and All were employed to minimize the number of
unknown parameters. The result is a quantitative tech-
nique that measures tissue function based on information
contained within the shape of the time-activity curves.
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TABLE 3
Parameter Estimation
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Constrained*

o2 and o3

Adjusted

X

o4 and Os
(cts min™" nM-")

0.070 £ (0.010)

Lo

(umole) (cts min~' nM™?)

[}
(iter ')

(4]
(cts min™' nM™")

Vn
(liter)
0.274 + (0.003)

0.294 + (0.003)
0.287 + (0.005)
0.229 + (0.004)
0.250 + (0.005)
0.187 + (0.002)
0.165 + (0.009)

0.161 + (0.002)
0.211 + (0.004)

Ve
(liter)
1.99 + (0.010)

2.36 + (0.008)

0.813+(0.77) 2.10 +(0.018)

(liter min™")

0.685 + (0.46)

0.936 + (0.43)

ko

(M~ min™")

[Rlo
(M)
0.914 + (0.093)

0.893 + (0.075)
0.863 + (0.149)

Subject
no.

143
1.63
2.13
1.7
2.56
1.56
1.52
1.50
1.54

0.097 + (0.008)
0.084 + (0.007)
0.072  (0.007)
0.033 + (0.009)

0.063 + (0.011)
0.098 + (0.016)

0.568 + (0.047) 0.058 + (0.029)

0.457 +(0.027) 0.121 +(0.012)
0.531 + (0.012)
0.321 + (0.017)

0.517 + (0.015)
0.693 + (0.019)

0.627 + (0.012)

0.696 + (0.030)

0.958 + (0.013)

0.136
0.133
0.136
0.126
0.120
0.093
0.088

0.089
0.159

0.184
0.172
0.147
0.226
0.220
0.296
0.303
0.348
0.300

1.58 + (0.010)
2.34 + (0.008)
2,59 + (0.012)
1.97 + (0.011)
2.10 + (0.016)
1.91 + (0.007)
1.08 + (0.003)

1.84 + (0.007)
0.91 + (0.009)

1.77 + (0.013)
1.78 + (0.021)
1.30 + (0.009)
1.03 + (0.033)
1.23 + (0.008)
1.46 £ (0.012)

1.224 + (0.79)
0.671 + (0.82)
0.916 + (0.48)
0.822 + (1.55)
0.906 + (0.51)
1.087 + (0.56)

2.23 + (0.28)
212 + (0.21)
1.70 + (0.35)

2.40 £ (0.16)
2.12 + (0.51)

2.09 +(0.12)
2.19 £ (0.35)

2.43 £ (0.11)

0.734 £ (0.017) 2.95 +(0.10)

* estimate =+ (se(p)/p)

0.700 + (0.043)
0.945 + (0.195)
0.794 + (0.043)
0.752 + (0.008)
0.722 + (0.003)

TABLE 4

Statistical Summary
Parameters
(Rl ko F Voo o Vp
®M) (M minT) (iter min~")  (liter) (liter) (liter)
x* 0.813 2.24 0.896 167 0.228 1.89
sd(x)' 0.092 0.33 0.178 044 0.051 0.49
sd(x)/x 0.11 0.15 0.20 027 022 0.26
min 0.700 1.70 0.671 1.03 0.161 1.20
max  0.945 2.95 1.224 236 0.294 2.65
*n=9
! standard deviation

Calibration of the time-activity data is achieved from a
single plasma sample and does not require specialized
tomographic gantries.

Radiopharmaceutical Preparation and Data
Acquisition

Most receptor-binding radiopharmaceuticals are posi-
tron emitters and require specialized instrumentation such
as a cyclotron and positron emission tomograph. Tech-
netium-99m is a generator-produced radionuclide and its
labeling to NGA can be achieved by direct labeling (23)
or chelation (24) via stannous reduction. Data acquisition
only requires standard nuclear medicine instrumentation
and computer software and is completed within 45 min.
Operationally, the kinetic analysis program starts by asking
for five pieces of information: (a) the name of the file
containing the time-activity data; (b) the patient’s weight,
height, and hematocrit; (c) the volume of **"Tc-NGA
injected; (d) the time of the plasma sample (typically 3

—_ fih .
S 300 Curve—fit: Subject #1

g x3= 1.43 Liver
g 200 |

Q
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& 100¢f
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FIGURE 2. A curve-fit to Subject 1. Triangles and diamonds
represent decay-corrected count rates for the liver and heart
ROIs. The smooth lines represent Y, and Y., the kinetic simula-
tions. The reduced chi-square x? was 1.43. The fit produced a
receptor concentration of 0.914 + (0.093) uM and a forward
binding rate constant of 2.23 + (0.28) M~ min~'. The insert
shows the liver simulation and ROI data between 10 and 20 min

postinjection.
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FIGURE 3. The %ID calculated by the kinetic simulation pre-
dicted that 97% of the injected NGA existed as NGA-receptor
complex [C]. The sum of [L], and [C] equals the percentage of
NGA within the liver.

min); and (e) the fraction of ™ Tc-NGA per liter of plasma
in the counted sample. After this data has been entered,
parameter estimation is completely automatic, including
the generation of all statistical and graphic output. More-
over, the program executes on hardware common to many
nuclear medicine computers.

The Kinetic Model

The most significant feature of a receptor-binding radio-
pharmaceutical as an analytic tool is the precision with
which a mathematical model may be constructed. By
incorporation of a bimolecular reaction that realistically
describes the chemical kinetics of ligand binding to a
receptor, the ®™Tc-NGA model (12), as well as other brain
(3,5,7,11) and myocardial (9) receptor models, are able to
assign specific biochemical parameters to the process of
tissue localization.

100 Sub_)ectjgl'

X
w 75 1
o
-
8‘ \
3 50t J
]
[
® 25
St
(3

0 N "

0 10 20 30
Time (min)

FIGURE 4. A plot of the free-receptor fraction versus time
predicted that 50% of the total receptor existed as HBP-NGA
complex at 30 min postinjection.
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Five features provide *"Tc-NGA with significant ad-
vantages as a radiopharmaceutical for kinetic modeling of
in vivo receptor biochemistry:

1. There is no barrier between hepatic plasma and
receptor-bearing hepatocyte plasma membrane. This
fact simplifies the kinetic model by permitting the
removal of a hepatic intervascular compartment and
its associated permeability-surface area constants.

2. We are able to safely inject an amount of NGA that
will occupy a significant fraction of the receptor. This
permits the ®™Tc-NGA-receptor system to exhibit
second-order kinetics (25) and, as a result, permits
simultaneous estimation of [R], and ks, (12).

3. Unlike the brain, the liver can be biopsied without
harm to the subject. Consequently, the kinetic model
can be validated by independent in vitro assays of
tissue retrieved immediately after the imaging study.

4. Technetium-99m-NGA binding is highly irreversible
(16). Consequently, ®™Tc-NGA time-activity data
are quite insensitive to the reverse-binding rate con-
stant k-, (26). As a result, we can neglect possible
changes in k..

5. Technetium-99m-NGA exhibits high cellular speci-
ficity. Galactosyl-neoglycoalbumin binds to the HBP
protein receptor only, and this receptor is found only
at the cell surface of hepatocytes. The result is two-
fold; extremely high localization by the liver (16,26),
and the ability to impose conservation of mass within
the kinetic model. The conservation of NGA between
plasma and receptor-ligand complex permitted the
constraints imposed by Equations A2.

In general, absolute quantification of imaging requires
either an external standard to which the detection device
is calibrated, or an internal standard. Receptor-binding
radiopharmaceuticals, such as *™Tc-NGA, provide an
internal mechanism, the bimolecular reaction, with which
to standardize the measurement system. Three elements:
(a) conservation of mass, (b) second-order operation of the
system, and (c) knowledge of the injected amount, permit
the absolute quantification of the hepatic receptor. Con-
sequently, the amount (moles) of NGA injected is the
standard to which the entire radiopharmacokinetic system
is calibrated.

This model of NGA kinetics was designed for simplicity
and compatibility with standard instrumentation. How-
ever, planar camera data without attenuation and scatter
correction restricts the model to nonregional measure-
ments. Therefore, the model parameters F and V), must
be interpreted as total values for the liver, and parameters
ks, and [R], as the average forward-binding rate constant
and concentration of all receptors within the entire organ.
Attempts to model flow and receptor heterogeneities will
require a distributed/regional model structure (27) and a
positron-emitting derivative of NGA, such as **Ga-defer-
oxamine-galactosyl-neoglycoalbumin.

1173



Parameter Estimation

The primary goal of our kinetic modeling of ™ Tc-NGA
is the simultaneous measurement of receptor concentra-
tion and affinity, [R], and k. Criteria for success is based
on the magnitude of the relative errors associated with
each parameter estimate. As a guide, parameter error
should be small relative to the dispersion of the true
parameter values within the patient or subject population.
Based on this criterion, the precision of [R], and k; esti-
mates are adequate. The relative standard error of the
[R], estimates (Table 3) ranged from 0.008 to 0.195 (me-
dian = 0.043) and was smaller than the relative standard
deviation, sd([R].)/[R]., of the nine subjects, 0.11 (Table
4). Similarly, the relative standard error of the k,, estimates
ranged from 0.10 to 0.51 (median = 0.21) and was slightly
larger than the relative standard deviation for k, of the
nine healthy subjects, 0.15.

A second issue is plausibility of the parameter estimates.
Estimates of total plasma volume (V. + V}) and hepatic
plasma flow, F, for each subject were similar to values
predicted by standard formulas (/3,/4) (compare Tables
1 and 3).

Model Predictions

Simulations of the %ID within each compartment and
percentage of free receptor are another means by which
the curve-fitting procedure can be reviewed. One would
look for unexpected predictions by the model, such as low
%ID in ligand-receptor complex form at 20-30 min post-
injection. If this prediction is made for a study that resulted
in static images with normal ®™Tc-NGA distribution (no
heart activity), the parameters selected by the curve-fitting
algorithm should be suspect and the curve-fitting proce-
dure restarted. The plot of free receptor versus time is
most useful in checking the parameter errors. Low relative
errors (<10%) for parameters [R], and k, should correlate
with large changes in the fraction of free receptor, R, during
the 30-min study.

The free receptor plot for study 1 (Fig. 4) illustrates a
feature of ™ Tc-NGA that makes this radiopharmaceutical
an exception to the current receptor-binding agents and,
therefore, permits simultaneous estimation of parameters
[R], and k, by the kinetic model. This feature is the ability
to alter a significant amount of free receptor, [R}, during
the kinetic study. If [R] does not change during the image

study, the term %{ [R]}o = [C]}, which equals %[R], within

Equations A1b and Alc becomes a constant. The result
is an inability to numerically distinguish ks, and {[R], —
[C]}. Using the kinetic model under this condition pro-
duces estimates of [R], and k, with high standard errors
(low precision). Therefore, low-specific activity injections
of ®™Tc-NGA permit a second-order response by the
kinetic system and therefore make it sensitive to both
receptor concentration [R], and affinity k.

Operation of the radiopharmacokinetic system as a sec-
ond-order process, however, requires careful balance be-
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tween the requirements of high k;, and [R], precision and
high target-to-background. This is illustrated in Figure 3,
which displays %ID simulations for the curve-fit to study
1. Simulation of the NGA-HBP complex C predicted a
maximum uptake at 30 min of 97% of the *™Tc-NGA
dose. This study produced [R], and k, estimates of mod-
erate precision; the relative errors equaled 9.3% and 28%,
respectively. If greater precision for [R], and k, is desired,
a larger molar dose of *"Tc-NGA could be used. This
however, would saturate the free receptor [R] during the
study and result in lower hepatic uptake with less favorable

imaging.

Significance

Estimates of kinetic parameters that represent receptor
concentration and forward-binding rate constants can be
obtained via mathematical modeling of *™Tc-NGA hep-
atocellular uptake. The next step in the modeling process
is to compare parameters [R], and k, to independent
measurements. If the model parameters correlate with or
equal the measured values, the kinetic model can be
employed as an analytic tool for investigation of in vivo
receptor biochemistry. In vivo measurements or receptor
biochemistry will be clinically efficacious only if receptor
concentration of forward-binding rate constants are altered
by disease. Therefore, the simultaneous estimation of
[R]o and k, represents the first of many stages toward
clinical validation of a receptor-based radiopharmacoki-
netic model.

APPENDIX

This Appendix is divided into four parts. First, we present the
state equations, initial conditions, and observation equations of
the kinetic model. Second, we identify the equations by which
the initial values of each model parameter are calculated. Third,
we present the objective function with which we conducted the
least squares fit of the model simulations of the detector data.
Last, we present the calculation of the standardized residuals and
the model predictions.

The Kinetic Model
The kinetic model (Fig. 1) exists as three sets of equations.
The first set consists of the state equations.

d[L]. _ E _ E
“dat ve[L]h Ve[L]e Eq. Ala
dL}. F_ . F__
@ vh[L]e V,.[L]" Ko[Ln]
(Rl = [C]} + kofC] B4 AP
9] WLMIR, ~ [C)) - kelC] ~ kolC]  Ea.Ale
db] _
a km[C]. Eq.Ald
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A second set, the initial conditions, provide a value for each
state at time t,, the start of simulation.

L) =, Eq. A2a
[L}) = L, Eq. A2b
[Clt) = (L, - LV /v, Eq. A2
[DXt) = 0. Eq. A2d

Equation A2c assumes conservation of mass and that the ligand-
receptor reaction volume, V,, is equivalent to the hepatic plasma
volume, V,. The third set comprises the observation equations
and defines the coupling of the model states via detector sensitiv-
ity coefficients o), a2, 03, 04, and o5 to the simulated liver and
heart time-activity data, Y, and Y,.

. l t+At
Y= e (o2[L]n + o3[C])dt Eq. A3a
t;
. l t+at
3= a0 (o1[L]e + o4[L}n + o5[C])dt.  Eq. A3b
)

Parameters o, and os represent contamination of Y, by liver
activity and are a small fraction of a,.

Initial Parameter Values
The following equations were used to calculate initial values
for each parameter.

TPV, = (0.3669HT* + 0.03219TBW

+ 0.6041)(1-HCT/100)  Eq. Ada

TPV, = (0.3561HT® + 0.03308TBW
+ 0.1833)1-HCT/100)  Eq. Ad4b
Ic = (Yllz - Ylll)/l2 Eq Adc

T (Y- Yi)/8°

where TPV, and TPV, are the total plasma volume for male and
female subjects, respectively, and t,, t,, t;, and t4 are 3, 15, 20,
and 28 min postinjection, respectively.

Vi = TPV 0.13 x 0.6 Eq. AS
Ve=TPV -V, Eq. A6

[R], = 0.70 uM if Ic > 3.4 Eq. A7a

[R], = 0.50 uM if 2.5 > Ic > 3.4 Eq. A7b
[R], = 0.35 uM if lc < 2.5 Eq. A7c

F = TBW(1-HCT/100) 0.023 I/min/kg  Eq. A8
k, = £,0.075 uM~" min™' Eq. A9

o, =Y, /L, Eq. A10

a2 = Y1, Va/(Lo = TLoV,) Eq. All

0 =0, Eq. A12

o4 = 0010, Eq. Al3

o5 = a4 Eq. Al4

Radiopharmacokinetic Modeling of ®*™Tc-NGA ¢ Vera et al

Parameter Estimation
The weighted sum of squares equaled

2 S = V.2
ss. =3 § M=)

=l jmjs V(Yu) ’

Eq. AlS

where js is the index of the starting frame, f is the index of the
last frame of the i-th ROI, and V(?;j) is the variance of the
counting rate, i{ij, of the i-th ROI and the j-th frame. Based on a
Poisson distribution for nuclear decay, the variance of Y; was
defined as:

V(Y;) = Y;/(ATy). Eq. Al16
The reduced chi-square was calculated by
x; = SS./(N - P), Eq. Al7

where N is the number of data points used in the calculation of
SS.. and equals the sum of the data points in each i-th ROI, and
P is the number of parameters adjusted.

Model Predictions
The relative values of each model state were calculated as the
fraction of injected dose f during the j-th time interval,

fiy = [LlsVe/Lo Eq. Al8a
fi; = [LIyVs/Lo Eq. A18b
f; = [C}Vw/Lo Eq. Al8c
fo, = 1 = fiy + fiy + fy Eq. A18d
fr; = ([R]o — [C])/[R].. Eq. Alge

because all simulations used k., = 0.0, fp equaled zero.

NOTES

Interactive and batch-mode versions of the kinetic analysis
program exist for the VAX computer running the VMS operating
system (Digital Equipment Corp., Maynard, MA). The interactive
version requires approximately 1 MByte of memory and supplies
graphical output to the VAX-GPX workstation, or REGIS
(VT240 and VT330 video terminals and the LA-100 graphics
printer), HPGL (HP7550 pen plotter), and TEK4014 (LNO3
Plus laser printer) devices. In batch mode, parameter estimation,
error analysis, and graphic output are completed within 5 min
when executed on a VAX 3200. Version 6.0 of the program was
used in this study.
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