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Serial scintigraphic images following injection of [*®*"Tc]iminodiacetic acid compounds such as
[**Tc]diisopropyl-iminodiacetic acid (DISIDA) provide qualitative information about liver
function. We have investigated approaches for quantitatively describing liver function in terms
of the kinetics of DISIDA extraction and excretion by the liver. Several compartmental model
configurations were evaluated. A three-compartment model! (blood, hepatic parenchyma,
intrahepatic bile) was found to fit the data best and was used in conjunction with dynamic
image data to obtain estimates of rate constants for liver extraction and excretion of DISIDA,
and mean residence time (MRT) of DISIDA in the liver. A noncompartmental approach based
on a parametric deconvolution technique was also used to estimate the noncompartmental
mean residence time (MRT™). To assess limitations of the noncompartmental approach,
computer simulations were performed using the three-compartment model to generate time-
activity curves followed by analysis of these curves by the noncompartmental method. The
effect of plasma total bilirubin level on DISIDA uptake and MRT was also investigated. These
techniques are readily adaptable to standard nuclear medicine computing facilities, and could
be used in the clinical setting to numerically describe serial DISIDA studies (especially in liver

transplant patients) efficiently and noninvasively.
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Amment of the patency of the common bile duct
and cystic duct are well-established indications for ex-
amination of the liver with technetium-99m (**™Tc)
iminodiacetic acid (HIDA) compounds. Because HIDA
compounds are extracted by the hepatocyte and ex-
creted unconjugated into the bile, dynamic studies with
HIDA are becoming increasingly useful for evaluation
of the functional status of the liver, particularly with
liver transplants (/). While functional changes in the
liver will produce alterations in hepatocyte extraction
and excretion of HIDA, most clinical applications of
the technique have been based upon qualitative descrip-
tions of HIDA dynamics. Several investigators have

Received Oct. 19, 1988; revision accepted June 7, 1989.

For reprints contact: R.A. Hawkins, MD, PhD, Div. of Nuclear
Medicine and Biophysics, Dept. of Radiological Sciences, UCLA
School of Medicine, Los Angeles, CA 90024.

Volume 30 ¢ Number 9 * September 1989

applied various types of quantitative analysis to dy-
namic HIDA studies in an attempt to generate a more
objective characterization of changes in liver function
with HIDA. Attempts at quantitation include measure-
ments of the time of peak activity in the liver (tn.) and
the time for half of this activity to clear from the liver
(t+) (2-4), and indices of extraction from plasma to
hepatocyte (5). Deconvolution approaches for obtain-
ing mean transit time of various tracers through the
liver (as well as other organs) have also been studied
(6-12).

We have employed compartmental modeling tech-
niques with dynamic HIDA data to investigate several
quantitative parameters of potential clinical usefulness,
including rate constants for transport (from plasma)
and excretion (from liver) and the mean residence time
(MRT) of HIDA in the liver. We have also employed a
noncompartmental method based on parametric de-
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convolution to estimate the noncompartmental mean
residence time (MRT™). Although absolute quantita-
tion from gamma camera scans is inherently limited
because of the lack of accurate attenuation correction
and crossover of activity (i.e., precise measurements of
activity concentrations in tissue are not possible even
with single photon emission computed tomography
(SPECT) data, and planar images clearly produce time-
activity measurements affected by a variety of physical
and anatomic factors), quantitation within these limi-
tations should allow for the assessment of model param-
eters and for following directional changes in parame-
ters in serial studies.

Although various radiopharmaceuticals have been
used as tracers for imaging hepatobiliary disorders,
HIDA compounds are the most widespread in use.
These agents have relatively short hepatic transit times
for analysis during a 1 hr study interval, are rapidly
excreted into the bile, and thus provide ideal images
with high contrast between the liver and the intrahepatic
bile ducts. Diisopropyl-iminodiacetic acid (DISIDA,
diisopropyl IDA) is the most commonly used IDA
compound because it has a high liver to renal extrac-
tion, and its uptake by the liver is not as highly depend-
ent on serum bilirubin levels (a competitive inhibitor
for liver uptake) as are other tracers from the IDA
family (13-15).

In order to model mathematically the uptake and
excretion of DISIDA by the liver, it is important to
understand the underlying physiologic and biochemical
processes that govern these processes. Radioactive
tracer is delivered to the sinusoids of the liver via both
the portal vein and the hepatic artery. From the sinus-
oids the tracer diffuses through the pores in the endo-
thelial lining to bind to a specific membrane bound
carrier, which transports the tracer across the hepato-
cyte membrane and into the hepatocyte (/6). Once
inside the hepatocyte, the tracer may be bound by
various enzymes and/or undergo metabolism. The ex-
cretion of tracer into intrahepatic bile ducts is thought
to occur via active transport. From the intrahepatic bile
ducts tracer is taken to the extrahepatic bile via chole-
resis. From here it may enter the duodenum directly or
be stored in the gallbladder for later release. Once inside
the intestines, DISIDA does not enter the enterohepatic
circulation and is thus effectively removed from the
system of interest. Although liver uptake and excretion
of hepatobiliary agents follow nonlinear Michaelis-
Menten kinetics, for tracer studies the exchange be-
tween compartments can be assumed to be first order
as long as the tracer itself does not cause a significant
degree of saturation of carriers and/or storage sites. In
liver function studies only trace amounts of DISIDA
(insufficient to saturate the system) are being used.
Bilirubin competes with DISIDA for carrier transport
sites, and the use of serum bilirubin levels in conjunc-
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tion with quantitative estimates of liver uptake and
excretion may be necessary to properly assess hepatic
function (13-15).

An in vivo pharmacokinetic model based on a sim-
plification of the above mechanisms is illustrated in
Figure 1 (based on the model suggested in Reference
16). As this model depicts, tracer is exchangeable be-
tween the vascular and extravascular space and the liver,
as well as between the vascular and extravascular space
and kidneys. From the liver the tracer may return to
the blood pool or be transferred to the bile compart-
ment. Once inside the bile compartment the tracer can
only undergo excretion out of the system. From the
kidney the tracer can only be excreted. Underlying this
compartmental model configuration are several as-
sumptions. It is assumed that blood flow to the liver
does not limit the extraction of tracer from the blood.
Second, each compartment is assumed to act in a
kinetically distinct and homogeneous manner. Treat-
ment of a given organ or tissue type as a single com-
partment is an approximation commonly employed in
compartmental modeling. Transfer between compart-
ments is assumed to be first order (i.e., the rate constants
representing the fraction of tracer transferred from one
compartment to another per unit time are in units of

VASCULAR - EXTRAVASCULAR
[
k12 k21 k41
LIVER KIDNEY
k32 x4
BILE
k3
FIGURE 1

An in vivo pharmacokinetic model for HIDA. The blood
pool is represented by an extravascular and vascular com-
partment. Exchange is possible with these and the liver
compartment (as governed by rate constants k.2 and ka,),
and with the kidney compartment (as governed by k).
Tracer from the liver is excreted to the bile compartment
as governed by ksz, and from bile to the G.l. tract as
governed by kj. Tracer may also exit the kidneys out into
urine as governed by K.
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reciprocal time). In this model the liver is modeled as a
single compartment representing hepatocytes, vascula-
ture, as well as intrahepatic bile ducts.

A noncompartmental model can also be used to
evaluate HIDA kinetics. A noncompartmental model
is shown in Figure 2. The mathematic integral equa-
tions from this model can be used to estimate MRT™.
A noncompartmental model is equivalent to any mul-
ticompartmental model when all inputs, leaks, and
measurements are from the same central (liver) pool.
In this case MRT = MRT™ (17).

METHODS

Scintigraphic Technique

Studies were performed using a bolus injection of 5 mCi
[*™Tc]DISIDA in adults, and proportionately less in children,
followed by sequential imaging in an anterior position over
the abdomen and lower thorax for a period of 1 hr. The studies
were acquired with a 64 X 64 matrix using a large field of
view gamma camera interfaced to a computer and display
system, permitting region of interest definition over the im-

BLOOD(t)

LIVER
POOL

ecirculations
or
Exchanges

Sinks Metabolism, Degradation,

Excretion

FIGURE 2

Noncompartmental model for HIDA kinetics. The liver pool
is the central pool into which is input tracer from the blood.
The liver is not modeled explicitly in this case, but any
number of recirculations or exchanges can occur. Tracer
is assumed to leave the liver pool directly via either metab-
olism, degradation, or excretion. In the case of HIDA
kinetics it leaves via excretion or radioactive decay.
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aged portion of the heart and liver. The imaging protocol
consisted of 30 images, each of duration 2 min, for a total
acquisition time of 1 hr.

Patients Studied

A total of 20 scans from ten adult patients (with various
liver abnormalities) were used for testing model configura-
tions. The preferred model configuration was then applied to
97 scans from 39 pediatric liver-transplant recipients to esti-
mate the model parameters and MRT. A noncompartmental
method for estimating MRT™ was also used in these patients.
The pediatric scans were not used to test various model
configurations because of the typically greater noise in these
studies because of patient movement.

Time-Activity Curves

Regions of interest (ROIs) were drawn over the lateral
portion of the liver (to minimize radioactivity from the gas-
trointestinal (GI) tract and kidneys) and the heart, producing,
respectively, the observed liver time-activity curve (Lo(t)) and
the heart (blood pool) time-activity curve (B(t)). The counts
in each ROI were normalized by scan length to obtain cts/
pixel/min for a given ROIL The time-activity curves were
subsequently decay corrected. :

The heart blood time-activity curve has been shown to
agree well with directly measured blood concentrations of
[®Tc]HIDA compounds in animals (/8), and was therefore
used as an approximation to the true blood time-activity
curve. The observed liver time-activity curve represents several
components. The liver ROI data consists not only of the
activity in the hepatocytes, but also in the intrahepatic bile.
Also, some fraction (f) of the blood pool is superimposed on
the true liver time-activity curve (L(t)), to give the observed
liver time-activity curve [Lo(t) = L(t) + fB(t)]. This fraction
will depend on the relative blood volume of the liver and
extrahepatic blood superimposed on the liver ROI.

Compartmental Models

Two categories of compartmental models were tested; one
assuming a delta function input into the blood compartment
and a second using the observed blood-pool time-activity data
B(t) as an input function into the liver compartment(s). The
first category models the blood compartment directly and
therefore fits both the observed heart blood time-activity curve
and the liver time-activity curve simultaneously while using a
delta function (approximated by a triangular input of height
hy, and width 0.001 sec) as the input into the blood compart-
ment to simulate the bolus injection of tracer. The height hy
becomes a parameter to be estimated for each model of this
type.

The second type of model tested uses the response in the
blood compartment as an input into the liver compartment(s),
thus only fitting the liver time-activity curve. An example of
this type of model is shown in Figure 3. The blood compart-
ment is not explicitly shown. The liver is represented by two
compartments: liver parenchyma and intrahepatic bileducts.
The box around these compartments represents that the ob-
served activity to be fitted to this type of model is a combi-
nation of activity from both the liver parenchyma and intra-
hepatic bile. Tracer is taken up by the liver from the blood as
represented by k3, it can back-exchange to the blood pool as
given by kj,. There is unidirectional transfer from the liver
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parenchyma to the intrahepatic bile (k3.), and a unidirectional
exchange from the intrahepatic bile compartment to out of
the liver (k;). A constrained version of this model with k3,=k;
was also tested. This constraint implies that the steady state
distribution volumes of the tracer in the liver parenchyma and
intrahepatic bileducts are equal. In order to test the limitations
of assuming this constraint, some of the adult studies were
fitted by assuming ks,=c’ks, with ¢ ranging between one-third
and 3. A model where the liver is represented by one com-
partment only was also tested. Each model tested was de-
scribed by standard state equations as used in system theory
(19, 20):

x(t) = [4]x(t) + [Blu(t) (1)
y() = [C]x(1). ?)

Here, x(t) is a vector with components representing the activity
in each compartment of a particular model, x(t) is a vector
with components representing the time rate of change of
activity in each compartment, u(t) is a vector with components
representing the input into each compartment, and y(t) is a
scalar representing the total observed activity. The matrices
[4], [B], and [C] are functions of the model parameters. As
an example, these equations for the model of Figure 3 (with
ks.=k;) are given by:

(A] = [‘(ksk‘: ko) 0 3] (B] = [“5']
[C1=11,1]

Every model studied was used in conjunction with the 20
adult scans to fit for the model parameters directly via nonlin-
ear regression. This process was facilitated with a software
package BLD (21). Incorporated into the curve fitting was the
parameter f (fraction of blood pool observed in the measured
liver time-activity curve) by changing Equation (2) above to
y (t) = [C] x(t) + fB(t). For each model, fitting was also
performed by fixing f=0. Also, because the counts observed
are actually the integrated activity over the scan duration, the
time integral of activity was directly accounted for in the state
Equations (1 and 2), and the fits repeated for some of the
adult scans (20). The parameter correlation matrix was ob-
tained for the best fitting model when fit to some of the scans
in order to provide insight into how the parameters of the
model are related. The MRT was calculated from the expected
observation y(t) for a unit impulse for a particular model
configuration and Equation (4).

(3

_ywad

MRT ¥(0)

4

As an example, the MRT for the model of Figure 3 (with
ki,=k;) is obtained by solving for y(t) from Equations (1), (2),
and (3) giving:

y(t) = xa(t) + x5(t)
= (k;, = Ky ky/k e " + (k, ky/k e, (5)

where x,(t), xi(t) represent the activities in the liver paren-
chyma and intrahepatic bileducts compartments respectively.
The substitution of Equation (5) into Equation (4) yields MRT
= 2/(k,2 + k3) for the model of Figure 3 (with kj; = k3).
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FIGURE 3

A three-compartment tracer kinetic model in which the
blood compartment is not modeled directly, but instead
the activity in blood is used as an input function into the
liver parenchyma compartment. The liver is modeled as
the liver parenchyma compartment and intrahepatic bile-
ducts compartment. The box around these two compart-
ments represents that the observed activity in the liver is
a combination of activity from both these compartments.
k21 governs tracer uptake by the liver from the blood. k2
govemns tracer back-exchange from liver to blood. ks
governs exchange of tracer between the parenchyma and
intrahepatic bile ducts, and k; the exchange out of the
intrahepatic bile ducts.

Noncompartmental Analysis

The time-activity curves were also fitted for using a non-
compartmental technique based on parametric deconvolu-
tion. Let Ly(t) be the observed liver time-activity curve, let
B(t) be the observed heart blood time-activity curve. Let Ly(t)
be the response of the liver to a delta input, then B(t) ® Ly(t)
= Lo(t), where ® represents the convolution operator. This
equation was mathematically deconvolved to fit for param-
eters p,-p4 by assuming that L,(t) = pje™ + p;e™ (p; >0
{i=1:4}). The noncompartmental mean residence time MRT™
was then calculated using:

PP
w_JEL®OA_ p p,
MRT LO) (+p) ©

Acquisition Length and Scanning Frequency

The effect of acquisition length on the estimates of the
model parameters was tested by fitting the parameters of the
best fitting model over a range of acquisition times for some
of the adult studies. This was done by truncating the time-
activity data and refitting for the model parameters. To assess
the possibility of using a different scanning protocol, various
scanning frequencies were used in conjunction with simulated
data from the best fitting model. Using a decaying monoex-
ponential (rate constant = 0.1 min™') blood time-activity
curve and the best fitting model with fixed values of the model
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parameters, a liver time-activity curve was generated. Gaus-
sian noise was then added to both time-activity curves. Several
scanning frequencies (4 scans/min, 2 scans/min, 1 scan/min,
1 scan/2 min, | scan/3 min, | scan/4 min) were subsequently
used to generate simulated sampling of the blood and liver
time-activity curves. These curves were then used in conjunc-
tion with the best fitting model to estimate the model param-
eters. This procedure was repeated over a range of values for
the model parameters.

Bilirubin Levels

In order to study the possible effects of total plasma bili-
rubin levels on the mean residence time and rate constants of
the models, total bilirubin levels were obtained (when avail-
able) within 12-24 hr of each scan for each patient.

Simulations

In order to assess various features of the compartmental
and noncompartmental approach, several computer simula-
tions were performed. Simulated liver time-activity curves
corresponding to states of low extraction and low excretion of
DISIDA were generated using the best fitting model and a
typical heart blood time-activity curve from a patient study.

Because the noncompartmental analysis does not directly
account for f, the effects of f on the estimation of MRT™, was
studied with computer simulations. Liver time-activity curves
were generated using the best fitting compartmental model
for various values of the rate constants and f (while using as
an input function the heart blood time-activity curve from an
adult study), and then these time-activity curves were analyzed
using the parametric deconvolution technique to calculate
MRT™. These estimates of MRT™ were compared to esti-
mates of MRT calculated directly from the pre-defined model
parameters (the rate constants).

RESULTS

Model Fitting

Results of the model fitting showed that only the
model illustrated in Figure 3 with kj,=k; was able to
converge for all the 20 sets of time-activity curves used.

Normalized counts/pixel/min

No model converged (for all scans) with f fixed to zero.
Figure 4 is an example of time-activity curves from two
DISIDA studies for a 50-yr-old female who received a
liver transplant for primary biliary cirrhosis. The first
study was performed immediately after the transplant,
and the second study was done when the patient was
readmitted (25 days after transplantation) due to in-
creased icterus. Shown in the graphs is the heart time-
activity curve, the observed liver time-activity data
points, the fitted (by model of Figure 3 with k3;=ks)
liver time-activity curve going through these data
points, and the true liver time-activity curve as deter-
mined by subtracting a fraction f (estimated as a model
parameter) of the blood curve from the fitted liver
curve. Note that the blood-pool activity drops rapidly
as a function of time (representing extraction of
DISIDA from the blood by the liver and excretion via
the kidneys), and the liver activity increases (again
representing uptake) and then declines (representing
excretion of DISIDA out of the liver) as a function of
time. Also listed are the parameter values for ki, ki2,
ks, f and their corresponding standard errors. Note the
uptake rate constant ki, drops over the course of the
two studies from 0.77 to 0.47 min~' and the excretion
rate constant k; also drops over the course of the two
studies from 0.09 to 0.002 min~'. Analysis of liver
function tests revealed a total bilirubin of 5.8 mg/dl,
SGOT=34 U/l, SGPT=89 U/l prior to the second
DISIDA study, and a total bilirubin of 1.4 mg/dl,
SGOT=9 U/1, SGPT=63 U/I prior to the first DISIDA
study. The increase in liver enzymes occurred in con-
junction with a decrease in estimates of the uptake rate
constant and the excretion rate constant. The patient
was assessed to have chronic rejection of the liver, and
was given steroid pulse therapy. She responded well
with her liver enzymes returning to normal levels.
Results from all 97 pediatric scans had the following
means + s.d. for the parameters estimated: k;,=0.64+
0.52, k;2=0.12+0.22, k;=0.10£.11, f=0.35+£30. The

FIGURE 4

Plots of the normalized (relative to
maximum counts/pixel/min) liver
time-activity data points (solid dia-
monds), the fitted curve through
these points (solid line), and the true
liver curve (dotted line) with effects
of f accounted for. Also shown is the
heart blood time-activity curve (open
squares). The two plots are for the
same adult over a period of ~ 25
days. Values of the estimated rate
constants and f along with their
standard errors as obtained by fitting
the data to the model of Figure 3

k21=0.4710.02
k12=0.05+0.003
k3=0.002+.001
1=0.2510.06

Normalized counts/pixel/min
o588 8883888

(with kso=ks) are also shown. Note
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130.094.002
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that over the course of the two stud-
ies tracer uptake (kz;) declines, and
tracer excretion (ki) also declines.
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corresponding means of the standard errors of each
estimate were: 0.09, 0.05, 0.02, and 0.11.

Results from using the time integrals of activity for
each scan duration showed no significant difference
(p<0.05) in estimates of each of the parameters of the
best fitting model (k2, ki, ks, f) as compared to using
the midpoint of the interval for the placement of the
activity. This result is expected given that the activity
change during a scan interval is relatively slow, and
thus a midpoint approximation is good.

The results of a typical correlation matrix for data
fitted to the model of Figure 3 (with k32=k3) are

1 092 -0.75 -0.59

0.92 1 -0.94 -0.43

-0.75 -0.94 1 0.32
-0.59 -043 0.32 1

Here the components of the matrix p; are the correla-
tion coefficients for parameter i and j, where parameter
1 is kay, 2 is ki2, 3 is k3 and 4 is f. The correlation matrix
reflects the degree to which errors in the parameter
estimates are related. It is seen that k,, is highly nega-
tively correlated to k; (—0.94), thus if one of these
parameters is overestimated the other will tend to be
underestimated, and therefore a parameter which takes
both of these into account simultaneously (such as the
mean residence time MRT=2/(k,, + ks3)), may be a
better estimated quantity which can be followed in a
set of patient studies.
Acquisition Length and Scanning Frequency

Figure 5 illustrates the effects of shortening the total
scan length on the parameter estimates from a typical
adult study. It is seen that all parameters of the model
may be estimated well, even for durations as short as
20 min, thus in the future a shorter protocol may
possibly be used. Although not explicitly shown, the
standard errors of the parameters were found to be
higher for shorter scan lengths, while the mean values

of the parameters were estimated well. Results from the
scanning frequency simulations showed that sampling
of at least once every 2 min was necessary in order to
give accurate estimates of the model parameters. The
greatest effect of sampling frequency is on the model
parameters k;, and f, both of which are overestimated
if the scanning frequency is less than once every 2 min.

Pediatric Scans and Mean Residence Time

A typical heart blood time-activity curve and liver
time-activity data as derived from a pediatric scan are
shown in Figure 6. Also shown is the fitted liver time-
activity curve (using model of Fig. 3 with kj,=ks).
Notice the greater noise (primarily due to patient move-
ment) in this representative scan, and the ability of the
model to converge to a fit nevertheless. The fitted curve
is typically noisy because the heart blood time-activity
curve is used as an input function. Results of analyzing
the 97 pediatric liver transplant scans by both the
compartmental model of Figure 3 (with ks,=k;) and by
parametric deconvolution to obtain, respectively, MRT
and MRT™ are shown in Figure 7. Note that in general
MRT™ < MRT (r=0.80).

Bilirubin Levels

Shown in Figure 8 is a plot of MRT versus total
bilirubin (r=0.13). A statistical test for the slope=0, is
not rejected at a significance level a=0.05. Shown in
Figure 9 is a plot of k,, (the uptake rate constant) versus
total bilirubin (r=-0.40). A statistical test for the
slope=0 is rejected (p < 0.0001). If the same test is
repeated for data truncated for total bilirubin levels
ranging from 0-10 mg/100 ml, a statistical test for the
slope=0 is still rejected(p < 0.001), although the p value
is much higher. These graphs indicate that there is a
significant effect of bilirubin on DISIDA extraction
(although this effect diminishes for lower levels of bili-
rubin) but not a significant effect on MRT of DISIDA.

1.0
0.8 4 k21

&

_E 0.6

=

]

3
FIGURE 5 g %
A plot of the effects of total sampling & f
time on the estimates of the model
parameters as obtained from a typi- 0.2 1 o
cal adult study. Note the fiat re-
sponse over the time interval 20-60 =
min, thus indicating that shorter ac- 0.0 — . . . .
quisition times may be used with min- 10 20 30 40 50 60
imal change in the mean of the pa-
rameter estimates. Total Sampling Time (min)
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FIGURE 6

A plot of the liver time-activity data
(solid diamonds), the fit (using model
3 with ks2=ks) through these points
(solid line) and heart blood (open
squares) time-activity curves in a pe-
diatric scan. The cts/pixel/min are
normalized to the maximum counts/
pixel/min observed for the scan. Es-
timates of the model parameters
along with their standard errors are

also shown. Note the noisy fit to the

o
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Distribution Volume Assumption

For some of the adult studies in which the model of
Figure 3 was fitted while assuming ky,;=c’k; (3 <c¢ =
3) it was found that estimates of k, differed (from
values obtained for ki,=ks;) by a maximum of +8%,
and estimates of MRT differed by a maximum of
+15%. The percent difference grows as ¢ deviates from
one in either direction.

Simulations

Figure 10 shows the results of simulations to assess
how the parameters of the model have an effect on the
observed liver time-activity curves. As seen in Figure
10A, by increasing k»; (extraction), the relative separa-
tion between the heart and liver time-activity curves
increases. Increasing k;, has a similar effect. Figure 10B
shows the effects of increasing k;. The relative magni-
tude between the liver and blood time-activity curves
decreases with increasing liver excretion, with little

Noncompartmental MRT (min)

liver time-activity data points, be-
cause the input function (the heart
blood-time-activity curve) used is it-
self noisy.

change in slope of the liver time-activity curve at later
times. Figure 10C shows the effects of increasing f on
the observed liver-time activity curve. Not much of a
change is seen, except that the peak of the liver time-
activity curve shifts closer to the y (counts) axis. These
simulation results can be used to aid in subjectively
interpreting time-activity curves obtained from a DIS-
IDA scan, without doing any curve fitting.

Results from simulations in which the liver time-
activity curve is generated by the model of Figure 3
(with kj;=k3) and then deconvolution is used to calcu-
late MRT™, show that the parameter f can affect the
results significantly. Shown in Figure 11 is the percent
underestimation of the true mean residence time as
calculated by MRT™ as a function of f. For f=0 there
is no underestimation (MRT=MRT"™) as expected (be-
cause the compartmental configuration of Fig. 3 (with
ks,=k;) is equivalent to a noncompartmental model
configuration of Fig. 2), but for f>0 significant under-

FIGURE 7
Plot of the MRT™ (min) vs. the MRT
(min) for the pediatric scans. A linear

T T T T T T T

0 5 10 15 20 25 30 35
Compartmental MRT (min)
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regression through these points
gives a correlation of r=0.80. In gen-
eral the MRT™ underestimates MRT.
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estimation can occur if the MRT is calculated by the
deconvolution method. This underestimation is con-
sistently the same for various values of the rate con-
stants (k2;, k2, k3) of model 3 (with k3;=k;) used to
generate the time-activity curve.

DISCUSSION

The key feature that distinguishes the tracer kinetic
modeling approach as applied to scintigraphic studies
is that both estimates of the blood time-activity curve
(when a suitable blood pool structure such as the heart
is within the field of view) and the liver time-activity
curve are available for use in model fitting. This allows
one to explore various model configurations, as was
done in this study, while still maintaining identifiability
of the parameters of the model (the rate constants and

Uptake rate constant k21 (1/min)

FIGURE 9
Plot of tracer uptake (k21) vs. total

Total Bilirubin (mg/100mi)

f, and when used the delta function height hy). This
scintigraphic technique is very convenient because the
input function can be derived from image data as
opposed to direct blood sampling, but at the expense of
absolute quantitation. However, because of intrinsic
inaccuracies of the gamma camera technique itself (lack
of quantitatively precise attenuation correction, and
limited spatial resolution), absolute quantitation is not
possible. Additionally, regions of interest on a nonto-
mographic image as used here include activity outside
(anterior or posterior to) the organ or area of interest.
The observed liver time-activity curve also consists of
some fraction f of the heart time-activity curve, both
from overlying tissues and because of the activity within
the intravascular space of the liver. The results of this
study show that a three-compartment model may be
used to fit time-activity curves obtained from DISIDA
scintigraphy. To choose the model that best supports

plasma bilirubin levels. The correla-
tion is r=0.40. A statistical test for
the slope=0 is rejected (p < 0.0001).
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Relative Activity

A Time (min)

Relative Activity

FIGURE 10

A: Plot of the effects of increasing
tracer uptake (kz;) on the observed
liver time-activity curves. Also shown
is the input function (open squares)
used in this simulation. Note that as
k21 gets larger, the initial portion of

the liver time-activity curve rises
faster, and the relative separation be-

tween the input function and the liver

time-activity curve increases. The
other model parameters were fixed

B Time (min)

Relative Activity

at ky2=0.1, ks=0.1, f=0.1. B: Piot of
the effects of increasing tracer excre-
tion (ka) on the observed liver time-
activity curves. Also shown is the
input function (open squares) used in
this simulation. Note that as k; gets
.3 larger, the relative separation be-
=4  tween the input function and the liver
! time-activity curve decreases. The
other model ters were fixed
at k2y=0.6, k,>=0.1, f=0.1. C: Plot of
the effects of increasing f (fraction of
blood pool superimposed on the true
liver time-activity curve) on the ob-
served liver time-activity curve. Also
shown is the input function (open
squares) used in this simulation.
Note that as f gets larger, the initial

rise in the curve increases and the

C Time (min)

the data, only the adult studies were used. All but one
of the models used were unable to converge over all
adult scans, and because the pediatric scans are typically
noisier, different model configurations were not tested
on these scans. Tracer kinetics of DISIDA are expected
to be the same in the two groups of studies, and there-

Volume 30 ¢ Number 9 ¢ September 1989

relative separation between the liver
time-activity curve and the input
function increases slightly.

fore the best fitting model was used to fit time-activity
curves from pediatric scans also. From the fits of this
model, estimates of extraction, excretion and mean
residence time of tracer in the liver (hepatic parenchyma
and intrahepatic bile) may be obtained. This type of
modeling approach where the heart blood time-activity
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FIGURE 11

The effects of f (fraction of blood pool
superimposed on the true liver time-
activity curve) on the estimation of
the noncompartmental mean resi-
dence time. Note that for f=0 there 0

10 4

Percent Underestimation of MRT

is no underestimation, but as f in-
creases so does the percent under-
estimation in direct proportion to f.

curve is used as the input function to fit the liver time-
activity curve has a distinct modeling advantage. This
advantage is that the plasma space does not have to be
explicitly modeled, and thus exchanges between the
plasma compartment and nonhepatic compartments
(ex. the kidneys) do not need to be explicitly accounted
for.

There are several assumptions in using the tracer
kinetic model of Figure 3 (with kj;=ks;) to quantitate
directional changes in liver function. It is assumed that
the heart blood time-activity curve is representative of
the blood time-activity curve. While this is an approx-
imation, previous studies in animals have indicated that
it is a reasonable assumption (/5). Furthermore, it is
assumed that the heart blood time-activity curve is the
input function presented to the liver. This is a simpli-
fication, because the liver has a dual blood supply and
the input function that is presented to the liver is
probably delayed and dispersed as compared to the
input function as measured by an ROI drawn over the
heart image. It is also assumed that all transport be-
tween compartments is first order (the transport rates
are products of concentrations and rate constants). The
results from this study are consistent with the hypothesis
that increasing bilirubin levels are negatively correlated
to DISIDA uptake by the liver, although the effect is
rather subtle. However, MRT does not seem to be
correlated with bilirubin levels, and is therefore perhaps
a more useful index of overall liver function. When
using the changes in the rate constants to follow a
patient, one must correlate the results with measured
bilirubin levels, to see if decreases in uptake can in part
be explained by changes in bilirubin levels. Since this
data was obtained in transplant patients in whom liver
function tests, including bilirubin, can be misleading as
functional indicators, further clinical testing will be
necessary to test this method as a way of mapping
directional changes in model parameters.

1516  Gambhir, Hawkins, Huang et al
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Implicit to the model of Figure 3 (with k3,=k;) is that
the distribution volumes of the hepatic parenchyma
and intrahepatic bile compartments are equal (because
the rate constant leaving the hepatic parenchyma is set
equal to the rate constant leaving the intrahepatic biled-
ucts). Although this is probably not the case, one is
forced to make a constraint in the parameters, because
the data did not support an additional variable param-
eter in the model fitting. However, it was shown that
this constraint is not highly significant because if the
constrained value is changed (ki;=c’k3;, ¥ < ¢ < 3), the
effect on parameter estimation (relative to the kj;=k;
constraint) was only a maximum percent difference of
+15% for MRT and +8% for k21. This is not of major
significance because it allows for the possibility of the
distribution volumes of the two liver compartments
differing by as much as three times in either direction,
without compromising highly the estimates of the pa-
rameters of interest.

Although there are several assumptions underlying
the compartmental model, one can nevertheless quan-
titate directional changes in the model parameters with
the use of the scintigraphic time-activity curves. This
would allow for the follow-up of liver function in a
given patient over a period of time, and may also allow
for comparisons among different patients to establish
ranges of normal vs. abnormal values. Further work on
clinical correlation of model parameters with hepatic
function is currently underway.

As this study shows, using the compartmental ap-
proach, the fraction f can be estimated along with the
rate constants of the model. Accounting for this fraction
f is an important factor for accurate quantitation as was
shown through the simulation studies. By not account-
ing for f the mean residence time is underestimated by
approximately the value of f itself. Whereas f can be
estimated from the kinetic data in the compartmental
approach, in most noncompartmental techniques f
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can’t be directly accounted for and thus MRT™ under-
estimates the MRT. In the present study f was not
accounted for in the parametric deconvolution tech-
nique. This was done so as to study the effects of not
accounting for f on the calculation of MRT™, because
most noncompartmental techniques [e.g., Fourier
deconvolution methods (/2)] do not make any as-
sumptions about the L,(t) curve, and therefore cannot
account for f. It is, however, possible to subtract a pre-
assigned fraction (f, of the heart time-activity curve
from the observed liver time-activity curve and then
perform the deconvolution by various techniques to
obtain the estimates of MRT™. Although it is possible
to use the MRT™ in following a given patient, it is not
as reliable as MRT because even though the two param-
eters correlate well, MRT™ changes do not take into
account changes in f and thus might not accurately
reflect the changes in MRT. This noncompartmental
approach can be faster than direct compartmental
model fitting of the time-activity curves, but at the
expense of underestimation of the mean residence time
and no direct estimates of tracer uptake and excretion
rates.

CONCLUSION

The three-compartment model (plasma, hepatic pa-
renchyma, intrahepatic bile), used in conjunction with
the time-activity curves provides estimates of liver ex-
traction, excretion, and MRT of DISIDA. Estimates of
these parameters are inherently limited by the gamma
camera technique and assumptions about the blood
time-activity curve. However, these estimates, when
carefully used with a knowledge of the underlying as-
sumptions of the modeling process and plasma concen-
trations of total bilirubin, may help to quantitate liver
function and correlate it with clinical progress. This
study also shows that the mean residence time may also
be obtained using noncompartmental methods, but it
will underestimate the true value because of the inabil-
ity of most deconvolution techniques to account for the
blood pool fraction (f) superimposed on the true liver
time-activity curve. Work is underway to correlate liver
function in pediatric liver transplant patients as assessed
by laboratory tests and biopsy data with the model
estimates of liver function. This work can also be ex-
tended to other tracers used in conjunction with scin-
tigraphy, and the quantitation methods presented are
easily adapted to nuclear medicine facilities with stand-
ard computer resources.
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