CONCLUSIONS

Dynamic PET imaging with '*N-ammonia allowed the
quantitative assessment of rHABF, which correlated well
with values obtained by independent microsphere tech-
nique (rHABF = 0.92 x MS + .04, r = 0.98) in canine
studies under various flow conditions. The same quanti-
fication performed on normal human volunteers yields a
mean rHABF of 0.26 + 0.07 cc/min/g, which is in agree-
ment with the literature values. Further studies in patients
with severe hepatocellular disease but normal cardiac out-
put as compared to patients with normal liver function
but low cardiac output will be needed to show the inter-
relationship of the pump and blood flow reserve.
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EDITORIAL

The Development and Application of Mathematical Models in

Nuclear Medicine

he introduction and application
of more sensitive and specific
radiopharmaceuticals is a major com-
ponent of scientific progress in nu-
clear medicine. Each tracer is targeted
to measure a certain physiologic pa-
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rameter of interest (e.g., blood flow,
metabolism, receptor content) in one
or more organs or regions. PET and
SPECT instrumentation can produce
high quality three-dimensional images
of the radioactivity distribution of
each tracer. With proper corrections
for the various physical effects in
emission tomography (e.g., attenua-
tion, scatter), quantitatively accurate
measurements of regional radioactiv-

ity concentration can be obtained.
These quantitative images of tracer
distribution can be useful, both clini-
cally and scientifically. The use of
tracer kinetic modeling techniques,
however, can substantially improve
their quality and utility (/). The
model defines the quantitative con-
nection between the radioactivity lev-
els and all of the physiologic parame-
ters that affect the uptake and metab-
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olism of the tracer. Ideally, the image
signal will be dominated by the bio-
logic parameter under study. An ap-
propriate tracer kinetic model can ac-
count for the remaining biologic fac-
tors and provide direct quantitative
estimates of the underlying physio-
logic parameters of interest.

The development of a model is by
no means a trivial endeavor. There
are no hard-and-fast rules defining
what are the essential components of
a model. In fact, a successful model is
a blend of physiology, instrumenta-
tion, statistics and mathematics, and
practical logistics. To determine the
ultimate form of a useful model, a
wide variety of factors must be consid-
ered and judicious compromises must
be made. The complexity of a 100%
complete model may make it imprac-
tical for routine use. A simpler but
“less accurate” model may prove to
be much more useful.

The majority of tracer models in
PET and SPECT have employed the
methods of compartment modeling.
Such models will often require itera-
tive estimation algorithms in order to
determine the parameters of interest.
In some cases, various simplifying as-
sumptions can be applied that allow a
more direct measurement of a subset
of the original parameters. One gen-
eral method of this type that has
gained popularity is graphical analy-
sis, also known as the Patlak plot (2).
Under the special assumptions of this
analysis, the slope of the resulting
straight line graph represents the net
influx rate constant of the tracer. For
many investigations, the Patlak plot
provides an appropriate compromise
between the complexities of a com-
prehensive compartment model and
no model at all. For any tracer, the
ultimate form of a useful model will
depend upon the biologic questions
under study. It may even be that a
simple, empirical method, such as
using the concentration ratio of target
region to an appropriate reference re-
gion, may be the most appropriate

way to use a new tracer. However, ,

interpretation of significant differ-
ences in tracer uptake between patient

populations may be problematic with-
out a good model-based understand-
ing of the physiology and biochemis-
try of the tracer (3).

The primary factor affecting the
form of a model is the nature of the
tracer itself. Usually, a priori infor-
mation can be used to predict some
or all of the relevant metabolic fates
of the tracer in tissue. It is usually
necessary, however, to perform in vi-
tro and in vivo animal studies to ex-
plore the nature of the tracer in more
detail. Ideally, these studies not only
provide the time course of total radio-
activity in plasma and in the target
organ, but also differentiate between
the original tracer and its metabolites.
In addition, through appropriate in-
tervention studies, the sensitivity of
the radioactivity concentration at var-
ious times postinjection to the physi-
ologic parameter of interest can be
demonstrated.

In addition to the biologic charac-
teristics of the tracer, many other fac-
tors must be considered in the devel-
opment of a model. The characteris-
tics of the instrumentation to be used
for measurement of tissue radioactiv-
ity are critical. These include the ul-
timate accuracy of the reconstruction
algorithm and its corrections and the
noise level in the measurements (de-
termined by injected dose, camera
sensitivity and scan time). It may be
pointless to develop a sophisticated
multi-compartment model in the
presence of significant inaccuracies in
the radioactivity concentration data
due to improper corrections for atten-
uation or scatter. The noise level in
the data affects the number of param-
eters that may be estimated from the
data and usually is the primary deter-
minant of the precision in the esti-
mated parameters.

Within the constraints of the tracer
and the instrumentation, a number of
tradeoffs must be evaluated in deter-
mining the final form of the model. Is
it practical to measure the input func-
tion? Can this be done by direct arte-
rial samples, venous samples, or im-
age values from the heart chambers,
or can input function data be inferred
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from a reference region? Are radioac-
tive metabolites important and can
they be measured or estimated? What
is a practical data collection period
that is compatible with both the scan-
ner requirements and the characteris-
tics of the patients? Is a single scan
sufficient or are multiple scans re-
quired? Are multiple injections under
different conditions required? How
many parameters can be determined
directly from the measured data? Can
parameter estimates be calculated eas-
ily on a pixel-by-pixel basis to generate
a functional image of the parameter
of interest or must iterative non-linear
methods be applied to region of inter-
est data? What assumptions are re-
quired to reduce the number of pa-
rameters to a workable set that can be
determined with reasonable preci-
sion? How valid are these assumptions
under normal and pathologic condi-
tions?

In the process of developing and
selecting a suitable model formulation
and methodology, it is useful to per-
form validation studies to determine
the precision and accuracy of model
estimates, verify the legitimacy of the
model assumptions, and help choose
between various approaches. These
studies are most useful if performed
with human subjects, although many
must be performed with large animals
due to experimental and radiation do-
simetry constraints. The simplest test
is reproducibility, i.e., what is the var-
iability of the model parameters under
identical conditions, either on the
same day or different days. Next are
intervention studies to verify that the
model parameters of interest change
in the proper direction and by an ap-
propriate magnitude in response to a
variety of biologic stimuli. In addi-
tion, it is useful to test whether the
parameters of interest do not change
in response to a perturbation in a
different factor, e.g., does an estimate
of receptor number remain un-
changed when blood flow is increased.
Where possible, the assumptions
made by the model should be tested,
either by explicit experimentation or
at least by computer simulation. The

2207



latter approach is useful because it
defines the magnitude of error in the
parameters of interest due to errors in
various assumptions. The limitation
of simulation analysis is that it is only
as good as the model on which it is
based.

Finally, the absolute accuracy of
model parameters can be tested by
direct comparison with a “gold stand-
ard.” This last validation step, while
very appealing, is often very difficult
to achieve. There is often no gold
standard available for the measure-
ment of interest. If such a standard is
available, the comparison may often
require careful matching of the scan
data with tissue sample data. If the
regions being compared are small, the
effects of inaccurate registration and
scanner resolution can make evalua-
tion of the model’s accuracy difficult
at best.

In the preceding article (4), Chen et
al. presented a model for the measure-
ment of hepatic arterial blood flow
with PET. This paper illustrates many
of the important steps in the produc-
tion and validation of a useful model.
The authors first developed the model
with animal studies and validated
their approach using microspheres.
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They then applied the method to hu-
mans. In developing the model, the
authors determined the relevant time
period of measurement, and in so
doing, demonstrated that it was un-
necessary to measure plasma metab-
olites routinely. By comparison with
microsphere data in the animal stud-
ies, the authors determined a value for
a parameter [p(1), the permeability-
surface area product] that would be
used, but not measured, in the human
studies. In the animal studies, results
using arterial input functions meas-
ured both from blood samples and
from region of interest data were com-
pared in order to support the use of
the simpler ROI method in humans.
Simulation analysis was also per-
formed to evaluate the effects of in-
accuracies in model assumptions (the
presence of vascular radioactivity, the
assumed value for tissue volume of
distribution) on the final estimates of
blood flow.

In summary, a good and useful
model will provide a mathematical
description that is sufficient to predict
the tracer’s physiology and biochem-
istry within the limitations of avail-
able instrumentation and the logistics
of a practical procedure appropriate

for the relevant patient populations.
In addition, the assumptions and lim-
itations of the technique must be
clearly delineated. Ideally, use of such
a model will significantly improve the
physiologic significance of the result-
ant data and may also improve the
sensitivity of the tracer to the under-
lying physiologic processes under
study.

Richard E. Carson
National Institutes of Health
Bethesda, Maryland
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