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This report describes recommended techniques for radiopharma-
ceutical biodistribution data acquisition and analysis in human
subjects to estimate radiation absorbed dose using the Medical
Internal Radiation Dose (MIRD) schema. The document has been
prepared in a format to address two audiences: individuals with a
primary interest in designing clinical trials who are not experts in
dosimetry and individuals with extensive experience with dosime-
try-based protocols and calculational methodology. For the first
group, the general concepts involved in biodistribution data acqui-
sition are presented, with guidance provided for the number of
measurements (data points) required. For those with expertise in
dosimetry, highlighted sections, examples and appendices have
been included to provide calculational details, as well as references,
for the techniques involved. This document is intended also to serve
as a guide for the investigator in choosing the appropriate method-
ologies when acquiring and preparing product data for review by
national regulatory agencies. The emphasis is on planar imaging
techniques commonly available in most nuclear medicine depart-
ments and laboratories.

The measurement of the biodistribution of radiopharmaceuticals
is an important aspect in calculating absorbed dose from internally
deposited radionuclides. Three phases are presented: data collec-
tion, data analysis and data processing. In the first phase, data
collection, the identification of source regions, the determination of
their appropriate temporal sampling and the acquisition of
data are discussed. In the second phase, quantitative mea-
surement techniques involving imaging by planar scintilla-
tion camera, SPECT and PET for the calculation of activity in
source regions as a function of time are discussed. In
addition, nonimaging measurement techniques, including
external radiation monitoring, tissue-sample counting (blood
and biopsy) and excreta counting are also considered. The
third phase, data processing, involves curve-fitting tech-
niques to integrate the source time-activity curves (deter-
mining the area under these curves). For some applications,
compartmental modeling procedures may be used. Last,
appendices are included that provide a table of symbols and
definitions, a checklist for study protocol design, example
formats for quantitative imaging protocols, temporal sam-
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pling error analysis techniques and selected calculational
examples. The utilization of the presented approach should
aid in the standardization of protocol design for collecting
kinetic data and in the calculation of absorbed dose esti-
mates.

J Nucl Med 1999; 40:37S-61S

I. INTRODUCTION

’rhe absorbed radiation dose from internally deposited radio-
nuclides is a major factor in assessing risk and therapeutic
utility when evaluating new radiopharmaceuticals for use in
nuclear medicine diagnosis or treatment. Although direct mea-
surements of absorbed dose and dose distributions in vivo
would be preferable, this generally is not feasible for routine
clinical studies. Absorbed dose, therefore, is a quantity that
usually is estimated from the localized uptake and retention of
administered radiopharmaceuticals, the radiation decay data of
the radionuclide and simulations of radiation transport in
anthropomorphic models. The measurement of the biodistribu-
tion of radiopharmaceuticals in human subjects and the use of
these data in the Medical Internal Radiation Dose (MIRD)
schema (1,2) provide a primary means for calculating absorbed
dose from internally deposited radionuclides. Ultimately, it is
desirable to correlate the absorbed dose calculated from such a
model with the observed response for the tissue of interest (e.g.,
regression/ablation in the case of tumor and toxicity for critical
organs). The radiation dose rate received from internal emitters
is highly variable and is often delivered over a protracted time
frame; consequently, the relation between absorbed dose and
radiobiologic effect may not be inferred directly from the
external beam experience (3). In this report, we review the
MIRD schema, data acquisition methods, analysis and process-
ing of biodistribution data from human subjects needed for
calculations of radiation dose estimates. Through this approach
to dosimetry, standardization of the calculation of absorbed
dose estimates for diagnostic and therapeutic purposes may be
achieved. It is hoped that this will ultimately lead to increasing
success in identifying correlations between calculated absorbed
doses from administrations of radiopharmaceuticals and the
clinically observed effects.
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The document has been prepared in a format to address two
audiences:

1. Individuals with a primary interest in designing clinical
trials who are not experts in dosimetry; and

2. Individuals with extensive experience with dosimetry-
based protocols and calculational methodologies.

For the first group, the general concepts involved in data
acquisition are presented with guidance provided for the num-
ber of measurements (data points) required. For those with
expertise in dosimetry, highlighted sections (in boxed areas
below), examples and appendices have been included to provide
calculational details as well as references for the techniques
involved. Appendix A provides a table of all symbols and
definitions used in this document (Table A1l). This document is
intended also to serve as a guide for the investigator in choosing
the appropriate methodologies when acquiring and preparing
product data for review by national regulatory agencies.

The quantitative biologic data collection, analysis and pro-
cessing schemes presented here will yield results that represent
an average uniform distribution of activity within the source
regions. Nonuniform distribution of the radionuclide is not
considered. Bolch et al. (4), in the last issue of The Journal of
Nuclear Medicine, provide a more comprehensive treatment of
nonuniform activity distributions. The potentials of SPECT and
PET technologies for quantitative data acquisition and analysis
are discussed in brief; however, the intended emphasis of this
document is on planar imaging techniques commonly available
in most nuclear medicine departments and laboratories. Planar
imaging systems, particularly dual-head whole-body scanners,
provide both a cost- and time-effective method for acquiring
data, as required for sequential dosimetry studies.

Il. THE MIRD SCHEMA

An accurate determination of the time-dependent activity in
tissues of the body is required for calculating absorbed dose to
target regions of the body using the MIRD schema (/,2). In this
document, the term “region” will be used to designate sources
of radioactivity in the body and to designate targets for the
assessment of radiation absorbed dose. Source regions should
always be considered target regions as well; however, the dose
to other target regions is usually of interest. In many cases, a
source region will be synonymous with a source organ, such as
the liver, or a distributed organ, such as the bone marrow. In
some cases, however, the source region may be an organ
subregion such as the caudate nucleus within the brain, or
suborgan region of tissue (i.e., voxel).

The absorbed dose is defined as the energy absorbed per unit
mass. The mean absorbed dose to tissue is given in the MIRD
schema by D = A X S, where D is the mean absorbed dose (Gy
or rad), A is the cumulated activity (Bq * sec or uCi - hr) and S
is the mean absorbed dose per unit cumulated activity (Gy/Bq -
sec or rad/uCi « hr). The absorbed dose to the target may also
be expressed in terms of absorbed dose per unit administered
activity, A, (Bq or_uCi), and the source region residence time
7, defined as 7 = A/A,. Therefore, the mean dose to the target
per unit administered activity is given by D/A, = 7 X S. The
estimation of absorbed dose is, thus, dependent upon two types
of information:

1. Time-dependent (biokinetic) factors: those incorporated
within A or 7; and

2. Time-independent (physical) factors: those represented
within S.
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The time-dependent factor A incorporates characteristics of
both uptake and retention of activity in the regions of interest
and includes consideration of the physical half-life of the
radionuclide and the biologic half-time of the radiopharmaceu-
tical. The time-independent factor S includes consideration of
the types and energies of the radiations emitted, geometrical
aspects such as the size and shape of the source and target
regions and the distance between them and the composition of
the absorbing and intervening media.

To determine the cumulated activity in the desired source
regions, serial measurements of region activity must be made
following administration of the radiopharmaceutical. A general
principle for collecting activity data in vivo is that quantitative
procedures or calculations must account for all the activity
administered. A minimum number of quantitative measure-
ments must be made for each source region with an appropriate
temporal sampling frequency. The latter depends upon the
pattern of the uptake and retention of the activity in the various
source regions. Serial measurements of activity in the source
regions can be performed using quantitative imaging (including
planar scintillation camera, SPECT or PET), external nonimag-
ing radiation monitoring, tissue sampling (blood or biopsy) and
excreta counting. Total-body retention may be determined
using whole-body quantitative imaging, external probe moni-
toring (nonimaging) and/or quantitative total recovery of body
excreta. Activity in blood is readily obtained by direct sam-
pling. The resulting time-activity curve obtained for each
source region can_be analyzed using several different tech-
niques to provide A or 7, for use in absorbed dose calculations.

This report describes data acquisition protocols that may be
implemented to obtain source region activities and how these
data are analyzed and processed to estimate absorbed radiation
dose using the MIRD schema (a study design protocol checklist
is given in Appendix B). Three phases are involved:

1. Data collection: identification of the various source re-
gions containing activity, determination of appropriate
temporal sampling and acquisition of radioactivity or
count data;

2. Data analysis: calculation of activity in source regions as
a function of time using the count data and calibration
factors obtained from quantitative measurement tech-
niques; and

3. Data processing: integration of the time—activity curves to
obtain the sum of all the nuclear transitions, cumulated
activity A or residence time 7 in each source region.

These three phases are described below in detail.

. DATA COLLECTION

A. Introduction
To determine the time-activity profile of the radioactivity in
source regions, four questions must be answered:

1. What regions are source regions?

2. How fast does the radioactivity accumulate in these source
regions?

3. How long does the activity remain in the source regions?
and

4. How much activity is in the source regions?

The first question concerns identification of the source regions,
whereas the second and third questions relate to the appropriate
number of measurements to be made in the source regions, as
well as the timing of these measurements. The fourth question
is addressed through quantitative external counting and/or
sampling of tissues and excreta.
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Each source region must be identified, and its uptake and
retention of activity as a function of time must be determined.
This provides the data required to calculate cumulated activity
or residence time in all source regions. Each region exhibiting
significant radionuclide uptake should be evaluated directly
where possible. The remainder of the body (total body minus
the source regions) must usually be considered as a potential
source as well. Mathematical models that describe the kinetic
processes of a particular agent may be used to predict its
behavior in regions where direct measurements are not possible
but where sufficient independent knowledge about the physiol-
ogy of the region is available to specify its interrelationship
with the regions or tissues in which uptake and retention can be
measured directly. These models can account for the presence
of metabolic products. Compartmental modeling can also be
used to separate the activities in regions that overlap on imaging
studies, such as the renal cortex and renal pelvis or the liver and
right colon. Some compartmental models are complex and
include compartments representing many different biologic
processes. Several computer software packages (SAAM, CON-
SAM, BMDP and so on) are available to solve the equations
associated with the different compartmental models (5-7).

The statistical foundation of a data acquisition protocol
designed for dosimetry requires that an adequate number of data
points be obtained and that the timing of these points be
carefully selected. As the number of measurements increases,
the confidence in the fit to the data and in the estimates of
unknown parameters in the model improves. As a heuristic or
general rule of thumb, at least as many data points should be
obtained as the number of initially unknown variables in the
mathematical curve-fitting function(s) or in the compartmental
model applied to the data set. For example, each exponential
term in a multiexponential curve-fitting function requires two
data points to be adequately characterized. On the other hand, if
it is known a priori that the activity retention in a region can be
accurately represented by a monoexponential function, restric-
tions on sampling times are less stringent as long as enough data
points are obtained to derive the fitted function. Because of
problems inherent in the collection of patient data (e.g., patient
motion, loss of specimen and so on), the collection of data
above the necessary minimum is advisable.

B. Identification of Source Regions

The types of measurements required for identifying source
regions can be categorized into four basic groups: imaging,
discrete probe monitoring (whole-body or region counting),
tissue sample (blood or biopsy) counting and excreta counting.
Published literature on humans or animal studies along with ex
vivo or in vitro data may yield valuable information to assist in
identifying tissues that accumulate a particular radiopharmaceu-
tical. This information, if available, may serve as the basis for
designing the preliminary data acquisition protocol.

The distribution of a radiopharmaceutical in the body can be
determined by sequential imaging methods. Quantitative data
can be obtained from planar scintillation camera images or
tomographic SPECT or PET images (example quantitative
imaging protocols are given in Appendix C). Because of the
time-consuming and more complex nature of quantifying
SPECT and PET tomographic image data, conjugate view
quantitative planar imaging, using anterior and posterior views,
is the most widely used method (8,9) and will be emphasized in
this report. The whole-body imaging capability of current
single- and dual-head scintillation cameras is especially useful
for this purpose. Total-body measurements may also be ob-
tained with an external nonimaging radiation probe. In addition,

source regions can be identified by tissue and excreta sampling.
All measurements must provide quantitative results in terms of
absolute activity (Bq) or percent or fraction of administered
activity within source regions. Counts or count rates uncor-
rected for administered activity are inadequate for the quanti-
tative analysis required in dose estimate calculations.

For determining source region volume, especially for tumors
or regions of abnormal size where standard phantom geometries
may be inadequate, the tomographic capability of SPECT or
PET may be required. Independent imaging modalities such as
x-ray CT or MRI may also be used for source volume
determination, provided a one-to-one correspondence exists
between uptake and anatomic structure.

C. Temporal Sampling

After the source regions have been identified, the activity
retention in these regions must be determined to answer the
following questions: How fast does the activity get to the
various source regions? How long does the activity stay there?
The calculation of absorbed dose requires that the region and
total-body uptake, washout and long-term retention be charac-
terized. Four basic kinetic models are considered here (calcu-
lational examples are given in Appendix E):

1. Instantaneous uptake (wash-in) with no biologic removal;

2. Instantaneous uptake with removal by both physical decay
and biologic elimination (washout);

3. Noninstantaneous uptake with no biologic removal; and

4. Noninstantaneous uptake with removal by both physical
decay and biologic elimination.

Selection of optimal time points for sampling radiopharma-
ceutical biodistributions in humans with the objective of defin-
ing the uptake and retention pattern is dependent upon the
biokinetic variables to be measured, e.g., effective half-times.
Relevant quantitative data for similar radiopharmaceuticals
obtained in animal or human trials may serve as a guide for the
initial choice of these time points. The selection of the sampling
times can have a significant effect on parameter estimation
precision (/0). Readers interested in pharmacokinetics may
refer to Appendix D for a rigorous mathematical treatment of
the statistical consequence of applying inappropriate temporal
sampling.

As a practical guide for those who are designing clinical trials
with new radiopharmaceuticals, consideration should be given
to which one of the following three general categories most
closely describes the experimental status of the new compound
1y

Category 1. Radiopharmaceutical compounds for which nei-
ther in vivo animal studies nor human pharma-
cokinetic clinical trials have been conducted.
Included also in this category are those com-
pounds for which pertinent information is lim-
ited to general chemical and biologic class
comparison (e.g., antibody fragments with a
chelated metal, single-chain haptens undergoing
a standard iodination procedure and so on). The
labeled compound should be injected into at
least two animal species, as per Food and Drug
Administration (FDA) guidelines (12) to deter-
mine the uptake and retention characteristics in
all source regions prior to administration in
human subjects. As a starting point, pharmaco-
kinetic temporal sampling points may be se-
lected based on the physical half-life (T) of the
radionuclide or the effective half-time (T,) of
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the pharmaceutical compound in the blood or
source region of interest (ROI). A minimum of
three sampling points should be chosen for each
clearance exponential, if known or suspected. A
general protocol could involve one or two data
points taken at some fraction of T; one near T,;
and one or two other data points taken at ~3 X
T, and 5 X T,. Data points can serve for more
than one exponential. If nothing is known about
the retention of the compound in animals and
humans, multiple sampling times, say a dozen,
should provide a reasonable starting point. In-
sufficient data points may make it impossible to
properly characterize a multicompartmental
model, thereby resulting in patient irradiation to
little purpose. As an alternative, an estimate of
sampling times may be based on the molecular
weight and size of the compound as well its
ionization potential or charge as compared to
similar compounds in the literature.
Radiopharmaceutical compounds for which the
biodistribution has been characterized in at least
two animal species and some preliminary phar-
macokinetic data have been acquired in a patient
study (5-20 normal volunteers or patients with
known disease). Extensive literature on this
compound or similar analogs should be avail-
able. The investigator should be able to project
a reasonable hypothesis as to whether clearance
parameters are mono- or biexponential or more
complicated because of retention and excretion
from multiple specific uptake compartments.
Again, at least three sampling points should be
taken for each exponential, based on T, in the
blood or source region of interest in either
animals or humans.

Radiopharmaceutical compounds for which all
pertinent literature related to the pharmacokinet-
ics of similar labeled compounds has been
compiled, and extensive animal model and hu-
man pharmacokinetic data have been acquired.
The compound has most likely completed Phase
I and Phase II clinical trials. Uptake should be
characterized in all the source regions for the
animal models and in the human subjects. Re-
mainder of the body and blood retention, as well
as urinary excretion characteristics, should be
known. From these data, a cost-effective, highly
directed Phase III clinical trial may be designed.

Category 2.

Category 3.

Radiopharmaceuticals that show rapid uptake or washout
may need two or three activity measurements at early times
postadministration. Radiopharmaceuticals that show very rapid
uptake may require no wash-in measurements. Similarly, two,
three or more additional data points may be required during the
long-term retention phase to adequately characterize the late
time course of the radiolabeled material. Where the presence of
disease may alter region function, the acquisition of additional
data in the affected tissues may be advisable.

From serial activity measurements, one can determine the
residence time defined as the area under the time-activity curve
(i.e., cumulated activity A) divided by the administered activity
A,. Errors in estimates of A and thus in the residence time may
be introduced as a result of improper sample timing and an
inadequate number of samples when analytical functions are
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used to approximate the measured time—activity curve. Because
many processes in the body are governed by first-order kinetics,
sums of exponentials are often used as these mathematical
functions. As illustrated in Appendix D, the number of mea-
surements needed is directly related to the number of exponen-
tial terms in the retention curve. Ideally, two to three measure-
ments per exponential term are required. Therefore, if the
total-body clearance curve is a single exponential, three data
points are needed. A biexponential retention curve would
require a minimum of four and preferably six data points and so
on. When the distribution of samples is appropriately spread
over the time interval for which activity is taken up and
removed, then the mathematically simulated curve is an accu-
rate representation of the time-activity profile. However, re-
strictions on the timing or number of samples may necessitate
extrapolation of the simulated curve to time intervals for which
no data exist. These intervals extend from t = 0 (the time of
radiopharmaceutical administration) to the first sample and
from the last sample point to very long times postadministra-
tion, i.e., to the total clearance time of the compound.

For further refinement, both the uptake phase and the
washout phase must be characterized accurately. The uptake
phase is the period over which the region activity increases
from zero (at the time of administration) to its maximum value.
Answers to the following questions will characterize this phase:
Was the uptake slow or fast (qualitative information)? What
was the uptake half-time (relevant if curve fitting)? What was
the fractional uptake in the region? If a compartmental model
was used, were there any special parameters necessary to
describe the uptake phase? The duration of the uptake phase in
a given region may vary widely with different radiopharmaceu-
ticals. It is often assumed that uptake of the radiopharmaceutical
is instantaneous (i.e., the peak uptake occurs immediately
following administration); however, in many cases this is
inaccurate. Errors generated by this assumption will result in an
overestimate of the source region residence time and thus an
overestimate of the dose component from that source to various
targets. The instantaneous uptake assumption may be consid-
ered satisfied when extrapolation of the observed data back to
t = 0 results in less than a 10% error in the residence time as
compared to the residence time estimated from a curve fit that
accurately reflects the noninstantaneous uptake phase.

The washout (clearance) phase is the period over which the
activity retained in a region decreases from its maximum value.
In addition to physical decay, biologic elimination may also
occur, making the effective washout time more rapid than
physical decay alone. This portion of the curve will also affect
the A calculation (area under the curve) independent of the
uptake phase. For example, if the uptake phase is ignored (i.e.,
by extrapolating the linear portion of the semilog time-activity
curve back to time O and integrating the area under the
extrapolated curve), the overestimation of area under the curve
will be greater for faster washout conditions. Therefore, if rapid
washout occurs, as is typical of freely diffusible ions (such as
18F~ and 2°!T1™), data must be acquired at early times postad-
ministration of the radiopharmaceutical.

To characterize the long-term retention (tissue incorporation
or trapping of the radiopharmaceutical), measurements at times
equal to multiples (2—5) of the effective half-time are needed.
Frequently, this may be accomplished within several hours
postadministration; however, measurements are more often
required at much later time points. If the data acquisition ends
too early, the area under the curve would not be representative
of that under the true retention curve because the long-term
retention phase would not be included. Because the late
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retention is usually characterized by the longest effective
half-times, the calculated area under the curve would typically
be an underestimate. Large errors can result in residence time
calculations if the long-term retention phase is ignored. For
example, if the ratio of the effective washout half-times of the
slow-to-rapid clearing components is 4:1 or greater, the errors
start at 30% and rapidly increase to 100% (see Appendix D).

The physical half-life of the radionuclide plays an important
role in determining the period over which reliable data may be
obtained. After approximately five half-lives, count statistics
can be extremely poor, and the data may be less reliable. Under
these conditions, counting times should be increased, if possi-
ble, to maintain adequate statistical reliability.

In summary, improper sampling may introduce error in
calculated values of A (and thus residence time) under condi-
tions that neglect uptake, early rapid washout or the long-term
retention component. The first two conditions relate to insuffi-
cient sampling of tissue activity at times just after administra-
tion and will result in an overestimation of the area under the
time—activity curve. The loss of activity from the source region
can occur in one of two ways: physical decay only or physical
decay plus biologic elimination. Clearly, if biologic processes
are contributing to removal of activity from the source region,
the residence time for that region will be less than if losses are
due to physical decay only. When instantaneous uptake is
assumed, the peak uptake (at time 0) is determined by extrap-
olation back to t = 0 based on the data measured at later times.
The extrapolation process results in greater overestimates of the
peak uptake as the rate of biologic removal increases. The major
implication of overestimating peak uptake and not accounting
for noninstantaneous uptake is an overestimate of the residence
time for that particular source region. The third condition
(neglect of the long-term retention), resulting from insufficient
sampling at times long after administration, will result in an
underestimate of the residence time. Error analyses associated
with these considerations are discussed in Appendix D.

D. Data Acquisition Concepts/Overview

The acquisition of count data for the source regions can be
performed with a number of measurement techniques. They
include:

1. Quantitative imaging, with a planar scintillation camera or
tomographic SPECT or PET system;

2. External nonimaging radiation monitoring with a Nal
probe or GM survey meter;

3. Tissue sample counting of the blood or biopsy specimen;
and

4. Excreta counting (e.g., urine and feces).

The technique used depends on the nature of the source
region. For instance, the total-body activity can be measured by
whole-body monitoring with a nonimaging device, whole-body
imaging or stationary counting with a scintillation camera or
quantitative recovery of body excretions. Individual tissue
activity can be determined by quantitative imaging, blood
sampling and biopsy specimen measurement.

IV. QUANTITATIVE MEASUREMENT TECHNIQUES:
IMAGING

A. Scintillation Camera Planar Imaging Techniques
1. Introduction

A number of factors affect the accuracy of quantitating
radioactivity with a scintillation camera. These include limita-

tions on energy resolution, degradation of spatial resolution due
to collimator septal penetration by high-energy photons and

effects from scattered radiation, statistical noise associated with
low count densities and attenuation. The spatial resolution in
planar images depends upon the intrinsic resolution of the
Nal(TI) scintillation crystal, the collimator and Compton scat-
ter. The collimator also plays the important role of defining
geometric sensitivity (the fraction of emitted photons per unit
time which reach the crystal from a predefined location/
direction). Parallel-hole collimators are recommended for quan-
titation of radioactivity because they exhibit less geometric
distortion when compared to other types of collimators (e.g.,
converging, pinhole and diverging), with the result that sensi-
tivity will be relatively independent of source-to-collimator
distance within a defined region. Spatial resolution of a scin-
tillation camera degrades, however, as the distance between the
source and the detector increases. Consequently, the detector
should be as close as possible to the subject.

Biodistribution (kinetic) data for radiopharmaceuticals within
the whole body and specific regions may be obtained from
planar scintillation camera views. The accuracy of this method
will be greatest for radiopharmaceuticals distributed in a single
region or isolated regions that do not overlap (nonsuperim-
posed) in the planar projection. Determination of absolute
radioactivity requires definition of ROIs corresponding to the
source regions as differentiated from their adjacent or surround-
ing background activity. Most scintillation camera systems used
in clinical nuclear medicine are computer-based and provide
software for generation of ROIs and statistical analysis. Com-
mercial software packages typically provide the means for
creating ROIs of simple geometry (circles, ellipses and rectan-
gles) and for interactive drawing of irregularly shaped ROIs.
This latter capability is important for determining activity in
regions that cannot be described by simple geometries such as
most source regions and tumors. Automated or semiautomated
methods for ROI generation are also available. Statistical
analysis packages provided with these commercial systems
allow determination of the number of pixels contained within
the ROI, the planar area encompassed, the total number of
counts and the mean and s.d. of the counts per pixel. The count
rate within the ROI is obtained from the total number of counts
divided by the image acquisition time. Sequential imaging as a
function of time postadministration of the radiopharmaceutical
provides the time dependence of activity (time-activity curve)
within the source regions. Generally, the computer software
packages permit storage of the ROIs, allowing reproducible,
efficient analysis of serial image data.

2 Conjugate View Counting

An overview of the methodology. The most commonly
employed imaging method for quantitation of radioactivity in
vivo uses 180° opposed planar images (known as the conjugate
view approach) in combination with transmission data through
the subject and a system calibration factor (9,/3-16). This
technique offers an improvement over the single-view proce-
dures involving comparison with a standard phantom under
fixed geometry in that the rigorous mathematical formalism for
conjugate view quantitation provides correction for source
thickness, inhomogeneity and attenuation. Of significance is the
fact that calculational results are theoretically independent of
the source depth in tissue. The transmission scan, which
involves counting an external source of activity through the
source ROI to correct for attenuation, is generally performed at
one time point, either at the beginning of the study before the
administration of the radiopharmaceutical or at a later time with
appropriate correction made for activity in the body.

The conjugate-view image pair is typically an anterior and
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FIGURE 1. Schematic diagrams for various configurations of source regions
within tissue zones of differing attenuation coefficients. All symbols are
defined in the text (see also Table A1). The shaded areas denote the regions
of activity. (a) A single uniform source region embedded in a medium
consisting of n zones of differing attenuation coefficients. (b) Two regions of
uniform activity embedded in attenuating medium with region 2 considered
as the primary source for quantitation. (c) Uniform background activity in
tissue regions sumounding the primary source. Adapted from a previous
report (9).

posterior (A/P) image of the source region, although any true
180° opposed set might be used (e.g., right and left lateral). This
conjugate image pair is acquired at the selected sampling times
postadministration for which quantitative data are desired; in
cases in which source region activity is not time-dependent, a
single conjugate-view measurement may be adequate (see
Appendix C). Modern dual-headed scintillation cameras pro-
vide a convenient means for simultaneous acquisition of the two
images and commonly allow capability for whole-body A/P
scans. The latter represents an efficient protocol for obtaining
total-body data as required for biodistribution studies. However,
single-head camera systems may be used with repositioning and
reimaging as necessary to obtain the conjugate view. The
system calibration factor is required to convert the source
region count rate into absolute activity. The calibration factor
should be measured at each acquisition time point to document
that the system response remains constant or to account for any
change in performance that might affect the observed count
rate.

Mathematical formulation of the conjugate view method.
a. Discrete Source Regions with Negligible Surrounding
Background Activity. i. Isolated Single Source Region. Figure
la depicts a single uniform source of thickness, t; (cm),
embedded in a nonradioactive medium consisting of n regions
of thickness, t,,, with differing linear attenuation coefficients, w,
(cm™") (9,16). The external conjugate-view counting pair (A/P)
across the overall patient thickness t is shown as I, and I,
(counts/time). The derivation assumes that the views are per-
fectly collimated under the model of narrow-beam geometry
without significant scattered radiation effects. These conditions
may be achieved in practice through use of a high-resolution
collimator and a narrow or asymmetrically positioned photo-
peak energy window on the scintillation camera. (Methods for
implementing scatter correction are discussed in other sections
below.)

The source activity A; is given by the expression:

Lalp f

Aj = ek C’ Eq. 1
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where:
( thj/ 2)

§= Sinh (154/2)

Eq. 2

and

pe = (1) 2 piti = i + (1) X (i — p)ti. Eq.3

The factor f; represents a correction for the source region
attenuation coefficient (u;) and source thickness (t;) (i.e., source
self-attenuation correction). The expression e ~*<' represents the
transmission factor () across the patient thickness t through
the ROI with overall effective linear attenuation coefficient u,
and may be determined directly by measuring the ratio of the
count rates I/I,, obtained using the appropriate radioisotope
both with (I) and without (I,) the patient in position. The system
calibration factor C (count rate per unit activity) is obtained by
counting a known activity for a fixed period of time within a
standardized geometry in air relative to the scintillation camera
using designated camera acquisition settings.

The conjugate view technique allows determination of activ-
ity within the volume of interest without requiring knowledge
of the depth of the source region and without dependence upon
assumptions inherent in single-view phantom simulations. The
factor f; (=1.0) involves only the source region characteristics
and will not deviate significantly from 1.0 until w; or t; becomes
large. The thickness of an organ may be estimated by acquiring
a scaled orthogonal view (e.g., a lateral image) and taking direct
measurements from the image.

ii. Overlapping Source Regions. A specific configura-
tion of interest is shown in Figure 1b involving two
separate regions of uniform activity embedded within
tissue containing no radioactivity such that the regions
overlap in the conjugate view projection. The expression
for the activity in source volume 2 is:

Ialp 5
A= \/ o ¢ 8@,

g(a) = {l + (alef4)2 + 2a(f2/f4) cosh [(‘J.ztz + 2[1,3t3
+ paty) 2]} 12,

Once again, the f-factors are defined through Equation 2,
while @ = A /A, is the ratio of the activities in the two
regions. Additional views would be used to estimate the
various parameters (t; and a).

Eq. 4

where:

Eq. 5

b. Background Subtraction: A Single Well-Defined Source
Region Surrounded by Regions of Background Activity.
i. Simple Background Subtraction. In practice, the primary
source is frequently surrounded by radioactivity residing in
adjacent tissues (Fig. 2). This so-called “background” activity
may arise from radionuclide concentration in blood, extracel-
lular fluid or soft tissue. Utilization of conjugate view data to
determine the absolute activity in the source volume according
to the analytical method described in Equation 1 would over-
estimate the activity because the overlying and underlying
background activity contribute counts to each view. Conven-
tional background subtraction, i.e., subtraction of the back-
ground count rate from the source region count rate, does not
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FIGURE 2. A schematic diagram showing a single source region surrounded
by uniform background activity. As described in the text, the count rate from
an adjacent, equal-sized ROI (I,p) may be used in a simple background
subtraction method to correct the conjugate-view count rates for the contri-
bution of the over/underlying activity.

consider the portion of the background equivalent to the source
region volume and may underestimate the source region activity
due to oversubtraction of background (/7). In addition, defining
background ROIs is sometimes difficult as care must be taken
to avoid hot or cold areas, such as major blood vessels.

A simple geometrically based subtraction technique may be
applied to correct for the oversubtraction of background activity
and to avoid the problems inherent in background ROI defini-
tion. Under conditions in which the background activity is
uniform, the fraction of the geometric mean counts (I,1p)"’? that
originates from the region (or volume) of interest alone is given
as:

F= {1 — (1aps/TA)(1 — t/)][1 = (Iaps/Tp)(1 = t/O)]}'2,
Eq. 6

where 1,p; is the count rate through the patient from a region
adjacent to the organ ROI with equal area. The A/P count rates
(Ia/Ip), source thickness (t;) and patient thickness (t) remain as
previously defined. Direct patient measurement will provide t,
and t; may be obtained from scaled lateral views or through use
of standard organ dimensions as appropriate (/8,/9). The
lateral view may also be used to document the assumption of
uniform background activity distribution. For the situation in
which the source is located near the midline, a simplified
expression for this fraction is:

F=[1— (Iap/1a)(1 — t/)]. Eq. 7

In either case, F(I,Ip)"? would replace (I,Ip)"? in Equation 1.

ii. Analytical Methodology. Figure Ic illustrates the
situation in which a well-defined source is surrounded by
background activity uniformly distributed in the adjacent
tissue. For this configuration, the source region activity A,
is given by the expression:

Ialp 3
A= \} ona ¢ KO,
where

k(y) = {1 + (12fy/£)? + (vafo/fa)? + 2v2v4(£5/£:4) cosh [(ust,
+ 2uats + pata)'2] + 27.fy/f; cosh [(uaty + pats)/2]
+ 2y4fy/fy cosh [(usts + pat))2]7"2. Eq. 9

Eq. 8
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FIGURE 3. An experimentally measured transmission curve in a tissue
equivalent medium for the two photopeaks of 8”Ga using a medium-energy
collimator. The curve exhibits a significant shoulder characteristic of scat-
tered radiation effects which requires use of the pseudoextrapolation number
modification of the conjugate view quantitation equations. Fort =6cm, J =
ne™“® and the activity is calculated according to Equation 10. Adapted from
a previous report (20).

The individual f factors are defined according to Equa-
tion 2, whereas y, = A,/A; and y, = A /A, represent the
ratios of the activity in the adjacent regions to that in the
source volume. Calculation of the k(y) constant requires
estimates of the factors (f;, ,, v,) that may be obtained
through analysis of additional views in combination with
the main conjugate view pair. The k(vy) correction may
become significant when the activity in the adjacent re-
gions approaches 10% of that in the source volume (9,16).

¢. Correction for Scattered Photons. As stated, the above
analytical methods (Eqs. 1-9) have been derived under the
model of narrow-beam geometry in which scatter effects are
negligible. The investigator must verify that these conditions
are met for his/her experimental data acquisition configuration
before applying these methods. High-resolution collimators and
narrow, asymmetric energy window settings assist in approxi-
mating these conditions. However, in most nuclear medicine
imaging applications, broad-beam geometry predominates and
scatter effects are significant. The presence of scattered photons
originating from outside the source organ ROI will artificially
inflate the ROI count density and introduce error in the
quantitation of radioactivity. The following sections describe a
number of approaches designed to correct for scatter.

i. Pseudoextrapolation Number. An illustration of the effect
of scattered radiation is provided in Figure 3, where the curve
for the relative transmission (J) as a function of depth within a
scattering medium exhibits a shoulder on the semilog plot rather
than the straight line expected from the simple narrow beam
model for transmission of J = I/I, = e~ ", The shoulder is a
manifestation of increased count density within the ROI caused
by acceptance of scattered photons from activity close to the
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collimator. A modified expression to account for this situation
has been developed by Thomas et al. (20) in which the intercept
n is thought of as a pseudo-extrapolation number (following the
terminology used with radiobiology survival curves). For the
straight line portion of the semilog plot of Figure 3, 7 = ne™**
where p, is the equivalent narrow-beam geometry linear
attenuation coefficient. For a single-source region embedded
within a scattering medium with no surrounding background
activity, the modified expression for the source activity would

be:
Lalp £
A= \mgc

This is valid for source regions located at depths beyond the
transmission curve shoulder corresponding to the straight line
portion of the plot.

ii. Buildup Factor Method. Another approach to the scatter-
ing problem has been described by Wu and Siegel (21). Their
method employs conjugate views and experimentally deter-
mined depth-dependent buildup factors (DDBF) which are
defined as the factor by which the transmission is increased
under broad-beam (scatter) conditions. No transmission mea-
surement is made across the patient. An iterative calculational
procedure is used involving the solution of the set of simulta-
neous equations representing the conjugate-view count rate
pairs.

Eq. 10

In = CoaB(d)e e ™2(1 — e™")/pt]
= CoaB(d)e™M[sinh (ut;/2)/(ut;/2)] Eq. 11
and
Ip = CogB(t — d)e™*1"I[e™M2(1 — e M)/pt;]
= CoaB(t — d)e " I[sinh (ut;/2)/(ut;/2)], Eq. 12
with the depth-dependent buildup factor B(d) defined as
_Ca
Coge™’

where C, is the count rate measured at a depth d at the
center of the lesion in a phantom, C.4 is the count rate
measured in air at the same source-to-gamma camera
distance, w is the attenuation coefficient, t is the overall
patient thickness and t; is the source thickness.

B(d) = Eq. 13

The depth-dependent buildup factors B(d) must be deter-
mined from experimental measurements and depend upon the
radionuclide, collimator type, energy window, measurement
geometry, source depth, source size and source thickness. The
B(d) values are stored in the computer memory as specific
tables to be used in association with the appropriate system
conditions. The equation set (Egqs. 11 and 12) are solved
iteratively for C 4 and d under the initial assumption that the
source is located exactly at the center by using B(t/2) in both
expressions. This initial calculated value of d is used to select
buildup factors B(d) and B(t — d) from the look-up table for the
second iteration and new values for C 4 and d are calculated.
This iterative procedure continues until a solution for C_4
converges. The activity is then determined by A; = C,4/C,
where C (count rate per unit activity) is the system calibration
factor.

As pointed out by Wu and Siegel (27), the pseudoextrapola-
tion number modification method of Thomas et al. (20) is
equivalent by definition to the buildup factor at depths corre-
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sponding to the straight-line portion of the transmission curve
(Figure 3). As described previously, the parameter n is taken as
a constant; therefore, Eq. 10 will not be valid for regions near
the surface (i.e., in the shoulder of the curve). The DDBF with
its variable, experimentally determined look-up table will in-
clude compensation for this effect. The DDBF technique
requires a more complicated protocol of calibration set-up
procedures and calculational algorithms than does the transmis-
sion method of Thomas et al. (9); however, it would have its
greatest utility under conditions of significant scatter effects
such as those encountered with wide windows and high-
sensitivity collimators. The investigator may determine the
necessity of following this procedure by obtaining a transmis-
sion curve similar to that in Figure 3 under the appropriate
instrumental conditions and assessing the extent of the shoulder
region. To implement the buildup factor algorithms, a computer
program may be written requiring only four input parameters
(15, Ip, t and C) to calculate the activity.

A variation on the buildup factor theme has been introduced
by Siegel et al. (22,23) involving a depth-independent buildup
factor (DIBF). The DIBF method is easier to apply than the
DDBF method in that only the single parameter B(®) is
required which is independent of source size and depth for a
given window setting (23). The utility of the DIBF approach
has been verified by a number of investigators (17,24).

In the DIBF method, the transmission factor J as a
function of depth d in tissue equivalent material with linear
attenuation coefficient u is fit to the function:

T=1-(—e H)B) Eq. 14
where B(x) is the buildup factor at infinite depth (corre-
sponding to the straight line portion of Fig. 3 and equiva-
lent to the pseudoextrapolation number n previously dis-
cussed). The expressions for the experimentally measured
conjugate view count rate pairs are:

Ia = Codl1 — (1 — e7#)B™)[sinh (ut;/2)/(uut;y/2)]

Eq. 15
and
Ip = Cod[1 = (1 — e #"9)B [sinh (ut;/2)/(uty/2)).
Eq. 16

Equations 15 and 16 may be combined to give the ratio:
[1 - (1 —e7#95™)
n-qa- e—u(t—d))B(w)]’

which may be solved numerically for d by varying the
value of d under the constraint 0 =< d < t. Either Equation
15 or 16 may be used to calculate C 4 from which the
activity may be calculated through use of the calibration
factor. Alternatively, if the anterior depth d is measured,
C,q may be calculated from the expression for I, (Eq. 15).

IA/IP =

Eq. 17

iii. Multiple-Energy Window Techniques. As already indi-
cated, use of an asymmetric energy window positioned on the
high side of the photopeak will decrease the amount of scattered
radiation accepted from Compton scattering of the primary
(photopeak) photons. However, the number of counts per unit
time will be reduced, thus lowering the signal-to-noise ratio
(25,26). In addition, scatter from higher-energy photons present
in the specific radionuclide decay scheme will still be included
within the window.
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FIGURE 4. Triple-energy window (TEW)
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Some methods of explicit scatter correction using multiple-
energy windows have been implemented using planar imaging.
One such method, called the channel ratio (CR) method, uses
two narrow adjacent windows centered over the photopeak
(27). Data acquisition is similar to that employed by other
investigators using dual energy windows (28); however, the
data processing algorithm is distinctly different and does not
involve scatter image subtraction. In brief, the CR methodology
corrects the counts measured in the respective windows with
scatter present on an individual pixel basis using empirically
determined constants specific for the given scintillation camera
and photon energy. These constants represent the ratio of counts
in the two windows excluding scatter (theoretically 1.0; how-
ever, it may vary as a function of position on the camera face)
and the ratio of the scatter component in the two windows
(under the assumption that the relative shape of the scattered
photon energy spectrum remains constant). Calibration is per-
formed using a two-step process:

1. The fraction of unscattered counts in one window com-
pared to the other is found for a small source that is
essentially scatter-free; and

2. A sequence of planar images is acquired for a flat source
placed at various depths in a nonradioactive water bath.

Triple-energy window (TEW) techniques were introduced for
SPECT (29) but can be implemented for conjugate planar views
to provide a more accurate correction in the situation when
scatter from higher-energy photons “spills down” into the
primary photopeak window. An example of this is '*'I, where
the 637-keV (7.3%) and 723-keV (1.8%) photons scatter into
the 364-keV (81%) window. One relatively straightforward
correction procedure involves establishing adjacent windows on
either side of the photopeak window, such that the area of the
two similar adjacent windows is equal to that of the photopeak
(Fig. 4a). The corrected (true) photopeak counts C are given by
the expression:

Cr = Cpp — Crs — Cus, Eq. 18
where Cpp is the total count recorded within the photopeak
window, whereas C; g and Cy are the counts within the lower
and upper scatter windows, respectively. In this model, subtrac-
tion of the adjacent windows is assumed to compensate for the
high-energy photon scatter tail, upon which the true photopeak
events ride.

A somewhat more rigorous variation of this method has
been applied to conjugate views and entails definition of
six separate components within the three windows (30). As
shown schematically in Figure 4b for the specific case of
1311, LS(637/723), PS(637/723) and US(637/723) are scat-
ter and septal penetration contributions from the 637-keV
and 723-keV photons in each of the respective energy
windows; LS(364) and PS(364) are scatter contributions
from the 364-keV photons that fall into the lower and
photopeak windows, respectively; and P(364) are the true
photopeak events as required for accurate quantification.
The latter is given by the expression:

P(364) = Cpp — PS(364) — PS(637/723), Eq. 19

where Cp; is the total count recorded within the photopeak
window. Three scatter multipliers (kI = PS(637/723)/
US(637/723); k2 = LS(637/723)/US(637/723); and, k3 =
PS(364)/LS(364)) will allow counts detected in the upper
window (US) to be used to sequentially remove scatter
events from the lower two windows (PP and LS). Once this
is done, the 364-keV scattered photons that fall into the
photopeak (PP) window can be removed. Techniques for
estimating the scatter multipliers empirically by using the
scintillation camera response to '*’Cs and 3'Cr (which
when superimposed may be considered to simulate the '*'I
spectrum) have been described (30).

iv. Digital Filtering Techniques. Scattered photon ef-
fects may also be removed through computer processing
utilizing digital filter techniques. A number of methodolo-
gies have been implemented for both planar and SPECT
imaging. The Wiener restoration filter has been shown to
compensate for the blurring effects of scattering and
collimator septal penetration (3/-35). As a general rule,
the Wiener filter uses minimization of the mean square
error between the restored image and object function as the
criterion for optimization. The technique exploits a priori
estimates of the object and noise power spectrum deter-
mined from the degraded image.

Energy-weighted acquisition (EWA) represents a dis-
tinctly different image filtering approach in which a differ-
ent spatial filter (weighting function) is applied for each
energy to remove the effects of Compton scattering (36—
39). The EWA approach uses all scintillation events and
fractionally weights their contribution to the image forma-
tion, depending on energy. The sign and magnitude of the
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weighting values are related to the probability that a given
event represents scatter or primary radiation. For events
more likely to be scattered photons, negative weights are
assigned. The weighting function incorporates information
about the instrument response (e.g., collimator characteris-
tics and so on), as well as the scattering environment.
Although, in principle, the weighting functions should be
determined individually for each imaging configuration
encountered in practice, functions specific to the given
radionuclide and camera system may be stored and used
successfully (36).

3. Single-View Effective Point Source Methods

Occasionally source volumes or features are seen on only one
scintillation camera view. This may occur for a superficial
source region with minimal uptake and/or relatively high
background conditions. For these situations, a simplified single-
view effective point source method (35,40) may be used instead
of the conjugate view method. The activity calculation is based
on the known (previously determined) effective linear attenua-
tion coefficient, w., and the measured depth of the source
region, d, according to the expression:

A = I,e*F/C,

Eq. 20

where I, is the counts per unit time within the image ROI
(denoted here as the anterior view), and C is the system
calibration factor (count rate per unit activity). An orthogonal
scaled image may be used to assist in depth determination. The
factor F corrects for background activity that is counted within
the ROI (see Egs. 6 and 7).

B. SPECT Techniques

Because activity in under- or overlying regions and irregular
distribution of background may interfere with accurate quanti-
tation, SPECT imaging has the potential for improving the
accuracy of planar imaging measurements. Quantitative SPECT
(41-46) enables the determination of actual tissue activity
concentration (e.g., MBg/cm®) and the associated total volume
(e.g., cm®) over which the activity is distributed. Although
attenuation correction schemes, nonoptimal statistics, collima-
tor resolution and scatter result in some limitations to the
accuracy of quantitative SPECT determinations of radioactiv-
ity, SPECT imaging can provide major advantages over planar
conjugate pair imaging for selectively detecting and discrimi-
nating activity in source tissues from surrounding structures.
The use of SPECT is particularly advantageous for measuring
activity in regions in which activity in contiguous overlying,
underlying or adjacent structures limit the accuracy of the
conjugate pair planar view measurements. The use of appropri-
ate SPECT acquisition parameters, a suitable reconstruction
algorithm for image reconstruction and image processing, a
properly calibrated imaging system and a constant distribution
of radiopharmaceutical during the imaging procedure can all
provide an accurate assay of radioactivity in vivo (4/-46).

To date, the majority of reports have involved the use of a
single rotating scintillation camera for SPECT image acquisi-
tion to determine activity in regions and tissues. The relatively
low sensitivity of these systems has held back development of
correction techniques that would allow improved accuracy for
quantitating nonuniform activity distributions in inhomoge-
neous and irregularly shaped attenuation media (4/—43,46-50).
Numerous approaches have been implemented to correct for the
limited counting statistics available from conventional SPECT
imaging. Multiple detector SPECT systems, either multicamera
or ring systems, and utilization of fanbeam and conebeam
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collimators have each contributed to the improvement of the
counting statistics available for SPECT. The use of filter
functions with cutoff frequencies matched to the system’s
spatial resolution has proven to be useful for reducing the
effects of statistical uncertainty (5/-53).

Despite the limitations, SPECT has been used to measure
activity levels in source tissues with acceptable accuracy and
precision. The SPECT system must be properly calibrated to
ensure acceptable reconstructed uniformity, sensitivity, spatial
resolution, linearity and count rate performance. Acquisition
variables must be selected to provide adequate counts per view,
appropriate spatial and angular sampling and the desirable
imaging orbit. Selection takes into consideration the intrinsic
and system performance properties, in vivo activity levels at the
time of measurement and the determination of imaging times
based on subject comfort as well as the uptake and clearance
properties of the radiopharmaceutical. In addition, suitable
software for image reconstruction and image processing is
necessary (41-45). Research into new methods for improving
SPECT quantitation is under way, and the approaches for
activity quantitation in vivo are expected to change as new
methods are validated for scatter and attenuation correction.

Quantitative SPECT scans can be used for all imaging time
points if the tomograph has sufficient sensitivity to keep
acquisition time to reasonable intervals so that patients will
tolerate the procedure. Alternatively, the sequential images can
be acquired by planar procedures, with a SPECT image taken at
one time point during the study. The result from the SPECT
scan can be used to constrain the planar data at that point. Then,
assuming that the image contrast is time invariant, one can
apply the correction factor required for that constraint to the
earlier and later planar-imaging results (54).

1. Phantom Studies

The use of software-generated phantoms and fabricated
anthropomorphic phantoms is recommended to test and validate
the performance properties of the SPECT system as well as the
reconstruction and correction methods, and to develop calibra-
tion factors for converting counts observed in ROIs to activity
levels (42,43). Phantoms that replicate the size, shape, electron
density, mass density and elemental composition of the source
tissues and surrounding structures can be used with activity
levels comparable to the range expected in human subjects to
obtain these calibration factors for SPECT image quantitation.

2 Reconstruction Methods and Attenuation

SPECT reconstruction and image restoration may be imple-
mented using either an iterative or noniterative algorithm (417).
A critical parameter affecting the accuracy of SPECT data is
attenuation. Attenuation compensation is performed either by
assuming uniform attenuation throughout the body, or measure-
ment of the nonuniform attenuation coefficient distribution.
Compensation methods for the uniform attenuation assumption
used in SPECT can be divided into three classes: preprocessing
correction, intrinsic correction and postprocessing correction.
The most widely used approach in current commercial SPECT
systems is Chang’s first-order postprocessing method (55),
wherein the image is initially reconstructed using filtered
backprojection and then multiplied on a voxel-by-voxel basis
by a mean depth-dependent attenuation correction. The appli-
cable equation is:

CF=——, Eq. 21
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where CF is the correction factor, 7, is the transmission at angle
i from the voxel through the body to the skin surface and N is
the total number of projections. This correction is quantitatively
rigorous only for uniformly attenuating media. Such uniform
attenuation is often assumed for abdominal imaging. With
commercial systems, the skin surface is either defined by the
user or by a simple algorithm. A typical algorithm uses an
intensity threshold that is a prechosen percentage of the maxi-
mum intensity in the image. This image can either be a single
transverse slice, a sum of several slices, or a composite of all the
slices in the reconstruction.

In areas of nonuniform density, such as the thorax, a
nonuniform attenuation map should be used. This map can be
calculated from radioisotope transmission data obtained at the
same time the emission data is being acquired. The source of the
radiation can be a sheet source (56), a translating line source
with parallel-hole collimation (57), a point source with cone-
beam collimation (58) or a line source with fan-beam collima-
tion (59-61). Some multihead commercial systems currently
provide such an option (62,63). An important parameter in
these procedures is the collimation used. For example, fan-
beam collimation can lead to truncation of the data at the edge
of the patient. A compensation for this truncation must then be
used. The relative merits of different methods of collimation are
still under investigation.

Another option in the case of nonuniform attenuation is the
use of an attenuation map obtained from a CT image by a
suitable energy extrapolation from the gamma-ray energy of the
x-ray scanner (~70 keV) to the energy of the gamma ray of
interest (54,64). This map is useful only if the CT image set can
be fused (i.e., superimposed exactly) into the space of the
SPECT image set. Various methods have been proposed for
image fusion (65-67).

The nonuniform attenuation map can be incorporated into the
Chang attenuation compensation method (50,68,69) or applied
through an intrinsic attenuation correction. The latter usually
occurs by means of one of many iterative reconstruction
algorithms. These algorithms rely on finding a consistency
between the measured data and results from the current estimate
of the image after forward projection to the detector. The
forward projection utilizes a model to specify the process.
Within that model, the attenuation is usually accomplished one
voxel at a time by the formula

I' =T ™™, Eq. 22

where [ is the gamma-ray intensity entering the voxel, I is the
intensity (count rate) leaving the voxel, p is the average

attenuation coefficient within the voxel and | is the gamma-ray
path length through the voxel at the projection angle of interest.
Examples of reconstruction algorithms available are the maxi-
mum-likelihood expectation-maximization (ML-EM) algorithm
(69) and the space-alternating generalized EM (SAGE) algo-
rithm (70). The utility of nonuniform attenuation correction
with an iterative algorithm has been verified by tests of relative
diagnostic accuracy in coronary heart disease (7/).

3. Scattered Photon Correction Methods

Several different approaches have been advocated to reduce
the detrimental effects of detected scattered photons on activity
quantitation and on image quality (28,4/—43,72-83). These
methods include use of a reduced-value attenuation coefficient,
dual- or multiple-energy window acquisition, convolution/de-
convolution methods (in space or energy), spectral fitting,
energy-weighted acquisition and computer modeling. Most of
these methods are applicable to planar imaging as well.

The reduced-value attenuation coefficient approach (broad-
beam geometry) compensates for the additional scatter counts
present by undercorrecting the measured image counts. Dual-
photopeak window methods provide a subtractive method for
correction of scattered photons within the lower energy portion
of the photopeak (28,78—81). In one technique, the photopeak
region is divided into two nonoverlapping energy windows
(Fig. 5a) from which a regression relationship is obtained
between the ratio of counts within these windows and the
scatter contribution within the total photopeak window (28).
The scatter distribution within the photopeak window is esti-
mated through calibration to determine the regression coeffi-
cients for the specific system and pair of energy windows
without the use of arbitrary scaling factors. The more general-
ized scheme for dual-window acquisition involves acquiring
two sets of images, one at the radionuclide photopeak and a
second one suitably positioned to image Compton scattered
photons. An appropriate fraction of the scatter image is sub-
tracted from the photopeak image to compensate for the
Compton scatter photons (80,8/).

Koral et al. (80) have described a method which utilizes an
adjacent lower energy scatter window to obtain a scatter
multiplier “k” defined as the ratio of the scattered counts in the
photopeak window to those in the lower window (Fig. Sb). The
true photopeak counts C; are given by the simple relationship:

C'r = Cpp - sz, Eq. 23
where Cpp is the total count recorded within the photopeak

window and Cg is the count within the scatter window. The
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multiplier k may be determined empirically from imaging
experiments conducted with sources inside scattering medium
phantoms and in air.

Deconvolution techniques are either true deconvolution
methods (83-85) or convolution calculations that produce a
scatter estimate which is subtracted from the usual image to
provide correction (74). A scatter function (74,84,85) or an
energy-response function (83) is required to carry out the
calculation. The scatter function has spatial “tails” that define
the magnitude and extent of the effect of detecting scattered
photons. It is usually measured by placing a radioactive source
within a water bath that provides the representative scatter. The
energy-response function simulates the detection process of the
scintillation camera; a Gaussian shape with a width depending
on energy is usually assumed.

In some spatial convolutions, the calculation begins with a
first approximation to the corrected image (74,86). This esti-
mate would ideally be improved upon through an iterative
process. However, only one iteration is actually performed to
avoid noise increments and potential instabilities.

Energy-weighted acquisition is a technique available through
an add-on to a commercial gamma camera system (87,88). It
requires the knowledge of predefined weights, which are
derived from desired criteria for the resulting images. These
criteria are improved resolution without increase in noise and
stability against changes in energy gain from point to point over
the camera face (39). Spectral-fitting methods (82) are also
now available on a commercial system (89). Last, computer
modeling (90) is an elegant technique but potentially requires
an accurate Monte Carlo simulation of photon transport for the
particular patient of interest (9/7).

Simulation studies in heart perfusion, especially in cases of
large liver activity, have led to the conclusion that both
attenuation and scatter correction are needed (92,93). However,
because of the complexity of the problem and due to the
multiplicity of proposed methods, no one single method of
scatter correction has been widely accepted, although scattered
photons may account for as much as 50% of the recorded counts
in a SPECT image.

4. Activity Determination

Reasonably accurate and precise quantitative SPECT imag-
ing is clinically feasible, even without sophisticated scatter
corrections, at least in uniformly attenuating parts of the body
such as the abdomen and pelvis (42). With Chang’s first order
postprocessing method of attenuation compensation (55), the
most commonly used approach in commercial SPECT systems,
investigators have obtained fairly accurate activity estimates
using a semi-automated processing method employing thresh-
olding (94,95). The attenuation-corrected reconstructed slices
are used to obtain source region activity based on a fixed
threshold method. Briefly, all the reconstructed slices spanning
the object of interest typically are analyzed to determine the
maximum voxel count. Only voxels containing more than a
predetermined percentage of this maximum count, as derived
from phantom studies, are included for the activity calculation.
The activity is determined from the sum of the counts in the
included voxels divided by the acquisition time and an inde-
pendently acquired count rate per unit activity system calibra-
tion factor. In addition to threshold methods (96,97), image
segmentation has also been based on edge detection (98-101).

It should be pointed out that any technique that does not
specifically compensate for scatter will not be rigorously
correct, especially in the presence of low-energy photons,
which are known to contribute a significant amount of scatter.
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In areas of nonuniform density, such as the thorax, it is
necessary to incorporate a nonuniform attenuation map in the
Chang attenuation compensation method (102). Also, the use of
a fixed threshold method to distinguish between source and
background voxels is based on a global maximum and can be
incorrect if the activity in the selected volume of interest
changes rapidly with time. In addition, Mortelmans et al. (103)
reported that a single fixed threshold value may not be accurate
enough because the threshold value was found to be dependent
upon object size and image contrast.

Because SPECT is a three-dimensional imaging modality, it
can provide information about the distribution of activity within
a source volume (i.e., the activity in each individual voxel may
be obtained). However, in practice, this may be difficult due to
the large uncertainty associated with quantitating radioactivity
within a very small volume (i.e., the voxel) due to finite system
spatial resolution and partial volume effects (42,99). To mini-
mize this problem, the average activity within a collection of
subvolumes, each containing an appropriate number of voxels,
may have to be integrated (/04). A number of investigators
have determined the spatial distribution of activity within a
source region at the voxel level (104—-108) and used these data
to generate patient-specific absorbed dose estimates. In addi-
tion, image fusion (i.e., registration of multimodality images),
has also been shown to be important for patient-specific
dosimetry in radionuclide therapy (104,105,107,108). Bolch et
al. (4), in the last issue of The Journal of Nuclear Medicine,
provide a more comprehensive treatment of nonuniform activity
and absorbed dose distributions.

C. PET Techniques

Quantitative PET imaging is generally thought to be more
accurate than SPECT, largely because of the commercial
availability of a convenient attenuation correction (/09). Stan-
dard PET corrections are made for detector nonuniformity,
deadtime, random coincidences and attenuation; otherwise, the
procedure is similar to that for SPECT. PET is sometimes used
for measuring activity of a positron emitter to simulate another
radionuclide of the same atomic number (not a positron emit-
ter), for which activity measurements and absorbed dose esti-
mates are desired. The assumption is made that isotopes have
the same biokinetic behavior. For example, measurements have
been made using an '?*I-labeled radiopharmaceutical as a
surrogate for the '3'I-labeled radiopharmaceutical (/10). Un-
like most positron emitters, '2*I has a sufficiently long half-life
(4.2 days) to permit imaging over several days during the
biologic uptake and washout of the agent. Therefore, when an
analogous positron-emitting isotope (e.g., as a surrogate for a
desirable therapeutic radionuclide) that has a physical half-life
long enough relative to the pharmacokinetics is available, PET
imaging may increase the accuracy of activity measurements.

V. QUANTITATIVE MEASUREMENT TECHNIQUES: NON-
IMAGING
A. External Nonimaging Radiation Monitoring

Whole-body retention can be estimated by placing a shielded
Nal detector or other suitable survey meter 3-7 m from the
patient and recording the number of counts detected (/17). A
source of known activity is used to calibrate the detector. Initial
measurements for the total body must be made within a short
time after administration, defined as within the “no patient
excretion” period, so that later measurements may be easily and
more accurately compared to initial body content of the admin-
istered activity and to the reference standard. The use of a
reference standard measured at each time corrects for radioac-
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tive decay and for instrumental drifts. Special care must be
taken to minimize errors from fluctuating background (such as
might be caused by external radionuclide sources or other
injected patients). These whole-body measurements are per-
formed at each patient imaging session to obtain the biologic
retention of activity in the total body. Whole-body counters
with dual-opposed Nal(Tl) detectors have also been used to
measure whole body radioactivity (112).

B. Tissue Sample Counting

The most frequently sampled tissue is blood (//3). The
temporal variation of activity in blood may be important for
assessing bone marrow dose and providing input functions and
central compartments for some compartmental models. If bone
marrow dosimetry is desired, the hematocrit and the red marrow
extracellular fluid fraction for the patient should also be
obtained (/14). Activity may be determined using a variety of
instruments including dose calibrators, gamma well counters
and liquid scintillation counters. A calibrated (through the use
of appropriate standards) gamma well counter is commonly
used to obtain serial blood activity concentration (uCi/ml).
Typically, 1-3 ml of blood are withdrawn by peripheral
venipuncture from the patient at various times postadministra-
tion, such as 5 min, 10 min, 15 min, 30 min, 60 min, 120 min,
24 hr, 48 hr and 72 hr. Samples may need to be taken at later
times postinjection, depending on the half-life of the radionu-
clide and the blood retention rate.

Another approach for blood pool analysis is the use of
time—activity data generated from conjugate view quantitative
images of the chest. Regions of interest can be drawn around
either the left ventricle of the heart or the aorta. The activity
data determined from the quantitative conjugate view images
has been validated in the literature by comparison to the serial
blood activity data in the same patient (//5). However, this
technique may not be accurate when there is radionuclide
uptake in the myocardium.

Finally, an estimate of the activity retained in tissues and
regions may be obtained through serial biopsy sampling of the
tissue of interest (//6). Most frequently, this is not a viable
option. However, in therapeutic radionuclide protocols, biopsy
samples or tissue samples might be obtained after surgical
resection from one or more tissues of interest, such as tumor,
liver, lymph node and so on. Also, a tissue may be biopsied for
other clinical reasons and a sample obtained (or portion thereof)
for quantitation in a calibrated well counter. The biopsy sample
may be useful in deriving an empirical conversion factor (count
rate/activity) for scintigraphic images of the same tissue in vivo.

C. Excreta Counting

Characterization of the total amount (or fraction) of activity
excreted, excretory rates and routes of excretion are essential
for estimating absorbed doses (//3). However, direct measure-
ment of excretion rates per se is rarely performed. Total-body
retention as determined from imaging or radiation monitoring
may be used to assess excreted activity. The four major routes
of excretion are urine, feces, perspiration and exhalation. Of the
excretory pathways, the fraction of the administered activity
excreted in the urine is most easily determined. Urine collection
is the method of choice. The urine sampling must be complete
in the sense that all voidings should be collected or pooled over
a specified period (e.g., 0—6 hr, 6-12 hr, 12-24 hr and so on)
and labeled as to time of collection. This measurement is
important for two reasons. First, the total amount excreted and
the rate at which it is excreted are a major determinant of the
total-body retention and dose to bladder. The activity in the
urine after voiding should not be included in the total body or

remainder of the body activity retention. Second, from the
total-body retention, one can then calculate the residence time
(or cumulated activity) for the urinary bladder contents using
the model of Cloutier et al. (/7). Dose to the urinary bladder
wall surface may be calculated using the dynamic bladder
model of Thomas et al. (/18).

The storage and accurate measurement of highly radioactive
urine can be a radiation safety problem. Also, protocols which
rely on patient self-measurement of void volume before urine
aliquots are prepared may yield unreliable results depending on
the continence of the patient. Therefore, whole-body monitor-
ing to determine whole-body retention for calculation of blad-
der wall dose is preferable to making urine measurements when
the major excretory route is via urine.

Fecal excretion is determined for fewer compounds than is
urinary excretion. Stool radioassay is infrequently done and
may be estimated as the difference between total-body retention
and urinary excretion (assuming negligible elimination by
exhalation and perspiration and complete urine collection).
Activity can accumulate in the gastrointestinal (GI) tract from
three sources: orally administered compounds that are not
absorbed or are incompletely absorbed; hepatic filtration with
subsequent biliary excretion to the small intestine; or secretion
into stomach and into the GI tract lumen. All lumenal activity
that is not absorbed is excreted in the feces. One may use the
ICRP-30 GI tract model (/79) under conditions of continuous
flow of material to calculate residence times for the organs
comprised by the GI tract. Other models are available which
explicitly consider bolus transport through the GI tract (/20).

Significant excretion by the remaining two routes, perspira-
tion and exhalation, are rare and perhaps the most difficult to
measure accurately. However, in specific instances, they may
be important. For example, the amount of '“C-labeled carbon
dioxide exhaled is critical for estimating the absorbed dose
associated with the '“C urea breath test. In this test, 40-90% of
the administered activity is excreted in the breath or urine
within a few hours (/27). The remaining activity is incorpo-
rated into bone with a long biologic half-time. The bone dose
will vary substantially depending on how much '“C-labeled
carbon dioxide is excreted; therefore, an accurate assessment of
the fraction exhaled is critical. The total fraction of a radionu-
clide excreted by perspiration is difficult to assess. Iodine is
known to utilize this mode of excretion.

V1. DATA PROCESSING

A. Curve Fitting and Determination of A and 7

The activity (number of nuclear transitions per unit time) in
region h is a function of time t and is symbolized as A, (t). From
serial activity measurements (obtained from external counting,
tissue sampling or excreta sampling), one can determine the
area under the time-activity curve, A (2). The cumulated
activity, A, is the sum of all nuclear transitions in region h
during the time interval of interest. The residence time, 7, is
obtained by dividing A,, by the administered activity, A,.

Several methods are available for determining A, from
graphical representations of A;(t). Among these are numerical
methods such as the trapezoidal rule (/22) and Simpson’s rule
(123), and analytical methods (/24), based on the assumption
that some fitting function can adequately describe the data. In
particular, if A;(t) can be fitted to a sum of exponentials, the
function can be written as:

An(t) = X Aj(0)e= AW Eq. 24

J
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where A;(0) is the initial activity value of the jth exponential
component, A is the physical decay constant corresponding to
the physical half-life T of the radionuclide through the relation-
ship A = 0.693/T and A, is the biologic elimination constant
corresponding to the biologic half-time T;(A; = 0.693/T;) of the
jth exponential component. Summing all the nuclear transitions
during the time interval is equivalent to integrating A, (t) over
that time interval. The limits of the integral are usually taken as
time zero to infinity:

Ay = J An(t)dt = D A/(A + A)) = 1.443 X A(T)., Eq.25
0 j i

where (Tj). = 0.693/(A + A;). (Tj). is the effective half-time of
the jth exponential component, where the combination of
physical decay and biologic removal results in an exponential
disappearance rate that is the sum of the physical and biologic
decay rates. The quantity A, is negative for uptake components.

Analytically, the A; and A; values can be determined by
fitting the A, (t) data to Equation 24 by a least squares technique
(see Example 4 in Appendix E). In some cases, adequate results
can be obtained by plotting A(t) on semilogarithmic graph
paper, drawing the best-fit line through the data corresponding
to the slowest component (which will be a straight line),
subtracting its values from the original data, and repeating the
process to generate the A; and A; values.

Alternatively, A, may be calculated as the area under the
curve in an ordinary plot of A,(t), by use of any of several
numerical methods, such as Simpson’s rule or the trapezoidal
rule. Of these, the simplest to apply is the trapezoidal rule
(122):

b
j Ap(t) dt = [wyyp + (W) + wo)y; + (Wo + wa)y, + ...
a

+ Wmym)2, Eq.26

where w’s are the widths and y’s are the heights of the m
rectangles. An example of the use of the trapezoidal rule can be
found in Example 4 of Appendix E.

These curve processing methods can be applied to any source
region time-activity data. The resulting cumulated activities or
residence times can then be used to estimate absorbed radiation
dose using the MIRD schema (/,2). However, obtaining the
residence times for the remainder of body, excretory organs and
regions that cannot be measured directly is often difficult. Data
sets for whole body and cumulative or differential excretion and
other regions may require interpretation and manipulation.

B. Compartmental Modeling .

An alternative approach to the direct calculation of A and 7 is
to fit a compartmental model to the measured data. Often, it is
impractical to measure the time—-activity curves of all of the
source regions. When the physiological interactions of these
regions with the blood or with other directly measurable tissues
are known, the time—-activity curves of unmeasured tissues can
be inferred by compartmental modeling. This technique also
makes it feasible to separate the time-activity curves of over-
lapping regions from each other. A compartment in such a
model is a unit of the body which is assumed to act kinetically
as a distinct, homogeneous, well-mixed unit (/25). For exam-
ple, if a kidney agent is studied, the renal cortex and renal
medulla might be treated as separate measurable compartments,
whereas the liver would probably be a single compartment. On
the other hand, if the agent studied is a hepatic agent, the liver
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would probably be divided into several compartments, includ-
ing a gallbladder compartment that receives activity from one or
more of the intrahepatic compartments. The gut, which subdi-
vides anatomically into a number of compartments, would also
be important in a liver agent model because it receives activity
from both the liver and gallbladder. But the gut may also
receive activity directly from the blood through the mesenteric
circulation. If the tracer is partially or completely reabsorbed,
the gut sends activity back to the liver and, perhaps, to the
blood. In the study of a liver tracer, the kidney would probably
be treated as a single compartment.

A compartmental model, for dosimetry purposes, describes
the kinetics of the tracer in question as transfers among the
compartments of interest. These compartments may represent
individual organs, in which case the normal assumptions about
a compartment, e.g., being a well-mixed space, are not strictly
valid. Usually, however, a reasonable representation of the
organ’s kinetics may be obtained through the analysis and an
accurate residence time may be determined. Alternatively,
compartments may represent pools or spaces in the body, and
the residence time obtained must later be apportioned to
individual regions to estimate the radiation dose. In dosimetry
studies, as many as possible of these compartments are mea-
sured directly. All available data are used and known physiol-
ogy furnishes the configuration of the model. Some of the
parameters of the model may be taken from the literature,
especially when observed data are not sufficient to identify the
model completely. The more compartments for which valid
data exist to test the model, the more confidence one can place
on the model projections of the time—activity functions for those
compartments without direct observational data.

Most models assume linear (first-order) kinetics between
linked compartments. In other words, transfer out of a compart-
ment per unit of time is a constant fraction of the content of that
compartment. Therefore, the time-dependent activity of any
compartment can be described by a differential equation, and
the entire system is described by a series of coupled differential
equations. Even when a transfer of tracee is nonlinear, the use
of tracers linearizes the function. When the steady state is
perturbed during a study (e.g., a large dose of iodine is given
during a radioiodine study or cholecystokinen is given during a
gallbladder study), this perturbation may be modeled by adjust-
ing one or more of the model parameters. Radioactive decay is
incorporated into the physiological model as an exit rate
constant from each compartment.

Compartmental models are described by a set of differential
equations, the parameters of which are the sizes of the com-
partments and the rate coefficients for transfer between com-
partments. Unless the model is quite simple (four compartments
or less), the only practical way to solve these models is by
numerical methods. Analytic solutions for small models which
have unique solution sets are known, and software is available
for generating the rate constants from the input data points
(126,127). Because the transfer rate coefficients in these mod-
els are assumed to be linear (i.e., they do not vary with time),
extrapolation of the results beyond the end of the measured data
to infinite time, using these coefficients, is often thought to be
a reasonable approach, assuming the model accurately repre-
sents reality (which may not be the case for short-term bone
models, for example; see Appendix D). A variety of programs
are available for solving models and can be used on desktop
computers (/28). The most useful programs have utilities for
optimizing the fit of time—activity curves of the model solution
to the observed data through the use of iterative, nonlinear least
squares routines.
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Once the best model to describe a tracer system has been
determined and fitted to the available data, time-activity func-
tions for all of the regions and tissues of importance to
dosimetry are generated and projected to infinite time using the
parameters determined by fitting all of the available data sets
(129). These functions are then integrated to obtain A and 7.

Vil. SUMMARY

For those who are involved in the design and execution of
experimental trials with radiopharmaceuticals, whether the
desired endpoints are preclinical efficacy, diagnostic utility,
clinical therapeutic applications or acquisition of dosimetry data
for correlation with biological response, methods for data
collection, analysis and processing must be carefully con-
structed in advance (a study design protocol checklist is
provided in Appendix B). Not only does this hold true for
arriving at the most accurate method to assess product utility,
but frequently such careful forethought can achieve labor and
cost savings in the laboratory or clinic.

Calculational methods described in this article have used the
MIRD schema for absorbed dose assessment. Analytical meth-
ods for prospective design of experimental trials have been
addressed through consideration of information already known
about the radiopharmaceutical for estimating the appropriate
number of experimental sampling points to be obtained based
on uptake and retention properties. An accurate determination
of the time-dependent activity in situ is required for calculating
absorbed dose to target regions. The determination of cumu-
lated activity A and residence time 7 involves establishing a
prospective plan for data collection, analysis and processing.
After identifying all source regions with adequate temporal
sampling, the absolute activity in each of these regions versus
time must be determined. Quantitative measurement techniques
such as conjugate view planar imaging (as well as SPECT and
PET imaging), external nonimaging radiation monitoring, tissue
sampling (blood or biopsy) and excreta sampling have been
presented in detail with emphasis on data analysis. Diagrams
(Figs. 1-5), examples in the appendices and the extensive
references cited are intended to provide the reader with the
basic “tools” for collecting and analyzing experimental radio-
pharmaceutical data sets.

Last, in the data processing phase, integration of time-
activity curves provides the cumulated activity and thus resi-
dence time in each source region from which region and total
body absorbed dose can be calculated. Several “how-to” exam-
ples (Appendix E), including trapezoidal rule, Simpson’s rule
and analytical methods using least squares procedures have
been included to provide calculational details. Compartmental
modeling techniques have been described also. Nonuniform
uptake and retention at the suborgan level (or smaller) is the
subject of a separate MIRD publication (4) and is not consid-
ered in any detail here.

The aim of this pamphlet on methods for the collection and
analysis of radiopharmaceutical biodistribution data is to pro-
vide the investigator with referenced, standardized and accepted
methodology for the accurate determination of absorbed dose
from internal emitters. The document is intended also to serve
as a guide for choosing the appropriate techniques when
acquiring and preparing product data for review by national
regulatory agencies.
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APPENDIX A: SYMBOLS AND DEFINITIONS
See Table Al.

APPENDIX B: STUDY DESIGN AND PROTOCOL
CHECKLIST
Dosimetry Evaluation

Radionuclide:
Date:

Compound:
Performed By:

A. Data Collection Methods
Direct sampling performed? (Y/N)

Blood _____ Tissues Excreta
Imaging Type: Planar SPECT PET __
Other
Corrections: Decay Attenuation (Method)
Scatter (Method) Image Filter
Data Source: Literature Animal (specify)
Human Other

Number and Times of Serial Measurements:

Blood/Plasma Imaging
Tissue Excreta
Were initial data obtained pre-void? (Y/N)

Other comments on data collection techniques:

B. Data Analysis
Methods of Absolute Activity Determination

C. Data Processing

Determination of A or 7

Type of Mathematical Model: 1. Numerical Integration
2. Least Squares 3. Compartmental
Model 4. Other
If (1) or (2), what assumptions were made about the activity

beyond the end of the data set?

How was red marrow A or 7 determined?
Does model account for excretion? (Y/N)
Does model account for 100% of the activity? (Y/N) _
D. Dosimetry Methods
Dosimetry Schema: MIRD ____
Source of S values
Method of Calculation (e.g., by hand or computer program -
specify version)
Other Models Used (check all that apply)
ICRP Lung Model ICRP GI Model
Dynamic Bladder Model Other.
Corrections Applied: Remainder of body S values ______
Adjustments for patient body size, region size/mass

ICRP _  Other

Describe any other assumptions:

E. Checklist Review

Signed: Date:
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TABLE A1

Table of Symbols and Definitions
Section Symbol Definition (units)
[ D=AxS Mean absorbed dose (Gy or rad)
A Cumulated activity (Bq - sec or uCi - hr)
S Mean absorbed dose per unit cumulated activity: S value (Gy/Bq - sec or
. rad/uCi - hn.
7= AAy Residence time (sec or hr).
Ay Administered activity (Bq or uCi).
.C. T Physical half-life (sec or hr).
To Effective half-time (sec or hr).
t=0 The time of radiopharmaceutical administration.
IVA2. AP Anterior and posterior.
VA2ai. Thickness of a single source in region j (cm).
t. Thickness of region n (cm).
1y Linear attenuation coefficient of source region j cm™").
[T, Linear attenuation coefficient of region n (cm™").
t Patient thickness (cm).
Ialp Conjugate view count rate pair (anterior/posterior) (counts/time) (s~ or min~").
Talp f; Source activity in region j (Bq or uCi).
Bal A= yewc
- (nt/2) Correction factor for the source region attenuation () and source thickness
Eq.2 i s_“_inh (1,1/2) (t) (.e., source self-attenuation correction).
" n Effective linear attenuation coefficient (cm™").
Eq.3 Ko = (1/02 mt, = py + (1/()2 (m = )t
i=1 i=1
IVA2ai e # Transmission factor (7) across the patient thickness t.
t Patient thickness through the region of interest (cm).
e Effective linear attenuation coefficient across the patient thickness (cm™).
Iy Ratio of count rates with (I) and without (Io) the patient in position.
C System calibration factor (count rate per unit activity) (Bq~' sec™' or
uCi~' - min~").
VA2.a.ii.
1alp 1 Activity in source volume 2 (Bq or uCi).
Ea.4 A=\ S 9@
Eq.5 gla) = {1 + (/e + 2aff,f,) cosh Correction factor for two separate overlapping source regions of uniform
[tz + 2pats + pats/20 "2 activity.
a=A/A, Ratio of the activity in the two overlapping source regions.
IVA2b.i. ()" Geometric mean of the A/P count rate pair (counts/time).
Eq. 6 F={1 - (ao/1a1 — 0111 — (aps/TeN1 — tA1? Fraction of the geometric mean count rate that originates from the organ (or
volume) of interest alone. Correction factor for surrounding background
laoy Count rate from a region adjacent to the source region-of-interest (ROI)
(sec™' or min~").
Eq.7 F=[1- (a1 — tA) Simplified expression for the correction factor F (Eq. 6) for the situation in
which the source is located near the midline.
IV.A2.b.ii.
Inlp 3 Activity in uniform source region 3 surrounded by uniform background
Eq.8 A= ;_mak(v) activity (Bq or uCi).
Eq.9 k() Correction factor for surrounding uniform background activity in regions 2
and 4.
vo = AA, Ratio of the activity in the background regions of 2 or 4 to the activity in
Vs = AdA; source region 3.
VA2ci. T Relative transmission as a function of depth within a scattering medium.
T =1l = e Transmission modeled as a single exponential (straight line on a semi-log
plot).
Mo Effective linear attenuation coefficient (cm™").
J = ne™ Expression for transmission in the straight line region (semi-log plot) beyond
o Equivalent narrow-beam geometry linear attenuation coefficient cm™’).
n Pseudo-extrapolation number.
Ialp 5 Source activity for single source embedded within a scattering medium with
Ba. 10 A=/ F c no surrounding background activity. Valid for source regions located at

depths beyond the transmission curve shoulder.
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TABLE A1

Continued
Section Symbol Definition (units)
IV.A2.c.ii. DDBF Acronym for depth-dependent buildup factor in Egs. 11 and 12 for 1, and I,.
C Depth-dependent buildup factor.
Eq.13 B(d) = =4 e
d ° Depth at the center of the source (lesion) (cm).
Cq Count rate measured at depth d (sec™ or min™").
Codg Count rate measured in air at same source to gamma camera distance
(sec™* or min~?).
" Linear attenuation coefficient (cm™").
t Overall patient thickness (cm).
t Source thickness (cm).
A =Co/C Activity (buildup factor method) (Bq or uCi).
o] System calibration factor (count rate per unit activity) (Bq~' - sec™' or
wCi~* - min~").
DIBF Acronym for depth-independent buildup factor.
Eq. 14 JT=1-(1-e»48= Transmission (DIBF method).
B() Buildup factor at infinite depth. (Equivalent to the pseudo-extrapolation
number, n.
IVA2cii. CR Acronym for the channel ratio method.
TEW Acronym for the triple energy window technique.
Eq.18 C;=Cpp — Cs — Cys Corrected (true) photopeak counts.
Cep Total count recorded within the photopeak window.
Cis: Cus Counts within lower and upper scatter windows.
k1, k2, k3 Scatter multipliers.
IVA2.c.iv. EWA Acronym for energy weighted acquisition.
VA3
Eq.20 A =I,e*F/C Activity seen only on one view (versus the conjugate method).
Ia Count rate within the image ROI.
C System calibration factor (count rate per unit activity).
F Correction factor for background activity counted within the ROI.
IV.B.2.
1 Correction factor (SPECT imaging).
Eq.21 CF= "
1
N 2 g,
i=1
7, Transmission at angle i from the pixel through the body to the skin surface.
N Total number of projections.
Eq.22 I' =Le ™ Gamma ray intensity leaving a voxel.
I Gamma ray intensity entering the voxel.
n Average linear attenuation coefficient within the voxel (cm™").
¢ Gamma ray path length through the voxel at the projection angle of interest.
IV.B3. k Scatter multiplier defined as the ratio of the scattered counts in the
photopeak window to those in the lower window.
Eq.23 C; = Cpp — kCg True photopeak counts.
Cep Total count recorded within the photopeak window.
Cs Count within the scatter window.
V.B. uCvmi Units for blood activity concentration.
VIA. A Activity in organ h is a function of time t.
t Time.
Q.24 Au(t) = D, A(0)e~ A+
J
A0 Initial activity value of the jth exponential component.
A Physical decay constant.
A Biologic disappearance constant.
Eq.26 A, Cumulated activity in organ h during time interval of interest. (Area under
the activity-time curve) (Bq s or Ci h).
Me Effective half-time of jth exponential component (s or h).
Eq.26 m Number of rectangles (using trapezoidal rule).
w Width of rectangles.
y Height of rectangles.
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TABLE A1

Continued
Section Symbol Definition (units)
Appendix C.1.1 Count rate with transmission source viewed through the patient.
Ip Count rate with the transmission source in air.
Iz Count rate obtained with patient alone (counts/time).
Talp Absolute activity A (MBq or uCi) in each region.
Eq. C1 A=F ? 6
F Background correction factor (Eq. 6).
f Correction for source region attenuation and source thickness (Eq. 2).
Appendix D.1. A,, A, Component coefficient for source region at t = 0 (fractional activity,
unitiess).
Te Effective half-time (sec or hr).
T Residence time in source region h (sec or hr).
Anslt) Activity associated with instantaneous uptake.
Tinst Residence time assuming instantaneous uptake (sec or hr).
k Fractional error in residence time calculations.
tmax Time at which time-activity equation reaches a maximum.

To, = 0.693/A + A,)
Tz = 0.693/(A + A))

Appendix D.2. At
Tw
Appendix D.3. A oilt)

7rap‘d
Eq.D19 r=A/A, +A)

Effective half-time for uptake or rapid washout.

Effective half-time for single component removal or slow washout.
Activity associated with the effective half-time of the slow washout, T..
Residence time associated with A, (t).

Activity associated with the effective half-time of the rapid washout, T,;.
Residence time associated with Ari(t).

Defined ratio of coefficients.

APPENDIX C: QUANTITATIVE IMAGING PROTOCOLS
(EXAMPLE FORMATS)

1. Conjugate View Imaging—Planar Views
The steps involved in activity quantitation based on transmission
conjugate-view planar imaging are as follows:

1.

54S

Determine the transmission factor, J(= e~ **), through each
source ROI. Usually the transmission factor is measured
before administering the radiopharmaceutical to the patient,
but it may also be determined after administration. To
measure the transmission factor, prepare a source of activity
whose surface area is greater than that of the source region
with the same radionuclide as that to be used for the patient
imaging study. As an example, for small regions fill the
bottom of a Petri dish (covered and sealed to prevent possible
contamination); for large regions, fill a flood source. Count
the transmission source for a fixed time (e.g., 5 min) through
the patient across the area of the specific body regions of
interest and again in air at the same source-to-collimator
distance. Another method for acquiring transmission data is
through a whole-body transmission scan which may be
performed with a line or flood source. The transmission
factor is calculated as I = I/I,, where I is the count rate
(cpm) obtained with the transmission source viewed through
the patient and I, is the count rate obtained with the
transmission source in air. The count rates are obtained by
drawing appropriate ROIs encompassing the source region.
The measurement of the transmission factor is thus based on
relative counts with and without the patient. If the transmis-
sion factor is determined postadministration, a separate mea-
surement of activity in the region at that time must be
obtained. In this case, T = (I — L)/, where L, is the count
rate obtained with the patient alone;

. Obtain the imaging system calibration factor, C, by preparing

a standard of known activity, usually 37-74 MBq (1-2 mCi),
in a suitable container of the same radionuclide to be used for
patient administration. Count this standard in air for a fixed
time (e.g., 5 min) at a source-to-collimator distance that
approximates that of the patient midline distance used for the

imaging study. The count rate per unit activity (cpm/MBq)
represents the calibration factor. The collimator count-rate
response as a function of the source-to-collimator distance
must be known. For parallel-hole collimators, collimator
efficiency is invariant; however, for other collimators, such
as diverging, converging and pinhole collimators, the effi-
ciency is dependent upon distance;

3. Acquire anterior and posterior views of each source ROI for
a fixed time (or for a fixed number of counts which must be
normalized to unit count time for each of the conjugate
views);

4. Determine the anterior I, and posterior I, conjugate-view
count rates for the region to be quantitated through ROI
analysis. Choose an appropriate background correction tech-
nique if required as described in the Section IV.A.2.b. For the
simple background subtraction method, the adjacent ROIs are
usually drawn contiguous to the region ROI and may be
normalized to the area of the organ region if a different size
ROl is used for I,p, versus I, and Ip. Care should be taken
to avoid high and/or low activity areas for selection of the
background ROI; and

5. Determine the absolute activity, A (MBq), in each region. For
example, for simple background subtraction, per Egs. 1 and

6:
/lAlp f
A=F ?XE, Eq.Cl

where F is the background correction factor and f provides the
correction for the source region attenuation and source thickness
(see Eqgs. 2 and 6 or 7). In most cases, f will be approximately
equal to unity. If the ROI is small and the variation in body
thickness within the ROI is also small, this equation can be used
to calculate the activity for the entire ROI. On the other hand, if
the ROI is large (e.g., encompasses the entire liver), a pixel-by-
pixel calculation may have to be made.

A conjugate-view measurement is not necessary at each of the
time points chosen for generating ROIs unless the distribution of
the activity is time-dependent. (This occurs, for example, in the

THE JOURNAL OF NUCLEAR MEDICINE » Vol. 40 « No. 2 (Suppl) » February 1999



stomach when a radiolabeled meal redistributes anteriorly from
the fundus to the antrum.) For the static distribution situation,
serial anterior or posterior ROI count rates can be used to
establish the temporal count rate dependence of the source
region. For at least one of these selected imaging time points, a
conjugate-view measurement of the source region is required to
convert the anterior or posterior count rates in these ROIs to
absolute activity and, thus, provide a source region conversion
factor. This source region conversion factor can be applied to all
anterior or posterior count rate measurements for this region of
interest to provide the quantitative time—activity data.

2. SPECT Imaging
The steps involved in activity quantitation based on SPECT
imaging are as follows:

1. Acquire a SPECT study of each source region (e.g. chest
SPECT for lungs, abdominal SPECT for liver and spleen and
pelvic SPECT for sacrum). A typical SPECT study is
acquired in a 64 X 64 image matrix for 64 projections over
360° for 20 sec per projection using the body contour rotation
mode;

2. Reconstruct the raw data by filtered backprojection using a
commercially available filter (e.g., Butterworth or Ramp-
Hanning) in the transaxial, sagittal and coronal planes. Apply
Chang’s method of attenuation correction to the transverse
reconstructed slices using a linear attenuation coefficient
appropriately chosen to compensate for the added counts due
to Compton scatter (e.g., 0.12 cm™! for *™Tc);

3. Obtain the imaging system calibration factor by preparing a
standard of known activity, usually 37-74 MBq (1-2 mCi), in
a point or line source of the same radionuclide used in the
patient and acquire a SPECT study using the same radius of
rotation as the patient study. Reconstruct with the same
algorithm as in the patient study except omit the attenuation
correction since the calibration source is imaged in air. Using
the same threshold as in the patient study in Step 4 below,
determine the count rate per unit activity calibration factor
(cpm/MBq) by dividing the total reconstructed counts ex-
ceeding the threshold by the product of the known activity
with the SPECT acquisition time; and

4. Determine the source region activity using a fixed threshold
method. Search through all the reconstructed slices spanning
the object to find the maximum voxel count. Only voxels
containing counts greater than a phantom-determined thresh-
old value will be subsequently included in the activity
calculation. The source region is again searched through all
the selected slices, this time only including voxels with
counts greater than the threshold value. The activity (MBq) is
then determined from the sum of the counts in the included
voxels divided by the acquisition time and the independently
acquired count rate per unit activity system calibration factor
(cpm/MBgq).

A more comprehensive protocol for SPECT activity determina-

tion would compensate for added counts from scatter that is

independent of the attenuation correction. Such a protocol
should result in more accurate SPECT data. A practical proce-
dure to carry out the compensation involves two or perhaps three
energy windows. One window is the standard energy window
for the photopeak of the administered radionuclide. The second
is placed at a lower energy to monitor scattering. A third window
at an energy above the photopeak is needed for radionuclides
such as '*'I to monitor collimator septal penetration. For the
two-window situation, acquire a SPECT study as in Step 1 using
two energy windows. A phantom-determined fraction of the
counts in the lower energy window is subtracted from the

photopeak counts to correct for scattered photons present in the
photopeak window. This subtraction should be carried out for
each pixel, projection by projection. The subtracted image set is
then reconstructed and analyzed according to Steps 2—4 above
except for two modifications: (a) the narrow beam geometry
attenuation coefficient is used for attenuation correction (e.g.,
0.15 cm™! for **™Tc); and (b) the calibration factor and the
fraction of the lower-energy window count needed for subtrac-
tion are determined from the same phantom measurement in
which the standard of known activity is placed within a
water-filled cylinder. Two separate phantom studies are re-
quired, each using a different activity amount to determine both
the calibration factor and subtraction fraction (i.e., the two
independent equations can be solved uniquely for the two
unknown parameters).

3. PET Imaging
The steps involved in activity quantitation based on PET
imaging are as follows:

1. Perform a patient transmission scan prior to administration of
the radiopharmaceutical. Use a ring source of any appropriate
and available positron emitter. Calculate a multiplicative
attenuation correction factor for each ray and apply it to the
projection data (sinogram);

2. Acquire a PET study of each source region and apply
appropriate corrections for accidental coincidences, detector
sensitivities, dead time and attenuation.

3. Obtain the imaging system calibration factor by preparing a
standard of known activity in a suitable container (e.g.,
cylindrical phantom) of the same radionuclide to be used for
patient administration and performing a PET study as in
Steps 1-2.

4. Reconstruct the patient images and use a thresholding method
as described in the SPECT protocol to determine the source
region activity.

APPENDIX D: TEMPORAL SAMPLING ERROR ANALYSIS

1. Assessment of Errors When Uptake is
Noninstantaneous

The uptake and retention of a compound in any given tissue
often can be simulated as a biexponential function of time (Eq.
D1), i.e., a curve with an uptake and monophasic washout. In this
simulation, the fractional activity in the region, A, is predicted to
rise from zero, at t = 0, to some value and then fall off as the
activity washes out:

Ap(t) = Aje(AHAt — A e (+AN Eq. D1

where A, = A,; A, = biologic uptake constant (hr™'); A, =
biologic disappearance constant (hr™'); and A = physical decay
constant (hr™1).

As indicated, the coefficients A, and A, are equal and of
opposite sign, which indicates that the activity in the region started
at zero, increased to some fraction of the administered activity with
an effective half-time T., = 0.693/(A + A,) and was removed with
an effective half-time of T., = 0.693/(A + A,). The residence time,
Ty, 1S given by:

Th = 1.443[A2Te2 - A|Te1]. Eq. D2

If it is assumed that the uptake is instantaneous, the uptake rate
A, is infinite, i.e., T, = 0, then Eq. D1 reduces to:

Aig(t) = Aje~ A+t Eq. D3

The residence time is:
Tinst — 1.443 AzTcz Eq. D4
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FIGURE D1. Percentage error (overestimation) in residence time calculations
when a source region’s peak uptake does not occur instantaneously. As the
ratio of the effective washout half-time to the neglected uptake effective
half-time approaches unity, i.e., T, ~ T4, the errors caused by neglecting
the noninstantaneous uptake dramatically increase. In cases where the
uptake effective half-time is <5% of the value of the washout effective
half-time, the errors are essentially negligible.

The fractional error in the residence time calculations under the
instantaneous uptake approximation, k, can be defined as equal to
(Tine — T)/7. Using Equations D2 and D4, k may be rewritten as:

k =T /[Tez — Tei]. Eq. D5

This result is obtained by dividing the difference between Equa-
tions DS and D2 by Equation D2.

Neglecting the uptake phase causes an overestimate of the
residence time because 7, is larger than 7. Figure D1 shows how
the percentage error varies as a function of the relative magnitude
of the washout effective half-time compared to the uptake effective
half-time. Percentage errors of >20% are obtained when the
washout-to-uptake half-time ratio is <6. For example, if the uptake
and washout effective half-times are 5 and 35 hr, respectively, their
ratio is 1:7. Thus, if the uptake phase is neglected in this case,
Figure D1 indicates that the residence time would be overestimated
by ~17%.

A direct result of Eq. DS is that for a given value of k, the uptake
effective half-time is equal to the washout effective half-time
multiplied by k/(k + 1), i.e.:

Ter = Tek/(k + 1). Eq. D6

It can be inferred from Eq. D6 that, for small percentage errors, T,
= kTCZo

To determine the earliest time necessary for sampling the
activity while keeping the percentage error from neglecting the
uptake phase to a minimum, the time (t,,,) at which the time—
activity equation is maximized must be determined. The initial
activity determination should be performed at this time point to
minimize the errors associated with mischaracterizing the uptake
phase. This is found by taking the derivative of Eq. D1 with respect
to time, setting it equal to 0 and solving for t_,,:

tmax = 1.443KT,; In(k + 1)/(K). Eq. D7

Figure D2 shows the variation of t.,, (the time for initial
sampling that constrains the error to <k%) as a function of
effective washout half-time (T,,) for four different values of
percentage error (<10%) in residence time estimates. To use this
figure, find the appropriate T.,, decide on the acceptable error, and
then find the y-intercept (t,,,,) that satisfies these conditions. From
Figure D2, for an effective washout half-time of 50 hr, sampling is
necessary before 10 hr postadministration (t,,,,) to keep the error
below 5% as a result of neglecting the uptake phase.

568
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FIGURE D2 T,,,,,, the time to peak uptake in a source region, is the latest
time for which activity retention should be determined in order to ensure that
the emor in residence time determination is kept below a specified value
(1%-10%). One can also estimate the eror introduced when the uptake
phase is neglected. For example, assume the washout half-time for an
1311.1abeled compound is 100 hr and the initial activity determination occurs
24 hr postadministration. The error in the source region residence time would
then be ~7%.

2. Washout Phase Error Assessment

The washout phase in a given tissue can again be simulated as a
biexponential function of time (Eq. D8). In the following example,
it is also assumed that an insignificant error is being made by
assuming instantaneous uptake in the tissue:

Ap(t) = AjeAFHAt 4 A e~ (A+A Eq. D8

where A, # A,; A, = biologic disappearance constant for rapid
washout component (h™'); A, = biologic disappearance constant
for slow washout component (hr~'); T,, = effective half-time (hr)
for rapid washout = 0.693/(A + A,); and T, = effective half-time
(hr) for slow washout = 0.693/(A + A;). In this example, the
pre-exponential coefficients will be normalized to unity, i.e., A, =
1 — A, for the case of a single source region. In general, for a given
region 3; A,; # 1 if there is uptake in other regions.
In this case, the residence time is given by:

7= 1.443[A| T, + A,Te,) Eq. D9

As an example, assume that only data that describe the long-term
activity retention in tissue is acquired and no data were obtained at
earlier times. In this simulation, the estimated initial activity is
equal to A,, the fractional activity associated with the effective
half-time of the long-term removal, T,,:

Along(t) = Age™AFMN, Eq. D10
where its associated residence time is given by:
Tiong = 1.443A,Tca. Eq. D11
Equations D9 and D11 can be rewritten as follows:
7/(A;Tey) = 1.443 - [1 + A\ To/(ATe)] Eq. D12
and
Tiong/(A2Te2) = 1.443. Eq. D13

As before, the fractional error in the residence time calculations
is defined as the ratio of the difference between 7 and 7o, to 7.
This result (Eq. D14) is obtained by dividing the difference
between Equations D12 and D13 by Equation D12:

k ={ATq/(A;TY1 + AT /(A T)]. Eq. D14
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FIGURE D3. Emor in residence time calculation when the rapid washout
phase is neglected. For source regions exhibiting biphasic clearance, the
magnitude of the residence time underestimate (when neglecting the rapid
washout component) are functions of the ratio of the slow to rapid washout
effective half-times (T,»/T,,) and the ratio of the fractional activity removed
rapidly to that removed slowly (A,/A,). When the relative amount of activity
rapidly removed from the region is small compared to the long-term retention
component, the errors due to neglecting the rapid washout are minor. As the
long-term retention component effective half-time becomes much larger
than that of the rapidly removed component, the errors are minor regardiess
of how the activity was distributed between the two washout components.
The foregoing does not account for errors in residence time determination
due to neglecting noninstantaneous uptake.

Figure D3 shows how the percentage error resulting from
neglect of the rapid washout component varies as a function of the
relative magnitude of the slow washout effective half-time com-
pared to the rapid washout effective half-time. Two general trends
should be noted. First, the larger the fraction of activity associated
with the initial rapid removal effective half-time, the larger the
percentage error. Also, the smaller the ratio of the slow washout
effective removal half-time, T,,, relative to T.,, the larger the
percentage error. To illustrate, assume a radiopharmaceutical
exhibits biexponential washout where 10 kBq is removed with an
effective half-time of 2 hr and 50 kBq is removed with an effective
half-time of 10 hr. Therefore, A,/A, = 0.2 and T.,/T,; = 5.
According to Figure D3, the error in neglecting the rapid washout
component is ~4%.

3. Assessment of Errors for Long-Term Retention of
Activity

The actual activity retention function can again be described by
Equation D8 and the associated residence time by Equation D9. In
this case assume that samples are not obtained at later times and
only data that describe the early or rapid washout from the tissue
are acquired. The resulting derived retention function is given by
Equation D15. Note that the estimated initial activity is equal to the
sum of the individual activity fractions for both the rapid and slow
washout components:

Anpia(t) = (A) + Ag)e™*HA, Eq. D15
The associated residence time is given by:
Trapid = 1.443(A, + A)T,,. Eq. D16

Eqgs. D9 and D16 can be rewritten as follows:
T{Tei(A) + Ag)} = 1.443[r + (1 — 1)T,/T,;] Eq. D17
and

Trapid {Te1(A + Ax)} = 1.443, Eq. D18

FIGURE D4. Potential emors in source region determination when the
long-term retention is neglected. The ratio of activity removed from the
source region to the total uptake is r, where r = A\/(A, + A,). (1 — n)is equal
to the fraction of the activity retained with a long effective removal half-time.
It is clear from this figure that not determining the long-term retention
component introduces large errors (underestimates) in the source region
residence time calculations.
where
r= A]/(A| + Az) Eq D19
1 —r=Ay(A| +A)). Eq. D20

The fractional error in the residence time calculations, k, can be
defined, as before, as the ratio of the difference between 7and Trapid
to 7. This result (Eq. D19) is obtained by dividing the difference
between Equations D17 and D18 by Equation D17:

k= {[l’ + (l - r)TeZ/TeI] - l}/[!‘ + (l - r)TeZ/Tel]'
Eq. D21

Figure D4 shows how the percentage error from neglecting the
long-term retention of activity phase or the slow washout compo-
nent varies as a function of the relative magnitude of the slow
washout effective half-time compared to the rapid effective wash-
out half-time. The percentage error is very sensitive to two
variables, namely r and the ratio of T,,/T.;. The smaller the
fraction of activity associated with the rapid effective half-time, r,
the larger the percentage error. Also, the larger the effective
half-time for slow washout, T,,, relative to T.,, the larger the
percentage error. For example, assume the radiolabeled compound
is 30% removed with an effective half-time of 2 hr and is 70%
removed with an effective half-time of 10 hr. Then r = 0.3 and
T.»/T,, = 5. According to Figure D4, the error in neglecting the
long-term washout component is ~45%.

APPENDIX E: CALCULATIONAL EXAMPLES

1. Instantaneous Uptake: No Biologic Removal

Problem. Consider 10 mCi of a ''C-labeled compound that is
taken up rapidly and distributes uniformly in the whole body (WB).
Assume that no biologic removal occurs. The physical half-life of
C is 0.34 hr. Calculate the cumulated activity and residence time
in the whole body.

Solution. The activity in the whole body is removed exponen-
tially with a half-time equal to the physical half-life T. From Eq.
24, one obtains:

Aws(t) = D, A0)e™AHAt = Age™M = Age 06T,
j

where Ayg(t) is the activity in the whole body at time t, A is the
physical decay constant, A, is the biologic disappearance constant,

MIRD PampHLET No. 16 « Siegel et al. 578



TABLE E1
Cumulated Activity and Residence Time in the Stomach

Cumulated Activity in the Kidneys

TABLE E2

Net

Time (hr) cpm Activity (uCi)
0 100,000 500

05 51,358 257

1.0 26,376 132

15 13,546 67.7
20 6,957 348
25 3,573 199
3.0 1,835 9.2

A, is the administered activity and T is the physical half-life. Note
that because there is instantaneous uptake and no biologic removal,
Awp(t) has only a single exponential term with A; = 0. The
cumulated activity in the whole body is the area under the whole
body activity-time curve generated from the Ayg(t) function
above. According to Eq. 25, the cumulated activity for complete
decay is given by:

AWB = j AWB(t) dt = Aoj 6—0'693VT dt = 1443AOT
0 0

= 1.443(10,000 .Ci)(0.34 hr) = 4,900 uCi - hr.
The residence time is:
Twg = AWB/AO = (4,900 uCi - hr)/(10,000 nCi) = 0.49 hr.

2. Instantaneous Uptake Removal by Both Physical Decay
and Biologic Elimination

Problem. To measure the gastric emptying rate for liquids, a
patient is instructed to drink 300 ml of water containing 500 uCi of
113mh_DTPA. Planar images of the stomach (S) are obtained at 30
minute intervals for three hours. The net counts per minute (cpm)
in the stomach region after subtracting background, if present, are
given in Table E1. The physical half-life of '"*™In is 1.658 hr.
Calculate the cumulated activity and residence time in the stomach
(Table El).

Solution. Because all of the activity is in the stomach att = 0
(instantaneous uptake), the activity in the stomach at this time is
Ao, where A, is the administered activity. At all other times, the
activity in the stomach at time t is given by Ag(t) = A,
[cpm(t)/cpm(t = 0)]. These data, shown in Table E1, have not been
corrected for physical decay and, therefore, represent the effective
removal of activity from the stomach. If these time-activity data
were plotted on graph paper it would be observed that the activity
is removed from the stomach in a manner corresponding to a
single-component exponential clearance. From Eq. 24, one obtains:

Ast) = D Af(0)e ™AW = Age M = Age 0N
j

where Ag(t) is the activity in the stomach at time t, A is the physical
decay constant, A; is the biologic disappearance constant, A, is the
effective disappearance constant, A, is the administered activity
and T, is the effective half-time. A least squares fit to these
activity-time data indicates an effective half-time of 0.52 hr.
According to Eq. 25, the cumulated activity in the stomach can
now be calculated as:

AS = f Ag(t) dt = A, f e 069Te q¢ — 1.443A,T,

0 0

= 1.443(500 pCi)(0.52 hr) = 375 uCi - hr.

58S

Counts in 20 sec

Time (sec) A/P left kidney

A/P right kidney  Activity in kidneys (uCi)

20 41,070/47,231 32,360/37,214 54.6

60 90,860/104,489  84,730/97,439 130
160 145,670/167,405 143,230/164,714 215
240 150,140/172,660 161,790/186,058 232
280 141,630/162,874 166,650/191,647 229
440 94,600/108,790 150,000/172,500 182
580 73,690/84,744  125,050/143,807 148
720 58,810/67,631  92,610/106,501 112
860 45,760/52,624 76,770/88,285 91.0
940 42,240/48,576 62,870/72,300 781
1060 36,490/41,964 52,820/60,743 66.4
1200 30,700/35,305 42,480/48,852 54.4

The residence time in the stomach is:
s = Ag/Ag = (375 uCi - hr)/(500 puCi) = 0.75 hr.

3. Noninstantaneous Uptake: Removal By Both Physical

Problem. A patient is administered 37 MBq (1 mCi) of *™Tc-
MAG3. Conjugate planar gamma camera images of the kidneys are
acquired for 20 sec at various times post administration. The counts
in the anterior (A) and posterior (P) views of the left and right
kidney (K) ROIs are given in Table E2. The physical half-life of
9m™Tc is 6 hr, the transmission factor through the kidneys is 0.75,
and the imaging system calibration factor is 5000 cpm/uCi.
Assume that the kidney correction factor, f, is equal to unity.
Calculate the cumulated activity in the kidneys (Table E2).

Solution. The total activity in the two kidneys can be calculated
using Eq. 1 and is given in Table E2. If these time-activity data
were plotted on graph paper it would be observed that the retention
of activity from the kidneys can be described by a three-component
exponential function with a single term for the uptake phase and
two terms for the clearance phase. Therefore, the kidney activity
can be described by:

Ag(t) = 2 Aj(O)c‘“‘“»)‘ = 2 Aj(o)e"(&)et'
j j

= Al(o)e—(/\l)et + AZ(O)e-(Az)et _ A3(0)e‘“’)°',
A least squares fit to the Ag(t) function above results in:
Ax(t) = 167e 7368 + 9337152 — 1100e 228,

where the coefficients are in uCi and the effective half-time
constants are in hr ', Note that the coefficient corresponding to the
uptake phase (A;) is negative and that A; = —(A, + A,). The
cumulated activity in the kidneys can now be calculated as:

Ag = f Ax(®) dt = > AJ/(N).
j

0

_le7 933 mw0 o
T368 152 228 oMMt

4. Curve Fitting: Least Squares and Trapezoidal Methods
Problem. A compound labeled with 100 uCi of *°Y distributes

uniformly in the whole body. Determine the cumulated activity and

residence time in the whole body using both the trapezoidal and

least squares methods. The following data show the whole-body
retention at various times (Table E3).
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TABLE E3
Whole-Body Retention at Various Times

Time (hr) Activity (uCi)
0 100
05 72
1 35
2 24
4 20
6 15
10 12

Solution. To determine A, we integrate the time—-activity curve
shown in Figure El.

The simplest way to do this is to calculate the area under the
curve through the observed data points numerically; each of the six
intervals (0—0.5 hr, 0.5-1 hr, 1-2 hr, 2—4 hr, 4—6 hr and 6-10 hr)
is treated separately by creating trapezoidal areas and the parts are
then added:

A, = (100 + 72)/2 uCi X 0.5 hr = 43 pCi-hr
A, = (72 + 35)/2 uCi X 0.5 hr = 26.75 uCi - hr
Ay =(35+24)/2 uCi X 1.0 hr = 29.5 uCi - hr

A4 = (24 + 20)/2 uCi X 2.0 hr = 44 pCi-hr

= (20 + 15)/2 uCi X 2.0 hr = 35 pCi-hr

Ag=(15+ 12)/2 uCi X 4.0 hr = 54 pCi-hr
Total = 232 uCi - hr

However, we must still account for the remaining area under the
curve after 10 hr. Because we have no data to describe further
removal from the body, a conservative approach is to assume that,
after 10 hr, the only removal of the remaining 12 uCi is by
radioactive decay. This remaining area (A,) may be calculated
analytically (for °°Y, A = 0.693/64 hr = 0.0108 hr™'):

=3

A= f A(10)e™™ dt = 12 uCi j 00108t G —
t 10

997 uCi-hr.

So the total area under the curve predicted by this method is 1230
pCi - hr, and 7 is equal to 12.3 hr.

A preferable method for integrating under the curve may be to
use a least squares technique to fit the data with a mathematical

100
90 .
80 ;
70

888883

o

0 2 4 6 8 10

FIGURE E1. Time-activity curve from data in Table E3.

function, which can then be integrated analytically. For the
example above, curve stripping gives a biexponential function, and
a least squares fit will yield the following equation:

A(t) = 18.6e™00% + 81.4e~" 2,

Note that the sum of the coefficients of the two exponential terms
is equal to the administered activity of 100 uCi. By integrating the
least squares equation to time t = 10 hr and comparing the result
with the estimate generated by the trapezoidal method, a reasonable
agreement is achieved:

A = 18.6/0.039 X [1 — e~099X10] 4 8] 4/1.23 X [1 — e~123%10]
=220 uCi- hr.

This shows that the trapezoidal method provides a satisfactory
approximation to the area under the curve over the observed data
set.

If we now integrate from 0 to infinity, the cumulated activity
becomes:

A =18.6/0.039 + 81.4/1.23 = 477 + 66 = 543 uCi-hr,

and 7 is equal to 5.43 hr.

This estimate does not agree well with that from the trapezoidal
method. The reason for this is that the trapezoidal method made the
conservative assumption that removal from the body is only by
physical decay after 10 hr, whereas the least squares method
assumes that the effective half-time of 17.8 hr continues after the
end of the data set. If no assumption is made concerning activity
retention following the last data point, the trapezoidal method out
to that point will underestimate A.
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