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Quantification of tumor activity is used to predict prognosis and
discriminate benign from malignant lesions identified by PET.
Accurate quantitation of small lesions requires correction for the
partial volume effects. Such a correction is often based on the
recovery coefficient (RC), which depends on the lesion size,
the object-to-background ratio (OBR) and physical properties of
the media. The purpose of this investigation was to determine
whether a model-based optimization method to simultaneously
recover the size and the activity concentration of small spheroids
could improve estimates of lesion radioactivity when object size
is unknown. For reference, we compared our method with a
widely used approach, RC correction, that requires the object
size to be known. Methods: A three-dimensional, spatially
varying, object size- and contrast-dependent Gaussian model of
the point spread function (PSF) of an ECAT EXACT was
developed. The observed dependence of the PSF on random
coincidences and measured-peak/background activity were in-
cluded in the PSF using three adjusting factors. Size and
radioactivity concentration of a spheroid were estimated by
adjusting size and concentration until model output best matched
the image data. Elliptic and circular phantoms both containing
seven hot spheroids, with OBRs ranging from 5.6 to 0 back-
ground, were evaluated. Results: The proposed quantification
method reduced the activity error by 11%—63% of the error
obtained without correction. The greatest error reduction oc-
curred for small spheroids. The average error in radius estimation
ranged from 2% to 48%, wherein the smallest spheroid produced
the largest errors. For spheroids with diameters from 8 to 22 mm,
Student t test (paired, one-tail) showed the proposed method
significantly improved accuracy (P < 0.05) in comparison with
the RC method and also in comparison with optimization without
the three adjusting factors. Conclusion: The model-based opti-
mization method improved estimation of radioactivity concentra-
tion over that corrected by the RC method and that made without
any correction. It also provided accurate estimation of size for
spheroids larger than 6 mm in diameter.
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Recent studies have shown that PET with '8F-2-fluoro-
deoxy-D-glucose (FDG) is very useful in differentiating
between benign and malignant conditions, tumor staging,
diagnosis of posttreatment recurrence, determination of
responses to therapy and assessment of prognostic factors
(1-10). Most of these applications take advantage of the
capability of PET to quantify tissue radioactivity concentra-
tion. One of the major limitations to quantitative accuracy is
caused by limited spatial resolution (7, /1-15). Experimental
data collected on an ECAT EXACT (Siemens/CTI, Knox-
ville, TN) have shown that the ratio of peak measured to true
radioactivity, also called recovery coefficient (RC) (3,11,12),
is 0.76 for a 22-mm inner diameter hot spheroid with
object-to-background ratio (OBR) of 12.6 in a water-filled
30.5 X 22.3-cm diameter elliptical cylinder (16). For a
6.4-mm inner diameter hot spheroid, under the same condi-
tions, the RC drops to 0.13. This underestimation of
radioactivity is conventionally called partial-volume effect
(PVE).

Two traditional approaches have been used to correct for
PVE. The first traditional approach incorporates PVE into a
tracer kinetic model so that the PVE is estimated along with
the physiologic function parameters (/4,17-20). This ap-
proach is applicable only to dynamic studies when the data
are analyzed using a mathematical model. Neither dynamic
data nor a model are usually available in applications such as
radioactivity quantification in tumors.

The second traditional approach to account for PVE uses
anatomic information and a model of the scanner spatial
resolution characteristics to estimate the true tracer concen-
tration (3,2/-27). This approach often cannot be used
because of the requirement of anatomic data from which
structure size is determined. Without these data, the tech-
niques are of limited value because even small errors in size
have been observed to cause large errors in the estimation of
blood flow (/7). Moreover, the methods proposed (23,25,26)
require MRI data to be segmented and registered with PET
data. This can be time consuming and prone to error.

Yu et al. (28) have proposed a nontraditional approach
that uses model-based optimization to simultaneously esti-
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mate width and activity of the putamen in '8F-L-6-fluoro-
dopa PET studies. They assumed there was no variation in
tracer uptake along the axial direction and that the structure
was long in one in-plane direction. Consequently, a one-
dimensional Gaussian point spread function (PSF) was used
to estimate and correct for PVE. Though the results were
good, Yu et al. (28) acknowledged that the approach is most
applicable when the structure width is larger than the full
width at half maximum (FWHM) of the PSF and when
structures similar in shape to putamen are considered.
Because detection of tumors or lymph node metastasis often
involves objects smaller than FWHM of the system PSF and
because the size of tumors, unlike putamen, could change
over a wide range, their method is not generally applicable
to oncology studies.

In this article, we consider tumor quantification for
oncology applications. We take a similar approach to that
described by Yu et al. (28) but use a three-dimensional
model. The three-dimensional model is based on a simplified
approximation of a previously developed PSF model that
accounts for both scattered coincidences and partial volume
effects (16). We also propose that the FWHM of the PSF
should be adjusted on the basis of the readily available
peak-to-background ratio (apparent contrast) and randoms
ratio, because we have experimentally observed such a
dependence. Our approach eliminates the inconvenience,
time and cost of obtaining anatomic data for the structure of
interest. For reference, a simple RC correction method using
known object size is compared with the proposed approach.
In addition, the importance of the model-data discrepancy
for small objects and limitations of this approach are
explored.

MATERIALS AND METHODS

Theory

The relationship between the PSF of the PET scanner, the object
(O, the true spatial distribution of radioactivity concentration) and
the theoretical radioactivity concentration distribution in the recon-
structed image (/), can be modeled by

1® = [ 0@)PSF, &, 0)da, Eq. 1
where X is a three-element vector, [x, y, z]T, representing a point in
the three-dimensional space. The dimensionality of &, which serves
as a dummy variable of integration, depends on how PSF is
defined. The O in PSF(x, a, O) is used to emphasize that the PSF is
object dependent.

Previously, we developed a nonlinear, spatially variant, object-
dependent (NLSVOD) PSF function that consists of three Gaussian
functions and five other simple functions with a total of 24
parameters (/6). The NLSVOD model accounts for plane sensitiv-
ity variation, object-dependent scattered photons and the spatially
varying resolution of the scanner. Although the model calculation
of a pixel value takes only approximately 1.5 s, more than one
hundred thousand pixels may need to be calculated in the model-
based optimization approach, which could take days. To reduce the
computation time, the generalized superposition integral in Equa-
tion 1 is replaced by convolution, and PSF(x, &, O) is approxi-
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mated by a three-dimensional Gaussian function multiplied with a
scatter scaling factor. The implicit assumption behind this approxi-
mation is that the shift-variance of the PSF(x, a, O) is neglected
within a small volume of interest (see the assumptions about object,
O, and the description of the volume of interest, V, below). This
approximation will be referred to as *‘scaled Gaussian model”” and
is given by

1) = 5,(0) [ OB)PSF4G — B)dp, Eq.2

where B is a three-element vector, [x’,y’,2z']T, PSF; is the
three-dimensional Gaussian function

PSFo(x—x',y—y,z2—2')

1 m((x -+ -y)? L@ z')’)
R —|, Eq.3
em*o.a,

a2y ok
and s,(0) is the scatter scaling factor defined as
_J 0@)PsFG. &, 0)da
[ o@PsF.G - ra

Eq.4

5,(0)

’
X=X

where X, is the point of interest.

We assume that (a) the object function O can be approximated
by a sphere O,, in a warm or cold background; (b) the radioactivity
inside the sphere is uniform; (c) the background level is uniform;
and (d) the dimension of the background in any direction is large
compared with the standard deviations g,,, and a,, in Equation 3.
With these assumptions, Equation 2 can be simplified to

I = 5,(0)|[0,(r, %, )
- B, (r, %, D] ® PSF;(®| + B, Eq.5

where ® is convolution, B is the background tracer concentration, r
and X, are the radius and the center of the sphere, respectively, and

A

flx—xl=r
0, (r,x,x) =

P

Eq. 6

0 otherwise

where ||x|| denotes the length of the vector X. A, is the tracer
concentration inside the sphere and

B iflx-xl=r

0 otherwise

B, (r. %, %) =

Eq.7

Note that 5,(O) can be evaluated for a single pixel and both O,, and
PSF have analytical formulas for their Fourier transforms, so the
convolution in Equation 5 can be calculated very efficiently in the
frequency domain.

If all of the other parameters for functions PSF, PSFg and O are
known, then r, X, A;, and B can be estimated by minimizing the
objective function

&, 5 Ay B) = 2, ([, ®) =~ 1D

XEV

+ 2 §j(r' i«:’ A.\'p’ B)v Eq. 8
J

where I,,(x) is the measured pixel value, V is the volume of a cube
that just covers the whole sphere of interest and &(r, X, Ay, B)is a
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penalty function used to define simple constraints of upper or lower
bounds (Equation 31 in Spang [29]).

Based on analysis of measured data (see Results), three adjust-
ing factors, fu,m, fe and f., are added to Equation 3:

PSFg(x—x',y—y',z2—2")

Surm

(x = x')z +(v— y’)2 (-2 )z

= e~ T 2 A
g2 2 Y .
Q2m)*"f L i fg:o " rosrss S 2:O%:

Eq.9

where fum, fery and f,. can be empirically modeled as functions of
apparent contrast, AC = I(x.)/B, and randoms ratio, RR =
randoms/total events:

S =ky — ke RAC k) — k RR, xxx € |nrm, gxy, gz}, Eq. 10

where k,, ks, . . . k. are the parameters for the adjusting factors. This
approach will be referred to as *“AC-RR-adjusted model.”

Data Collection

A 21.5-cm circular and a 30.5 X 22.3-cm elliptical cylinder from
Data Spectrum Corporation (Hillsborough, NC) were used in this
study. Data were collected in two-dimensional (septa extended)
mode with an ECAT EXACT (30). All the images were recon-
structed with Hann filter, cutoff 0.4. Other reconstruction details
and the resulting image size, pixel size and center-to-center
distance between image planes were the same as described in Chen
et al. (16). The calibration of true activity concentrations and the
scanner calibration were also performed in the same way as
described by Chen et al. (/6).

There were two major data groups. Group I was used to
determine parameters of the AC-RR-adjusted model and had long
emission and transmission acquisition durations. Group II was the
test group. The model-based optimization was applied on this
group to simultaneously estimate the spheroid radius and the
radioactivity concentration. This group had short emission and
transmission acquisition durations comparable to those of a clinical
oncologic PET study. Group II was further divided into four
subgroups (Table 1), depending on which phantom and spheroids
were used and also depending on whether special treatment was
performed during the filling of the spheroids or during data
acquisition.

Group 1. Seven fillable spheroids (Data Spectrum Corporation)
with average inner diameters of 34, 22, 16, 14, 10, 8.3 and 6.4 mm
were used in this group. These spheroids were all filled with the
same concentration of '®F and were put into the elliptical cylindri-

cal phantoms with warm background. The largest spheroid was
always in the center of the phantom, and the others were 6.8-8.4
cm from the center. The positions of these smaller spheroids were
not always the same on different occasions, and no specific efforts
were made to keep them in or out of the same plane. A typical
arrangement is as shown in Chen et al. (/6).

All of the emission scans in this group were acquired overnight
and had acquisition durations of at least 11 h. After the emission
scan, when the maximal background activity was less than 0.12
kBg/mL and before moving the phantom, a transmission scan with
acquisition duration of at least 80 min was performed. There were
five studies with contrast ranging from 67.8 to 5.56 in this group.

Group IIA. This subgroup used the same elliptical phantom and
spheroids as those used in group I. The data of this subgroup were
actually collected immediately before the data collection of group
I. A 15-min transmission scan without the spheroids was acquired
first. Then the spheroids were filled with activity and put into the
elliptical phantom. Appropriate radioactivity was also added to the
background, and a 15-min emission scan was acquired. Note that
for this data group the phantom positions for the transmission and
the emission scan might not be exactly the same. This was by
design to emulate the imperfect registration that often occurs in
clinical studies.

Group IIB. The circular phantom was used in this subgroup. The
spheroids were the same as those used in group IIA, except that the
14-mm inner diameter spheroid was replaced by a 4.0-mm
spheroid. A 45-min transmission scan without spheroids was
performed before a series of emission scans. The background
activity was initially zero, and the acquisition duration for each
emission scan was 20 min. After the first acquisition, radioactivity
was added to and mixed well with the background solution. For the
subsequent four acquisitions, the OBRs ranged from approximately
30:1to 8:1.

Group IIC. The same procedure as in group IIB was repeated
with the circular phantom replaced by the elliptical one, and the
acquisition durations for both transmission and emission scans
were reduced to 15 min.

Group IID. Two studies were included in this subgroup. The
phantom, spheroids and data acquisition procedure were exactly
the same as those used in group IIA. The phantom was purposefully
shifted 13 mm horizontally within the image plane between the
transmission and emission scan in one experiment. In the other
experiment, bubbles or extra '3F solution were purposefully
introduced into the spheroids depending on the spheroid structure

TABLE 1
Summary of Acquisition Conditions for Different Data Groups
Data Acquisition time (min) Phantom Sphere radius (mm) Bubbles or T-E No. of
groups Emission Transmission type 2.0 6.9 extra fluid misregistration studies*
| >660 >80 Elliptic No Yes No No 5
A 15 15 Elliptic No Yes No Yes 5
B 20 45 Circular Yes No No Yes 5
Ic 15 15 Elliptic Yes No No Yes 5
1D 15 15 Elliptic No Yes Yest Exaggeratedt 2

*Different studies in the same group have quite different object-to-background ratios except group IID.

tApplied on one of the two studies in this group but not on both.
T-E = transmission-emission.
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(Fig. 1). The volume of the bubble or the extra solution in a
spheroid ranged from 6.5% to 40% of the volume of the spheroid.

Fitting of the Adjusting Factors

Spheroids smaller than 16 mm in diameter in group I were used
to estimate parameters k,, kp, . . . k. of the three adjusting factors.
The spheroid center X, was estimated by setting the three adjusting
factors to 1, setting r, A,,, B to their known values and finding the x.
that minimizes Equation 8 using a Marquardt-Levenberg method.
Using this value of X and other known parameter values (r, A,, and
B), the three adjusting factors were determined by minimizing the
objective function

O S fompe fi) = 2y U@ = 1D

€V

+ 2 Exfoms foo fi) EQ. 11

under the constraint that the three adjusting factors are larger than
zero. Ei(farm» foxy» f32) is a penalty function defined in a similar
way as in Equation 8. Only those conditions in which the adjusting
factors made f,. a montonic function of AC were chosen to
determine the parameters ki, ks, . . . k. in Equation 10 (see Results
and Discussion).

Initial Guess

After the parameters k,, kp, ...k, were obtained, model-
predicted activity profiles for spheroids of different radii at a
contrast ratio of 10 and a randoms ratio of 0.1 were calculated by an
iterative scheme. The FWHMs of these model-predicted activity
profiles for different spheroid radii were calculated and stored in a
look-up table. Before the optimization, FWHMs of the unsmoothed
images of the spheroid of interest along the x, y and z directions
(Figure 4 in Chen et al. [16]) were calculated, and their mean was
compared with the look-up table to determine an initial estimate of
the spheroid radius, ry. The initial guesses of the spheroid center,
X.0, and of the background activity, By, were obtained based on the
location of the activity peak and by fitting the sum of a one-
dimensional Gaussian function and a line to the activity profiles.
The initial guess of the true activity of the spheroid, A, could then
be estimated by

p— By
A:pO = c + BO'

Eq. 12

where p is the peak value measured near X. and ¢ is the
model-predicted RC when B = 0, r = rpand X, = Xo.

Model-Based Optimization
A volume of interest in the shape of a cube that covers the whole

spheroid of interest was positioned manually on images of group II
data. The location of the peak voxel within the cube was

FIGURE 1. Special treatment bubble
for one experiment in group IID.
For spheroids larger than 10.4-mm
diameter, which have structure

shown at top, an air bubble was

introduced. For smaller spheroids, extra fluid
which have structure shown at bot-

tom, extra '8F solution was filled in

stem space.
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determined. Typically the length of each cube edge was a little bit
more than twice the FWHM of the activity profile through the peak
voxel. Empirically, when the randoms ratio was larger than 0.05,
the reconstructed images were convolved with a one-dimensional
Gaussian function with standard deviation 3.4 mm along the axial
direction to reduce statistical noise. The raw or smoothed image
data within the cube and the initial guesses described in the
previous section were input to an optimization program to estimate
values of the parameters r, X, A;, and B. This program was based
on a numerical analysis routine that used the principle axis method
to locate the minimum of a multivariate function (3/,32). We
constrained r to be larger than 2 mm and smaller than the minimum
of one and a half times ry and ry plus one pixel width. Other
constraints were that activities must be larger than or equal to zero
and ||x. — X ol < \2pw? + pt?, where pw is the pixel width and pt
is the image plane thickness.

Comparison with Scaled Gaussian Model

The same procedure used for the model-based optimization
section was repeated, except that all three adjusting factors were set
to unity to investigate the importance of these adjusting factors.

Comparison with Simple RC Method

Parameters X, A,, and B for group II data were estimated as
previously described in the model-based optimization section,
except that r was treated as a known parameter. The results were
compared with the results obtained by a simple RC method (3).
This RC method assumes that theoretical RC, RC,, is a function of
the volume of a spheroid:

RC, = alog V, + b. Eq. 13

Parameters a and b in Equation 13 were obtained by fitting the
measured RC values in group I with OBR 9.62. According to the
definition of RC, the corrected activity concentration inside the
spheroid by RC method can be calculated by A,,zc = p/RC,, where
p is the same as in Equation 12.

RESULTS
Data Collection

Some activity profiles are shown in Figure 2. When
spheroids are smaller than approximately 10 mm in diameter
or contrast (OBR) is lower than approximately 10, data in
group I and group IIA may be significantly different. The
difference comes from three factors: noisier emission and
transmission scans and emission-transmission misregistra-
tion.

Fitting of the Adjusting Factors

The adjusting factors obtained by applying Equation 11 to
group I data are shown in Figure 3. When the AC is high, the
adjusting factors are close to 1. When AC is reduced below §
for f,. and 3 for both f,,, and f,., the adjusting factors
decrease nearly exponentially with AC.

Two studies in group I with similar OBRs (5.6 and 6.4)
are compared in Figure 4 to highlight the effects of randoms
ratio. For a given spheroid size and OBR, higher randoms
ratio is related to smaller adjusting factors.

The adjusting factors used in fitting and the fitting results
are shown in Figure 5. Note that the fitting results for f,,, and
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X-profile, d = 10.4 mm
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FIGURE 2. Activity profiles along x- and
z-directions for spheroids with diameters 10.4
mm (A and B) and 6.4 mm (C and D). Contrast
is 9.6. Dashed lines are for group | data (nearly
ideal data with long emission and transmission

0.12F

0.10

(d)

scans), and solid lines are for group |IA data
(short scans with same phantom, spheroids
and OBRs as Group |).

Jfum do not appear as a smooth line because the factors
depend on both AC and RR, whereas the lines are drawn
against AC only. The data for f,, are much smoother in
Figure 6 than in Figure 4 because that is how the three
adjusting factors were chosen (see Materials and Methods).
The fitted parameters kg, k,, . . . k. in Equation 10 are listed
in Table 2.

The model-predicted profiles based on the three models
(NLSVOD, scaled Gaussian, and AC-RR-adjusted) and
group I data are shown in Figure 6. The profiles based on

NLSVOD and scaled Gaussian model are almost indistin-
guishable. This validates the approximation of Equation 1
with Equation 2. Note that the profiles based on the
AC-RR-adjusted model are much closer to the measured
data than those based on the other two models, particularly
at low apparent contrast.

Model-Based Optimization
The fitted spheroid radii and activity concentration of
group II data based on the AC-RR-adjusted model are listed

e

2 2
apparent contrast
r——w—m. - 'M’ll

10

The Effects of Randoms Ratio on Adjusting Factors

1'0 1'2
sphere radius in mm
~—=RR = 17%, fgxy —8—RR = 17%, iz =W RR = 17%, fm
—.-RRI“M —.—Rﬂlah =—t—RR = 3%, frm

0.0

.
»

14 16 18

FIGURE 3. Adjusting factors are plotted against AC. Note that
when AC is less than about 5, factors become significantly
smaller than 1.

122  THE JOURNAL OF NUCLEAR MEDICINE * Vol. 40

FIGURE 4. When OBRs are similar, adjusting factor takes on
lower values with higher random ratios (RRs). Note dark line
denotes RR. Shaded line denotes different adjusting factors.
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Adjusting Factors Used in Ka, Kb, ..., Ke Fitting

120
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FIGURES. Adjusting factors actually used in finding kg, ks, . . . ks
are shown. Shaded line denotes adjusting factors. Solid line
denotes fitted results.

in Tables 3-6. Note that all the activity errors in this
manuscript are relative errors in percentage defined as
Ap, measured or correciea! Asp — 1. Activity error reduction in these
tables is calculated by subtracting the absolute value of the
activity error in the corrected data from that error obtained
without correction, i.e., activity error reduction equals
(1 — RC) — |activity erroracgg ), Where |-| denotes absolute
value. Since (1 — RC) is the absolute value of activity error
without correction, activity error reduction denotes the
extent to which the model-based optimization improves
quantification. These tables show that for spheroid radii
larger than or equal to 6.9 mm, all activity errors are less

TABLE 2
Fitted Parameters for Adjusting Factors

ka ko ke kq ke
fagy 353 1.05 394 —5.18E-02 1.54
f 0830 0809  0.885 117 2.33E-02
fom 333 113 3.16E-04 3.40 1.40

than 25%, and the radii errors are less than 12%. In general,
for spheroid radii between 3.2 and 6.9 mm, the activity and
radius errors are less than 35% and 20%, respectively. The
maximal |activity errorac.grg| for spheroid radii of 5.2, 4.2
and 3.2 mm are 42%, 43% and 59%, respectively. Underesti-
mation of the tracer concentration is significantly reduced by
the model-based optimization method in almost all cases
despite the relatively larger activity estimation error for
smaller spheroids. This is because PVE is relatively large in
small spheroids. Also note that, in spite of bubbles, extra
fluid and transmission-emission misregistration, the fitting
results for group IID are not worse than those for other
subgroups in group II data.

By using three-dimensional Gaussian function approxima-
tion and Fourier transform as described in theory subsection,
we are able to dramatically reduce the computation time for
the optimization approach. The parameter estimation for
each spheroid required a time range from 2 min for smaller
spheroids to 15 min for the largest spheroid on a 300 MHz
21164 Alpha-based Microway workstation (Kingston, MA)
running Open VMS (Compaq Computer Corp., Houston,
TX).
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FIGURE 6. Comparison between different
models and measured data. Spheroids and
OBR are same as in Figure 3. Note that solid
line denotes AC-RR-adjusted model, dotted

0.14 line denotes group | data, dashed line denotes

o0.14f. o.12b scaled Gaussian model and dash-dot line de-
............. notes NLSVOD model. Profiles based on

0.12 . . : . 0.100 it p— NLSVOD and scaled Gaussian models are
80 O a0 %0 O S e mme 29 | similar to each other. Measured data are best
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described by AC-RR-adjusted model.

123



*|4ou8 AjjAnoe| — UOIO81I00 INOYIM 10118 AJIAIIOE = UOKONPS)
‘118 "y ‘AuAnoeoipes punosbyoeq = g ‘ploseyds eyy episuil Ayanoeoipel = %y ‘ones AjAnoeoipes punoibyoeq-ol-(ploseyds) 108iqo = YEO ‘onel swopues = HY ‘senuod jusiedde = Qv

r44 oS- 6L 2 ¥e oy oG- € 68y 92 6v 8y— 82 26.L 9¢ | 0¢
8e 2S— SI 06 L€ ve 65— G5 1'S2 06 4] 8e— 02 L99 8¢ 8 ¢S— ¢ lEL €€t | 2¢
514 l2— €€ 96e S¢S 1S ve- 6€ 029 € 69 92/ L6—- 869 L€ 8S 14 cl— €I 9¢ 8, 6&6G6—- 0¢ 9EL €V | 2V
1] 61 68 8.5 LS 19 96- 6G 6€L GS 2s Sk 0S- S0.L 06 2. ¢¥80- 160 0L €S 1L 9¢e- 81 6EL €S | 2S
€ vi— 6€ 6 '8 14 L'vy—- €1 6L 6L 84 vi- 9v- 92 §L 44 v'9— €80 0L 64 W 04— 92 veL 08 | 821
e 19— 820 9'Sh 38 62 110'0— 0L0- /'8 48 8i '8 Sc—- 199 38 214 gc— €c— SOl 38 8¢ te— Vi- 34} 48 L
€L 28— 6¢- 9¥r 91 GI 19— ¥e- L9 ZL L 6€- 92— L8S VA 4" Ol— 12— 896 Ly 2 Lv—- Lv- ser L) L
(%) (%) (%) (Qu (ww) (%) (%) (%) (w (ww) (%) (% (% (W (Ww %) (% (%)  (Qw (ww) (%) (%) (% (w (ww)|(ww)
uoy Joue Jsoue sbgy) snp uon loue ioue ,bgy) smp uon Joue Joue sbgy) snip  uoy  Joue  soue bgy) snip uoy somwe Joue /sbgy) snip | snip
-onpes  Aj snip Ay -el  -onpe. Ay snip  An -es -onpes Ai  snp Ay el -onpes Ay snip Ay -el -onpes Ay snip A -el -el
M8 -APY  -BY -AOB pe) e Ay -BY  -AdR pejld M8 -AIY By -AI0B pelly M8 -AdY -BY  -AOB  pe) ue  -AdY  -BY  -AldR  p8) | 8due
R palld U4 VY panid4 wy peni4 ©Y peuld -4 WY pewld -4 |-18jey
029 S8y 8L 006 .18 €9l 9l'L L'I9 $58 (143 80L €°LE 000 i Auuyul
8 *v d80 a “y 480 8 “v uE0 | “v  uH80 8 “v 480

v 3navl

IoPO pelsnipy—HH-OV uo peseg ejeq gil dnoio Joj uonewns3 ANAIOY pue ezis ploseyds

*|1011@ AyAnoR| — UO1081I00 INOYUM J0.118 AYIAIOB = UORONPS)
‘119 1oy ‘Alianoeoipes punoibyoeq = g ‘ploseyds ey} episul AjAoeoipes = %y ‘ones Ajanoeoipes punosbyoeq-oi-(ploseyds) 100iqo = HEO ‘Ones swopuel = YY ‘iseljuod jussedde = Qv

28 LSO c¢ 9IS €¢ €L St 8l— 6.5 9¢ 92 ¥4 cl— 119 8¢ | 2¢
1S 22— €6 86€ SV 9€ €y— <22 162 'S %4 c€- 91 SvE 8P 0s €e— 2L 0ve 9¢ 6S €c— Sk L8 8V |2V
cc vw- € 98¢ 0L 124 - 91 S/ 09 €e ev— €S €62 08 V9 oL— 2§ vsy GG 1S ve— ILL  08€ 86 | 2S
9€ cl— V'S Sy €4 314 Vi- L8 Ly SL 0S 02- Sy ¥v6v 2L .S 60— 80 00S 0¢ 1S - S vy 0L | 69
(o]} 44 cl— 229 69 ve vL G€—- 985 GZL oe L 9¢ 19§ I8 2 (14 0s—- 809 ¢vL ey €8- 6.0 29 6L | 8L

0c- St - 886 oL 61 (] Vl— 6°€S L 82 S€0 vy 90§ 2k 0 8L €l—-  ¥¥S Ib 82 Lv- 090- O08Y L L
0¢c- 8S- €vy— I8y 91 2l 9Ll— 92— 6G0S Ly LS 0'S 6€- 625 9L €L 6€—~ 92— ¢G8y L 2l W= VI—- 0S¥t LI Ll
(%) (%) (%) (w (ww) (%) () (% (w Ww) (% (%) (% (w (ww) %) (%) (%) (W ww) (%) (% %) (w (ww)] (ww)
uoy Joue soue ,bgy) snip uon Joue ioue sbgy) snip uon Jjoue Joue sbgx) snip uon Joue ouwe bgy) snip uoy Joue soue sbgy) snip | snip
-onpes Ay snip Ay -e1 -onpas Ay snip Ay -es -onpas Ay snip Ay -es -onpas A snip Ay -es -onpar Ay snip A -el -8l
8 -APY -y -AdR pe)l M@ -AIRY  -BY -AldR P8} M8 -AdY  -BY -A0B  pel ‘ue  -AdY  -BY  -A0B p8} ‘e -ARdY  -BY -AIOB pe} | 8dus
Y peuid -4 VY peuly -i4 VY perid -4 WY penly -u4 WY pelly -¥d4 |-J8jed

€080 LI'S 9€'9 €S €15 296 06 v0S 96 S0t G605 S9I evL0 €05 829

g “v 480 8 “*v u80 8 *v u80 | %y W80 | “y 480

[ePOW peisnipy-Yy-OV uo pesegq ejeq v|i dnoso 10j uonewns3 AAROY pue 8zig ploseyds
€31avl

124  THE JOURNAL OF NUCLEAR MEDICINE * Vol. 40 * No. 1 * January 1999



TABLE 5
Spheroid Size and Activity Estimation for Group 1IC Data Based on AC-RR-Adjusted Model
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SIZE AND RADIOACTIVITY RECOVERY IN SMALL SPHEROIDS * Chen et al.

radioactivity inside the spheroid; B = background radioactivity; Act. err.

AC = apparent contrast; RR = randoms ratio. OBR = object (spheroid)-to-background radioactivity ratio; Agp

activity error without correction — |activity error|.

reduction

Figure 7 summarizes |activity €rTOTu,comectionl |aCtiVity
error,c.zg| and the error reduction. Spheroids with radii from
2.0 to 7.8 mm gain the most in quantitative accuracy. The
error reduction averaged over spheroids of all sizes is 40%
and over 2.0- to 7.8-mm spheroids is 51%. Even the largest
two spheroids, of 17- and 11-mm radii, which have rela-
tively small error without PVE correction, have average
error reductions of 11% and 22%, respectively. The average
|activity error,, correction| is also the average maximal reduc-
ible error for each spheroid size. Note that the average error
reduction line is close to this maximal error reducible line
for all but the smallest spheroid.

The average |activity errorac.gg| for different apparent
contrasts is shown in Figure 8. The trend is that the lower the
apparent contrast, the higher the average |activity errorsc.gg .
Table 7 shows that taking |activity errorac.rr| =< 30% as the
acceptable result, then AC = 2.31 is the best threshold in the
sense of minimizing type I and type Il errors (33).

Comparison with Scaled Gaussian Method

The fitting results based on the scaled Gaussian model for
group IIB are listed in Table 8. These results characterize the
fitting problems without using the three adjusting factors.
For example, the negative activity error reduction for
spheroids with radii of 5.2 and 4.2 mm indicates that errors
were increased by the PVE correction.

The averages and standard deviations of activity and
radius error for group II data based on AC-RR-adjusted and
scaled Gaussian models, and a comparison of the two using
a one-tailed paired  test are listed in Table 9. Using P = 0.05
as the threshold for statistical significance, the AC-RR-
adjusted model has significantly smaller activity error than
the scaled Gaussian model for spheroids with radii of 11,
7.8, 5.2 and 4.2 mm. For the largest spheroid, 17 mm in
radius, the scaled Gaussian model has better activity accu-
racy than the AC-RR-adjusted model.

Comparison with Simple RC Method

Activity errors are shown in Figure 9 for the model-based
optimization approach and simple RC method with known
spheroid radii for three OBRs. This figure contrasts the basic
differences between the two approaches. The optimization
approach has errors less than 20% for all three OBRs in
Figure 9. Although the RC method has relatively compa-
rable activity error for OBR = 9.62, particularly for
spheroids with 6.9- to 11-mm radii, it has substantially
higher overall errors for OBRs other than 9.62.

The averages and SDs of activity errors for group II
data based on AC-RR-adjusted model and RC method
(both with known object size), and a comparison of the two
using a one-tailed paired 7 test are listed in Table 10. Using
P = 0.05 as threshold for statistical significance, the
AC-RR-adjusted model has significantly smaller activity
error than the RC method for spheroids with radii of 11, 4.2,
3.2 and 2.0 mm.
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TABLE 6
Spheroid Size and Activity Estimation for Group |ID Data Based on AC-RR-Adjusted Model

OBR Asp B OBR Agp B
10.6 45.5 4.29 12.2 47.8 3.93
Reference Fitted Fitted Radius Activity Act. err. Fitted Fitted Radius Activity Act. err.
radius radius activity error error reduction radius activity error error reduction
(mm) (mm)  (kBg/mL) (%) (%) (%) (mm)  (kBg/mL) (%) (%) (%)
17 16 39.9 -5.0 -12 37 17 45.4 -22 -0.14 15
1 1 453 -34 -0.43 30 1 48.0 -24 5.6 23
7.8 75 49.0 -44 7.6 43 7.7 55.6 -1.3 22 20
6.9 6.8 38.7 -0.89 -15 48 6.5 48.9 -5.9 7.4 52
5.2 5.2 335 0.32 -26 50 5.1 491 -1.9 8.0 61
4.2 38 459 -8.9 0.91 80 4.1 45.6 -0.53 0.16 78
3.2 26 59.5 -18 31 55 25 65.9 =21 45 38

Resuits on the left side of the table are for experiment with bubbles or extra fluid in the spheres.
AC = apparent contrast; RR = randoms ratio; OBR = object (spheroid)-to-background radioactivity ratio; Ag, = radioactivity inside the
spheroid; B = background radioactivity; Act. err. reduction = activity error without correction — |activity error|.

DISCUSSION

Equation 1 is the most general form for modeling a PET
imaging system. This general model can be applied to every
work that we know concerning correction of PVE
(3,11,12,14,16-28), even though some of them do not have
an explicit PSF (3,7-20,24). Almost all of the previous
works have implicitly or explicitly neglected the object
dependence of the PSF (11,12,14,17-28). Our previously
developed NLSVOD model (/6) emphasized that object
dependence was attributable only to different spheroid (or
other targets of interest) locations inside an object, different
object geometries and attenuation properties. However,
Figures 3 and 4 show that PSF could vary with different
radioactivity distributions even when the spheroids have
similar location in objects with the same geometry and
attenuation properties.

Note that when the adjusting factors f,,, and f,, become
smaller so that f,,,0,,, and f,,0,, also become smaller at low

apparent contrast, it might suggest that the scanner spatial
resolution becomes better at low contrast. This is not the
case, because the third adjusting factor, f;,, also becomes
smaller. Rather, it implies that the gamma rays from a hot
spheroid with low contrast have a lower probability of being
detected compared with the gamma rays from the same hot
spheroid with high contrast.

We hypothesize that the apparent contrast dependence of
the PSF might be related to differences in detection by
gamma rays between a hot spheroid and its background; that
is, it might be related to the scanner sensitivity discrepancy
between a relatively small object and its warm background.
We also hypothesize that the dependence of the PSF on
random ratios might be attributable to random overcorrec-
tion.

Although only hot spheroids in warm or cold background
were used in this study, the theory does not require this.
Specifically, the proposed method is expected to perform

Summary of Sphere Activity Estimation Activity Error (|%})
60%
50% J-
“o% 4+
3% 4
20% ¢
10% 4 l
0% 4+
1 3 s 7 ° " 13 15 17 10% + + + +
sphere radius in mm : 2 : g 3 : g g
l—o-wmymacw -- -mmm(mmmﬁl . 2 -] ~ -4 q g A
L 8ge error reducuct apparent contrast
FIGURE 7. Average |activity errorn, comection, average error FIGURE 8. |activity errorac.qr| is drawn against apparent con-

reduction and average |activity errorac.gs| for different spheroid
sizes are shown. Vertical bars denote +1 SD.
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 TABLE? o 9 z
Acceptable |Activity Errorac.qr| and AC Threshold g5 g &8 P ('? 9 g
Acceptable BestAC Type | Type Il \ o f':
error (%) threshold error (%) error (%) ) § § 2 E g 3 g ;o, S 9 .§
30 2.31 8.7 24 ' ! 2 5
1. s ~J o m o ] o
45 1.57 19 50 ‘?3 gggé ??‘?@? .g
=
= ‘RR = i . ~jeaen o
AC = apparent contrast; RR = randoms ratio. g § §§ é@ = FEY 23 g
—_ (]
equally well for warm or cold spheroids in hot background. £Be § E ers RN ‘§
We expect that a small cold spheroid will be warmer than = 8
predicted using models that do not account for the contrast g5 ‘g E2|RRIVRRY .
dependence of the PSF. K] . P 2
Because the AC-RR-adjusted model does not have a § [ § § 2 g glgece M 88 3
scatter part except the scatter scaling factor, s,(0), this < t c
model will not be applicable for evaluation of scatter. Under 2 | g5 &3 E < EERE R Qo °
these conditions, the three adjusting factors can be easily S ® A L g
incorporated into the NLSVOD model and should be used ©l&(2|25282|285s8a8 £
instead. This also indicates that the best PSF used in scatter 92 _ B
correction and image reconstruction (such as maximum ‘g £8 s .g E ©r RISA é
likelihood and Bayesian reconstructions) also should depend S = _g
on apparent contrast. 3 g5 é E&|Tezr2y 5
Spheroid size and activity are correlated parameters. Any 5 S
sphere much smaller than the PSF effective FWHM will be T | ole § SH L 8 _ . §
imaged with a profile that approximates the PSF. Conse- g ~ B B 0
quently, it can be difficult to distinguish a small spheroid ©om - . e = @
with high activity from a slightly larger spheroid with less wa < 5| & § g 277 'Y. ? § M S
activity. The average FWHM of our scanner system PSF, 2 § 3| 82 ~lornaaan~ ."é
when images are reconstructed with Hann 0.4 cutoff, can be FO |83 & § 3 §'&' 5858 RT 4
calculated by V8 log 2(0%,0,,) ' ~ 8.7 mm. To assess the 2 vo . 2T . s
spheroid size limits of our correction, we generated and S 31 H FERRE L 2
analyzed noise-free simulation data using the scaled Gauss- _g . s1Rs985r 8 §.
ian models. With noise-free data, the optimization approach E L3 § g8 ! %
can find the correct parameters (r, X, Ay, and B) for spher- 2 , 8 3
oids 3.8 mm or larger in radius. Use of the AC-RR-adjusted % @ g § 2 g 1522 9 Con 8
model for correction of noise-free data extended the range < ! 7% I
down to 2.1 mm. Because of this and because we do not g © . 12828 ,.2 f
expect tumors below this size to be visually conspicuous, we Q digl & ‘g g >3 €|8 & %
used 2-mm radius as a constraint in the parameter fitting. D |a|o| B Y P X >
The comparison between the results obtained for the g At gﬁf §-é 8-r-8288 %
scaled Gaussian model with and without the adjusting s v9 . 9F © o~ mn 3
factors show that these factors are critical for quantitation of @ EBég E Eenyoad g
spheroids with radii of 5.2 and 4.2 mm. Without the . - B
adjusting factors, the optimization approach has a tendency LE § ge|raenaRs g
to underestimate the size and overestimate the activity of 3 . |-ou %
the spheroid (Table 8). These fits sometimes produce @13 §§' E gleeeer Sli 3; 3
results such that the |activity €ITOr,aieq Gaussian| iS €Ven larger ~ £
than that without any PVE correction for these spheroids 3 & 3 %g ? $ S ? $ L :'3
(Table 8). clzles wo e 2
Because of the inclusion criteria of the adjusting factors, @ % g § .€'§-§ 2532885 z
the values obtained for k,, ks, . . . k. in Equation 10 would = TTTTT g
likely underestimate the adjusting factors as a function of EBed E N~ - ?
AC and RR. Consequently, the effective SDs of the PSF - — T .
would more likely be underestimated. Tables 7 and 8 show g g 38l _oaaao 8 B
that the adjusting factors obtained in this way prevent the TirrrwoYoq ®
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TABLE 9
Comparison of the Fitting Results Based on AC-RR-Adjusted and Scaled Gaussian Model

| Activity error| |Radius error|

Sphere AC-RR-adjusted Scaled Gaussian AC-RR-adjusted Scaled Gaussian

radius Average SD Average SD Paired Average SD Average SD Paired
(mm) (%) (%) (%) (%) ttest P (%) (%) (%) (%) ttest P
17 5.5 3.3 2.8 2.3 0.0022 24 11 3.0 13 2.3.E-05
1 4.8 3.8 12 6.3 2.8.E-06 2.0 25 4.7 2.6 5.0.E-06
7.8 10 6.7 16 15 0.033 3.8 3.1 6.2 5.4 0.040
6.9 8.0 5.2 1 6.7 0.22 3.9 3.0 6.7 3.3 0.067
5.2 17 13 43 58 0.047 " 14 13 8.8 0.27
4.2 21 14 44 38 0.017 1 9 18 12 0.058
3.2 25 20 47 7 0.15 18 15 18 13 0.49
20 56 17 58 10 0.39 48 49 34 19 0.22

AC = apparent contrast; RR = randoms ratio.

extreme fitting results that cannot be solved easily by
applying constraints.

Although Table 9 shows that there is also statistically
significant improvement for spheroids between 11 and 6.9
mm in radius and deterioration for the 17-mm spheroid, both
the improvement and the deterioration of the AC-RR-
adjusted model compared with the scaled Gaussian model
for these spheroids are small in any practical sense and can
often be ignored. This means for spheroids with radii =6.9
mm (0.8 times the average FWHM), the fitting results are
not heavily dependent on the accuracy of the three adjusting
factors of the PSF in Equation 9. The deterioration of
AC-RR-adjusted model for the 17-mm spheroid may be due
to the way the adjusting factors were chosen for the fitting of
kg, kp, . . . k. as discussed in above.

For spheroids with radii =3.2 mm (0.4 times the average
FWHM), the spheroid radius is less than the 3.8-mm limit of
the scaled Gaussian model, as stated earlier in this section.
Under these conditions, noise, the searching method of the

Activity Error for Part of Group HlA Data

.’ A

A
.

g

.~

5§43533983

. ‘o
4 LI
- .. -- o =
17.0 11.0 78 [X] 5.2 42 32
_sphere radius in mm

——&——AC-RR:OBR= 1653 @ - RC:OBR= 1653 —8=—AC-RR:OBR= 962
~ @<« RC:OBR= .62 ~=——AC-RR: OBR= 6.3 - 4 - RC:OBR= 6.38

FIGURE 9. Comparison of activity errors based on AC-RR—-
adjusted model and simple RC method. Solid line denotes
correction method, and shaded line denotes OBR.

optimization and initial guess may be more important than
an accurate model. This behavior could explain why there is
no significant improvement using the adjusting factors for
spheroids with radii of 3.2 and 2.0 mm.

The simple RC method depends on the accuracy of the
model used to estimate RC, the similarity of the imaging
condition to those under which RC is calculated and the
accuracy of the size estimate, which is a required input. The
consistent S-shaped activity error curves of the RC method
in Figure 9 suggest that Equation 13 is not a good model for
all spheroid radii. The shift of these S-shaped curves with
different OBRs in the same figure clearly shows that the
accuracy of the simple RC correction is dependent on OBR
with the best results obtained when OBR = 9.62, the values
used to determine the parameters a and b in Equation 13.
Another limitation of the simple RC method is shown in
Table 10. Because the RC data for a spheroid with a radius of
2.0 mm was not included in the estimation of a and b, the
activity error of the RC correction is particularly large for

TABLE 10
Comparison of the |Activity Error| of AC-RR-Adjusted Model
and RC Method
| Activity error|
AC-RR- adjusted RC method
Sphere  Average SD Average SD Paired
radius (%) (%) (%) (%) ttest P
17 8.2 3.2 7.7 6.4 0.41
11 4.6 4.0 17 7.2 7.4.E-07
7.8 8.0 6.3 7.2 9.0 0.38
6.9 71 4.0 10 6.0 0.1
5.2 14 14 17 10 0.31
4.2 9.5 " 26 14 0.0033
3.2 12 7.9 34 19 0.0025
2.0 21 15 6.3E2 42E2 0.017

AC = apparent contrast; RR = randoms ratio.

The object (spheroid) sizes are known for both approaches.
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this spheroid. Another explanation for the large error of this
spheroid is that the RCs for this spheroid are typically small
and very sensitive to OBR variation and noise.

Most of the time, the optimization method is able to
estimate the spheroid activity and size quite accurately for
spheroids larger than 3.2 mm, but there are times that large
activity error may occur even for the 5.2-mm radius
spheroid. We propose that AC should be used as an indicator,
as shown in Table 7 and Figure 8. When high accuracy in
activity is required for an individual study, it is desirable that
AC be larger than 2.31. Otherwise, a priori information such
as the spheroid size is needed.:

The fact that the fitting results for group IID data are as
good as other subgroups in group II presumes that the
proposed method is robust under the small violation of the
assumption that the hot spheroids are spherical and the
radioactivity is homogeneous. It also denotes that transmis-
sion-emission misregistration alone does not seem to be a
significant limiting factor for the proposed method in this
experimental design. We deduce that noise from the emis-
sion scan could be a more important factor in this study. This
could be because the spheroids were located more than 15
mm from the edges of the phantoms, and the attenuation
properties of the phantoms were relatively homogeneous.
Another potential limiting factor that has not been addressed
in this article is the blurring effect of movement (respiration,
heart contraction and patient movement). These factors need
further investigation.

CONCLUSION

The optimization approach is useful for simultaneously
estimating the spheroid size and spheroid activity. It signifi-
cantly improves the activity estimate over a wide range of
spheroid size, activity level, OBR and two different phan-
toms. With appropriate modeling, the model-based optimiza-
tion is able to simultaneously estimate spheroid activity and
size quite accurately for spheroids larger than or equal to 3.2
mm in radius without requiring anatomic data. When the
object size is known, this approach substantially improves
activity estimation accuracy over the simple RC method.
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