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Quantification of Serial Tumor Glucose Metabolism

Hsiao-Ming Wu, Carl K. Hoh, Sung-Cheng Huang, Wei-Jen Yao, Michael E. Phelps and Randall A. Hawkins
Division of Nuclear Medicine and Biophysics, Department of Molecular and Medical Pharmacology, Laboratory of Structural
Biology and Molecular Medicine, UCLA School of Medicine, Los Angeles, California

We developed a method to improve the quantitative precision of
FDG-PET scans in cancer patients. The total-lesion evaluation
method generates a correlation coefficient (r) constrained Patlak
parametric image of the lesion together with three calculated glu-
cose metabolic indices: (a) the total-lesion metabolic index (“Ky_ue",
m/min/lesion); (b) the total-lesion voxel index (“Vry u¢”, voxels/
lesion); and (c) the global average metabolic index (“K\, e, ml/min/
voxel).. Methods: The glucose metabolic indices obtained from
conventional region of interest (ROI) and multiplane evaluation were
used as standards to evaluate the accuracy of the total-lesion
evaluation method. Computer simulations and four patients with
metastatic melanoma before and after chemotherapy were studied.
Results: Computer simulations showed that the total-lesion evalu-
ation method has improved precision (%s.d. < 0.6%) and accuracy
(~10% error) compared with the conventional ROl method (%s.d. ~
5%; ~25% emor). The Ky u and Vy 4, indices from human FDG-
PET studies using the total-lesion evaluation method showed excel-
lent comelations with the comresponding values obtained from the
conventional ROl methods and multiplane evaluation (r ~ 1.0) and
CT lesion volume measurements. Conclusion: This method is a
simple but reliable way to quantitatively monitor tumor FDG uptake.
The method has several advantages over the conventional ROI
method: (a) less sensitive to the ROI definition, (b) no need for image
registration of serial scan data and (c) includes tumor volume
changes in the global tumor metabolism.
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Recent studies have established the potential of FDG-PET
imaging as a tumor localization procedure. These studies
produced interesting insights into the prognostic and therapeutic
implications of FDG uptake in tumors (/-6). The conventional
method to estimate the net FDG phosphorylation rate constant
K (ml/min/g), proportional to the glucose metabolic rate, is
accomplished by three-compartmental model fitting (7,8) using
a nonlinear regression routine or using estimates from the
Patlak graphical analysis (9). The nonlinear regression route or
Patlak graphical analysis method (7-9) estimates the lesion
glucose metabolic rate using a time-activity curve (TAC)
generated from a region of interest (ROI) in a chosen image
(single-plane-single-ROI method). Glucose metabolic rate is
defined by:

MR = [K} + k¥/(k}+ k%] - C/LC=K - (C/LC),

where K = KT - k¥/(k} + k3), K} and k3 refer to forward and
reverse capillary transport of FDG, k% and k3 refer to phosphor-
ylation of FDG and dephosphorylation of FDG-6-PO,, respec-
tively, C, is the plasma-glucose concentration and the lumped
constant is a calibration term based on the difference in
transport and phosphorylation kinetics between glucose and
FDG (7,8).

Our study in patients with metastatic melanoma showed that
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TABLE 1
Lesion Glucose Metabolic Indices of Four Patients with

Melanoma
Patient! Study K (MVmin/g) Kpat (MVmirVg)

no. no. mean * % s.d.¥ mean + % s.d.¥
1 1 0.007 £24% (n=5) 0007+ 9% (n=5)
2 0008 *+11% (n=4) 0.006*17% (n=4)
2 1 0011+53% (n=3) 0009 +41% (n=23)
2 0012+13% (n=3) 0010+x20% (h=3)
3 1 0031+ 9% (n=3) 0029+ 8% (n=23)
2 0029+ 9% (n=3) 0029+11% (n=3)
4 1 0021 +22% (n=4) 0.017 +19% (n=4)
2 0021 +21% (n=3) 0.015+ 14% (n=3)

*Patients who had PET studies before (no. 1) and after (no. 2) the therapies
using the conventional single-plane-single-ROI method (nonlinear regression
route and Patlak graphical analysis).

TLesion location: Patient 1: lung; Patient 2: lung; Patient 3: lymph node;
Patient 4: liver.

*Numbers in parentheses are the total different lesion planes used to
estimate metabolic indices. Also, the first and last planes covering the lesion
were excluded from the calculation.

a variation (%s.d.: 9 ~ 53, Table 1) of glucose metabolic
indices, Ky, and K, (ml/min/g) (the K values estimated using
nonlinear regression route and Patlak graphical analysis, respec-
tively), were obtained from the same lesion using conventional
single-plane-single-ROI method. The large variation may result
from the heterogeneity and irregular shape of the lesion (/0,11).
Since both tumor cells and non-neoplastic elements, such as

original dynamic images ( 128x128x30x15 )
Patlak graphical analysis

v v

regular Patlak parametric images 0 & 1 mask images (128x128x15)

(128x128x15)
(=1 if r 2 threshold value
=0 if r < threshold value)

v

r-constrained Patlak parametric images (128x128x15)

‘ lesion plane no. determination (n)
‘ h>
summed r-constrained parametric image (128x128x1)
* lesion ROI drawing
lesion ROI
. > *
ROI masked r-constrained paramatric images (128x128xn)
|

v v

total lesion metabolic index (KT_te)  total lesion voxel index (VT_tie)
(ml/min/lesion) (voxels/lesion)

L |

global average metabolic index (Kv_te)
(mV/min/voxel)

FIGURE 1. Flowchart of the total-lesion evaluation method.
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necrosis, may appear simultaneously in a lesion (/2), the
conventional single-plane-single-ROI evaluation in a localized
region may not reflect the global changes within a lesion.
Furthermore, if lesion orientations between two scans are
different, registration of the dynamic images may be required to
accurately measure K, or K,,,, change in a localized region. If
the visualization of necrosis was affected by limited resolution
of the scanner (/3), the average K from the conventional ROI
methods may be underestimated, even when small ROIs were
used to minimize the partial volume effect.

In this study, we developed and tested a total-lesion evalua-
tion method for a global assessment of tumor metabolism. The
total-lesion evaluation method is based upon a parametric
imaging approach that consolidates data from multiple image
planes and multiple time points into a single image/numerical
dataset for each lesion. The potential utility of the metabolic
indices obtained from the total-lesion evaluation method was
evaluated using the computer simulations and PET data from
four patients with metastatic melanoma who had FDG-PET
kinetic studies before and after chemotherapy. The new indices
were compared to the corresponding values calculated from the
conventional ROI methods (nonlinear regression route and
Patlak graphical analysis) and from multiplane evaluation. In
addition, these new indices were compared to the results from
CT lesion volume measurements.

MATERIALS AND METHODS
Total-Lesion Evaluation

Figure 1 is a flowchart for the total-lesion evaluation method.
Except for determining the image planes containing the lesion and
a single ROI drawing, all subsequent steps could be automated.
The total-lesion evaluation method involves:

1. Generating correlation coefficient (r) constrained Patlak para-
metric images (r-constrained images) from dynamic PET data
by zeroing the pixel K, value if the r of the Patlak graphical
analysis was below a threshold value as described by Zas-
adny et al. (/4).

2. Summing up all the r-constrained images which cover the
lesion.

3. Defining a single ROI which covers the whole lesion in the
summed image.

4. Determining the three glucose metabolic indices: the total
lesion metabolic index (Kt ., ml/min/lesion), the total lesion
voxel index (Vr ., voxels/lesion) and the global average
metabolic index (Ky ., ml/min/voxel).

The dynamic frames obtained from 3.5 to 40 min after FDG
injection were used to generate the regular Patlak parametric
images [regular K, images, pixel value: K, (ml/min/g)] using the
method described by Choi et al. (/5). Patlak graphical analysis
requires a shorter scan time than the nonlinear regression route. If
subject movement occurs during the study, however, the correction
of movement between image frames may be necessary. The Patlak
graphical analysis was evaluated on a pixel-by-pixel basis (i.e., K
was estimated from pixel-by-pixel linear regression). The correla-
tion coefficient of each linear fit was also calculated and used to
generate a mask image containing O or 1 if r was less than or greater
than a given threshold value. The r-constrained images were
formed by multiplying the regular K, images with the mask
images on a pixel-by-pixel, plane-by-plane basis. The image
planes, which included the lesion (total plane no. = n), were
summed. This summed image was used to assist in manually
defining a lesion ROI large enough to contain the entire lesion. To
calculate the new indices of the total-lesion evaluation method, n
ROI masked r-constrained images (ROI masked r images) were
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first generated from the n r-constrained images by zeroing all
pixels values outside the lesion ROI. The Vi . index (voxels/
lesion) was then calculated as the total voxel number where the
pixel K,,,, value in the ROI masked r images was larger than zero.
The Ky, index (ml/min/lesion) was calculated by summing up all
the pixel K,,, values of the n ROI masked r images:

n N
Krue = 2 2 (Kpay, X Vol Xd)  (N=128 X 128),

i=1j=1

Eq. 1

where K, is the K, value at pixel j of plane i, Vol is the
image voxel volume and d is the inverse of the specific density
of tissue and was assumed to be 1 ml/g. Ky, ;. index (ml/min/
voxel) was then calculated using Equation 2.

Eq. 2

Computer Simulations

Our simulations were intended to model the characteristics of
metastases within the liver. The results also have implications for
primary and metastatic tumor foci elsewhere in the body. To focus
on the issue of heterogeneity due to necrotic tissue alone, we
simulated a large (>2 FWHM) spherical lesion within a homoge-
nous background. The simulated objects were 2 cm in diameter
with homogeneous activity within a 4-cm background volume
(128 X 128 X 128 matrix, pixel size = 0.3125 mm). A 0.5-cm
central region with absence of activity was created in the center of
the lesion to simulate a necrotic tumor center. This simulated object
was sliced at two different axial locations (locations I and II), offset
by 0.16 cm, to investigate the effects of lesion location on the
conventional single-plane-single-ROI method. Four imaging
planes covering the entire lesion were generated at each location
(Figs. 2A, B, row 1). Each plane [128 X 128 matrix, 6.25 mm
thick, which was similar to the plane thickness from a Siemens/CTI
(Des Plaines, IL) 931/08 scanner (6.75 mm)] was generated by
summing up twenty 128 X 128 images from the 128 X 128 X 128
simulation. The dynamic images (18 frames/plane) of two simula-
tions (locations I and II) were generated using the simulated liver
and tumor time-activity curves (TACs) (Fig. 3). The simulated
TACs were generated from a three-compartment FDG model using
average liver and tumor tissue rate constants obtained from a study
on patients with melanoma conducted in our laboratory (unpub-
lished data; tumor rate constants: K} = 0.243 ml/min/g, k3 = 0.780
min~', k¥ = 0.101 min~', k¥ = 0 min~', normal liver rate
constants: Kt = 0.864 ml/min/g, k3 = 0.981 min~', k% = 0.005
min~!, k¥ = 0.016 min~'). The input function was a tumor
patient’s plasma TAC after a bolus intravenous injection of FDG
(Fig. 3). The dynamic images were then smoothed to simulate the

FIGURE 2 Transaxial images (eft to right: plane 1-to-4) of computer
simulations at (A) location 1 and (B) location 2. Row 1: no smoothing,
noise-free; Row 2: smoothed only (FWHM ~ 9 mm); Row 3: smoothed and
noise-added (~7%); Row 4: regular K, images from third row dynamic
images.
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FIGURE 3. Tumor (solid circle), liver (open triangle) and plasma (open circle)
TACs used in the simulation.

resolution in the real PET images (FWHM ~ 9 mm). Poisson noise
was added at a level typically found in human FDG studies (~7%).

To evaluate the sensitivity of the total-lesion evaluation method
to the r threshold value, nine heterogeneous tissue TACs were
simulated, each containing 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80% and 90% of tumor cells, while the remaining percentages were
of normal liver metabolism based on the rate constants mentioned
previously. Ten percent of plasma activity was added to each curve
to simulate the vascular compartment in the tumors. Poisson noise
was added to these heterogeneous TACs (~7%). The noise-free
and noise-added heterogeneous TACs were then used to calculate
the correlation coefficients of linear fitting using Patlak graphical
analysis and determine the threshold value (r) used in the total-
lesion evaluation method. All data simulations and data analysis
were performed on a SPARC® 10 SUN workstation (Mountain
View, CA) using a command language MATLAB® (MathWorks,
Inc. Natick, MA).

Human FDG-PET studies

Twelve FDG-PET dynamic studies from four patients (Patient 1:
four studies; Patient 2: three studies; Patient 3: three studies;
Patient 4: two studies) with metastatic melanoma (two lung, one
liver and one lymph node metastases) who had PET studies before
and after chemotherapy were used. Following intravenous injection
of 10 mCi of FDG, dynamic images were obtained with a
Siemens/CTI 931/08 tomograph which simultaneously acquires 15
image planes 6.75 mm apart with a 10.8-cm total axial field of
view. PET studies were performed at the level of the liver and
spleen. The dynamic sequence consisted of twelve 10-sec, four
30-sec and fourteen 240-sec scans for a total scan time of 60 min.
Cross-sectional images were reconstructed into a 128 X 128-pixel
matrix using a Shepp-Logan filter with a cutoff frequency of 0.30
Nyquist frequency, yielding an in-plane spatial resolution of ~10
mm FWHM. Photon attenuation was corrected with a 20-min
transmission scan using a *®Ge/*®Ga external ring source. The
blood samples were taken from a hand vein, heated to 44°C to
arterialize the blood, at 5—10-sec intervals over the first 3 min and
at progressively lengthening intervals for the remainder of the
study.

Comparison of Total-Lesion Evaluation Method with
Conventional ROl Method

For an accurate evaluation of the total-lesion evaluation method
compared to the conventional ROI method, four analogous indices

THE JoURNAL OF NucLEAR MEDICINE ¢ Vol. 37 « No. 3 « March 1996



TABLE 2
Glucose Metabolic Indices Obtained from Conventional Single-plane Single ROI (K,,.,) and Total-Lesion Evaluation Methods (Kt _ue)

- KT_“'
Location (mVmin/g) (mVmin/lesion)
(r threshold = 0.6) (r threshold = 0.7)
1 0.022 + 0.001 (n = 6)' 0.1079 + 0.0006 (n = 2)* 0.1029 + 0.0002 (n = 2)*
2 0.021 = 0.001 (n = 6)F 0.1081 + 0.0004 (n = 2)* 0.1035 = 0.0003 (n = 2)*
Overall 0.021 £ 0.001 (n = 12)8 0.1080 + 0.0004 (n = 4)5 0.1032 * 0.0004 (n = 4)8

*True values of the simulation: K., = 0.0279 mV/min/g; Ky 4, = 0.1150 mi/min/lesion.
Kot Were estimated from three different sized ROIs in imaging planes 2 and 3 of each location (Fig. 8).
*K7_ue Were calculated from two different sized ROls in each summed r-constrained images (Fig. 8).

SOverall statistics from two locations.

(“Kg_ i ": total lesion metabolic rate by nonlinear regression
route; “‘Kp_,,,’": total lesion metabolic rate by Patlak graphical
analysis; ‘‘Ky ,,”’: global average metabolic rate by nonlinear
regression route; ‘‘Ky p,,”’: global average metabolic rate by
Patlak graphical analysis) were calculated by the nonlinear regres-
sion route and Patlak graphical analysis methods using individual
ROI in multiple planes. These values were used as standards to
evaluate the accuracy of the total-lesion evaluation method. The
K i and Ky, (ml/min/lesion) were calculated from the total
K, and K, values from n planes:

KT_nlr = 2 (Knlr, X Vo'i X d)

i=1

Eq. 3

K1 _pat = 2, (Kpay, X Vol; X d), Eq. 4

i=1

where Vol; is the partial lesion volume (estimated from the
individual ROI) in plane i, Knlr; and Kpat; are estimates from
the nonlinear regression route and Patlak graphical analysis
using an individual ROl in plane i, d was assumed to be 1 ml/g.
In addition, the contours of n ROI masked r images from the
total-lesion evaluation method were used as the reference ROIs
to extract n lesion TACs. This semiautomatic ROI determina-
tion method was used to avoid operator variability in ROI
drawing. Ky_p, and Ky _p,, (ml/min/voxel) were then calculated
using Equations 5 and 6.

Kt ni

Ky =3 Eq.5
_tie
KT_pat

Kvpu = Ve’ Eq.6

Comparison of Total-Lesion Evaluation Method with CT
Volume Measurements

The changes in Ky g, Ky_ye, and V. indices before and after
therapies were compared to lesion volume changes measured from
CT scans. The volume of the lesion (cm?) was calculated as 4 w(r,
X r, X ry), where r; (cm), r, (cm) are half of the largest iength
and width of the lesion in CT images, r; (cm) is half of the total
lesion distance across the image planes. Since the entire lesion was
evaluated for each study, the registration between PET and CT
images was not performed.

RESULTS
Computer Simulations

Figure 2 illustrates some simulated transaxial images at two
imaging planes. Noise-free unsmoothed images differed a little

QuANTITATION OF TUMOR GLUCOSE METABOLISM « Wu et al.

in appearance depending on location (row 1). The simulated
necrotic core was visible. After smoothing, the simulated
necrosis was difficult to identify due to the partial volume effect
(row 2). With noise added, the boundaries of the lesions were
even more difficult to define (row 3). The regular K,,, images
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FIGURE 4. Cormelation coefficients obtained from (A) noise-free and (B)
noise-added (~7%) heterogeneous TACs containing different percent mass
weights of tumor cells using Patlak graphical analysis. Horizontal dot lines in
each plot represent the threshold values (r = 0.6 or r = 0.7) used in the
total-lesion evaluation method.
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increased the contrast between the lesion and background tissue
(row 4).

Table 2 lists the results from the conventional single-plane-
single-ROI method and the total-lesion evaluation method. The
results show that a small variation of K, values were obtained
from the same lesion if different ROI sizes and different planes
were used (%s.d. ~ 5%). This variation may not be significant,
since a relatively large and homogeneous lesion (>2 X
FWHM) was simulated to minimize the partial volume effects
(for a more realistic case, see variation of patient studies in next
section). The mean value was underestimated (~75% of the
true value). If, however, the total lesion metabolic index (Kt )
was used, the precision (%s.d. < 0.6%) and accuracy (~90% of
the true value) of the estimates improved.

Figure 4 shows that the generation of r-constrained images
was not sensitive to the r threshold values if the threshold value
was within the range of 0.6 to 0.7. Within this range, only
pixels, in which the percentage of tumor tissue was above a
certain value (e.g., tumor tissue above 40% when ~7% of noise
existed in the TAC), were included in the total lesion metabolic
index calculation. Therefore, the total-lesion evaluation method
minimized the background or necrotic tissue and included the
majority of the tumor tissue in the calculation.

Human FDG-PET Studies

Table 1 shows the lesion glucose metabolic indices, K, and
K,a» obtained from four melanoma patients who had PET
studies before and after therapy using the conventional single-
plane-single-ROI method. For each lesion, except for the first
and last planes which cover the lesion, multiple planes were
evaluated. The large standard deviations of the estimates (9 ~
53%) demonstrated the plane dependency of the conventional
ROI methods. The large variation may result from the irregular
shape and heterogeneity of the lesions (metastases of Patient 1:
lung; Patient 2: lung; Patient 3: lymph node; Patient 4: liver. Size
of lesions are listed in Table 4). The changes of K, and K,
values between two scans were small (<15%). A good correlation
of K, and K, values from the same TACs was obtained (K,
versus K,; y = 0.89 X —0.0005, r = 0.96, n = 42).

Figure 5 shows the images of one lung lesion at different
planes (row 1). The ROI drawing and plane chosen in the
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FIGURE 5. PET images of patients who
had lung metastases. Row 1: regular K,
(from left to right: plane 9 to 14); Row 2:
r-constrained (r = 0.7); Row 3: ROl
masked r-constrained; Row 4: summed
r-constrained image). The ROl used in the
total-lesion evaluation method was
shown in the summed image.

conventional ROI method was operator-dependent. By using
the total-lesion evaluation method, a single ROI was drawn on
the summed r-constrained image (row 4). Due to the higher
contrast in the summed image, the ROI was much easier to
define. The ROI masked r-constrained images (row 3) showed
that the K ,, values included in the calculation of the Ky g
index and Ky , indices in our method were only from the
lesion itself. Furthermore, these images allowed us to calculate
the total voxel number, Vr ., which was related to the volume
of the lesion. Figure 6 shows the correlations between Ky 4.
and Ky _,, and between Kt . and Ky ,,, from 12 FDG-PET
studies of the four melanoma patients. The correlations were
close to 1.0. Similar results (r ~ 1.0) were obtained when Ky, .
was correlated with Ky_p,, and Ky _p,, (Fig. 7).

Table 3 shows the Ky 4, V1 g, and Ky . indices from the
four patients. The Ky ., V1 4 indices show that the therapies
had an effect on the first patient (both values decrease more
than 50%) but no effect on the other three patients (both values
shows small changes or increase more that 63%). The Ky, .
index showed small changes in all patients (0 ~ 16%). Table 4
summarizes the index ratios of two scans using CT and PET
studies. The results of CT volume measurement show that the
therapies had an effect on the first patient (lesion size decrease
more than 50%) but no effect on the other three patients
(insignificant change or increase more than twice in lesion size).

DISCUSSION

Currently, the use of the dose uptake ratio as an index of
glucose metabolism is widespread. Despite its simplicity, sev-
eral studies in the literature report considerable variability when
the dose uptake ratio is used (16—18). It was suggested by these
studies that an accurate evaluation of tumor glucose metabolism
should use the kinetic evaluation (/8). Determination of the
glucose metabolic rate, MRy, based on the FDG model, may
be complex and time-consuming. It, however, provides a better
description of tumor glycolytic characteristics. Because it in-
corporates the kinetics of FDG transport and phosphorylation in
tissue as well as the dynamics of FDG in plasma (the input
function), the total-lesion evaluation method calculates global
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Kr _ue Versus Ky, (y = 0.932 X —0.019, r = 0.997, n = 12); (B) Ky _, Versus
Ky pat (y = 0.971 X +0.002, r = 0.999, n = 12).

metabolic rate changes based on the FDG model and monitors
the therapeutic response.

The total-lesion evaluation method was developed based on
two studies. In a previous study in patients with metastatic
melanoma, we found a good correlation between K, and K,
which is consistent with the low values of k, in the lesions and
supports the use of Patlak parametric images to quantitate
glucose metabolism in the lesions (3). The method is compu-
tationally practical, amplifies the contrast of metastases com-
pared with normal liver and facilitates quantification of tumor
metabolism in serial imaging studies. Good correlation (r =
0.96, n = 42) of K,,,, and K, values obtained from four patients
with metastatic melanoma lesions in liver, lung and lymph node
implies the generality of the method to other organ systems. The
total-lesion evaluation method adapts the r-constrained para-
metric imaging that has been studied by Zasadny et al. (/4).
They showed that the r-constraint improved parametric image
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FIGURE 7. Correlations of global average metabolic values using the
total-lesion evaluation method and conventional methods with multiplane
evaluation: (A) Ky 4 versus K, ., (y = 0.91 X —5.5e — 5,r = 0.99, n = 12);
(B) Ky _ue versus Ky . (y = 0.96 X —8.4e — 6,r = 1.0, n = 12).

TABLE 3
Kt ser V1 e and K e Indices of Four Patients with Melanoma*
Ky_te
Patient  Study V1 ve Kt e x 1073
no. no. (voxels/lesion)  (mV/min/lesion)  (ml/min/voxel)
1 1 319 0.118 0.370
2 146 0.054 0.370
2 1 211 0.111 0.522
2 205 0.125 0.608
3 1 264 0.399 1.510
2 429 0.706 1.646
4 1 133 0.119 0.895
2 368 0.379 1.030

*All patients who had PET studies before (no. 1) and after (no. 2) the

therapies.
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TABLE 4
Ratio of Results from CT Measurements and PET Studies*

Patient crt . PET*
no.  VO/VOl,  Vige/Viue  Krse/Krse  Kv.se/Ky te
1 052 0.46 0.46 1.00
2 0.96 0.97 113 1.16
3 258 163 177 1.09
4 431 2.77 3.18 1.15

*Four melanoma patients who had CT and PET studies before (subscrip-
tion 1) and after (subscription 2) therapies.

TLesion volume (Patient 1: 16.5 and 8.6; Patient 2: 1.9 and 1.8; Patient 3:
3.0 and 7.8; Patient 4: 0.69 and 2.98 cm®, before and after therapy,
respectively). Time period between two scans: Patient 1: ~2 mo; Patient 2:
~4 wk; Patient 3: ~4.5 wk; Patient 4: ~3 wk.

Time period between two PET studies: Patient 1 (scans 1 and 4): 23 days;
Patient 2 (scans 1 and 3): 18 days; Patient 3 (scans 1 and 3): 23 days; Patient
4 (scans 1 and 2): 21 days.

| l

FIGURE 8. ROIs and simulated images [(upper): location 1; (bottom): location
2] used in the single-plane-single-ROl method and total-lesion evaluation
method. (A) Three ROIs were used in each regular K., images (planes 2 and 3,

only plane 2 images are shown). (B) Two ROls, which are large enough to cover
the whole lesion, were used in each summed r-constrained images.

quality by eliminating streak artifacts and stray pixel values that
happen to produce high slope (K,,) values. In addition, due to
a relatively high k, value in normal liver tissue, the r-con-
strained image underestimates normal liver metabolism. There-
fore, the background K, values included in the calculation of
the metabolic indices in the total-lesion evaluation method can
be minimized (row 3 of Fig. 5 and Fig. 8B).

The results in Table 2 show that the K; ,,. index was less
sensitive to the ROI sizes and the threshold values as long as the
ROI size was large enough to cover the whole lesion. With a
lesion size exceeding what was used in the simulation, a better
result was expected (due to a smaller partial volume effect when
object size is much larger than 2 FWHM). Therefore, if the
entire lesion is within the field of view, the registration between
two dynamic studies is not necessary. Furthermore, the estima-
tion was much closer to the true value when compared to the
conventional single-plane-single-ROI method (Table 2). The
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V1 _ue index may be affected by the partial volume effect and
the threshold values. With a fix threshold value, this volume
index provided a good index to monitor the volume change of
the lesion over time. The changes of Vy . between two PET
scans of four melanoma patients showed similar results as those
obtained from the CT measurements (Table 4). When the
total-lesion evaluation method was compared to the conven-
tional ROI method and multiplane evaluation, the correlation of
the two methods was excellent and closed to 1.0 (Figs. 6, 7).

The ultimate goal of a FDG-PET study is to quantitate tumor
glucose metabolism and predict therapeutic response. By using
the Kt . and Vg . indices, the total-lesion evaluation method
provides a new method to monitor the effect of therapy in
cancer patients (Tables 3, 4). Whether an area or global
assessment of tumor metabolism is ideal for monitoring the
tumor growth may depend on the nature of the tumor type. For
example, it is conceivable that areas of a tumor resistant to
therapy may have focal regions of high metabolic rates while
the overall tumor metabolic rate may be declining. The com-
bined use of the conventional ROI methods on local areas and
the total-lesion evaluation method may provide more insight
into the biology of tumor response or nonresponse relative to
glucose metabolism. In this study, melanoma metastases in
different organs (lung, lymph node and liver), different shapes
(spherical or irregular) and different sizes (0.69 ~ 16.5 cm’®
(Table 4) were used. Since the total-lesion evaluation method
can use a larger ROI than the true lesion size (by which the
recovery coefficient is calculated), the partial volume effect in
the TLE method can be minimized (Table 2). Therefore, with
high tumor uptake and low background activity, the TLE
method may include most of the activity of a small lesion (e.g.,
study 2 of Patient 4, Table 3) in the calculation. When lesion
size is small and with low FDG uptake, however, accurate
glucose metabolic rates may not be obtainable with the total-
lesion evaluation method due to limited scanner resolution. The
threshold value may also affect the estimates by removing the
pixel K,,,, values in the r-constrained image when heteroge-
neous tissue activity is within the pixel (e.g., small percentage
of tumor tissue). This may explain the underestimation of the
Kt _ye value in the computer simulations (Table 2). Since the
total-lesion evaluation method was developed to monitor the
glucose metabolic change of the same lesion over time, as long
as the volume change is not dramatic, the partial volume effects
in serial scans should have similar effects when the total-lesion
evaluation method is used. When substantial changes in tumor
volume occur, however, the partial volume effects need to be
taken into account.

CONCLUSION

A simple but reliable method to quantitatively monitor the
total-lesion glucose metabolic changes during tumor growth is
presented. Moreover, results from this method correlate with
those from conventional ROI methods.
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Noninvasive Quantification of Dopamine D2
Receptors with Iodine-123-IBF SPECT

Masanori Ichise, James R. Ballinger, Haim Golan, Douglass Vines, Angela Luong, Scott Tsai and Hank F. Kung
Department of Nuclear Medicine, Mount Sinai Hospital, Department of Nuclear Medicine, Princess Margaret Hospital,
University of Toronto, Toronto, Ontario Canada; and Division of Nuclear Medicine and Department of Radiology,

University of Pennsylvania, Philadelphia, Pennsylvania

lodine-123-iodobenzofuran (IBF) is a potent dopamine D2 receptor
ligand suited for quantitative receptor studies. The purpose of this
study was to evaluate three noninvasive methods of estimating the
receptor parameter ky/k, in humans with IBF-SPECT. Methods:
Scans were acquired every 5 min for 180 min using a tripie-headed
SPECT system following a bolus injection of IBF (296 + 37 MBq) in 14
nomal volunteers. ky/k, was estimated by the peak equilibrium ratio
(Reg) method and two proposed methods: a variation of the graphic
method that derives the ratio of ligand distribution volumes (R,) and
area ratio (R,) method, in which the ratio is calculated from the areas
under the specific binding and nondi activity curves. Re-
sults: The mean Rgg, R, and R, were 2.74 + 0.40, 3.06 + 0.42 and
2.26 + 0.28, respectively. Both R and R, underestimated R,,. The
relationship between Rpe or R, and R, was linear (p < 1075, R,
showed higher correlation (r = 0.94) with R,, than did R (r = 0.90).
Simulations based on a tracer kinetic model showed that R,,, unlike
Ree or Ry, is affected by neither regional cerebral blood flow (rCBF)
nor peripheral clearance rate (CR) of IBF. All three measures showed
a significant decline with increasing age (r = 0.54-0.58, p < 0.05).
Conclusion: R, is preferred because it provides a theoretically valid
estimate of ky/k,, independently of rCBF or CR. Altemativety, R, might
be preferred to Reg because the former is simpler than the latter to
implement yet the former provides a measure that equally well
correlates with ky/k,.

Key Words: iodine-123-IBF; dopamine D2 receptors; brain SPECT;
noninvasive quantification
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NonINVASIVE QUANTIFICATION WITH SPECT - Ichise et al.

’I;ue clinical usefulness of dopamine D2 receptor imaging
using SPECT and ['*Iiodobenzamide (IBZM) (/) has been
recently evaluated in several neuropsychiatric conditions (2-9).
The more recently introduced ['?*I]iodobenzofuran (IBF) (10)
binds reversibly to D2 receptors with significantly higher
affinity (Kp = 0.11 nM) and slightly lower lipophilicity
compared with IBZM (/1), provides higher image contrast and
is suited for quantitative receptor studies (/2-14).

For SPECT imaging of D2 receptors to be widely used,
readily accessible yet valid methods to obtain quantitative
information about the receptor are needed. In their recent IBF-
SPECT study, Laruelle et al. (/4) were able to measure the
binding potential (BP = B,,,./Kp) by using either kinetic or
graphic analysis models. These methods, however, are not only
invasive, requiring repeated arterial blood sampling, but also
are technically demanding, requiring accurate measurements of
both tissue and metabolite-corrected plasma concentrations as
well as accurate cross-calibrations between the two types of
measurements. Furthermore, there were marked individual
differences in the rate of both peripheral metabolism and
clearance of IBF with unmetabolized, free IBF representing
only a small fraction in arterial plasma, and errors in the
measurement of this fraction might have a significant effect on
the binding potential estimation. Hence, they proposed alterna-
tively to measure the receptor parameter k4/k,, the ratio of the
transfer constants between the intracerebral nondisplaceable
and specifically bound receptor compartments because this
measure is independent of the free fraction of IBF.

On the other hand, the traditionally used empirical ratio
method does not require blood sampling. Its outcome measure
is obtained by calculating a basal ganglia-to-frontal cortex or
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