
antigens (3â€”8)as well as peptide growth factors that recognize
growth factor receptors (9). Octreotide, an octapeptide analog
of the growth hormone somatostatin, represents a prototypic
?eptideradiopharmaceuticalthathasbeenradiolabeledwith

I In and successfully used to image somatostatin receptor

positive tumors, primarily neuroendocrine malignancies (10),
but also small cell lung cancer (9) and breast cancer (11).
Another promising peptide-based radiopharmaceutical for im
aging breast cancer is epidermal growth factor (EGF), a
53-amino acid peptide ligand for the epidermal growth factor
receptor (EGFR). Overexpression of the EGFR has been re
ported in 27%â€”57%of breast cancer biopsies with up to a
100-fold higher level of expression detected on cancer cells
compared to normal epithelial tissues (12â€”15).We have inves
tigated the potential for imaging EGFR-overexpressing breast
cancer lesions with a novel 51 amino acid recombinant analog
of human EGF (HEGF)5 1 labeled with@@@ In.

The clinical application of radiolabeled EGF for imaging
breast cancer will depend ultimately on the sensitivity of the
radiopharmaceutical for detecting small numbers of EGFR
overexpressing tumor cells. The ability to detect a malignant
lesion by imaging depends on the properties of: the radiophar
maceutical; the lesion and surrounding normal tissue; and the
imaging system. The physical characteristics of the radionu
clide (y-energy, abundanceand physical half-life) as well as the
pharmacokinetic characteristics of the radiopharmaceutical
(elimination rate from the blood, extent of distribution into
tissues, tumor and normal tissue uptake and metabolism) are all
important factors controlling the successof detecting a lesion.
The vascularity of the tumor, the level and heterogeneity of
receptor expression by the tumor cells as well as the lesion size
and its location are also important parameters. Properties of the
imaging system that can affect tumor imaging inciude:collima
tor resolution; efficiency ofthe detection system; and display of
the final image. A combination of these factors determines the
overall sensitivity of detection of a lesion with the radiophar
maceutical and it is difficult to ascertain from an in vivo study
the influence of any single factor. However, through the use of
phantoms (models) of lesions targeted by the radiopharmaceu
tical in an in vitro situation, it is possible to independently vary
one factor while constantly maintaining others. This approach
allows a systematic evaluation of the influence of single factors
or known combinations of factors on the ability to detect a
lesion with the radiopharmaceutical. In our study, we evaluated
the effects of several potentially important factors on the ability
to image breast cancer lesions with IIIIn-HEGFS I . The factors
investigated were: (a) number of tumor cells in the lesion; (b)
level of EGFR expression; (c) receptor heterogeneity; (d)
proportion of targeted cells; (e) tumor/nontarget (TINT) ratio;
and (f) tissue attenuation. Our results suggest that the effects of
combinations of these factors can explain the relatively low
sensitivity for tumor imaging observed in cancer patients with
receptor-binding radiopharmaceuticals and strategies aimed at

The overexpressionof cell surface receptors on cancer cells is a
potential target for the design of receptor-binding radiopharmaceu
ticals for tumor imaging.The sensitivityof these agentsdepends on
the interactionin vivo of factors such as the leveland heterogeneity
of receptor expression,the proportion of targeted cells, the tumor/
nontarget (1/NT) ratio and attenuation by overlying normal tissue.
The relativeimportance of a singlefactor or combination of factors
is unknown. Our objective was to evaluate,under controlled exper
mental conditions, the effect of these factors on the sensitivityfor
imaging breast cancer with a new receptor-binding radiopharma
ceutical: human epidermal growth factor (HEGF)51 labeled with
111ln.Methods: MDA-MB-468, Si or MCF-7 breast cancer cells
expressing 1.3 x 106, 3.3 x 10@and i .5 X i 0'@epidermal growth
factor receptors (EGFR)/cell were targeted in vitro with@@ 11n-
HEGF51. Phantoms were constructed with an internal well to
simulatea lesionand surroundedby anouterwell to simulatenormal
tissue. The effect of the level of receptor expression was studied
with phantoms containing targeted MDA-MB-468, Si or MCF-7
cells. The effect of the proportion of cells targeted was evaluated
using phantoms containing mixed targeted or nontargeted MDA
MB-468 cells. Receptorheterogeneitywas studied using phantoms
containing mixed MDA-MB-468 and Si cells. The T/NT ratio was
evaluated by varying the concentration of radioactivity in the outer
well and tissue attenuation was simulated by overlayingthe phan
toms with water. Phantoms were imaged using a gamma camera
fitted with a medium-energy collimator interfaced to a computer.
Results: The sensitivity for detection of a lesion was directly pro
portional to the levelof receptor expressionor to the proportion of
cells targeted and inversely proportional to the level of receptor
heterogeneity.A T/NT ratio 2:i was requiredfor detection. Under
idealconditions with a singlefactor varied,as few as 5 x i 0'@to i O@
MDA-MB-468 cells with a high level of EGFRexpression or 2.5 x
10@to i 06 Si or MCF-7 cellswitha low levelof EGFRexpression
were detected. When the receptor heterogeneity,the proportion of
targetedcellsand tissueattenuationwerevaried in combinationwith
a T/NT ratio of 3:i , the sensitivity for detection approached that
observed clinicallywith receptor-binding radiopharmaceuticals(i O@
cells). Conclusion: Our results suggest that combinations of four
factors may account for the relatively low sensitivity for tumor
imaging observed clinicallywith receptor-binding radiopharmaceu
ticals and, in particular,strategiesaimed at minimizingthe effects of
receptorheterogeneity;a low proportion of cells targeted and tissue
attenuationwould improve the detection of small lesions.
KeyWords:epidermalgrowthfactorreceptor,breastcancer;tumor
imaging; sensitivity;receptor heterogeneity
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Thetargetingofradiopharmaceuticalstocertaincellsurface
proteins overexpressed on tumor cells has been investigated
over the past decade as a strategy for the diagnostic imaging of
cancer (1,2). Such targeted radiopharmaceuticals have included
monoclonal antibodies (MAbs) that recognize tumor-associated
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FIGURE1. Designofphantomusedfor
evaluathgfactorsaffectingsensithiityof
tumorimaging.

12mm

minimizing these effects would improve the sensitivity for
detection of small lesions.

MATERIALSAND METHODS.â€¢--â€˜@r---
Humanrecombinantepidermalgrowthfactor(HEGF51) (Dr. D.

Maratea, Creative Biomolecules, Hopkinton, MA), 5 mg/mi in 50
mM bicarbonate buffer pH 7.5 in 150 mM sodium chloride, was
reacted with the bicyclic anhydride of diethylenetriaminepentaace
tic acid (cDTPAA) (Sigma, St. Louis, MO) at a molar ratio
(cDTPAA:HEGF5 1) of 5:1 for 30 mm. The penteticacid(DTPA)
conjugated HEGF51 was purified from free DTPA by size
exclusion chromatography on a P-2 mini-column (BioRad, Missis
sauga, ON, Canada). Purified DTPA-HEGF5 1 was radiolabeled
with â€˜@ â€˜In-acetateto a specific activity of approximately 100â€”200
p.Ci4tg (600â€”1200mCi/p@mol).Indium-i 11-acetate was prepared
by mixing equal volumes of â€˜â€˜â€˜In-chloride(>200 mCi/mi (Nor
dion, Kanata, ON, Canada)and 1 M acetatebuffer pH 6. Indium
111-HEGF51 was purified from free â€˜@ â€˜Inon a P-2 column and
thenanalyzedfor radiochemicalpurity by silica gel instantthin
layer chromatography (ITLC-SG, Gelman, Ann Arbor, MI) in 100
mM sodium citrate pH 5. The final radiochemical purity was
95%-98%.

Breast Cancer Cells
MDA-MB-468 breast cancer cells and their Sl subclone were

obtainedfrom the OntarioCancerInstitute.MCF-7 breastcancer
cells were obtainedfrom the Banting and Best Departmentof
Medical Research, University of Toronto. MDA-MB-468 and Si
cells were cultured in L-l5 medium (Sigma, St. Louis, MO)
supplemented with 10% fetal calfserum (FCS). The medium for Si
cells was further supplementedwith 10_8M EGF since these cells
have a growth requirement for EGF. MCF-7 cells were cultured in
minimal essential medium (MEM) supplementedwith 10% FCS,
nonessential amino acids and giutamine (Gibco, Burlington, ON,
Canada).

Measurement of In Vitro Receptor Expression on Breast
Cancer Cells

Indium- 11l-HEGF5 1 (0.25â€”80ng) was incubated with 1.5 X
106 MDA-MB-468 cells or 4â€”7.5 X 106 Si or MCF-7 cells in 1 ml

of 0.1% human serum albumin in 35-mm multiwell culture dishes
at 37Â°Cfor 30 mm. The cells were then transferred to a centrifuge
tube and centrifuged. The cell pellet was separated from the
supematantand counted in a â€˜y-scintillationcounter to determine
bound (B) and free (F) radioactivity. Nonspecific binding was
determined by conducting the assay in the presenceof 100 nM
HEGF51. The affinity constant(Ka) andnumberof receptors/cell
were determined from nonlinear fitting of the binding data (16).

Radiolabeling of Breast Cancer Cells
Breast cancer cells (MDA-MB-468, Si or MCF-7) were recov

ered from a 75-cm2 tissue culture flask by replacing the culture
medium with 25 ml of 150 mM sodium chloride and gently
scrapingthe growth surfaceofthe flask with a cell scraper.The cell
suspension was transferred to a 50-mi centrifuge tube and an
aliquot counted in a hemocytometer. The cells were then centri
fuged at 1000rpm for 5 mm, the supematantremoved and the cells
resuspendedin fresh 150 mM sodium chloride to a final concen
tration of 5 X l0@cells/mi. An aliquot of the resuspendedcells (1
ml, 5 X l0@cells)wastransferredto a 35-mmplasticculturedish.
Indium-i 1l-HEGF5 1 (5 @tg,8.6 X i0@ @mol)was added to the
dish, representing an 8-fold, 370-fold or 690-fold molar excess for
MDA-MB-468, Si or MCF-7 cells,respectively.The mixturewas
incubated at 37Â°Cfor 30 mm, transferred to a centrifuge tube and
centrifuged at I 000 rpm for 5 mm. The supernatantwas removed
and the radiolabeled cells were resuspendedin 150 mM sodium
chloride to a final concentration of 2.5 X l0@cells/mi.

Phantom Design and Imaging
Phantomswere constructedby inserting a central internal cylin

drical well (7-mm diameter X 12-mm) into each of six 35-mm
diameter X 15-mm wells contained in a polystyrene culture dish
(Fig. 1). Radiolabeled tumor cells were dispensedinto the central
well to simulate a lesion targeted by the radiopharmaceuticai,
whereasthe surrounding background radioactivity was altered by
dispensing solutions of different concentrations of radioactivity
into the surrounding outer wells. The effect of attenuation was
evaluated by overlaying the phantoms with identical multiwell
dishes containing water. The phantoms were imaged using a
ZLC-3700 gammacamera(Siemens,Chicago, IL) fitted with a
medium-energy, parallel-hole collimator set 4 cm from the top
surface of the phantom and interfaced to a GE (Milwaukee, WI)
Star4000i computer. Imageswere acquired for 10mm using a 20%
window centeredover the 172 and 247 keV photopeaksof â€œIn.

Quantitation of Phantom Images
The relationship between the count intensity recorded on the

images and the sensitivity for detection of a lesion was determined
by manually drawing a region of interest (ROI) around the central
well with the highest counting rate in a phantom series. The same
size ROI was then manually placed over the other wells in the
series and the counts per minute (cpm)/pixel for the simulated
lesion were obtained.

Effect of Number of Tumor Cells and Receptor Expression
on Tumor Imaging

The effect of the number of tumor cells present in the lesion and
the level of receptorexpressionby the cells for â€˜â€˜â€˜In-HEGFSlon
tumor imaging was investigated by dispensing radiolabeled MDA
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MB-468, S1 or MCF-7 breastcancercells( 102to 1.5 X 10@cells)
into a central well of the phantom. MDA-MB-468 cells expressed
EGF receptors at a 39-fold higher level than S 1 cells and at an
87-fold higher level than MCF-7 cells. The volume of eachcentral
well was adjusted to 300 p.1with 150 mM sodium chloride. No
radioactivity was dispensedinto the surrounding outer wells.

Effect of Proportion of Targeted Cells on Tumor Imaging
The effect of the percentage of tumor cells targeted by the

radiopharmaceutical on tumor imaging was analyzed by mixing
radiolabeled MDA-MB-468 cells with unlabeled MDA-MB-468
cells in different proportions (0.1% to 100% radiolabeledcells) and
depositing a mixture of 1.5 X i0@cells into a central well of the
phantom. The volume ofthe central well was adjusted as described
previously and no radioactivity was placed into the outer wells.

Effect of Receptor Heterogeneity on Tumor Imaging
The importance of heterogeneity in receptor expression for

I 11In-HEGF5 1 was studied by mixing radiolabeled MDA-MB-468

and 51 cells in different proportions (0% to 90% 51 cells) and
dispensing mixtures totalling 1.5 X i0@radiolabeled cells into a
central well of the phantom. The volume of the central well was
adjusted to 300 @.tlwith 150 mM sodium chloride. The phantoms
were then imaged in the absence of radioactivity in the outer wells.

Effect of the Tumor/Nontarget Ratio on Tumor Imaging
The effect of the TINT ratio on tumor imaging was investigated

by placing 106 radiolabeled MDA-MB-468 or Si cells into a
central well of the phantom, adjusting the volume as described
above and then dispensing a solution of known concentration of
I 1 I In radioactivity into the surrounding outer well to achieve T/NT

ratios ranging from 0.5: 1â€”20:1.

Effect of Tissue AttenUatiOn on Tumor Imaging
The importance of attenuation by overlying normal tissues on

tumor imaging was studied by depositing 5 X iOâ€•to 1.5 X i0@
radiolabeledMDA-MB-468 cells into a central well ofthe phantom
and adjusting the volume of each well as previously stated. No
radioactivity was dispensed into the surrounding outer wells. The
phantomwas then incrementally overlayedwith up to five identical
multiwell dishescontaining 12 ml of water in eachwell (depth of
water was 1.3 cm in each well) to simulate attenuation of up to 6.5
cm of overlying normal tissue. After each overlay, the phantom
was imaged with the collimator set 4 cm above the top dish.

Effect of Combinations of Factors on Tumor Imaging
The combined effect of varying the receptorheterogeneityor the

proportion of tumor cells targeted and tissue attenuation on the
sensitivity for detection of a lesion was evaluated for phantoms
containing 5 X l0@to 1.5 X l0@breastcancercells targetedin vitro
with â€˜â€˜â€˜In-HEGF5 1. In one experiment, all tumor cells were
targeted with â€˜â€˜â€˜In-HEGFS1. The level of receptor heterogeneity
was varied by increasing the proportion of Sl cells (from 0% to
90%), while tissue attenuation was altered by overlaying the
phantomswith increasingdepthsof water (0 cm to 10.4cm). In a
secondexperiment, the proportion of S1 cells was maintained at
25% (receptorheterogeneity),while the proportion oftargeted cells
was decreased (from 90% to 1%) by combining mixtures of
radiolabeled MDA-MB-468 and Sl cells with unlabeled cells. In
both experiments, the TINT ratio was set at 3: 1 by dispensing a
solution of a known concentration of â€˜â€˜â€˜In radioactivity into the
outer well. The phantoms were then imaged as previously de
scribed.

RESULTS
In this study, we investigated, under controlled experimental

conditions using phantoms, the effect of several potentially
important factors on the sensitivity for imaging breast cancer

with a new receptor-binding radiopharmaceutical, I I â€˜In
HEGF51. The factors we investigatedincluded: (a) the level
and heterogeneity of receptor expression by the tumor cells; (b)
the proportion of tumor cells targeted by the radiopharmaceu
tical; and (c) the TINT ratio and the attenuation of the signal by
overlying normal tissues. The relative importance ofeach factor
in determining the sensitivity for tumor imaging (i.e., the
minimum number of cancer cells detectable) was investigated
both individually and in combination. Our phantom results were
compared to those reported previously for other receptor
binding radiopharmaceuticals such as MAbs and octreotide in
cancer patients. Clinical imaging studies with radiolabeled
MAbs have suggestedthat only lesions 0.5â€”icm in diameter
(i.e., 1.5 x i0@ to 1.2 X 108 cells) are detectable. For
example, in melanoma patients imaged with â€˜â€˜â€˜In-ZME-Ol8
MAb, no lesions < 1 cm in diameter could be detected
compared to 100% oflesions > 5 cm in diameter (8). Similarly,
the smallest lesion visualized with â€˜â€˜â€˜In- 170H0.82 MAb in
ovarian cancer patients was 1 cm in diameter with smaller
peritoneal seedlings (< 1 cm) observed as diffuse uptake on the
image rather than as discrete lesions (1 7). Collier et al. (18)
observeda twofold decreasein the detectionrate for colorectal
cancer by imaging with â€˜I 11n-B72.3MAb for lesions S 2 cm in
diameter (33% detected) compared to those > 2 cm in diameter
(62% detected). A small colorectal cancer lesion with dimen
sions of 0.8 cm X 0.6 cm was detected in one patient with
11â€˜In-ZCEO25 MAb (19). Our phantom imaging results suggest

that combinations of the four factors we investigated can
account for the relatively low sensitivity for tumor imaging
observedwith theseagentsand strategiesaimed at minimizing
these effects would improve the detection of small lesions.

CharaCterizatIOn of Human Epidermal Growth Factor
The specific activity of â€˜â€˜11n-HEGF51 achieved experimen

tally in our study was 600-1200 mCi1@mol using an average
substitution level of 1.5 @molof DTPA chelator/@mol of
HEGF51. The maximumtheoreticalspecific activity for â€˜â€˜â€˜In
HEGF51 basedon chelationof one indium atom per molecule
of DTPA-HEGF5 1 is 4700 mCi/@mol. Cell binding assays
were performed to determine the level of receptorexpression
for@@ â€˜In-HEGF51 on the three breastcancercell lines usedin
the study: MDA-MB-468, Si and MCF-7. The level of receptor
expressionfor the MDA-MB-468, Si and MCF-7 cells was
i.3Â±0.7x 106,3.3Â± 1.1x lO4andl.5Â±O.7X l0@
receptors/cell, respectively (Fig. 2). The affinity of bindin@gfor
MDA-MB-468 and Si cells was similar (7.5 Â±3.8 X lOa and
2.1 Â±0. 1 x 108 liter/p@mol,respectively) whereas the affinity
constant for MCF-7 cells was higher (3.9 Â±1.2 X 10@L/mol).

Effect of Number of Tumor Cells and Receptor Expression
on TumorImaging

A quantitativeanalysisof the imagesofphantomscontaining
breast cancer cells targeted with â€˜â€˜â€˜In-HEGF51demonstrated a
lineardecreasein the countintensityasthe numberof cellswas
decreased from 1.5 X i0@to 102 cells (Table 1). The upper
range of the number of cells studied with the phantom repre
sents the approximate number of tumor cells that would be
contained in a hypothetical spherical lesion with a diameter of
0.5 cm assuming a diameter of 20 @mand a volume of 4 X
l0@ cm3 for an individual breast cancer cell. The count
intensity in a lesion containing 1.5 X 10@cells was 15â€”20-fold
greater for MDA-MB-468 cells that exhibited a high level of
receptor expression compared to SI or MCF-7 cells. A count
intensity of 2â€”3cpm/pixel was required to visualize the
lesion (Table 1 and Fig. 3). In the phantom studies, this value
was achieved by targeting a minimum of 5 X i0'@MDA-MB
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FIGURE 2. Representative t@nding curve for 111ln-HEGF51 to MDA-MB-468
breastcancerc@ In this experiment,mwamumspecfficbinding(SB)
correspondedto 6.4 x 1O@receptors/cellandtheaffinityconstant(1(a)was
5.4 x 108liter/@.a'nol.TB = totalbinding;NSB= nonspecificbanding.

MCF-7
468 cells, 2.5 x iÃ¸@SI cells or 106 MCF-7 cells. Approxi
mately 0. 1 pCi of@ â€˜â€˜Inwas contained in a lesion containing
these numbers of targeted cells. Under ideal conditions with all
cells overexpressing the receptor and targeted to receptor
saturation, and in the absence of surrounding background
radioactivit@jor attenuation by overlying normal tissue, as few
as 5 X 10 breast cancer cells could be detected with@@ â€˜In
HEGF51. This is a level of sensitivity approximately300-fold
higher than that reported clinically for other receptor-binding
radiopharmaceuticals such as MAbs (8,17â€”19)or octreotide
(20) and reflects the existence of nonideal conditions in vivo.
Such conditions include the heterogeneity in receptor expres
sion by the tumor cells, a low proportion oftumor cells targeted
by the radiopharmaceutical as well as the presence of back
ground radioactivity surrounding the lesion and attenuation by
overlying normal tissues.

Effect of Receptor Heterogeneity on Tumor Imaging
The level of receptorheterogeneityin a lesion is usually not

known at the time of imaging. Nevertheless, heterogeneity in
expression has been detected for in vitro studies in both the
tumor-associated glycoprotein antigen, TAG-72, in colorectal
cancer (21) and for somatostatin receptors in breast cancer (22).

TABLE I
Effect of Number of Cells and Level of Receptor Expresalon on

SensitMty for Detection of Breast Cancer Lesions

RGUREa ImagesofphantomscontalningdifferentnumbersofMDA-MB
468,Si or MCF-7cellstargetedinvitrowith111ln-HEQF51.ForMDA-MB
468cells,numberof cells(topleftto bottomright)was1.5x iO@,iO@,5 x
106,106,iO@and 5 x i0@.ForSi and MCF-7cells, numberof cells (top left
to bottom nght)was 1.5 x iO@,iO@,5 x i0@,i0@,2.5 x 10@and i0@.

Using phantoms, we evaluated the effect of different levels of
receptor heterogeneit@ion the sensitivity for imaging a breast
cancer lesion with@ â€˜In-HEGF5 1. Receptor heterogeneity was
simulated by constructing lesions composed of mixtures of
MDA-MB-468 breast cancer cells that expresseda high level of
receptors and Si breast cancer cells that exhibited a low level of
receptorexpressiontargeted in vitro with â€˜â€˜â€˜In-HEGFS1. The
total number of cancercells in the lesion was 1.5 X l0@.A
linear decrease in the count intensity was observed as the
proportion ofSl cells was increased from 0% to 90% (Table 2).
There was a fourfold lower count intensity for a lesion with
only 10% MDA-MB-468 cells compared to a lesion containing
100%MDA-MB-468 cells. The count intensity on the images
of all lesions studied was 50 cpm/pixel and all lesions were
detected. A lesion containing 1.5 X i0@ breast cancer cells
targeted with â€˜I IIn-HEGF5 1 with only 10% MDA-MB-468
cells contained approximately 3 pCi of â€˜â€˜â€˜In.As expected,
receptor heterogeneity results in a lower number of binding

TABLE 2
Effect of Receptor Heterogeneity on Sensitivity for Detection of

Breast Cancer Lesions*

1.553926351.045618240.5173

35
nd
4
2

nv10

3
2

nv11

3
nd
nv

216
10 196
25 174

117
72
50*

0.1
0.025
0.01
0.005
0.001

â€¢MDA..MB4@Si or MCF-7cellsexpress1.3Â±0.7 X 10@,2.9Â±1.2
x104and1.5Â±0.7 x i0@receptorspercell,respectively.

tCells were targeted in vitro with 111In-hEGF51.
nd = notdetermined,nv = notvisualized.

50
75
90

â€¢Lesioncontained1.5 x i0' cells.
t Receptor heterogeneity was simulated by increasing the proportion of

Si cells (low levelof receptorexpression)i@a lesioncontalninga mixtureof
Si cellsandMDA-MB-468cells(haghlevelof receptorexpression).

*,4JIlesionsweredetected.
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ObservedonimageBackground

7

TABLE 3
Effect of Proportion of Targeted Cells on Sensitivityfor Detection

of BreastCancerLesions*

TABLE 4
Effect of the Tumor/Nontarget (@/N1)Ratio on Sensitivityfor

Detectionof Breast Cancer L.esions*

100 213
50 104
25 52
10 23
1 3
0.1 nv

20.0557.910.058173.45.06721322.086412.1

1.0 nv
0.5 nv

â€¢Lesioncontained10@cells
1T/NTratiowasvariedbydecreasingtheconcentrationof111lnradioac

tivity surroundinga lesioncontainingMDA-MB-468breastcancercells
targetedwith111ln-hEGF51.

nv = notvisualized.

fully imaged in patients with 5â€”10mCi (0.3â€”3m@)of â€˜31I-EGF.
Assuming a similar injected dose (5â€”10mCi) of â€˜â€˜â€˜In-HEGF5 1
in breast cancer patients, targeting of 0.3 @Ciof â€˜â€˜â€˜Into a
0.5-cm diameter lesion would require a tumor uptake of
0.03â€”0.1%injected dose per gram (% i.d./@). This level of
uptake is comparable to the tumor uptake of@ â€˜â€˜In-octreotidein
patients with neuroendocrine malignancies, reported to range
from 0.0i%@@0.2%i.d./g (10). Tumor uptake of â€˜â€˜â€˜In-MAbs
typically ranges from 0.OOi%â€”0.0i4%i.d./g (23,25).

Effect of Tumor/Background Ratio on Tumor Imaging
The visualization of a lesion on the image dependson the

contrast between the lesion and surrounding background (TINT
ratio). Backgroundradioactivity can be due to binding of the
radiopharmaceutical to surrounding normal tissues (cross-reac
tivity) or to a circulating radiopharmaceutical in the blood. Our
phantom studiesdemonstratedthat a TINT ratio of 2:1 was
sufficient for imaging even very small breast cancer lesions
containing 106cells with â€˜â€˜â€˜In-HEGF51(Table 4). TINT ratios
of 5: 1â€”20:1 improved the contrast and the quality of the image
but were not absolutely required for detection. The TINT ratio
measured by ROl analysis of the images was less than the true
TINT ratio for ratios > 2: 1 (Table 4). The lower observed
values may reflect the detection of scattered photons in the
backgroundarea that originated in the lesion resulting in an
increase in the background count intensity and, consequently, a
decreasein the TINT ratio (partial volume averagingeffect). A
decrease in contrast could also result from an increase in the
thickness of the background region due to the two-dimensional
representationof the countsin the region.The thicknessof the
backgroundregion for all of the phantomstudieswas constant
(0.5 cm). Lakshmanan et al. (26), using phantoms of brain
lesions imaged with @Tc,showed that an image contrast of
1.3 was required to visualize a small lesion (diameter 0.9 cm).
An image contrast value of 1.3, asdefined by Lakshmanan et al.
(26), corresponds to a TINT ratio of 2.3:1. In a theoretical
treatment ofissues effecting tumor imaging, Rockoffet al. (27)
have suggested that higher TINT ratios (5:1) would be
required to detect small lesions (0.6â€”1.2 cm in diameter),
lesions deep within the patient (depth 5 cm) or lesions with
low count intensities.

TINT ratios for receptor-binding radiopharmaceuticals in
cancer patients usually exceed the minimum ratio of 2:1
required for detectionof a lesion determinedin our phantom
studies. Murray et al. (8) observed TINT ratios of 7:1â€”25:1 in
patients with melanoma imaged with â€˜I â€˜In-ZMEO18MAb and

*[@5ioncontained1.5 x iO@cells.
tLOsiOflcontaineda mbtureof MDA-MB-468cellstargetedinvitrowith

111ln-hEGF51andnontargetedcells.
nv = notvisualized.

sites for the radiopharmaceutical and, consequently, to a de
crease in the amount of radioactivity that is targeted to the
lesion and a loss of sensitivity for detection. Our phantom
studies have demonstrated that a lesion could still be detected
with only 10% of the cells exhibiting a high level of receptor
expression. Receptor heterogeneity, therefore, did not appear to
be the single controlling factor for visualization of a lesion with
I Iâ€˜In-HEGF5 1, at least for lesions containing > 1.5 X i0@ cells

(i.e., the equivalent to a clinically observed lesion > 0.5 cm in
diameter). Carrasquillo et al. (23) also showed in cancer
patients that receptor expression is not the only factor control
ling the detection ofa lesion. Indium-i I 1â€”9.2.27MAb failed to
image lesions in two melanoma patients despite expression of
the antigen by the tumor. Similar results to those observed in
our phantom studies have also been observed by Collier et al.
(18) in colorectal cancer patients and by Gallup et al. (5) in
ovarian cancer patients imaged with â€˜â€˜â€˜In-B72.3mAb, which
recognizes the panadenocarcinoma antigen TAG-72. Tumors
were imaged successfully in 47% of colon cancer patients and
39% ofovarian cancer patients with â€˜â€˜â€˜In-B72.3despite the fact
that the tumors contained < 5% TAG-72 (+) cells. However, a
direct relationship was observed between the level of antigen
expression and the detection rate, with 62% of images positive
if the tumor expressed 5%â€”39%TAG-72 (+) cells and 79%
positive with 40%â€”80%TAG-72 (+) cells.

Effect of Proportion of Targeted Cells on Tumor Imaging
The delivery of the radiopharmaceutical to tumor cells is a

critical factor that can affect the ability to detect a lesion by
imaging. The rate of elimination of the radiopharmaceutical
from the blood, the rate of diffusion across the vascular
endotheliuminto the tissues, the vascularsupply of the tumor,
the extent of sequestration by nontarget organs and tissues and
metabolic cleavage of the radiolabel from the ligand represent
important factors controlling the delivery of a radiopharmaceu
tical to the lesion. In our phantom imaging studies, we inves
tigated the effect of different levels of cell targeting by
constructing lesions composed of radiolabeled (targeted) and
unlabeled (nontargeted) MDA-MB-468 cells. The total number
ofcancer cells in the model lesion was maintained at 1.5 X i0@.
There was a linear decrease in the count intensity in the lesion
as the proportion of targeted cells was decreasedfrom 100% to
0.1% (Table 3). Visualization of a lesion required a minimum
count intensity of 3 cpm/pixel, which corresponded to 1% of
the cells targeted by â€˜â€˜â€˜In-HEGF51. Approximately 0.3 pCi of
11â€˜Inwas contained in a lesion containing 1.5 X i0@ cells with

1% of the cells targeted. Cuartero-Plaza et al. (24) recently
demonstrated that squamous cell lung cancer could be success
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Griffin et al. (25) observed TINT ratios of 7â€”14:1 in patients
with breast cancer imaged with â€˜â€˜â€˜In-260F9MAb. Krenning et
al. (10) noted that endocrine tumors could not be visualized
with â€˜â€˜â€˜In-octreotideat 4 hr postinjection due to low TINT
ratios (1 : I) but could be seen at 24 hr when TINT ratios were
higher (>5: 1) due to excretion of radioactivity from the blood.
Cuartero-Plaza et al. (24) successfully imaged squamous cell
lung carcinoma lesions in patients with â€˜@â€˜I-EGFat tumor/
normal lung ratios of 1.2â€”1.7:1 at 24 hr postinjection. The
pharmacokinetic properties of the radiopharmaceutical influ
ence the TINT ratio. High TINT ratios would be associatedwith
radiopharmaceuticais that diffuse readily across the vascular
endothelium, exhibit high tumor penetration and retention and
are rapidly eliminated from the blood and normal tissues. The
pharmacokinetic characteristics of â€˜â€˜â€˜In-HEGF51 in humans
are not known, but previous animal (28,29) and human (24)
studies with radioiodinated EGF have shown its rapid elimina
tion from the blood into the urine. This rate of clearance should
yield high T/NT ratios (2: 1) for breast cancer lesions outside
of the liver, in the skeleton, brain, lungs, ovaries and adrenal
glands (30). Hepatic metastases,however, would likely exhibit
relatively low T/NT ratios (<2:1) due to uptake of â€œIn
HEGF5 1 by normal hepatocytes that have been observed to
express moderate to high levels of the receptor (31).

Effect of Tissue Attenuation on Tumor Imaging
Although a receptor-binding radiopharmaceutical may ex

hibit optimal tumor targeting properties, attenuation of the
signal by overlying normal tissue can decrease the sensitivity
for imaging a lesion. By overlaying phantoms of MDA-MB
468 breast cancer lesions targeted in vitro with â€˜â€˜â€˜In-HEGFS1
with water, we evaluated the effect of different amounts of
tissue attenuation on tumor imaging. Water was used as the
attenuating substance due to its similar density to soft tissue. A
10-fold decreasein sensitivity for detection ofa lesion (Table 5)
was observed as the amount of attenuation was increased from
0 cm (l0@ cells detected) to 6.5 cm (106 cells detected). A
minimum count intensity of 5â€”6 cpm/pixel was required for
detection ofa lesion. These results suggest that small superficial
lesions would be readily detected by imaging with â€˜â€˜â€˜In
HEGFS 1, but more deep-seated lesions would need to be up to
10 times larger to be detected.

Effect of Combinations of Factors on Tumor Imaging
In cancer patients, the factors investigated individually in our

phantom studies act in combination to determine the overall
sensitivity for tumor imaging with â€˜â€˜â€˜In-HEGF51. Therefore,
we investigated two scenarios where factors were varied in

* Tissue attenuation was simulated by overlayang phantoms with water.

tR@ptor heterogeneitywassimulatedby increasingthe proportionof
Si cells(lowlevelof receptorexpression)ina lesioncontaininga mixtureof
Si cellsand MDA-MB-468cells (haghlevelof receptorexpression).The
proportionof targetedcellswas100%.

tCellsweretargetedinvitrowith111In-hEGF51.

combination. In the first scenario, the receptor heterogeneity
and tissue attenuation were varied while maintaining the pro
portion of targeted cells at 100% and, in the second scenario,
the proportion of targeted cells and tissue attenuation were
varied while maintaining the receptor heterogeneity at 25%.
Certain factors such as the TINT ratio and the proportion of
targeted cells (first scenario) or receptor heterogeneity (second
scenario) were maintained constantly to reduce the experimen
tal complexity of the phantoms. The TINT ratio was set at 3: I,
just slightly higher than the minimum TINT ratio of 2:1
determined previously, to ensure that this factor would not
confound tumor detection while varying the other factors. As
previously described, TINT ratios of 3: 1 have been reported
in cancer patients imaged with other receptor binding agents
(8,10,25). The heterogeneity for EGFR expression in breast
cancer lesions is not currently known, but in the first scenario it
was varied over a wide range (O%â€”9O%)including most
clinically relevant levels of receptor heterogeneity that may
occur. In the second scenario, the receptor heterogeneity was
maintained constantly at a moderate level (25%), but the
proportion of targeted cells was then varied over a wide range
(PVoâ€”90%)including most clinically relevant levels of tumor
targeting. In the caseof â€˜â€˜â€˜ln-HEGF51 in breast cancer patients,
we anticipate that approximately 1%2% of breast cancer cells
in a lesion would be targeted assuming an injected dose of 5
mCi ofâ€•â€˜In-HEGF51 (specific activity 600â€”1,200mCi/p.mol),
a tumor uptake of 0. 1% i.d./g and a receptor level of 106
EGFR/celi. In both combined phantoms, the tissue attenuation
was varied over a sufficiently wide range (up to 10.4 cm) to
include both superficial and deep-seated lesions in an average
sized patient.

Our studies showed that the sensitivity for tumor imaging
was decreasedmore than 100-fold if receptor heterogeneity was
high (i.e., < I 0% of cells exhibiting a high level of receptor
expression, Table 6) or the proportion of targeted cells was low
(i.e., 1% targeted cells, Table 7) and the lesion also was
attenuated by a moderate amount of overlying tissue (6.5â€”10.4
cm). In fact, the largest lesion evaluated using the phantom
(1.5 X i07 breast cancer cells) could not be detected if only 1%
ofcelis were targeted by the radiopharmaceutical and the lesion
was attenuated by 10.4 cm of simulated overlying tissue (Tabk
7). The count intensity in the lesions decreasedexponentially as
the percent heterogeneity was increased (Fig. 4) or the percent
targeting was decreased (Fig. 5) while simultaneously increas
ing the tissue attenuation.

TABLE 5
Effect of Tissue Attenuation on Sensitivityfor Detection of Breast

Cancer Lesions

TABLE 6
Effect of Receptor HeterogeneityCombined with Tissue

Attenuation on SensitiVityfor Detection of Breast Cancer Lesions

00.010.010.10.1250.010.010.10.1500.010.10.10.1900.10.10.51.0
1.5165166144122102851.01281181008471560.56757504134280.11716151313120.015666nvnv0.005nvnvnvnv
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TABLE 7
Effect of Proportionof CellsTargeted Combined with Tissue

Attenuation on Sensitivityfor Detectionof Breast Cancer Lesions

900.010.01500.10.1250.10.1100.10.110.50.50.01 0.1
0.1 0.1
0.1 0.5
0.5 0.5
0.1 nv

(>1.5)

*Tissueattenuationwassimulatedbyoverla@,ingphantomswithwater.
1@Theproportionof targetedcellswas variedby mbungtargetedand

nontargetedcells. Receptorheterogeneitywas set at 25% Si cells.
*@ls weretargetedin-vitrowith111ln-hEGF51.
nv = notvisualized.

DISCUSSION
Our phantom studies demonstrated that a minimum of 106

cells could be detected under nonideal conditions when a single
factor was varied (i.e., low receptor expression or high tissue
attenuation), although combinations of the factors investigated
further reduced the sensitivity to i0@ cells. This level of
sensitivity ( 10@cells) is similar to the sensitivity previously
reported for imaging lesions in cancer patients with other
receptor-binding radiopharmaceuticals (i.e., 1.5 X l0@ cells
contained in a 0.5 cm diameter lesion). Our results, therefore,
suggest that combinations of factors such as receptor heteroge
neity, the proportion of tumor cells targeted and attenuation by
overlying tissue can recreate the relatively low sensitivity
observed with these agents in vivo. The effect of receptor
heterogeneity could be minimized by using a combination
cocktail of two different receptor-binding radiopharmaceuti
cals, each recognizing a unique receptor on the surface of the
cancer cells. The proportion of tumor cells targeted by the
radiopharmaceutical could be improved by using low mol wt
targeting agents such as peptides or single chain Fv fragments
of MAbs, which exhibit improved tumor penetration (32). The
effects of tissue attenuation could be minimized by using
tomographic imaging techniques or by using recently developed

FiGURE4. Relationshipbetween count intensityin a breast cancer lesion
phantomcontaining1.5 x@ cells and the combinationof receptor
heterogeneityandtissueattenuation.Receptorheterogeneitywassimulated
by mixingMDA-MB-468cells(highlevelof EGFRexpression)with51 cells
(low level of EGFR expression). Symbols (0, â€¢,0, â€¢)indicate percentage of
51 cells@Tissue attenuation was simulated by overlaying phantom with
differentwaterdepths.

FIGURE5. Relationshipbetweencountintensityina breastcancerlesion
phantomcontaining1.5x iO@cellsandthecombinationofpercenttargeting
andtissueattenuation.Percenttargetingwasvariedby mixingradiolabeled
(targeted)MDA-MB-468cellswithunlabeled(nontargeted)cellsSyrnbols(O,
., 0, â€¢,@ indicate percentage of targeted cells. Tissue attenuation was
simulatedbyoverlayingphantomwithditlerentwaterdepths.

attenuation correction software. This software (33) has been
used successfully to enhance the visualization of myocardial
perfusion defects with 20'Tl, which are attenuated by overlying
normal tissues.

CONCLUSION
We have evaluated several important factors that could affect

the sensitivity of tumor imagin@by using phantomsof breast
cancer lesions targeted by â€˜I In-HEGF5 1 under controlled
experimental conditions. These factors included the level and
heterogeneityof receptor(EGFR)expression,theproportionof
tumor cells targeted by the radiopharmaceutical, the tumor/
nontarget ratio and attenuation by overlying tissues. The effects
of each of these factors was evaluated individually and in
combination.The sensitivity for detectinga lesionrangedfrom
5 x@ cells to 106 cells when an individual factor was varied.
However,when thesefactorswere varied in combination,the
sensitivity decreasedto i0@cells. This level of sensitivity is
similar to the sensitivity observed clinically with other receptor
binding radiopharmaceuticals( 1.5 X l0@cells) suggesting
that combinations of these factors, particularly receptor heter
ogeneity and the proportion of tumor cells targeted combined
with tissue attenuation,may be responsiblefor the relatively
low sensitivityobservedwith theseagents.
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underlyingassumptions in the thyrnidinecompartmental model lead
to adescriptionofthethymidinefluxconstantforDNAincorporation
in terms of model parameters.SensitMty and identifiabilityanalyses
suggest that the model parameters pertaining to labeled metabo
lites will be difficult to estimate independently of the thymidine
parameters. Exact evaluation of the kinetic parameters of the
labeled metabolites is not the principal goal of this model. Simula
tions were performed that suggest that it is preferable to tightly
constraln these parametersto preset values near the center of their
expected ranges.Although it is difficult to estimate indMdual thymi
dine model parameters,the flux constant for incorporation into DNA
can be accurately estimated (r > 0.9 for estimated versus true
simulatedflux constant).Rux constant estimatesare not affected by
modest levels of local degradatiOnof thymidine that may occur in
proliferatingtissue. Conclusion: By using a kinetic model for thyrni
dine and labeled metabolites, it is possible to estimate the flux of
thyrnidine uptake and incorporation into DNA and, thereby, nonin
vasivelyestimate regionalcellular proliferation using [11Cjthymidine
and PET.
Key Words: PET; carbon-i 1-thymidine; kinetic modeling; cancer
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Carbon-i 1-thymidine is a PETtracer of DNA synthesisand cellular
proliferation.Quantitativeanalysisof [â€˜1Cjthymidineimages is corn
plicated by the presenceof significant quantities of labeled metab
olites. Estimation of the rate of thymidine incorporation into DNA
using [11Cjthymidine requires a kinetic model that is capable of
describing the behavior of thyrnkiine and labeled metabolites.
Methods: Based on previous studies @Mthlabeled thymidine,we
constructed a five-compartment model describing the kinetic be
havior of 2@[11C]thymidineand its labeled metabolites. In addition,
we have performed a series of calculations and simulations to
calculate the sensitivity and identifiability of model parameters to
estimate the extent to which individual parameters can be esti
mated; to determine appropriate model constraints necessary for
reproducible estimates of the constant describing flux of thymidine
from the blood into DNA, i.e., thymidine flux constant; and to
determinethe potentialaccuracy of model parameterand thymidine
flux constant estimates from PET imaging data. Results The
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