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ABSTRACT

Objective: The 4.2-day half-life of 124I favors its use for positron emission tomography (PET) of mono-
clonal antibodies (mAbs). However, high positron energy and ��-associated cascade � rays pose image
resolution and background noise problems for 124I. This study evaluated quantitative PET of an 124I mAb
in tumor-bearing mice. Methods: An R4 microPET™ (Siemens/CTIMI, Knoxville, TN) was used with stan-
dard energy and coincidence timing windows (350–750 keV and 6 ns, respectively), delayed random co-
incidence subtraction, iterative image reconstruction, and no attenuation or scatter correction. Image res-
olution, contrast, and response linearity were compared for 124I and 18F, using phantoms. Nude mice
bearing human colon tumors (LS-174T) were injected intravenously with a chimeric 124I anti-CEA mAb
(cT84.66) and imaged serially 1 hour to 7 days postinjection. Venous blood was sampled to validate im-
age-derived blood curves. Mice were sacrificed after the final scan, and the biodistribution of 124I was
measured by direct tissue assay. Images were converted to units of kBq/g for each tissue of interest by
comparing the final scans with the direct assays. Results: Measured resolution (FWHM) 0–16 mm from
the scanner axis was 2.3–2.7 mm for 124I versus 1.9–2.0 mm for 18F. Due to true coincidence events be-
tween annihilation photons and cascade � rays, background was greater for 124I than 18F, but the sig-
nal-to-background ratio was still more than 20, and 124I image intensities varied linearly with activity
concentration. Tissue-based calibration worked well (i.e., PET blood curves agreed with direct measure-
ments within 12% at all time points), while calibration, based on a cylindrical phantom approximating
the mouse body, yielded tumor quantitation that was 46%–66% low, compared with direct assay. Con-
clusions: Images of quantitative accuracy sufficient for biodistribution measurements can be obtained
from tumor-bearing mice by using 124I anti-CEA mAbs with standard microPET acquisition and pro-
cessing techniques, provided the calibration is based on the direct assay of excised tissue samples.
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INTRODUCTION

Radiotracer imaging is used to measure the
biodistribution of tumor-targeted monoclonal an-
tibodies (mAbs) in radioimmunotherapy (RIT),

primarily for the purpose of estimating absorbed
doses to normal tissues and organs as well as tu-
mors. When the radionuclide is 131I, external
imaging can be performed directly on the thera-
peutic mAbs.1 When the therapeutic nuclide is
90Y (a radiometal that emits only �� particles),
imaging is commonly performed by using 111In
as a surrogate radiolabel.2 Typically, imaging is
performed during the week preceding the ad-
ministration of the RIT activity and may be re-
peated after coadministering the imaging mAb
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with the therapeutic activity. Planar, conjugate-
view, whole-body imaging is performed on a
semidaily basis for as many as 7 days. The re-
cent availability of in-line combination computed
tomography (CT) and single-photon emission
computed tomography (SPECT) scanners has fa-
cilitated the use of attenuation-corrected SPECT
to supplement planar scanning in an effort to im-
prove the estimation of radiolabel activity con-
centration in structures superimposed in the two-
dimensional (2D) planar images.3

Positron emission tomography (PET) has ma-
jor advantages over SPECT for in vivo measure-
ment of tissue-activity concentration because of
its better spatial resolution, higher sensitivity, and
more accurate attenuation correction. The pri-
mary limitation for PET in RIT has been a lack
of ��-emitting isotopes with half-life and chem-
ical labeling properties suitable for use with
mAbs. Iodine-124 is a ��-emitter that satisfies
both criteria (i.e., its half-life [4.2 days]) is well
matched to the biodistribution dynamics of intact
mAbs, and labeling of biomolecules with iodine
is a well-known, relatively facile process. Fur-
ther, 124I is potentially important as an imaging
surrogate for 131I, which is widely used as a ther-
apeutic isotope in RIT. Another advantage of 124I
is that its relatively long half-life allows the use
of activity produced by a remote radionuclide
production facility, thus eliminating the need for
an on-site cyclotron.

Iodine-124 has a complex decay scheme.4 Two
positron-emitting transitions have significant
probability, but the combined abundance of these
is only 23%, compared, for example, to the 97%
�� yield of 18F. The positrons emitted by 124I are
also of higher energy (Emax � 1.5 and 2.1 MeV)
than those emitted by 18F (Emax � 0.6 MeV).
This translates to �� root-mean-square ranges in
water of approximately 0.8 and 1.3 mm for 124I,
compared with 0.2 mm for 18F, and thus may
cause a significant loss of spatial resolution for
small-animal PET, where intrinsic resolution is
on the order of 1–2 mm.

In addition to positrons, 124I also emits � rays
at many different energies (more than 90 possi-
ble transitions), resulting in increased random co-
incidence counts in PET. A potentially worse
problem is that approximately 50% of the ��s
are emitted in cascade with a 603-keV � ray. This
causes another complication due to erroneous
events in which a � ray is detected in true coin-
cidence with one of the annihilation photons.
(Such events will be referred to as “true-coinci-

dence � ray background”). Because the direction
of the 603-keV �-ray emission has no correlation
with those of the annihilation photons, the
recorded lines of response from such events pro-
vide no information about the activity distribu-
tion within the studied object.

Another potential problem with the use of 124I
for imaging in RIT is the tendency for iodine to
be lost from the injected mAb and released into
the circulation, an event that happens most often
following cellular incorporation and metabolic
breakdown of the mAb. This may occur in nor-
mal tissues and organs (especially the liver) as
well as in tumors, and it may seriously obscure
image interpretation. The current study utilized
mAbs against CEA (carcinoembryonic antigen),
which is often highly expressed in carcinomas of
the colon, breast, and lung.5 Deiodination may be
minimal for 124I-labeled anti-CEA mAbs, be-
cause anti-CEA mAbs are not strongly internal-
ized after binding to CEA on cell surfaces.6

Iodine-124 has been used with clinical7–9

and small-animal10–12 PET scanners to visualize
mAbs (or engineered fragments) in tumor-xeno-
grafted mice. There have been a few reports on
the physics of 124I imaging with small-animal
scanners13,14 and several studies in which small
animal PET scanners were used to measure ac-
tivity concentrations of 124I-labeled tracers in tu-
mors and nontumor tissues/organs.12,15,16 To our
knowledge, validation of quantitative imaging
with 124I in mice using a small-animal PET scan-
ner has not been previously reported.

The overall aim of this study was to acquire
knowledge and understanding of how the prop-
erties of 124I affect image quality and quantita-
tion in small-animal PET. In particular, an effort
was made to characterize the quantitative accu-
racy and assess the practical utility of small-ani-
mal PET imaging with 124I for pharmacokinetic
characterization in preclinical RIT research with
tumor-bearing mice.

METHODS

Radiotracers

Human/murine chimeric T84.66, an anti-CEA in-
tact IgG1 with high affinity (affinity constant �
1 � 1011 M�1)17 and specificity for CEA, was
prepared according to published methods,18 and
labeled with 124I, using the iodogen method.19

Iodine-124 was obtained as NaI (radiochemical
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purity greater than 95%, radionuclidic purity
greater than 99.9% at initial calibration) from
IBA/Eastern Isotopes (Sterling, VA). The radio-
labeled antibody was separated from unincor-
porated 124I by size-exclusion chromatography.
The peak was shown to be 100% protein-bound
124I by instant thin-layer chromatography (ITLC)
and high-performance liquid chromatography
(HPLC). Immunoreactivity was measured in an
HPLC shift assay; 100% of the radiolabeled an-
tibody shifted to a higher molecular weight when
a 20-fold excess of antigen was added. Fluorine-
18 was purchased from Cardinal Health, Van
Nuys, CA.

Mouse Model

Human colon carcinoma cells (LS-174T) were
purchased from ATCC (Manassas, VA) and
maintained by serial passage in our laboratory.
Female athymic nude mice were obtained from
Charles River Laboratories (Wilmington, MA).
At age 7–8 weeks, the mice were implanted sub-
cutaneously in the right flank with 1.5 � 106 LS-
174T cells. Imaging experiments were started 10
days postimplant, when the tumors had reached
several millimeters in diameter. Imaging, blood
sampling, and sacrifice procedures were per-
formed under inhalation anesthesia, using isoflu-
rane (IsoFlo; Abbot Animal Health, Chicago, IL).
All procedures were conducted according to a
protocol approved by the Research Animal Care
Committee at City of Hope (Duarte CA) and ad-
hered to national guidelines on the care and use
of laboratory animals.

Imaging Experiments

Studies were conducted using a microPET™
Model R4 small-animal PET scanner (Siemens/
CTIMI, Knoxville, TN). The performance of the
microPET R4 has been thoroughly evaluated, al-
though primarily with 18F.20 Standard techniques
were used to acquire the microPET images. In
particular, the standard energy window (350–750
keV) and coincidence timing window (6 ns) were
employed throughout. All data were acquired in
list mode. The data were corrected for radionu-
clide decay to the time at which the scan was ini-
tiated, as well as for dead-time loss. Random co-
incidence events were subtracted from the raw
data by using the delayed window method. Al-
though the system is capable of attenuation and
scatter corrections, these were not employed, in
part because the scatter correction does not ad-

dress the problem of true-coincidence �-ray back-
ground events obtained with 124I.

All data acquisition, histogramming, and re-
construction tasks were done with the Visual
C�� based user interface microPET Manager™.
List mode data were rebinned and histogrammed
into three-dimensional (3D) sinograms, using a
span of 3 and a ring difference of 31. For phan-
tom studies, three different reconstruction algo-
rithms were used. The first was a standard 2D or-
dered subsets expectation maximization (OSEM)
algorithm incorporating Fourier rebinning and
using four iterations of 16 subsets.21 The OSEM
algorithm models the Poisson distribution of co-
incidence data but not the physics of camera re-
sponse. The second reconstruction program em-
ployed 3D OSEM (two iterations, 12 subsets),
followed by a maximum a posteriori (MAP) al-
gorithm (18 iterations).22 The combined algo-
rithm is referred to in this paper simply as
“MAP.” In addition to the Poisson distribution of
coincidence data, the MAP algorithm accounts
for annihilation photon noncolinearity and mis-
placement of coincidence events due to oblique
incidence of photons on detectors. The algorithm
does not, however, correct for �� range and thus
is more appropriate for 18F than for 124I. The
smoothing parameter for MAP was set to 0.01,
and the option of uniform spatial resolution was
selected. Images from the resolution phantom
were also reconstructed by 3D-filtered backpro-
jection (3DRP).23 When it turned out that reso-
lution was substantially worsened, compared
with the iterative techniques (see below), no fur-
ther use was made of 3DRP. Image matrix size
for all reconstructions was 128 � 128 � 63 vox-
els, with voxel dimensions of 0.85 � 0.85 � 1.3
mm (voxel volume, 0.93 mm3). Image recon-
struction times on the microPET console (Dell
PWS 651, single 3.1 GHz CPU, 2 GByte RAM)
were 40 seconds, 26 minutes, and 5 minutes, re-
spectively for OSEM, MAP, and 3DRP. The in
vivo studies were reconstructed by using both the
MAP and OSEM algorithms.

Images were calibrated in units of absolute ac-
tivity concentration by scanning a 20-mm diam-
eter cylinder (24-cc plastic counting vial) con-
taining known activity concentrations of 124I 
or 18F. [Calibration factor � phantom activity
concentration (kBq/cc)/average image intensity
(proportional to mean count rate per voxel; pro-
prietary units for microPET) for a volume of
interest (VOI) drawn within the central region 
of the phantom image.] For PET imaging of
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[124I]cT84.66 in mice, separate image calibration
factors were also determined for tumor, blood
(heart), and liver by comparing the final scans
with direct assays of tissues and organs performed
after the animals were sacrificed. For a given tis-
sue or organ, the calibration factor was computed
as directly measured activity concentration
(kBq/g)/average image intensity for a VOI drawn
on the microPET image of the tissue or organ.

The imaging characteristics of 124I and 18F
were evaluated by using three different phan-
toms. A resolution phantom was configured by
using three isotope-filled capillary tubes (glass, 1
mm internal diameter) mounted through two Sty-
rofoam blocks at 0, 8, and 16 mm off center and
housed in a water-filled plastic laboratory jar 40
mm in diameter. A response linearity phantom
was formed by filling four plastic tuberculin sy-
ringes (1 cc, 5 mm internal diameter) with four
different, known activity concentrations (15–900
kBq/cc), then mounting them 90 degrees apart
and 10 mm off center through a machined Plex-
iglas cylinder (diameter 35 mm, length 63 mm)
to simulate attenuation and scatter within the
body of a mouse. Image contrast, scatter, and
true-coincidence �-ray background were assessed
with a water-filled plastic microcentrifuge vial
(0.7 cc) attached to the cap of a 24-cc plastic scin-
tillation tube with Velcro and immersed in a vol-
ume of radionuclide-containing water sufficient
to fill the tube outside the vial (Fig. 1).

Two (2) mice (23 and 26 g) were injected via
the tail vein with 124I anti-CEA cT84.66 mAb
(administered activity and protein approximately
70 kBq/g and 0.3 �g/g, respectively). At 1, 4, 21,
45, 69, 141, and 165 hours postinjection, the mice
were anesthetized with isoflurane, placed prone
on a thin cardboard platform, positioned tailfirst
in the microPET, and scanned. Scan duration was
20 minutes for the first three time points, 30 min-
utes for the fourth and fifth time points, and 40
minutes for the last two time points. For direct
assay of blood activity concentration, a blood
sample (approximately 10 �L, exact volume de-
termined by measuring blood column length) was
obtained via tail prick and a calibrated capillary
tube just before and just after each scan. (The
mean values of the before-and-after samples were
used for comparison with PET images of the heart
for the corresponding time points.) After com-
pletion of the last scan, a final blood sample was
taken by trans-thorax aspiration, the mice were
sacrificed, and livers and tumors were harvested.
Tissue samples, including blood, were weighed

and assayed for 124I activity, using a calibrated
gamma counter (Model 1480 Wizard 3�; Wallac
Oy, Turku, Finland).

Image viewing and analysis were done by us-
ing the IDL (Interactive Data Language; Re-
search Systems Inc. Boulder, CO)-based analy-
sis software, ASIPro™, which is provided with
the microPET scanner. This program contains a
profile tool as well as tools for creating VOIs.
The strategy used for VOI definitions in mice var-
ied among different tissues and organs. For tu-
mors, the lower threshold for a 3D region-grow
algorithm was adjusted to identify and obtain av-
erage intensities for the four hottest voxels, not
necessarily all of which were in the same slice.
For the heart, the region-grow algorithm was used
to identify and average over voxels having in-
tensities within 70% of the maximum voxel.
Liver was not clearly delineated in the images.
Thus, VOIs were hand drawn within what was
assumed to be the liver on each of three consec-
utive slices lying between the heart and stomach.
Liver VOIs were drawn so as to minimize con-
tributions from large vessels.

Time-activity curves (TACs) were evaluated
for tumors, blood, and liver. The curves were de-
cay corrected to time of injection and calibrated
individually in units of percentage injected dose/g
tissue by normalizing the VOI-derived average
image intensities of the final image sets to the ac-
tivity concentrations measured directly in the cor-
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Figure 1. Contrast phantom. (A) Photo of the phantom.
(B) Coronal positron emission tomography (PET) image
slice (maximum a posteriori reconstruction) through the
phantom loaded with 124I (90 kBq/mL) showing a profile
window positioned over the part including the nonradioac-
tive, water-filled insert. Scan duration was 30 minutes. Phan-
tom dimensions (height � diameter in mm): outer vial 60 �
26, inner vial 30 � 7.



responding tissue and organ samples following
the final scan. Curve amplitudes at earlier scan
times were determined by the relative decay-cor-
rected image intensities of the tissues and organs.
In other words, absolute activity concentration
(expressed as a percentage of injected activity)
was determined by comparison with the direct as-
say, whereas microPET provided the TAC
shapes.

RESULTS

Findings of the spatial resolution study are sum-
marized in Figure 2 and Table 1. The measured
line source image full width at half maximum
(FWHM) was 0.3–1.2 mm greater for 124I than
18F, presumably reflecting the difference in
positron range. A somewhat better, spatially more
uniform resolution was obtained with MAP, as
compared with OSEM reconstruction, whereas
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Figure 2. Spatial resolution results. Shown are the mean
profiles (horizontal and vertical) of 10 consecutive transax-
ial image slices (maximum a posteriori reconstruction) of a
line source positioned approximately in the center of the mi-
croPET transaxial field of view. Fitted Gaussian functions
are superimposed on the data. Full width at half maximum
is 1.9 mm for 18F, and 2.6 mm for 124I. The higher ampli-
tude tails for 124I reflect the true-coincidence �-ray back-
ground.

Table 1. Resolution of Reconstructed microPET Imagesa

Distance from
Reconstruction scanner axis
method (mm) radial tangential radial tangential

18F
OSEM 0 1.84 � 0.02b 3.49 � 0.05c

8 2.05 � 0.06c 1.94 � 0.04c 3.69 � 0.08d 3.56 � 0.07d

16 2.10 � 0.05c 1.91 � 0.03c 3.89 � 0.08d 3.60 � 0.07d

MAP 0 1.88 � 0.01b 3.52 � 0.02c

8 2.01 � 0.02c 1.99 � 0.02c 3.71 � 0.02d 3.69 � 0.02d

16 1.89 � 0.01c 1.92 � 0.03c 3.53 � 0.02d 3.59 � 0.03d

3DRP 0 2.47 � 0.02b 4.59 � 0.04c

8 2.36 � 0.03c 2.59 � 0.03c 4.37 � 0.03d 4.76 � 0.04d

16 2.51 � 0.02c 2.42 � 0.02c 4.63 � 0.03d 4.50 � 0.03d

124I
OSEM 0 3.00 � 0.06b 6.07 � 0.33c

8 2.45 � 0.17c 2.33 � 0.04c 5.22 � 0.28d 5.30 � 0.53d

16 2.97 � 0.10c 3.01 � 0.03c 5.92 � 0.17d 5.54 � 0.35d

MAP 0 2.62 � 0.06b 5.16 � 0.17c

8 2.37 � 0.15c 2.25 � 0.12c 5.08 � 0.81d 5.40 � 0.54d

16 2.35 � 0.05c 2.67 � 0.12c 4.92 � 0.07d 5.50 � 0.18d

3DRP 0 3.47 � 0.06b 7.53 � 0.55c

8 3.10 � 0.14c 2.99 � 0.16c 8.06 � 0.96d 6.88 � 0.39d

16 3.60 � 0.14c 3.52 � 0.09c 6.98 � 0.35d 7.26 � 0.45d

PET, positron emission tomography; OESEM, ordered subsets expectation maximum; MAP, maximum a posteriori; 3DRP,
three-dimensional filtered backprojection.

aData are mean values and corresponding standard errors.
bNumber of measurements � 20.
cNumber of measurements � 10.
dNumber of measurements � 5.

Full width at half maximum
(mm)

Full width at tenth maximum
(mm)



the measured FWHM for 3DRP was worse than
for the iterative techniques by 0.3–0.7 mm for 18F
and 0.5–1.3 mm for 124I.

Figure 3 presents results from the response lin-
earity study. The data show good linearity over
a range of activity concentrations relevant to
microPET imaging for both 18F and 124I and for
both OSEM and MAP reconstruction. Average
recovery (image/true) of true activity concentra-
tions for 18F was approximately 96% for MAP
and 79% for OSEM, consistent with the better
off-axis spatial resolution obtained with MAP
(Table 1). As expected, due to the greater ��

range, activity concentration recovery was clearly
poorer for 124I (average 68% for MAP, 57% for
OSEM) than for 18F (p � 0.02 by the paired-sam-
ple t test).

The effect of true-coincidence �-ray back-
ground is clearly seen in Figure 4. Background
counts outside the image of the contrast phantom
are comprised of scatter events and, in the case
of 124I, true-coincidence �-ray background
events. The scatter component should have been
approximately the same for the two radionu-
clides, implying that the higher background level
for 124I is due to true-coincidence �-ray back-

ground events. Note, however, that the signal-to-
background ratio is still greater than 20:1 for 124I.
For 18F, the amplitude of the background de-
creases toward the edges of the field of view
(FOV), whereas for 124I the level is almost con-
stant across the entire FOV. This presumably re-
flects the fact that the cascade � rays are emitted
isotropically relative to the directions of the cor-
responding annihilation photons, and thus, that
the true-coincidence �-ray background is spa-
tially random in nature. On the other hand, the
likelihood of a scatter event (i.e., an event in
which one or both annihilation photons from a
given �� decay are diverted from their initial di-
rections prior to detection) decreases with in-
creasing angle of scatter, implying that scatter
background declines with increasing distance
from the radioactive source. Figure 4 shows that,
for a phantom approximating the size and shape
of a mouse, true-coincidence �-ray background
events dominate the background counts for 124I.

Figure 4 also compares image contrast for 124I
and 18F. For 18F, the appearance of counts in the
cold region is caused by the limited spatial reso-
lution of the reconstructed images and by scatter
events from the surrounding activity. The con-
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Figure 3. Positron emission tomography (PET) activity concentration response for 18F and 124I, using ordered subsets expec-
tation maximum and maximum a posteriori reconstruction methods. The plot shows image-derived versus true activity concen-
tration from PET scans of the linearity phantom filled with activity concentrations spanning the range of tissue-activity concen-
trations seen in the mouse antibody scans. Broken lines represent least-squares linear fits; equations and parameter standard
deviations for the regression lines are shown on the right. For each syringe, a volume of interest (VOI) was created that con-
tained the four hottest adjacent voxels in each of 25–40 slices. The average voxel value within each VOI was multiplied with the
cylindrical phantom-based calibration factor appropriate to the radionuclide and reconstruction algorithm, and the resulting im-
age-derived activity concentrations were plotted versus the measured values.
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Figure 4. Normalized image intensity profiles through images of the contrast phantom (Fig. 1) demonstrating hot-to-cold im-
age contrast and how the background obtained with 124I differs in shape and level from that with 18F. Profile windows (six transax-
ial slices wide) were placed in a coronal slice through the cold insert, and a mean profile was computed. The resulting profiles
were normalized to a common maximum and plotted for comparison. (A) Semilog plot. (B) Linear plot.

Figure 5. Maximum intensity projection (MIP) images of a nude mouse implanted in the right flank with a human colon tu-
mor (LS-174T). Images were reconstructed with maximum a posteriori (MAP) (top row) and ordered subsets expectation max-
imization (OSEM) (bottom row) algorithms and normalized to reflect decay-corrected relative image intensities at the various
times of scan. Uptake values (percentage of injected dose/g of tissue), measured by direct tissue assay, are indicated on the Day
7 MAP image. The tumor weighed 190 mg at the time of sacrifice following the final scan. In part, the apparent enlargement of
the tumor images with time reflects tumor growth over the course of the experiment.



trast is lower for 124I due to the combined effects
of the true-coincidence �-ray background and
longer �� range. The differences in background
and contrast between OSEM and MAP recon-
struction are modest, except for the dramatic min-
imum at the center of the cold region in the 18F
MAP reconstruction. The presence of similar
minima at symmetric locations on both sides of
the one in the middle (Fig. 4A) suggests an arti-
fact in the MAP reconstruction.

Serial images of a tumor-bearing mouse in-
jected with [124I]cT84.66 mAb are shown in Fig-
ure 5. Image resolution and contrast appear mod-
estly improved with MAP, compared with OSEM
reconstruction. The tumor was well visualized by
1 day postinjection, and tumor-to-nontumor con-
trast continued to increase through Day 7. Anti-
body deiodination, as judged from the percent-
age of total image counts observed in the thyroid,
appears to have been modest, in spite of the fact
that no effort was made to block iodine accumu-
lation in the thyroid. Decay-corrected TACs-de-
rived from the serial microPET scans are plotted
in Figure 6.

Data validating microPET quantitation, using
image-to-direct-tissue assay calibration, are pre-
sented in Figure 7. Image intensities determined
for the heart on Day 7 were normalized to activ-
ity concentrations in blood measured from a 
0.2-cc sample drawn by trans-thorax needle

aspiration immediately after the scan and before
the sacrifice. (Calibration factor � blood-activity
concentration/image intensity for the heart at the
last time point.) Blood-activity concentrations de-
termined by tail prick on Day 7 differed by less
than 2% from the values obtained with the car-
diac samples. The plots in Figure 7 demonstrate
a positive agreement between direct blood sam-
ples taken by tail prick before and after each scan
and the normalized PET data. Differences
[100(image/direct assay � 1)] were �12 � 6%
(mean � standard error of the mean) at 1 hour,
�11 � 2% at 4 hours, and less than 6% in mag-
nitude with varying signs at later time points. The
underestimates at the earliest time points are
likely due to larger background contributions to
the heart images relative to signal from blood ac-
tivity as time increased, resulting in an underes-
timation of the true calibration factors.

The use of a single calibration factor obtained
by scanning a uniform cylinder phantom ap-
proximating the size of a mouse body failed to
produce accurate estimates of tissue 124I activity
concentration, an observation that is consistent
with the response linearity study (Fig. 3). Errors
obtained with this method for the 2 mice given
[124I]cT84.66 are shown in Table 2.
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Figure 6. Image-derived, decay-corrected time-activity
curves (TACs). Data are the mean � standard error of the
mean for 2 mice injected with 124I cT84.66 monoclonal an-
tibody; the tumor weights at sacrifice on Days 7 were 40
and 190 mg. TAC shapes were determined from relative im-
age intensities in serial positron emission tomography (PET)
scans, whereas TAC amplitudes were normalized to agree
with direct tissue assays performed postsacrifice after the fi-
nal microPET scan. For some data points, the error bars are
too small to be distinguished from the symbols representing
the mean values.

Figure 7. Image-derived estimates of 124I activity con-
centration in the blood, compared with direct venous sam-
ples. Data were corrected for 124I decay and averaged for 2
mice; each direct-assay data point is an average of samples
taken just prior to, and just after, imaging. Phantom/positron
emission tomography (PET) and Tissue/PET are microPET
time-activity curves for heart calibrated, respectively, by
imaging a known mouse phantom (24-cc vial) or normaliz-
ing to blood samples at the final time point. (Note that, by
definition, direct-assay and Tissue/PET data agree at the fi-
nal time point.) Mean errors (�standard error of the mean;
n � 2) for Tissue/PET calibration are indicated. Clearly,
Tissue/PET calibration was superior to Phantom/PET cali-
bration.



DISCUSSION

The primary finding in this study was that, in spite
of the drawbacks in the radionuclide’s physical de-
cay scheme, good (i.e., only modestly degraded)
image quality and usefully accurate measurements
of the biodistribution of a tumor-targeted, intact
mAb can be obtained with 124I and small-animal
PET, using the same scanning and image-recon-
struction techniques routinely employed with 18F.
Tumor, heart, large central vessels, and thyroid
were all clearly identifiable in the images. When
images were calibrated to match the activity con-
centration of the final blood sample on Day 7, the
time-activity curves obtained from images of the
heart agreed with parallel blood samples within
12% at all time points and within 6% at 1 day and
later. It has been shown in studies with 64Cu-la-
beled anti-CEA mAbs that TACs obtained with
microPET and this calibration method produce
good agreement with TACs measured for tumor,
liver, and blood in separate, parallel groups of
mice by direct tissue assay.24

Of the two anticipated problems for 124I, high
�� energy, and true-coincidence �-ray back-
ground, the former appears to be the more sig-
nificant. The positron-range effect can be mod-
eled in iterative reconstruction, and some work
has been done on this for MAP.25 Clearly, such
a correction could have a highly beneficial effect
on small-animal PET image resolution (Fig. 2 and
Table 1) and quantification for 124I (compare the
activity recovery for 124I and 18F in Fig. 3). True-
coincidence �-ray background was apparently
small relative to the true annihilation photon co-
incidence signal (Fig. 4). While it may have con-
tributed to the increasing errors in the earlier time
points of the image-derived blood TACs of Fig-
ure 7, the quantitative effects of true-coincidence

�-ray background in 124I imaging of mice are
clearly small. (Note, however, that the problem
is likely to worsen in larger animals, such as rats.)
One additional, indirect effect of the true-coinci-
dence �-ray background is that it obviates the use
of the standard scatter correction for the mi-
croPET scanner. That correction is based on a
model of the shape of the scatter profile and, as
seen in Figure 4, the combined scatter and true-
coincidence �-ray background for 124I has a very
different shape from that of a pure �� emitter
such as 18F.

It may be that true-coincidence �-ray back-
ground for 124I can be significantly decreased by
reducing the width of the microPET energy win-
dow. After seeing relatively little effect on image
quality in a preliminary trial, the investigators de-
cided that the potential improvement did not war-
rant the effort required to renormalize the scan-
ner for use with the altered window.

One source of error in the current in vivo study
that potentially affects all multiday imaging and
biodistribution studies in tumor-bearing mice is
tumor growth during the course of the experi-
ment. In general, radiopharmaceutical uptake per
unit of tissue weight tends to be inversely related
to tumor size due to decreasing perfusion of the
central region as the tumor grows. Tumor growth
and different tumor sizes for Mouse 1 (tumor
weight, 190 mg on Day 7) and Mouse 2 (tumor
weight, 40 mg on Day 7) may have contributed
to the increasing error bars and decreasing slope
of the average tumor TAC with increasing time
postinjection (Fig. 6). An empirical correction for
the dependence of anti-CEA mAb uptake per
gram on tumor size has been developed,26,27 but
its application requires a reliable method for mea-
suring tumor size over the course of the dynamic
experiment.28
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Table 2. MicroPET Activity Concentration Measurement Results Using
Phantom-Based Calibration

% Error

Tissue or organ Time postinjection Mouse 1 Mouse 2

Blood 1 hour to 7 days �44 to �58 �45 to �52
Liver 7 days �47 �20
Tumor (190 mg) 7 days �46 —
Tumor (40 mg) 7 days — �66

PET, positron emission tomography.
a% error � 100(microPET � direct assay)/direct assay.



A logical application of quantitative, serial
small-animal PET with 124I is to determine TACs
and tissue/organ cumulated activities in mouse
models for use in the development of new ra-
dioimmunotherapy agents labeled with radioio-
dine (131I, 125I). Clearly, 124I microPET is capa-
ble of delivering the needed time-activity data.

CONCLUSIONS

Long �� range and true-coincidence �-ray back-
ground notwithstanding, accurate biodistribution
measurements can be obtained from tumor-bear-
ing mice by using 124I anti-CEA mAbs with stan-
dard microPET acquisition and processing tech-
niques. Thus, 124I may be effective as an imaging
surrogate for other radioisotopes of iodine (i.e.,
125I and 131I) used for targeted, internally ad-
ministered radiation therapy.

Tissue- and organ-specific calibration of micro-
PET images implicitly corrects for errors, such as
partial volume effects, background counts, and
tissue attenuation. It provides a simple, effective
technique for obtaining quantitative accuracy in
mouse models with microPET, and, at least for
124I, clearly outperforms calibration based on a
cylindrical phantom approximating the size of a
mouse body.
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