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Abstract: 8Zr-panitumumab is a novel immuno-PET radiotracer. A fully humanized 1gG2 antibody, panitumumab
binds with high affinity to the extracellular ligand binding domain of EGFR. Immuno-PET with radiolabeled pani-
tumumab is a non-invasive method that could characterize EGFR expression in tumors and metastatic lesions. It
might also assist in selecting patients likely to benefit from targeted therapy as well as monitor response and drug
biodistribution for dosing guidance. Our objective was to calculate the maximum dosing for effective imaging with
minimal radiation exposure in a small subset. Three patients with metastatic colon cancer were injected with ap-
proximately 1 mCi (37 MBq) of 8Zr-panitumumab IV. Whole body static images were then obtained at 2-6 hours, 1-3
days and 5-7 days post injection. Whole organ contours were applied to the liver, kidneys, spleen, stomach, lungs,
bone, gut, heart, bladder and psoas muscle. From these contours, time activity curves were derived and used to cal-
culate mean resident times which were used as input into OLINDA 1.1 software for dosimetry estimates. The whole
body effective dose was estimated between 0.264 mSv/MBq (0.97 rem/mCi) and 0.330 mSv/MBq (1.22 rem/mCi).
The organ which had the highest dose was the liver which OLINDA estimated between 1.9 mGy/MBq (7.2 rad/mCi)
and 2.5 mGy/MBq (9 rad/mCi). The effective dose is within range of extrapolated estimates from mice studies. 8Zr-
panitumumab appears safe and dosimetry estimates are reasonable for clinical imaging.

Keywords: 89Zr-panitumumab, human dosimetry, PET

Introduction serum clearance times necessitate protracted

imaging spanning multiple days to clear back-

The ability to detect malignancy with high speci-
ficity is an area of active research in molecular
imaging. Developing imaging probes that spe-
cifically attach to unique characteristics found
on cancer cells is an ongoing pursuit that could
help identify lesions earlier and possibly indi-
cate the most efficacious treatments before
the tumor spreads. Monoclonal antibodies
(MAbs) have been a popular means of targeting
cell surface antigens for therapeutic interven-
tions and diagnostic imaging [1]. MAbs have
high affinity for their targets and many have
been developed as therapies for human
patients. A disadvantage is that their long

ground radioactivity.

Panitumumab is a completely humanized MAb
that binds to the epidermal growth factor recep-
tor (EGFR, HER1) and is FDA approved for use in
receptor expressing colorectal cancers without
KRAS mutations. Many studies have looked at
the EGFR pathway and describe potential
opportunities for disrupting tumor growth and
development by blocking the EGF receptor [2,
3]. Abnormal levels of EGFR/HER1 have also
been found in other epithelial malignancies,
such as lung, head and neck, prostate, breast,
glioma, pancreatic and ovarian cancers, and
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these may also benefit from this targeted
approach [4].

89Zr is a radiotracer with favorable attributes for
antibody imaging. The radionuclide’s half-life of
78.4 hours is long enough to match the phar-
macokinetics of antibody biodistribution. It has
good in vivo stability and with a low positron
energy of 395 keV, thus PET image resolution is
satisfactory. A fully humanized 1gG2 antibody,
panitumumab binds with high affinity to the
extracellular ligand binding domain of EGFR.
Immuno-PET imaging with radiolabeled panitu-
mumab is a non-invasive method that could
characterize EGFR expression in tumors and
metastatic lesions, assist in selecting patients
likely to benefit from targeted therapy, monitor
responses and establish MAb biodistribution
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Figure 1. The time activity curves (TAC) for each
region contoured on the PET images are plotted
in the above figures. The top row is the TAC scaled
to total activity in Bg. The bottom row of figures
show the TAC scaled to percent injected dose. The
left column shows the data for Subject #1 and the
right column for Subject #2. Subject #3 was omit-
ted since only two scans were performed.

for dosing guidance. As part of a larger study
examining treatment effects of sorafenib and
cetuximab in metastatic colorectal cancer
(NCT00326495), imaging with 8°Zr-panitumu-
mab was performed as a correlative for deter-
mining tumor distribution of EGFR [5]. However,
the dosimetry for 8°Zr-panitumumab has been
under-studied and here we calculate the maxi-
mum dosing with minimal radiation exposure
required for effective PET imaging.

Methods
Patient selection

This is a HIPAA compliant, prospective, single
institution study, approved by the local institu-
tional review board (IRB) with written informed
consent. Patients enrolled on the “Phase Il

Am J Nucl Med Mol Imaging 2017;7(4):195-203
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Mean Resident Times 3 Scans

The PET/CT imaging design
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of the clinical trial included a
total of three PET/CT scans
for each injected dose. Ba-
sed on preliminary mouse
models [7], the dose of 89Zr-
panitumumab was set at 37
MBqg (1 mCi). Whole body
static images were obtained
from the base of the skull to
the mid-thigh for all scans.

&, ey g Pleen Tomagngs “one It R0, “0as L/ Maing, The first scan was scheduled
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injection and the third and
final at 5 to 7 days post injec-
tion. Three subjects partici-
pated in this study, of whom
only two underwent the full
imaging schedule of three
scans. The third subject only
underwent the first two PET/

Somgigs adige) 202 L/ Maing, CT scans due to scheduling

constraints.

Figure 2. Bar chart plots of the measured mean resident times for each of the

regions contoured on the PET images. The top bar chart plots the mean resi- 89Zr-panitumumab was man-
dent times for the two subjects who were scanned three times and all three ufactured as described by
scan times were used to generate the time activity curves which were then Wei et al. [8]. See Figure 4

integrated to extract the mean resident times. The bottom bar chart is the
mean resident times for the same regions but only using the first two scans to

generate the time activity curves.

study of Sorafenib in Combination with
Cetuximab in EGFR expressing Metastatic
Colorectal Cancer” had the option to partici-
pate in imaging with 8Zr-panitumumab prior to
treatment. Three patients with metastatic
colorectal cancer enrolled in the study.

PET/CT imaging

Scanning was performed on a 3D time of flight
(TOF) mode Philips Gemini TF PET/CT camera
(Philips, Cleveland OH) with an 18 cm coronal
and a 57 cm axial Field of View (FOV). Data
were reconstructed with an ordered subset
expectation maximization (OSEM) algorithm
using 3 iterations and 33 subsets. The scanner
uses CT based attenuation correction; along
with random, normalization, dead time and a
model-based scatter correction for anatomical
correlation and attenuation correction purpos-
es [6].
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(https://imaging.cancer.gov/
programs_resources/cancer-
tracer-synthesis-resources/
Zr-Pan_documentation.htm)
and Table 3. PET/CT scans were reviewed using
MIM software (version 6.0, MIM Software Inc.,
Cleveland, OH).

Time activity curves and dosimetry calculation

Volumes of Interest (VOIs) were drawn for each
organ on all scans for each patient and includ-
ed whole body, liver, kidneys, spleen, stomach,
lungs, bone, gut, heart, bladder, and psoas
regions. Total activity in each organ was record-
ed in units of Becquerel (Bq). The whole organ
was contoured so that the total activity in the
organ of interest was measured. For the whole
body, a region was drawn using the accompany-
ing CT image and using MIM software’s human
subject outline auto VOI generation then trans-
posing this VOI to the PET image.

To estimate the activity in the upper large intes-
tines (ULI), lower large intestines (LLI) and small

Am J Nucl Med Mol Imaging 2017;7(4):195-203
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2hrs 22hrs

Figure 3. 8Zr-panitumumab PET imaging of a patient with metastatic colorec-
tal cancer. Maximum Intensity Projection (MIP) images are shown at 2, 22 and
143 hours post-radiotracer injection. Focal radiotracer accumulation in the
lungs noted at 2-hour imaging (red arrows) resolved on subsequent scans. Liv-
er metastases appear photopenic (black arrow). Physiologic activity is noted in

the liver, spleen, bowels and bladder.

intestines (Sl), from the total activity measured
in the gut VOI, a gut ratio based on the weights
of the three intestinal types was used.

Avr = Agu Worr/Worr+ roi+ st
Arrr = Agu Wrrr/Worr+ i+ st
Ast = Agus Wsr/Worr+rir+ st

A, is the activity for an intestinal region and W,
is the intestinal region’s weight. For this analy-
sis, the weight of the ULl was taken to be 2.0
Kg, LLI to be 1.6 Kg and Sl to be 6.0 Kg.

With the total activity recorded for each organ,
and the date and time of each scan, the organ
time activity curve was constructed. Once the
time activity curves were generated, the total
activity in each organ was converted into per-
cent injected dose. Finally, the resident time for
each organ was calculated by integrating the
percent injected dose time activity curve for
each respective organ. For this analysis, the
integral between the first and last scan was cal-
culated using a trapezoidal interpolation
between data points. An exponential tail esti-
mate was added assuming there was no fur-
ther biological washout and the 3%Zr was
trapped in the organ and only underwent radio-
active decay. The software package OLINDA
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1.1 (Vanderbilt University,
Nashville NT) was used to
estimate the dosimetry.

Because of the small num-
ber of subjects, the dosime-
try was analyzed using two
different sets of organ resi-
dence times. The first set of
residence times was deter-
mined from the mean resi-
dence time for each organ of
the two subjects who under-
went three scans. These two
subjects, having three scans
each, provided the best esti-

143hrs mate for measuring the

activity out to 7 days in each
organ. To include the data
from the third subject, who
was scanned only twice,
organ residence times were
computed using only the first
two scans for all three sub-
jects. In this case, the tail
estimation of the integral of the time activity
curves starts at day 1 or 2 (depending on the
subject) and thus most likely overestimates
the residence time. With the two sets of resi-
dence times estimated, one using two subjects
and all three scans, and the second using all
three subjects but only the first two scans, two
different series of dose estimates were
calculated.

Results

Time activity curves can be viewed in Figure 1
and are plotted in units of Bq and percent
injected dose. The measured mean residence
times for each organ are plotted as bar charts
in Figure 2. The top bar chart shows the mean
residence times for the two subjects who had
three scans and all three data points in the
time activity curve (TAC) were used to measure
the mean residence times for each organ. The
bottom bar chart shows the mean residence
times for all three subjects, but only the first
two scans were used to generate a TAC. From
these two-scan TACs, the mean residence
times were calculated.

The result from OLINDA 1.1 are shown in Tables
1 and 2. Table 1 includes the dose estimates
using only the first two subjects who completed
all three scans. Table 2 includes the dose esti-

Am J Nucl Med Mol Imaging 2017;7(4):195-203
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Figure 4. Schematic of the Radiosynthesis of #Zr-panitumumab.

Table 1. Results from OLINDA 1.1 estimating the dose using the residence times for the two subjects

who were scanned three times

Target Organ Alpha Beta Photon Total EDE Cont. ED Cont.

Adrenals 0.00EO00 9.13E-03 3.68E-01 3.77E-01 2.26E-02 1.88E-03
Brain 0.00E000 9.13E-03 3.77E-02 4.68E-02 0.00EO00 2.34E-04
Breasts 0.00E000 9.13E-03 9.44E-02 1.04E-01 1.55E-02 5.18E-03
Gallbladder Wall 0.00EO0O00 9.13E-03 6.06E-01 6.15E-01 3.69E-02 0.00EO000
LLI Wall 0.00EOO00 8.63E-02 1.46E-01 2.32E-01 0.00EO00 2.79E-02
Small Intestine 0.00EO0O0 1.07E-01 2.18E-01 3.25E-01 0.00EO00 1.62E-03
Stomach Wall 0.00EO00 3.19E-02 2.25E-01 2.57E-01 0.00EO00 3.08E-02
ULI Wall 0.00EOO00 6.83E-02 2.91E-01 3.59E-01 O0.00EO00 1.80E-03
Heart Wall 0.00EO000 7.20E-02 2.60E-01 3.32E-01 0.00EO00 0.00E000
Kidneys 0.00EOO00 1.46E-01 4.04E-01 5.50E-01 3.30E-02 2.75E-03
Liver 0.00EO000 6.27E-01 1.31E000 1.94E000 1.16E-01 9.69E-02
Lungs 0.00EO00 3.20E-02 1.93E-01 2.25E-01 2.70E-02 2.70E-02
Muscle 0.00EO00 9.13E-03 1.10E-01 1.19E-01 O0.00EO00 5.97E-04
Ovaries 0.00EO00 9.13E-03 1.51E-01 1.60E-01 3.99E-02 3.19E-02
Pancreas 0.00EO00 9.13E-03 3.62E-01 3.71E-01 0.00EO00 1.86E-03
Red Marrow 0.00EO00 6.67E-03 1.30E-01 1.37E-01 1.64E-02 1.64E-02
Osteogenic Cells 0.00EO000 2.33E-02 1.03E-01 1.26E-01 3.79E-03 1.26E-03
Skin 0.00EOO00 9.13E-03 6.67E-02 7.58E-02 0.00EO00 7.58E-04
Spleen 0.00EO0O00 5.44E-01 6.71E-01 1.21E000 7.29E-02 6.07E-03
Testes 0.00EO00 9.13E-03 5.00E-02 5.91E-02 0.00EO00 0.00EO000
Thymus 0.00EO00 9.13E-03 1.03E-01 1.12E-01 0.00EO00 5.59E-04
Thyroid 0.00EO00 9.13E-03 5.66E-02 6.58E-02 1.97E-03 3.29E-03
Urinary Bladder Wall 0.00EO00 9.13E-03 8.49E-02 9.40E-02 0.00EO00 4.70E-03
Uterus 0.00EO00 9.13E-03 1.29E-01 1.38E-01 0.00EO00 6.88E-04
Total Body 0.00EO00 2.94E-02 1.44E-01 1.73E-01 0.00EO000 0.00EO00
Effective Dose Equivalent (mSv/MBq) 3.86E-01

Effective Dose (mSv/MBq) 2.64E-01

mates from all three subjects but only the first
two scans were used to measure the mean
residence time. Estimating the doses by the

199

two different methods helps account for the
systematic errors introduced by having such a
small sample of subjects. The whole body

Am J Nucl Med Mol Imaging 2017;7(4):195-203
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Table 2. Results from OLINDA 1.1 estimating the dose using all three subjects but only the first two

scans to generate the TAC from which average residence times were calculated

Target Organ Alpha Beta Photon Total EDE Cont.  ED Cont.
Adrenals 0.00E000 1.24E-02 4.67E-01 4.79E-01 2.87E-02 2.40E-03
Brain 0.00E000 1.24E-02 511E-02 6.35E-02 0.00E000 3.18E-04
Breasts 0.00E000 1.24E-02 1.22E-01 1.35E-01 2.02E-02 6.75E-03
Gallbladder Wall 0.00EO00 1.24E-02 7.74E-01 7.86E-01 4.72E-02 0.00E000
LLI Wall 0.00E000 9.90E-02 1.78E-01 2.77E-01 0.00E000 3.32E-02
Small Intestine 0.00E000 1.23E-01 2.69E-01 3.92E-01 0.00E000 1.96E-03
Stomach Wall 0.00E000 3.62E-02 2.67E-01 3.04E-01 0.00E000 3.64E-02
ULI Wall 0.00EO00 7.98E-02 3.58E-01 4.38E-01 0.00E000 2.19E-03
Heart Wall 0.00EO00 1.06E-01 3.43E-01 4.49E-01 0.00E000 0.00E000
Kidneys 0.00EO00 2.18E-01 5.30E-01 7.49E-01 4.49E-02 3.74E-03
Liver 0.00EO00 8.02E-01 1.68E000 2.48E000 1.49E-01 1.24E-01
Lungs 0.00E000 4.17E-02 2.47E-01 2.89E-01 3.47E-02 3.47E-02
Muscle 0.00EO00 1.24E-02 1.41E-01 1.53E-01 0.00EO00 7.67E-04
Ovaries 0.00EO00 1.24E-02 1.87E-01 1.99E-01 4.99E-02 3.99E-02
Pancreas 0.00EO00 1.24E-02 4.37E-01 4.49E-01 0.00E000 2.25E-03
Red Marrow 0.00EO00 9.09E-03 1.66E-01 1.76E-01 2.11E-02 2.11E-02
Osteogenic Cells 0.00EO00 3.18E-02 1.34E-01 1.66E-01 4.97E-03 1.66E-03
Skin 0.00EO00 1.24E-02 8.62E-02 9.87E-02 0.00E000 9.87E-04
Spleen 0.00EO00 4.36E-01 5.97E-01 1.03E000 6.20E-02 5.16E-03
Testes 0.00EO00 1.24E-02 6.66E-02 7.90E-02 0.00E000 0.00E000
Thymus 0.00EO00 1.24E-02 1.36E-01 1.48E-01 0.00E000 7.40E-04
Thyroid 0.00EO00 1.24E-02 7.59E-02 8.84E-02 2.65E-03 4.42E-03
Urinary Bladder Wall 0.00EO00 1.24E-02 1.10E-01 1.23E-01 0.00E000 6.13E-03
Uterus 0.00EO00 1.24E-02 1.62E-01 1.74E-01 0.00EO00 8.71E-04
Total Body 0.00EO00 3.77E-02 1.83E-01 2.21E-01 0.00E000 0.00E000
Effective Dose Equivalent (mSv/MBq) 4.65E-01

Effective Dose (mSv/MBq) 3.30E-01

effective dose was estimated between 0.264
mSv/MBqg (0.97 rem/mCi) and 0.330 mSv/
MBq (1.22 rem/mCi). The organ which had the
highest dose was the liver which OLINDA esti-
mated between 1.9 mGy/MBq (7.2 rad/mCi)
and 2.5 mGy/MBq (9 rad/mCi).

Imaging of the 3 patients failed to demonstrate
significant radiotracer accumulation in tumors
for all timepoints. All patients had tumors in the
liver as well as abdominal lymphadenopathy for
the second patient and hilar lymphadenopathy
and lung nodules for the third patient. The first
patient only had liver metastases. Focal uptake
was noted in the lungs at the initial 2-6 hour
image in each patient and resolved on subse-
quent scans (Figure 3). No anatomic correlate
was seen on fusion CT to suggest pathologic
activity. This likely represented microaggre-
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gates of panitumumab, which were entirely
asymptomatic and no adverse events were
reported.

Discussion

Panitumumab is one of only a few MAbs devel-
oped to target EGFR and approved by the FDA
for cancer therapy. By binding to the external
domain of EGFR, it competitively blocks activa-
tion of the receptor and suppresses down-
stream signaling needed for cancer cell survival
[9]. Unfortunately, efficacy has been modest for
patients with metastatic colorectal carcinoma
even when combined with chemotherapy, but
the agent appears more helpful in wild-type
KRAS tumors [10]. Panitumumab’s usefulness
as treatment has also been explored in other
tumors such as in breast cancer and head and

Am J Nucl Med Mol Imaging 2017;7(4):195-203
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Table 3. 8Zr-panitumumab Final Product Specifications

human radionuclide compari-

son study, radiation dosimetry

Test Specification
Chemical Purity (particulates) Clear and Colorless
pH 6-8

Gentistic Acid <5 mg per dose

Chemical Purity (HPLC)
Radiochemical Purity (HPLC) >95%
Radiochemical Purity (TLC) R, <0.5, Purity >90%
Radionuclidic Purity
Residual Solvent Levels None

Bacterial Endotoxin Levels <175 EU per dose

Sterility No growth observed in 14 days; must also
pass filter integrity test prior to injection

Protein <1 mg per injected dose

Measured half-life 78 hours

of five C-labeled and one
18F-labeled radiotracers in hu-
man subjects were compared
to murine biodistribution stud-
ies [13]. Effective dose esti-
mates from whole body PET in
both humans and mice were
all within a factor of 2 of each
other for all six radiotracers.
Thus, the results from the
present study are like previ-
ously published mouse and

neck cancer with similarly limited results [11,
12]. Coupled to a radiotracer, panitumumab
may find additional application as a marker for
EGFR expressing tumors and monitoring relat-
ed targeted therapies.

With its long half-life of 78.4 hours, 8Zr has
favorable characteristics for imaging MAbs and
therefore is a good match for panitumumab.
This is the first-in-human application of 9Zr-
panitumumab as part of an exploratory correla-
tive for a treatment trial of metastatic colorec-
tal cancer [5]. During synthesis, a desferriox-
amine derivative (DFO) was conjugated to the
MAb and the DFO-MAb conjugate was incubat-
ed with #Zr. The resulting agent, #Zr-panitu-
mumab, was used in this study but since DFO
is not a perfect chelate for 8Zr, a moderate
amount of bone uptake was expected.

The whole body effective dose in the present
study was estimated between 0.264 mSv/MBq
and 0.330 mSv/MBq. Compared to a similar
study by Bhattacharyya et al. on 8Zr-panitumu-
mab in HER1 expressing tumors, the whole
body effective dose for humans was estimated
based on athymic nude mice to be between
0.578 mSv/MBq and 0.769 mSv/MBq [7]. The
present study’s whole body effective dose was
about a factor of 1.9-2.2 lower than those cal-
culations. Bhattacharyya et al. also estimated
dosimetry for ***In-panitumumab and found the
whole body effective dose for humans based
on athymic nude mice was estimated to be
between 0.183 mSv/MBq and 0.246 mSv/
MBq; about a factor of 1.4-1.6 smaller than the
present study. In a comprehensive mouse-to-
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human estimated models.

The study is limited by the small patient popu-
lation which in turn reduced the number of
scans acquired. This resulted in a small num-
ber of data points. However, only 3-5 patients
are typically needed to establish appropriate
dosimetry in humans. Additionally, the present
study focused on patients with metastatic
colon cancer while Bhattacharyya et al. focused
on breast cancer xenografts expressing HER1.
Furthermore, scaling differences between mice
and human models could account for some
discrepancies-a factor of 2 is considered
acceptable for combined uncertainties in any
given radiopharmaceutical dose estimate [7,
13, 14].

Nontarget binding of MAbs is often a concern
that researchers resolve with the addition of
cold MAb to saturate non-target-specific bind-
ing sites. Previous work with &Zr-panitumumab
in preclinical models demonstrated that addi-
tion of cold MAb effectively blocked radiotracer
tumor uptake, therefore, we did not add any
unlabeled compound [15]. However, a small
amount of cold MAb may be necessary to opti-
mize the radiotracer’s ability to identify tumors
that overexpress EGFR. This may explain the
lack of visibly significant focal uptake of
89Zr-panitumumab in the known metastatic
lesions for the 3 patients. Due to physiologic
hepatic excretion, uptake in liver lesions was
also obscured by high background activity and
appeared photopenic. Receptor status could
not be verified for every lesion and hence could
account for the poor tumor localization if EGFR
over-expression was not robust.

Am J Nucl Med Mol Imaging 2017;7(4):195-203
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In addition, focal radiotracer uptake in the
lungs was noted on scans within hours of injec-
tion with spontaneous resolution on subse-
quent images. Thromboembolic events are rare
risks that may be associated with therapeutic
panitumumab and could be related to possible
infusion reactions or other immunogenicity
[16]. Microdoses used for tracer imaging typi-
cally have negligible adverse effects but this
evidence for transient microemboli suggests
that a filtered dosing needle may be beneficial
during radiotracer injection.

In summary, &Zr-panitumumab dosimetry was
lower than predicted by preclinical trials but still
within the scope of previously published extrap-
olated values [7]. Animal models play an impor-
tant role in translational medicine, especially
murine models as they reasonably correlate to
the human body and provide a framework for
clinical investigation. Though many mouse
model estimates for human dosimetry have
been performed, this is the first human study of
89Zr-panitumumab dosimetry. In comparison to
other PET agents such as *¥F-FDG which has an
effective dose of 0.019 MSv/MBgq, 8°Zr-panitu-
mumab results in higher radiation exposure,
consequently, judicious dosing is recommend-
ed. ®Zr-panitumumab may be useful as an
imaging tool for assessing EGFR over-expres-
sion or receptor response to therapies. Further
studies in a larger population are necessary to
define this radiotracer’s role in EGFR-expressing
colorectal cancer.
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