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Intratherapeutic Biokinetic Measurements, Dosimetry
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In recent years, there has been increasing interest in noninvasive
Cerenkov luminescence imaging (CLI) of in vivo radionuclide
distribution in small animals, a method proven to be a high-
throughput modality for confirmation of tracer uptake. 11B6 is an
IgG1 monoclonal antibody that is specific to free human kallikrein—
related peptidase 2, an antigen abundant in malignant prostatic
tissue. Free human kallikrein-related peptidase 2 was targeted in
prostate cancer xenografts using '7“Lu-labeled 11B6 in either mu-
rine or humanized forms for radionuclide therapy. In this setting, CLI
was investigated as a tool for providing parameters of dosimetric
importance during radionuclide therapy. First, longitudinal imaging
of biokinetics using CLI and SPECT was compared. Second, the
CLI signal was correlated to quantitative ex vivo tumor activity
measurements. Finally, CLI was used to monitor the radionuclide
treatment, and the integrated CLI radiance was found to correlate
well with subject-specific tumor volume reduction. Methods: 11B6
was radiolabeled with 177Lu through the CHX-A"-DTPA chelator. In
vivo CLI and SPECT imaging of 177Lu-DTPA-11B6 uptake was per-
formed on NMRI and BALB/c nude mice with subcutaneous LNCaP
xenografts up to 14 d after injection. Tumor size was measured to
assess response to radionuclide therapy. Results: CLI correlated
well with SPECT imaging and could be applied up to 14 d after
injection of 20 MBq with the specific tracer used. Through integra-
tion of the CLI radiance as a function of time, a dose metric for the
tumors could be formed that correlated exponentially with tumor
volume reduction. Conclusion: CLI provided valuable intrathera-
peutic biokinetic measurements for treatment monitoring and could
be used as a tool for subject-specific absorbed dose estimation.
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Preclinical studies of new radiopharmaceuticals for radionuclide
therapy are often conducted on small-animal models. Usually, the bio-
kinetics are evaluated with ex vivo measurements of groups of animals
at different time points, followed by a dosimetry calculation relying on
the biokinetics data (7). This evaluation is usually done before treatment
to obtain a theoretic therapeutic window to guide the researchers (2).
The method suffers from the lack of real intratherapy data for each
animal and, hence, the lack of an individually estimated absorbed dose
to each treated tumor xenograft. As for humans, the biokinetics in
preclinical trials differ between individuals, especially during therapy
since the tumor volume is most likely to change within the treatment
time (3). Thus, for better accuracy of the dosimetry and for correlation
with biologic effect, the intratherapy biokinetics should be estimated for
each individual animal. The most common tools today for such an
evaluation are PET or SPECT imaging. However, these techniques
are time- and labor-consuming for large cohorts of animals.

Recently, Cerenkov luminescence imaging (CLI) was introduced
as a new modality to image radionuclides administered to small
animals (4-6). Cerenkov emission occurs from charged particles in
tissue whenever the kinetic energy of a 3 particle exceeds 219 keV,
assuming a tissue refractive index of 1.4. The  radiation from many
radionuclides used for PET and SPECT, and many (3-emitting radio-
nuclides used for therapy, fulfill this criterion. CLI and PET corre-
lation has been extensively studied. Ruggiero et al. showed good
correlation between CLI and PET when applying 8°Zr-J591 to image
prostate cancer xenografts for 96 h (7). Holland et al. also showed
that CLI and PET agreed well when imaging breast cancer xeno-
grafts using 89Zr-trastuzumab (8). Xu et al. used CLI and PET to
monitor drug efficacy in lung cancer or prostate cancer xenografts
for which '8F-FDG or '8F-fluorothymidine was applied during tumor
treatment using bevacizumab. They reported a decrease in signal for
lung cancer xenografts 3 d after treatment initiation, demonstrating
the potential of CLI as a tool for treatment monitoring (9). The
ability to image '"’Lu using CLI in vivo was demonstrated by Price
et al., who imaged a SKOV-3 ovarian cancer xenograft 24 h after
injection of ”’Lu-octapa-trastuzumab (/0). Balkin et al. showed the
use of CLI as a complement to traditional biodistribution studies in
which 77Lu-DOTA-30F11 or ®°Y-DOTA-30F11 was imaged up to
3 d after injection in a leukemia animal model (/7).

We propose a method for faster evaluation of preclinical
radionuclide therapy. To test this method, we relied on Cerenkov
emission from a weak Cerenkov emitter, !7’Lu. In the present
study, CLI was investigated as a tool for providing subject-specific
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parameters of dosimetric importance in relation to radionuclide
therapy. More specifically, whether the tumor uptake could be
monitored longitudinally after a single administration of the ra-
diopharmaceutical was investigated. In addition, the CLI signal as
a function of time was numerically integrated, that is, area under
the curve (AUC), and compared with the tumor volume change in
animals undergoing radionuclide therapy. On the basis of the
results presented here, we suggest the use of CLI as a tool for
subject-specific preclinical radionuclide therapy monitoring.

MATERIALS AND METHODS

Radionuclide, Conjugation, and Radiolabeling

77Lu has a half-life of 6.65 d and decays predominantly by emis-
sion of B~ with maximum and average energy of 497 and 149 keV,
respectively. !7’Lu also emits vy photons, enabling SPECT imaging.
Gamma photons of '7’Lu, with the energies 113 keV (6.17%) and 208
keV (10.4%), were used for SPECT imaging (/2).

The IgG; murine or humanized monoclonal antibody 11B6 (provided
by the University of Turku and Innovagen AB, respectively) was con-
jugated with the chelator CHX-A"-DTPA (Macrocyclics) according to
the supplemental methods (available at http://jnm.snmjournals.org).

For radiolabeling, typically 150 wL of conjugated 11B6 (~1 pg/pL
in 0.2 M in ammonium acetate buffer, pH 5.5) was mixed with a pre-
determined amount (~150-200 MBq) of 77LuCl; (IDB Petten BV).
Further details are provided in the supplemental methods.

Cell Line and Animals

LNCaP (human kallikrein—related peptidase 2—positive) cells were
purchased from American Type Culture Collection. The cells were
cultured as described in the supplemental methods.

All animal experiments were conducted in compliance with the
national legislation on laboratory animal protection and with the approval
of the Ethics Committee for Animal Research of Lund University. Male
immunodeficient nude mice, NMRI-nu (Taconic) and BALB/c-nu (in
house-bred), aged 6-8 wk, were inoculated in the right flank by a sub-
cutaneous injection of 5-8 x 10° tumor cells in a 200-p.L cell suspension
of a 1:1 mixture of medium with Matrigel (BD Biosciences). The tumors
were allowed to develop for 6-8 wk. The animals were imaged under
2%-3% isoflurane anesthesia (Abbot Scandinavia). In Supplemental Table
1, details are given on the different animal groups used in this study.

CLI and SPECT Imaging

CLI was performed using an in-house—built optical system based on a
deep-cooled (—85°C) charge-coupled device (iKon 934M; Andor) equipped
with an objective lens (Xenon 25 mm, {/0.95; Schneider Kreuznach). The
camera was placed on top of a light-tight cabinet. The exposure time was
10 min, and no filter was used in front of the camera. Images were median-
filtered after background had been subtracted. The imaging system was
intensity-calibrated as described in the supplemental methods.

Data were extracted from the CLI images by defining a region of
interest (ROI) encircling the tumor. The average of the Cerenkov
radiance within the ROI was calculated using values above a threshold
at 50% of maximum intensity.

SPECT imaging was conducted using a preclinical SPECT/CT
scanner (NanoSPECT/CT Plus; Bioscan) and the NSP-106 multipinhole
mouse collimator. Energy windows of 20% were centered over the 56-,
113-, and 208-keV energy peaks. SPECT data were reconstructed using
HiSPECT software (SciVis). Data were extracted from the SPECT
image datasets by defining an ROI in 3 dimensions of the tumor in
Matlab (version 8.1; The MathWorks Inc.). The ROI was assigned by
encircling the tumor in each dimension. The ROI then was defined as
the pixels holding a pixel count rate larger than 10% of the
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maximum count rate for the whole ROI. No anatomic registration with
CT was performed in this study.

Phantom Study

To evaluate the ability of the CLI method to quantitatively measure
the radioactivity, the Cerenkov radiance dependence of '77Lu activity
was investigated by CLI of a 24-well plate (Thermo Scientific). The
wells were filled with a mixture of water, intralipid (Fresenius Kabi),
and radionuclide. Intralipid was used to mimic the scattering proper-
ties of tissue. Wells filled with '8F, as a reference, were imaged for
comparison of the CLI signal strength.

Longitudinal Imaging of Tumor Uptake Using CLI
and SPECT

A prerequisite for individual dosimetry is the ability to image the
animals undergoing treatment longitudinally. To investigate whether
the '”7Lu activity in vivo could be imaged using CLI over several half-
lives, the animals were injected with '7’Lu-m11B6 through the tail
vein. CLI and SPECT images were acquired at 48, 72, 168, 264, and
336 h after injection. The CLI radiance and SPECT count rate were
extracted from images of tumors and were plotted against time.
Extracted data from 5 mice (2 BALB/c-nu and 3 NMRI-nu) were used
to study the correlation of tumor uptake between CLI and SPECT.

The CLI and SPECT data analysis was performed by consider-
ing the whole tumor, in which the radionuclide distribution is
assumed to be constant in time. In this case, the CLI radiance is
taken to be directly proportional to the activity of the radionuclide.
It is difficult, however, to explicitly retrieve the absolute activity
from radiance measurements in vivo due to the large effects of light
absorption and scattering. To convert the CLI radiance to units related
to activity concentration, the CLI dataset was normalized using SPECT
and CLI data at a single time point (72 h) and was scaled according to
Equation 1.

_ Reeecr(r =72 h)

Reri(t
CLI( ) Leur (l =172 h)

X LCL[(Z). Eq 1

In Equation 1, Ly (t) is the CLI radiance measured at different times
after injection, whereas Rgpgcr(t) is the SPECT count rate. Rey(t) is
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FIGURE 1. Well plate experiment to verify dependence of activity on

CLI radiance in phantom solutions. Both '8F and '77Lu show linear re-
lationship between Cerenkov emission radiance and activity.
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the normalized Cerenkov radiance represented in units of counts
per second.

Quantification of Uptake and Tumor Response Monitoring
Using CLI

To investigate how the CLI radiance relates to the radionuclide
specific uptake value, that is, percentage injected activity per gram
(%1A/g), 4 tumor-bearing BALB/c nude mice were injected with
77Lu-h11B6 (20 MBq per animal). CLI images were acquired at 24,
48, 72, and 168 h after injection. The CLI radiance in vivo was
extracted from the images by defining an ROI over the tumor and
then averaging all pixel values within the ROI. The tumor weight
was assessed at 168 h, when the tumors were resected and weighed.
The CLI radiance was then normalized to the tumor weight and was
plotted against published specific uptake values from a similar biodis-
tribution study (/3). Briefly, in that study, 20 animals were injected with
about 0.5 MBq of 7’Lu and 20 pg of labeled h11B6 per mouse. At 24,
48, 72, and 168 h after injection, organs were resected, and the specific
uptake value was assessed for each organ, with activity measured using
a Nal(TIl) well counter (1480 Wallac Wizard; Perkin Elmer).

Quantification was done in the same way for 3 animals injected
with 20 MBq of '77Lu-h11B6, with the tumors being imaged at 168 h
after injection and then resected. The tumor activity was measured
using the well counter described above and then compared with the
CLI radiance after both had been normalized to the tumor weight.

A pilot study was performed in which 4 animals undergoing
radionuclide therapy with 177Lu-h11B6 were imaged during the first

11 d after radiopharmaceutical administration. The tumor volume for
each animal was estimated using caliper measurements during the
treatment, which extended over several months. The tumor was mea-
sured in 2 dimensions, length (L) and width (W), and the volume was
then calculated from 0.5 X L X W X W (14, 15). The tissue density used
was 1 g/em? (16). CLI radiance was extracted from the tumor and was
normalized to the respective tumor weight. The mean absorbed dose
after injection at + = 0 is given by

Tp

D)‘/.(TD) = [ A(rs,l) . S(I'T<—}"S7l‘)dl‘7 Eq 2

Jo

where A(rs,t) is the activity at time ¢ in the source organ and
S(rr«rs,t) is the mean absorbed dose to the target tissue per
amount of activity at the source organ at time f, defined by
S(rr«rs,t) = m%,ZiAid’i (17). Here, A, is the mean energy of the
i transition per nuclear transformation whereas ¢; is the absorbed
fraction. Because of the range of the (3 particles, the tumor tissue is the
dominant source for activity contributing to the absorbed dose of the
tumor, that is, ¢;~1. Ideally, the CLI radiance should be directly
proportional to the activity (/8). Based on this assumption, the CLI
radiance could simply replace the activity within the MIRD formal-
ism, that is, in Equation 2. Hence, the mean absorbed dose to the
tumor (Dmor(t)) can be written as

Tp
Dtumor(TD) = kJ MziAi¢idt:

Eq. 3
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where £ is a calibration constant and L ,o.(f)
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Radiance is the time-dependent CLI radiance from the
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FIGURE 2. Longitudinal CLI images (A) and SPECT images (B) after administration of 20 MBq of
177Lu-m11B6. Tumor (arrow) is well delineated in both CLI and SPECT images up to 336 h after

injection (hpi). sr = steradian.
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acquired from a single animal at different
times after injection are shown in Figure 2.
The increasing amount of activity in the
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tumor resulted in an increasing CLI radiance and SPECT count
rate, indicating that both methods can be used to follow the spe-
cific uptake of the radiolabeled antibody. '7’Lu can be visualized
up to 2 wk after an injection of approximately 20 MBq per animal.
The CLI signal from the tail is most likely due to a combined
effect of extravasation at injection and superficial vasculature. The
tail is not seen in the SPECT images since it is outside the field of
view.

CLI radiance and SPECT count rate for the tumor were
extracted from the images and, in Figures 3A and 3B, are plotted
for 2 animals as a function of time after injection. CLI and
SPECT data then were used to fit a 2-compartment model (/9),
that is, a double exponential function (Matlab, version 8.1) for
the tumor biokinetics, which is shown in Figures 3A and 3B,
as guidance for the eye. The CLI and SPECT kinetics agreed
well, with some small deviations that most likely were due to
differences in exact positioning of the animals but could also be
attributed to changes in tumor volume, since normalization to the
tumor weight was not performed here. When the curves were
integrated, the values showed a deviation of only 4% and 6%
between CLI and SPECT. This deviation is small compared
with the total integrated values for SPECT of 3.5 x 10° and
2.8 x 10° counts, which is a difference of 25% between the 2
animals. When the CLI radiance and SPECT count rates were
compared for all 5 animals (Fig. 3C), the correlation was
strong. This finding is in agreement with other studies in
which PET images were compared with CLI (7-9). The CLI

radiance scaled in units of SPECT count rate, calculated using
Equation 1, is shown as a function of the SPECT count rate
in Figure 3D.

Quantification of Uptake Using CLI

Representative CLI images of a single animal injected with
20 MBq of '7"Lu-h11B6 are shown in Figure 4A. CLI radiance was
extracted by defining an ROI in the images of the tumor. The CLI
radiance was then normalized to the tumor weight (%IA/g), to
allow comparison with the previously obtained specific uptake
(13). The normalized CLI radiance is compared with the specific
uptake value for the tumor in Figure 4B. In Figure 4C, the extracted
CLI radiance and the %IA/g are from the same animals. A linear
trend was seen between the normalized CLI radiance and the specific
uptake value. According to the results in Figure 4, CLI radiance and
the specific uptake value, assessed using ex vivo measurements,
correlated well. This finding agrees with reported results for PET
compared with CLI (7-9). However, the scenario during radionu-
clide therapy imaging was slightly different from PET, since
tumor weight changes drastically during the weeks when imaging
is performed. In this study, tumor weight was assessed from the
tumor volume, calculated using caliper measurements, which have
large variability (20), partly explaining the relatively large error bars
in Figure 4B.

Tumor Response Monitoring Using CLI

In Figures SA to 5D, the relative tumor volume is plotted
against AUC, calculated at different times after injection, for each
animal together with an exponential fit of
the data. In some cases the tumor volume

increased from day O to day 2 after injec-
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FIGURE 3. Comparison of CLI- and SPECT-measured biokinetics. (A and B) Extracted CLI and
SPECT signal from tumors of 2 different BALB/c nude mice as function of time showing good
similarity for uptake of radiopharmaceutical. (C) Correlation plot between CLI radiance and
SPECT count rate. (D) Correlation between normalized CLI radiance and SPECT count rate as

defined by Equation 1 for all animals. sr = steradian.

CERENKOV IMAGING FOR THERAPY MONITORING ®

volume decreases exponentially in response
to increasing absorbed dose (3). The rela-
tionship in Equations 2 and 3 shows that the
CLI-based AUC is directly proportional to
the absorbed dose. The observed correlation
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between tumor volume reduction and AUC
is thus encouraging, indicating the useful-
ness of CLI. Although no calculation based
on the AUC of the absorbed dose (Gy) was
performed, the method shows promise in
that it elucidates differences in the treatment
effect between animals.

Dosimetry in radionuclide therapy is es-
sential to enable a correlation with biologic
response. Many new therapeutic radiophar-
maceuticals are investigated in tumor-bearing
rodents before translation to clinical trials. In
animals, biologic parameters such as physi-
ology may differ between individuals.
Thus, methods for longitudinal studies, in
which the biokinetics of each individual
animal within a study are monitored prefer-
ably in relation to observed biologic effects,
are warranted.

In this study, we have shown that the easier
and less time-consuming method relying on
CLI can be used to follow tumor bio-
kinetics. The results show that even a weak
Cerenkov emitter such as '”7Lu can be
imaged during 2 wk after injection, given
sufficient tumor retention, and that the cor-
relation with in vivo SPECT quantification
or with ex vivo specific uptake values is
good. However, CLI reports the data in
units of radiance, which are not relevant
for radionuclide therapy dosimetry. In this
study, we propose a simple normalization
scheme in which the SPECT or specific
uptake value at a single time point is used
to normalize the CLI signal. In this way,
CLI accounts for the longitudinal changes,
whereas SPECT or specific uptake value
imposes accurate units on the data. This
limits the need for time-consuming longi-
tudinal SPECT imaging and relies instead
on the CLI technique to follow the radio-
pharmaceutical kinetics in the tumor. This
approach is used in clinical therapy studies
in which several planar scintillation cam-
era images combined with a single SPECT
image for activity calibration have been
used (27). The method proposed here could
be used in the same way with CLI for pla-
nar imaging and SPECT for calibration.
However, because there is not a perfect
match between CLI and SPECT at later
time points, as discussed in relation to
Figures 3A and 3B, a small uncertainty
in the proposed calibration method could
be introduced.

CLI is an imaging modality that relies on
detection of optical photons. Most of the
Cerenkov emission spectrum is in the visible
range, where blood is the most prominent
absorber (22). Hence, it is expected that the
blood volume in tissue affects CLI radiance.
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This fact can explain the large SD in Figure 4B and the variability in
Figures SA-5D. A potential weakness of the proposed CLI method is if
the blood volume changes dramatically during treatment. A lower blood
volume will result in a stronger Cerenkov signal. On the other hand, the
effect seems to be moderate since the CLI and SPECT correlation is
strong, as seen in Figures 3C and 3D. Another analogous effect is the
effective depth of the tumor that will be affected when the tumor
volume is reduced. A greater depth will render a longer propagation
distance for the Cerenkov emission; hence, the CLI signal will decrease.
It is important to know how large these effects are in absolute values,
and this is being investigated within our current work. Approaches
based on Cerenkov luminescence tomography can, however, be used
to assess the radioactivity quantitatively within the tissue based on
a model-based approach (23). The fact that these methods require
a priori data, for example, retrieval of the body shape and knowledge
of the optical absorption and scattering, reduces the high-throughput
capability.

In this study, the integrated CLI signal as a function of time
was used as a dose metric, referred to as AUC. Since the AUC is
calculated from the CLI signal, the units are in radiance, which has
no dosimetric meaning. However, Figures 3 and 4 show that the CLI
radiance was directly proportional to SPECT or to specific uptake
value, respectively. Hence, using SPECT at a single time point in
addition to CLI measurements at several time points potentially
could render a calibrated AUC that is useful for calculating accu-
mulated activity. For this study, however, the AUC in CLI units was
used to investigate how the AUC from CLI relates to the tumor
volume. The normalization schemes presented in Equation 1 can
serve as a first approach to convert the CLI radiance to a quantity,
that is, specific uptake (%IA/g), that can be applied directly for
absorbed dose calculation. The ultimate goal of using CLI as
a high-throughput complement to SPECT during radionuclide ther-
apy is to assess the absorbed dose from the time-activity curves.
The method presented here shows promise in that the tumor volume
reduction correlates with the AUC calculated from the CLI images.
However, to assess the accuracy of the proposed method, a larger
study with more treatment subjects should be performed.

CONCLUSION

The results presented here suggest that CLI can be used well as
a complementary imaging technique that allows for longitudinal
monitoring of 17’Lu-based radionuclide therapy. We suggest that CLI
can be used to more accurately follow the individual tumor biokinetics
intratherapeutically in preclinical radionuclide therapy. This approach
could be a valuable methodology for high-throughput individual mon-
itoring of radionuclide therapy.
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