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Serial whole-body planar images permit estimation of mean absorbed doses along the whole
body, while the hybrid approach, combining planar images and 3D-SPECT/CT image, overcomes
the limitations of structure overlapping.

ABSTRACT:

Peptide-receptor-radionuclide-therapy (PPRT) is a targeted therapy that combines a short-
range energy radionuclide with a substrate with high specificity for cancer cell receptors. After
injection, the radiotracer is distributed throughout the entire body, with a higher uptake in
tissues where targeted receptors are overexpressed. The use of beta/gamma radionuclide
emitters enables therapy imaging (beta-emission) and post-therapy imaging (gamma-emission)
to be performed at the same time. Post-treatment sequential images permit absorbed dose
calculation based on local uptake and wash-in/wash-out kinetics. We implemented a hybrid
method that combines information derived from both 2D and 3D images. Serial whole-body
images and blood samples are acquired to estimate the absorbed dose to different organs at
risk and to lesions disseminated throughout the body. A single 3D-SPECT/CT image, limited to
the abdominal region, overcomes projection overlap on planar images of different structures
such as the intestines and kidneys. The hybrid 2D+3D-SPECT/CT method combines the effective
half-life information derived from 2D planar images with the local uptake distribution derived
from 3D images. We implemented this methodology to estimate the absorbed dose for patients
undergoing PRRT with 7Lu-PSMA-617. The methodology could, however, be implemented
with other beta-gamma radiotracers. To date, 10 patients have been enrolled into the
dosimetry study with 7/Lu-PSMA-617 combined with drug protectors for kidneys and salivary
glands (mannitol and glutamate tablets, respectively). The median ratio between kidney uptake
at 24 h evaluated on planar images and 3D-SPECT/CT is 0.45 (range:0.32-1.23). The comparison
between hybrid and full 3D approach has been tested on one patient, resulting in a 1.6%
underestimation with respect to full 3D (2D: 0.829 mGy/MBq, hybrid: 0.315 mGy/MBq, 3D:
0.320 mGy/MBq). Treatment safety has been confirmed, with a mean absorbed dose of 0.73
mGy/MBq (range:0.26-1.07) for kidneys, 0.56 mGy/MBq (0.33-2.63) for the parotid glands and
0.63 mGy/MBq (0.23-1.20) for submandibular glands, values in accordance with previously
published data.

INTRODUCTION

Among peptide-receptor radionuclide therapies, ’’Lu-PSMA-617 PRRT combines a short-range
beta emitter 7Lu (1.9 mm maximum range in water, half-life 6.71 days) with a prostate-
specific membrane antigen (PSMA) ligand. The overexpression of PSMA in 90-100% of local
prostate cancer lesions and metastatic disease (lymph node and bone) is the key to this
therapy. However, PSMA receptors are also expressed in different healthy tissues where high
uptake is often observed during treatments. The main organs at risk are the kidneys, red
marrow, and salivary and lacrimal glands, and the dose to these organs may reduce maximum
injectable activity, impairing the therapeutic ratio.

Our institute (IRST IRCCS) activated a protocol with the aim of increasing the therapeutic ratio
between lesions and healthy tissues, providing drug protectors combined with ”’Lu-PSMA-617
therapy. Mannitol, polyglutamate folate tablets combined with externally applied ice packs and
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N-acetylaspartylglutammate acid eye drops are used for kidney and salivary and lacrimal gland
preservation, respectively!. Post-infusion dosimetric studies are required to estimate the
effective half-life (i.e., combination of physical and biological half-life) and absorbed dose for
different structures of interest localized throughout the body (e.g., kidneys, salivary glands,
disseminated lesions). This scenario requires whole body information obtained by acquiring
sequential post-infusion whole-body planar images?. However, the overlap of high uptake
structures (e.g., transient intestine uptake above the kidneys) requires 3D information capable
of discriminating between different local uptakes that are blended on 2D projections. We
implemented a hybrid method capable of providing a dosimetric evaluation of the entire body
thanks to 2D planar images?, maintaining 3D information on a selected region (e.g., abdominal
region). This method combines the activity distribution provided by 3D SPECT/CT images with
the effective half-life calculated from planar images. Information obtained from other non-
overlapping structures (e.g., salivary glands) are derived from planar image study only. The
blood sample method used for red marrow evaluation is described in another section.

The advantage of the hybrid approach is that the entire body can be scanned, whereas a full 3D
SPECT/CT method limits cranio-caudal image extension, which may make it impossible to study
structures that are distant from each other. However, the low image resolution of planar
imaging and the need to implement an overlap correction using a single 3D SPECT/CT
acquisition represent the main drawbacks.

In order to test the safety and efficacy of PRRT therapies, it is important to compare single
institution data with data previously published by other groups. The majority of published data
with Y7Lu-PSMA-617 are based on planar images. Thus, the described method could also be
useful for the standardization of the methodologies used. Finally, it is worthy of note that the
implementation of the methodology requires a high degree of collaboration between different
professional figures involved (i.e., physicians, physicists, medical radiology technicians, nurses).

PROTOCOL:

The dosimetry procedure was performed according to the treatment protocol "Radiometabolic
Therapy (RMT) with 7Lu-PSMA-617 in advanced castration resistant prostate cancer (CRPC):
efficacy and toxicity evaluation" (EUDRACT/RSO number: 2016-002732-32) (Figure 1). Selected
patients underwent dosimetry evaluation based on performance status. All patients signed
informed consent. Prior to treatment delivery, each patient underwent a ®Ga-PSMA-11 PET/CT
whole body scan.

NOTE: It is important to underline that some steps are linked specifically to the scanner used.
1. Pre-infusion imaging: transmission and blank image acquisition
NOTE: In this first image acquisition the patient's water equivalent thickness is evaluated. This

value is used for attenuation correction of counts derived from 2D planar images acquired post
77Lu-PSMA-617 injection.
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1.1.  Set low energy high resolution collimators (LEHR).

1.2. Open the image protocol acquisition on the workstation and select transmission scan
whole body planar image acquisition.

1.3.  Check the table velocity (e.g., 7 cm/min) and zoom (e.g., 1). Keep these values equal for
the blank scan acquisition. Check that the option Body Contour is disabled.

1.4. Position the patient on the couch feet-first supine with arms at-rest along the side of the
body. Use this position for all the images. If necessary, use available supports (arm support,
knee wedge, pillow, blanket).

1.5. Take note of the exact position of the patient, using the scale number along the couch:
vertex head position, knee position, foot position, couch height, all supports used. Take note of
the patient's weight and height.

1.6. Set the SPECT dual heads at the opposite positions (i.e., 0° and 180°) and at the
maximum distance from the FOV center. Raise the couch so that the patient is positioned at the
FOV center and with head at the detector center.

1.7.  Position the *>’Co flood support on the posterior camera and then the >’Co flood itself on
the support. Start image acquisition.

1.8. At the end of image acquisition, remove the °’Co flood and support. Press Unload on
the teach pendant. Help the patient to get up.

1.9. Repeat the image acquisition in the same way but without the patient positioned on the
couch.

NOTE: Couch velocity, table height and camera distance should be set at the same value as the
previous transmission image.

2. Post-infusion image acquisition: planar image

NOTE: Planar post-image acquisitions are used for effective half-life and mean absorbed dose
evaluation of different structures.

2.1.  Acquire first image 0.5-1 h after ”/Lu-PSMA-617 infusion (day 1, Figure 1).
2.1.1. Acquire the first image before bladder voiding. If the patient feels an urgent need for

bladder voiding, provide a proper vessel for urine collection. Take care to include the vessel (or
urine bag if the patient has a catheter) in the image.
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2.2. Collect a 2 mL blood sample, close the collection tube and place it in a shielded box,
noting the time.

2.3.  Change to medium energy high resolution collimator (MEHR).
2.4.  Open the image protocol acquisition on the workstation and select whole body planar
image acquisition. Check the table velocity (e.g., 7 cm/min) and zoom (e.g., 1). Keep these

values equal for all the other images. Check that the option Body Contour is disabled.

2.5.  Position the patient on the couch, ensuring that the position is the same as that used for
the previous image (i.e., pre-infusion transmission scan).

2.6. Set the SPECT dual heads at opposite positions (i.e., 0° and 180°). Raise the table so that
the patient is positioned at the FOV center and with the head at the detector center.

2.7. Using the teach pendent, manually adjust the position of the posterior camera (i.e.,
positioned at 180°) to reach the minimum distance from the inferior couch profile.

2.8. Manually adjust the position of anterior camera (i.e., positioned at 0°) to reach
minimum distance from the patient’s profile. Take into account the entire body surface along
the whole patient height to avoid collision during scanning.

2.9. Taking note of the position of the duel heads, start image acquisition.

2.10. At the end of image acquisition, press Unload on the teach pendant and help the
patient to get up.

2.11. Repeat the same image acquisition with the same camera settings at 16-24 h (second
image, day 2), 36-48 h (third image, day 3) and 120 h (fourth image, day 6) post infusion.

2.12. Collect a 2 mL blood sample at the same time as the SPECT image acquisition, close the
collection tube and place it in a shielded box, making a note of the time.

3. Post-infusion image acquisition: 3D SPECT/CT
NOTE: On day 2 (16-24 h post infusion) a 3D image acquisition is performed, together with the
planar image acquisition. The 3D SPECT/CT image focuses on the abdominal region and enables

organ overlap (e.g., kidneys or intestinal loops) to be avoided on anterior/posterior projections.

3.1. After planar image acquisition, select the 3D SPECT/CT image inside the dosimetry
protocol on the workstation.

3.2.  Check that the proper image parameters have been set: acquisition modality (e.g., step-
and-shoot), angle per projection (e.g., 5°), number of frames per rotation (e.g., 72), frame
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duration (e.g., 3000 ms). Check that Body Contour is disabled.

3.3.  Position the detector at the maximum distance from the center to avoid collision.
Position the patient with arms lifted over the head. Position the patient table inside the camera
until when the desired region is centered on the detector (e.g., kidneys and a specific lesion
situated in the same region). Start image acquisition.

3.4.  Acquire the corresponding CT image.

3.5. At the end of image acquisition, press Unload on the teach pendant and help the
patient get up.

4. Image analysis

NOTE: Scatter, attenuation, and background corrections are implemented. Single organ and
lesion mass are considered for absorbed dose evaluation. ROl and VOI are contoured on planar
and 3D images.

4.1. Send all acquired images from the acquisition workstation to the analysis workstation.

4.2.  For all post-infusion images, select emissive, low and high scatter images and click on
the right panel of the dedicated workflow to create a scatter corrected image 2Dg, as follows:

2Dsc1 . 2Dgcz Wem
2Dcc = 2Dpy — ( ) *
SCT M \Wyey | Weep /2

where 2Dgy, 2Dgcq and 2Dgc, are emissive, lower scatter and higher scatter 2D anterior or
posterior planar whole-body images, respectively; Wgm, Wsc1 and Wge, are emissive, lower
scatter and higher scatter energy window widths, respectively. Rotate posterior images.

4.3. Open each posterior image, click on Image, then Reorient, Pan, Zoom..., flag Y mirror,
click Apply & Quit, and then save the rotated left-right image.

4.4. Open anterior and posterior (rotated) scatter-corrected planar images acquired on days
1, 2, 3 and 6 post infusion.

4.5. Select the image acquired on day 2 as the most suitable for ROl delineation. Contour
organs: whole body (encompassing also urine vessel or bag when needed), kidneys, liver,
spleen (if visible), parotid glands, submandibular glands. If possible, also contour some visible
lesions. Contour the ROIs on the most useful image between anterior and posterior views
(Figure 2). Contour a small ROl adjacent to each contoured structure for background.

4.6. Copy and paste all ROIs from the image acquired on day 2 to the anterior and posterior
views of the other images (i.e., days 1, 3 and 6).
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4.7.  Use only ROI translation and do not modify to maintain the same organ dimension. In
the event of an image with a high uptake region that overlaps with the delineated ROI (e.g.,
transient intestine uptake overlapped on kidney ROI), reduce single ROl to eliminate the
problem3. For each image (i.e., days 1, 2, 3 and 6), select anterior image. Save contoured ROls.

4.8. For each image, take note of average counts [c] and pixel dimension inside each ROI
(including background ROIs) for both anterior and posterior views.

4.9. Open anterior transmission and blank scans, together with delineated ROIls. Copy and
paste organ and lesions ROIs onto transmission scan. Adjust for organ mismatch, and if needed,
enlarge or decrease organ contours for different image magnification.

4.10. For body attenuation, contour a structure encompassing head, shoulders, chest and
abdomen, avoiding arms and legs (Figure 3).

4.11. Copy and paste all ROls from transmission to blank scan.

4.12. Evaluate the water equivalent thickness z for each structure to estimate the self-
attenuation. Take note of average counts inside each ROl on both transmission (I¢ransmission)
transmission and blank (Iy;,,k) scans. Calculate water equivalent thickness z as

transmission)

|
Z = Ws7c0) X In( Itk

where [1(s7¢0) is the attenuation coefficient for *’Co flood previously measured with a uniform
phantom.

4.13. Use the pre-treatment %Ga-PSMA-11 PET/CT scan. Contour organs on CT image:
kidneys, liver, spleen, parotid glands and submandibular glands. Contour lesions on PET images.
Assuming a uniform water composition for each structure, calculate the mass of each
contoured structure using a unit density (1 g/mL).

4.14. Perform SPECT/CT image reconstruction, taking into account scatter correction, CT
attenuation correction and resolution recovery. Set the same iterative reconstruction values as
used for SPECT calibration (e.g., OSEM iteration and subset numbers, post reconstruction
filtering).

5. Blood sample measurements

NOTE: Blood sample measurements are performed on High Purity Germanium (HPGe) detector
for red marrow dose estimation.

5.1. Let blood sample decay for approximately 2 weeks to avoid detector saturation and high
dead time.
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5.2. After 2 weeks, measure one sample at a time. Because of the low activity, start
measurements from the last acquired blood sample (i.e., from day 6).

5.3.  Position the blood sample collection tube on the dedicated holder. Use the same
geometry as that used for HPGe calibration. Position it on the HPGe detector and close the
detector shielding case.

5.4. Open the software for spectrum acquisition and analysis. Check that the dead time is
<3%. If higher, wait a few more days and perform the measurements then.

5.5. Select the proper HPGe calibration file corresponding to the 2 mL collection tube
geometry holder. Start sample measurements (minimum 12 h measurements).

5.6.  Analyze the spectrum by identifying the mean gamma peak and by calculating activity
concentration. Take note of both measured sample activity and time and date measurements.

5.7. Repeat the same measurements and analysis for all of the blood samples.
6. Dosimetry evaluation

NOTE: The analysis is performed with a dedicated dosimetry software based on MIRD
publications*=2. For each considered structure, effective half-life is evaluated on sequential 2D
whole body images by bi- or mono-exponential curve fitting of time-activity curves. 3D
SPECT/CT imaging is used to resolve the problem of high uptake intestine overlap on kidney
structure by scaling the time-activity curves derived from planar images. Mean absorbed dose is
then calculated for each structure mass. For red marrow dose evaluation, blood samples
measurements are used and scaled to the patient's weight.

6.1. Planarimages

6.1.1. For each image and structure, calculate the counts on anterior (I,) and posterior (Ip)
view as

Lip = (cror — Corgr) * P

where cgg; is the average count [c] for the considered ROI, ¢, 4 is the average count [c] in the
corresponding background region, and p is the pixel number inside the ROI.

6.1.2. For each ROI, calculate the uptake at each image time point as

IA*IP

e‘txAt
e H@77Lw)*2

Agor =

where [1(1771,y) is the attenuation correction factor for *”/Lu, T is the *’Lu physical half-life, At s
the time difference between infusion and image acquisition®, and z is the water equivalent
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thickness evaluated on transmission scan.

6.1.3. Calculate the relative uptake as

A
%lA,p = ROI

* 100

WB1

where Ay p1is Agro; evaluated for whole body on the first post-infusion image. As whole urine is
included in the image, this is considered as a reference for the total effective infused activity.

6.2.  Hybrid 2D+3D SCPET/CT images

6.2.1. For SPECT/CT activity calibration, image a cylindrical phantom with a central sphere of
known activity. Contour the central sphere VOI and calculate the calibration factor [cps/MBq]
as

where C are the total counts inside the VOI [c], t the image acquisition time [sec] and A the
known injected activity [MBq] inside the central sphere. SPECT/CT image for the patient is
performed with the same acquisition and reconstruction parameter settings.

6.2.2. Open the SPECT/CT image. Contour volumes of interest (VOIs) (e.g., kidneys, visible
lesion) are based on both uptake information and CT morphology. Calculate the activity in the
structure as

AVOI=?*S

6.2.3. Calculate

AVOI

%IA3D—24h = * 100

inj

where A;p; is the injected activity during treatment.

6.2.4. Calculate the scaling factor for the time activity curve as
_ %lA3p_z4n

" %IAzp_2an

where %IA;p_,4n is the %IA, calculated on planar image on day 2 (16-24 h) decay-corrected
for physical half life at the time of injection.

6.2.5. Rescale the kidney 2D time activity curve %IA,, with F factor accordingly. Perform
dosimetry evaluation with OLINDA/EXM as described below.

6.3.  Adult male phantom
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6.3.1. Open dosimetry software. Select the radionuclide (e.g., ’’Lu) inside the Nuclide Input.
Select the model (e.g., Adult Male) inside the Model Input Form module.

6.3.2. Go to the Kinetic Input Form module and click Clear All Data. Click on Fit to Model and
a separate window will open.

6.3.3. In the Time (Hr) column, insert the hours post infusion for each image acquisition, in
hour format (e.g., 1 h and 30 min will be 1.50). Scroll down the organ menu and select organs of
interest (e.g., kidneys, liver, spleen).

6.3.4. For each organ, insert the relative uptake %IA at each image time point. Click Refresh.

6.3.5. For paired organs (i.e., kidneys) insert a single value as sum of left and right single
relative uptakes %IA. Click Refresh and check the point distributions on the left-end side plot.

6.3.6. Perform a curve fitting using an exponential curve as
Activity(t) = Ae™* + Be Pt + Ce™¢t

A, B and C parameters may assume positive or negative values for wash-in and wash-out phase
modeling, respectively. If data of time activity curves are decay-corrected, a, b and ¢
parameters represent biological half life A,;,; and are all positive. Choose an appropriate curve-
fitting model between mono, bi or tri-exponential curves. Flag the required parameters, insert
starting values and click Fit until the fit is performed.

6.3.7. Take note of curve-fitting parameters. Calculate effective half-life as
In(2)
eHL =
Aphys + Abiol

where A,p,s is the physical half life of 17Lu, and A, is the biological half life of *’/Lu-PSMA-
617 compound. For Aj;,;, consider the lowest values among a, b and ¢ curve-fitting parameters
(i.e., corresponding to the higher effective half life).

6.3.8. Repeat from step 6.3.3 to step 6.3.7. for each organ.

6.3.9. Insert the relative uptake at each image time point for the remainder of the body
(namely Total Body/Rem Body) by subtracting the relative uptake of all considered organs from
the whole-body uptake. Repeat from step 6.3.5 to step 6.3.7 for Total Body/Rem Body.
Generally, a bi-exponential curve fitting is recommended.

6.3.10. Click Done and save the model. The program goes back to the Kinetic Input Form
module and the number of disintegrations per unit of injected activity (namely ND, expressed in
Bg*h/Bq) is visualized for each considered organ.
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6.3.11. Go to Main Input Form. Click on Doses, and then Modify Input Data. In the box at the
bottom Multiply all masses by:, insert the ratio between the patient's weight and Adult Male
phantom weight (i.e., 73.7 kg). Click on the Multiply all masses by: button. All organ masses will
be then rescaled accordingly. Insert single organ masses as calculated from CT delineation for
the analyzed organs. For paired organs such as kidneys, insert the sum of left and right kidney
masses. Click Done.

6.3.12. The report will display the mean absorbed dose normalized to injected activity,
expressed in mGy/MBq. Take note of the total absorbed dose for considered organs (i.e.,
kidneys, liver, spleen, and Total Body).

6.3.13. Repeat for time activity curves derived from the hybrid 2D+3D SPECT/CT method.

6.4. Red marrow

6.4.1. Perform scaling for blood values to calculate Red Marrow dose.

6.4.2. Calculate the blood uptake at each blood sample acquisition as
In(2)*At
Aproogzmi =M *xe =«

where M is the activity measurement [MBq] obtained with HPGe 2 mL blood sample
measurement.

6.4.3. Calculate the blood relative uptake %IAy;04 @S

Ablood 2ml 2mL
- _ : 100
Yol Apiooa Ainj " blood volume [ml] "

where blood volume [mL] is the total blood volume estimation for the specific patient. This
value is taken from the Adult Male standard phantom values?©.

6.4.4. Rescale to Red Marrow (RM) mass and calculate the RM relative uptake %IAgy, as

m
%IAry = %l Apiooq * ——

Mpiood

where r:lﬂ is the ratio of standard Adult Male phantom of mg,, (Red Marrow mass) equal to
blood

1120 g and my;p04 (Whole body blood mass) equal to 5000 g.

6.4.5. Go to Kinetic Input Form module and click Clear All Data. Click on Fit to Model. Scroll
down the organ menu and select Red Marrow.

6.4.6. In the Time (Hr) column, insert the hours post infusion for each blood sample
acquisition in hour format (i.e., 1 h and 30 min will be 1.50). Insert the values of %IAg). Repeat
steps 6.3.5-6.3.7. for Red Marrow.
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6.4.7. Scroll down the organ menu and select Total Body/Rem Body. In the Time (Hr) column,
insert the hours post infusion for each image acquisition in hour format (i.e., 1 h and 30 min will
be 1.50). Insert the values of %IAg.m poay €qual to the difference between %IA of whole body
calculated on planar images and %I1Agy,.

6.4.8. Repeat from step 6.3.5 to point for Red Marrow.
6.4.9. Click Done and save the Model.

NOTE: The program goes back to the Kinetic Input Form module and the number of
disintegrations per unit of injected activity (namely ND, expressed in Bq*h/Bq) is visualized for
each considered.

6.4.10. Go to Main Input Form. Click on Doses. Scale organ mass rescaling as the previous
analysis on other organs.

6.5. Sphere model

6.5.1. Use a unit density sphere model for structures that are not available in the phantom
(e.g., parotid and submandibular gland lesions).

6.5.2. For curve fitting, repeat from step 6.3.2 to step 6.3.10, substituting organ values with
relative uptake for separated salivary glands and lesions.

6.5.3. Click Done and save the model.

6.5.4. The program goes back to the Kinetic Input Form module and the number of
disintegrations per unit injected activity [Bq*h/Bq] is visualized for each considered organ. Take
note of ND for each considered structure.

6.5.5. Go to Model Input Form. Click on Spheres.

6.5.6. For each structure, enter the calculated ND. Click on Calculate Doses. The report will
display the mean absorbed dose normalized to injected activity, expressed in mGy/MBq, for
discrete increasing sphere masses (g). Fit the curve with mono-exponential fitting and calculate
the absorbed dose normalized to injected activity (mGy/MBq) for the specific structure mass.

6.5.7. For paired organs (e.g., salivary glands), perform the sphere model evaluation
separately for left and right organs. Sum the mean absorbed dose for whole organ dose
evaluation.

REPRESENTATIVE RESULTS:
Dosimetry was performed for 10 patients (7 undergoing first treatment cycle, 3 second cycle).
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Four images after infusion were acquired for all patients, with the exception of patient no. 7 for
whom it was not possible to acquire the last image at 120 h. Blood samples were acquired from
all but 3 patients. One patient voided the bladder before the first post-infusion image
acquisition. Injected activity was 5.5 GBq for 5 patients and 4.4 GBq for 5 patients.

With regard to curve fitting, mono or bi-exponential curve fitting was used for organ time-
activity-curves. Bi-exponential curve fitting with wash-in and wash-out phases was used for
salivary glands and a maximum uptake was observed around 16 h after infusion. For kidneys,
combined wash-in/wash-out (5 patients) and pure wash-out (5 patients) phases were observed
for kidneys. Bi- and mono-exponential fitting models were used. A pure wash-out phase was
observed for whole body (bi-exponential), red marrow (bi-exponential) and liver (mono-
exponential).

With regard to the 2D planar imaging method, median effective half-life was 30.4 h (range 12.2-
80.6) for kidneys, 23.5 h (12.5-62.9) for liver, 31.6 h (25.6-60.7) for parotid glands, 31.0 h (5.3-
61.0) for submandibular glands, 7.7 h (2.5-14.7) for red marrow and 51.1 h (31.6-79.7) for the
whole body. With the 2D planar image method, median values of mean absorbed dose were
0.73 mGy/MBq (range 0.26-1.07) for kidneys, 0.12 mGy/MBq (0.05-0.53) for liver, 0.56
mGy/MBq (0.33-2.63) for parotid glands, 0.63 mGy/MBq (0.23-1.20) for submandibular glands,
0.04 mGy/MBq (0.02-0.07) for red marrow and 0.04 mGy/MBq (0.02-0.14) for the whole body.

The hybrid 2D+3D SPECT/CT method was used for kidney uptake evaluation. High intestinal
uptake was observed from day 2 up to day 6, and largely overlapped the kidneys. The median
ratio between kidney uptake at 24 h (day 2), evaluated on planar images (%[/A,p_54p) and 3D
SPECT/CT (%IA3p_54r), Was 0.45 (range 0.32-1.23). For one patient, a full 3D SPECT/CT
evaluation was also performed by acquiring both planar images and 3D SPECT/CT for all the
days dedicated to the dosimetry (Figure 4). The time-activity curves derived from the three
different methods were compared for left and right kidneys (Figure 4). The hybrid method
assumes that the intestine overlap uptake correction observed on SPECT/CT acquired at 24 h
was valid for all the other planar images acquired at different times. For this patient, the
correction was valid for all time points for the right kidney (Figure 4B), whereas an
underestimation of relative uptake was observed on day 1 for the left kidney (Figure 4A).
Nevertheless, a discrepancy of only 1.6 % was observed between the hybrid and 2D methods in
terms of mean absorbed dose of the hybrid method, with 0.320 mGy/MBq for the 3D method,
0.315 mGy/MBq for the hybrid method and 0.829 mGy/MBq for the 2D method.

FIGURE LEGENDS:
Figure 1. Image acquisition workflow for dosimetry evaluation. Main steps and timing of
hybrid dosimetry procedure.

Figure 2. Sequential planar whole-body images (posterior projection) acquired at 1 h, 16-24 h,
36-48 h and 120 h post infusion. Delineated organs: kidneys, parotid glands, submandibular
glands, lacrimal glands, liver, spleen, whole body, dorsal rachis lesion (red). Each delineated
organ has a corresponding background region. This figure has been modified from Sarnelli et
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Figure 3. Transmissive and blank anterior scan obtained with 5’Co flood. Delineated organs as
described in Figure 2. This figure has been modified from Sarnelli et al.2.

Figure 4. Comparison of 2D, hybrid 2D+3D, 3D SPECT/CT methods for transient intestine
uptake overlap on kidneys. Time activity of left (A) and right (B) kidney curves (data refer to
the same patient) derived using different methods: 2D whole body planar imaging (red line),
hybrid 2D+3D SPECT/CT imaging (green line), full 3D SPECT/CT imaging (blue line). For the
hybrid method, the time activity curve is rescaled on the basis of the image acquired 24 h post
injection. The transient intestine uptake overlapping the kidneys is also shown on planar images
(C). This figure has been modified from Sarnelli et al.2.

DISCUSSION:

The method described enables whole body dosimetry to be performed for PRRT therapies and
is a valid compromise between 2D whole-body and 3D dosimetry information in that it provides
valuable information without significantly increasing image acquisition load. The method is also
useful for the evaluation of the absorbed dose of overlapping structures and provides
information on the structures lying outside the 3D SPCET/CT limited field of view.

The implementation of the methodology requires a high degree of collaboration between
different subjects involved (i.e., physicians, physicists, medical radiology technicians, nurses)
and is a time-consuming process in terms of image acquisition and post-processing analysis.

Our method could be further optimized. The number of image acquisitions could be reduced by
avoiding the pre-injection transmission scan and evaluating the attenuation correction directly
on whole-body CT or SCOUT images!!. With regard to red marrow, as suggested by other
authors!?, the absorbed dose could be evaluated on the basis of vertebra uptake rather than on
blood samples. The contribution of bone lesions to the red marrow absorbed dose should also
be taken into account.

A future application of the model will be the evaluation of dose-volume histogram (DVH) of
structures imaged with the 3D SCPET/CT (e.g., kidneys, liver). The DVH provides more accurate
information on dose evaluation than that of the mean absorbed dose and could be useful for
comparisons with external beam radiotherapy dose constraints in terms of biological equivalent
dose.

The method was developed for ”/Lu-PSMA-617 radiotracer but can also be used with other
beta-gamma radiotracers.
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in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name: Maria Luisa Belli
Department:
Medical Physics Unit,
Institution: Istituto Scientifico Romagnolo per lo Studio e la Cura dei Tumori (IRST) IRCCS, Meldola 47014, It
Title: Physicist
Signature: Date: 25/06/2019

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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