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Purpose: Prostate-specific membrane antigen (PSMA)-targeted positron emission tomography
(PET) imaging has impacted the management of patients with prostate cancer (PCa) in many parts
of the world. PSMA-targeted endoradiotherapies are also being increasingly utilized and for these
applications, the radiopharmaceutical distribution in normal organs is particularly important
because it may limit the dose that can be delivered to tumors. In this study, we measured both
interpatient and intrapatient variability of [28F]DCFPyL uptake in the most relevant normal
organs.

Procedures: Baseline and 6-month follow-up PSMA-targeted [18F]DCFPyL PET/computed
tomography (CT) scans from 39 patients with PCa were reviewed. Volumes of interest were
manually drawn using the best visual approximation of the organ edge for both lacrimal glands, all
four major salivary glands, the liver, the spleen, and both kidneys for all patients. The average
SUV ean, the COVs, and intraclass correlation coefficients (ICCs) across scans were calculated.
Bland-Altman analyses were performed for all organs to derive repeatability coefficients (RCs).

Results: The liver demonstrated the lowest interpatient variability (13.0 and 16.6 % at baseline
and follow-up, respectively), while the spleen demonstrated the largest interpatient variability
(44.6 and 51.0 % at baseline and follow-up, respectively). The lowest intrapatient variability was
found in the spleen (ICC 0.86) while the highest intrapatient variability was in the kidneys (ICCs
0.40-0.50). Bland-Altman analyses showed 95 % repeatability coefficients for mean uptake >40 %
for multiple organs and were highest for the lacrimal glands, kidneys, and spleen.

Conclusions: Normal organs demonstrate significant variability in uptake of the PSMA-targeted
radiotracer [18F]DCFPyL. Depending on the organ, different contributions of interpatient and
intrapatient factors affect the intrinsic variability. The RCs also vary significantly among the
different organs were highest for the lacrimal glands, kidneys, and spleen. These findings may
have important implications for the design of clinical protocols and personalized dosimetry for
PSMA-targeted endoradiotherapies.
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Introduction

In recent years, positron emission tomography (PET) imaging of prostate cancer (PCa) with
small-molecule ligands that target prostate-specific membrane antigen (PSMA) have come
into common use throughout much of the world and these agents have found applications
across a range of clinical contexts [1-3]. Clinical decision-making is often impacted by
findings on PSMA-targeted PET scans [4-6], and PSMA-targeted endoradiotherapeutics are
being increasingly utilized in the treatment of advanced disease [7-9]. For both diagnostic
and therapeutic applications, a clear understanding of the normal biodistributions of
radiotracers and their expected variations are important [10].

We have previously reported on normal organ uptake variability in 65 consecutive PET scans
obtained with the PSMA-targeted small-molecule radiotracer [28F]DCFPyL [11]. Of note,
the interpatient variability of liver uptake in that patient cohort was the lowest of any of the
investigated normal organs, and was less than the degree of variability seen with the more
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commonly used oncology radiotracer 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) [11].
However, a number of questions remained unanswered after that study. First, this study
involved imaging on only one occasion (only one patient was imaged twice), and therefore
the stability of uptake in normal organs in individual patients at different time points was not
investigated. Second, both interpatient (e.g., differences in weight, height, body composition,
medical comorbidities, differences in prior therapies for PCa, efc.) and intrapatient (¢e.g.,
time of day, recent meals, intercurrent therapies, efc.) sources of variability exist, and the
contributions of these two groups of disparate factors to the overall variability was unknown.
Indeed, since the time of our initial study, Wondergem et al. have described significantly
higher uptake of [18F]DCFPyL in normal organs in patients who are non-fasting versus
those who are fasting [12], confirming that perturbations in intrapatient sources of variability
can alter the quantitative biodistribution of PSMA-targeted radiotracers. As new PSMA.-
targeted endoradiotherapeutics are used more commonly in clinical practice, particularly a-
particle emitting agents [9], it will be necessary to understand the variability in uptake that
occurs in normal organs to predict and decrease off-target radioactive dose and potential
associated toxicities.

We have therefore sought to further investigate the stability of normal organ radiotracer
uptake in a series of PCa patients who had two [18F]DCFPyL PET/computed tomography
(CT) scans, separated in time by approximately 6 months, so as to assess the intrinsic
stability of PSMA-targeted radiotracer uptake in normal organs and to differentiate the
relative aggregate contributions of interpatient and intrapatient sources of variability. An
understanding of these factors may serve as a hypothesis-generating mechanism for further
study into more specific aspects of normal organ variability with PSMA-targeted
radiotracers.

Materials and Methods

Patient Population

We retrospectively reviewed consecutive baseline [X8F]DCFPyL PET/CT scans acquired
between June 2015 and November 2015 of 39 patients with history of PCa who had all
undergone radical prostatectomy and were then subsequently found to have an elevated
prostate-specific antigen (PSA) level (= 0.2 ng/ml). All 39 patients also had follow-up
[18F]DCFPyL PET/CT scans performed between October 2015 and July 2016. All patients
were imaged on a prospective, institutional review board-approved protocol investigating
[18F]DCFPyL (ClinicalTrials.gov identifier NCT02523924), and all gave written informed
consent before undergoing imaging. This study was conducted under the auspices of a
United States Food and Drug Administration Investigational New Drug Application (IND
121064).

Image Acquisition and Analysis

[18F]DCFPyL was produced according to current good manufacturing practices using
previously described radiosynthetic methodologies [13, 14]. The patients fasted, except for
medication and water, for 4-6 h before injection of radiotracer, as per our usual clinical
protocol. Approximately 1 h after the intravenous injection of < 333 MBq (<9 mCi)
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[8F]DCFPyL, PET images were acquired over 6-8 bed positions from the mid-thighs to the
skull vertex (depending on patient height) with the patients in the supine position. The
acquisitions were performed on either a Discovery RX 64-slice PET/CT scanner (General
Electric, Waukesha, WI, USA) or a Biograph mCT 128-slice PET/CT scanner (Siemens,
Erlangen, Germany) as part of standard work-flow in our PET center. Both scanners were
operated in 3D emission mode with CT attenuation correction. Image reconstruction was
performed with the standard clinical ordered subset expectation maximization algorithms
available on the scanners.

PET images were analyzed using the XD3 Software (Mirada Medical, Oxford, UK), which
allowed simultaneous review of PET, CT, and fused PET/CT image data. Volumes of interest
(\VOIs) were manually drawn over entire normal organ volumes using the best visual
approximation of the organ edge as has previously been described [11, 15]. Given the
biodistribution of the radiotracer (Fig. 1), these VVOIs included both lacrimal glands, all four
major salivary glands (two parotid glands and two submandibular glands), the liver, the
spleen, and both kidneys for all patients. The same parameters were also derived for a 3-cm
sphere drawn in the center of the right hepatic lobe. Mean standardized uptake values
(SUVmean) Were recorded for all organs, corrected for body weight. Body weight correction
was chosen due to simplicity of calculation relative to lean body mass correction and the
results of our prior work that demonstrated no correlation between calculated uptake values
and either body weight or lean body mass [11].

Statistical Analysis

Results

Descriptive statistics were calculated mean values with standard deviations. From repeated
measures over time, coefficients of variation (COVs) and intraclass correlation coefficients
(ICCs) across scans for the same patient and across all scans from all patients were
calculated using variance estimates obtained through analysis of variance (ANOVA).
Additionally, ICCs were calculated using the method described by Shrout and Fleiss [16].
For reference, interpretation of ICCs is commonly categorized as 0.41-0.60 = moderate
reproducibility, 0.61-0.80 = substantial reproducibility, and 0.81-1.00 = almost-perfect
reproducibility [17]. Percentage change in SUV mean for each normal organ uptake between
baseline and follow-up scan was calculated. Bland-Altman plots were constructed to display
percentage difference between two measurements versus their average. Relative units (7.e.,
percentages as opposed to absolute units) were utilized for the Bland-Altman analysis
because the normal organ uptake differences between the two scans were proportional to the
absolute uptake [18, 19]. Data were analyzed using the SAS 9.3 software (SAS Institute,
Inc., Cary, NC, USA).

Patient Population

Selected demographic and clinical information from the patient cohort in this study is
presented in Supplementary Table 1. Mean time between scans was 211 days (standard
deviation 33 days). Mean age of patients was 62.9 years (standard deviation 6.8 years).
Thirty-five patients were Caucasian (89.7 %), two were African-American (5.1 %), and two
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(5.1 %) did not disclose their race. Most patients were found to have an elevated PSA level
in a relatively short timeframe following prostatectomy, with 21 of 39 patients (53.9 %)
being imaged at 3 to 16 months postoperatively. The mean serum PSA levels at the time of
first imaging was 2.7 + 5.3 ng/ml. A number of therapies were utilized between the baseline
and follow-up imaging, with only 3/39 (7.7 %) patients being observed without any
additional therapy (see Suppl. Table 1, see Electronic Supplementary Material). As noted
above, patients were scanned on one of two calibrated clinical scanners; no significant
difference was found between the liver SUVean generated by each scanner, as discussed in
detail in the Electronic Supplementary Material.

Image and Statistical Analyses

Table 1 demonstrates mean SUV nean With standard deviations for each organ at baseline and
follow-up. The highest recorded SUV nean Were in the kidneys (left kidney 19.6 + 4.5 at
baseline and 17.4 + 4.9 at follow-up and right kidney baseline 20.4 + 4.7 and 17.9 £ 5.4 at
follow-up) followed by the submandibular glands (left submandibular gland 9.4 + 2.0 at
baseline and 8.9 + 2.1 at follow-up and right submandibular gland 9.6 + 2.1 at baseline and
8.9 £ 2.1 at follow-up) and the parotid glands (left parotid gland 8.8 + 1.9 at baseline and 8.4
+ 1.6 at follow-up and right parotid gland 8.8 + 1.8 at baseline and 8.2 + 1.6 at follow-up).
Taken together with the lacrimal glands (left lacrimal gland 6.2 + 1.9 at baseline and 6.2 £
1.5 at follow-up and right lacrimal gland 6.5 £ 2.0 at baseline and 6.2 + 1.8 at follow-up), all
of the paired organs demonstrated very similar overall uptake, suggesting that the VOIs were
reliably drawn. The lowest mean SUV nean Were detected in the spleen (4.1 + 1.8 at baseline
and 4.3 + 2.2 at follow-up) followed by the liver (5.0 + 0.7 at baseline and 5.2 £ 0.9 at
follow-up). In 7/10 (70.0 %) organs included in the analysis, the mean SUV ean decreased
from the baseline to the follow-up scan, although in all cases the ranges of the SUV yean at
each time point considerably overlapped for each. Nonetheless, both kidneys and the right
submandibular gland demonstrated significantly lower uptake at the second time point
(Table 1, pvalues < 0.05).

The calculated COVs and ICCs are shown in Table 2. Consistent with our prior results [11],
the liver was the organ demonstrating the lowest variability across all patients (7.¢., the
lowest COV) at either time point (COVs of 13.0 and 16.6 % at baseline and on follow-up,
respectively). The spleen demonstrated the highest variability across all scans at either time
point (COVs of 44.6 and 51.0 % at baseline and on follow-up, respectively). The kidneys,
lacrimal glands, parotid glands, and submandibular glands all demonstrated intermediate
levels of variability across scans, with COVs ranging between 19.4 and 31.3 % (Table 2).

Figures 2, 3, 4 show the Bland-Altman plots described in the “Materials and Methods”
section of the manuscript. Table 3 summarizes the mean percentage differences in uptake
and 95 % confidence limits (repeatability coefficients (RCs)) for maximal percentage
differences in uptake of the various organs. The kidneys demonstrated the highest percentage
mean differences in uptake (left kidney mean percentage difference +10.1 % and right
kidney mean percentage difference +9.9 % (Table 3)). The lacrimal glands, kidneys, and
spleen demonstrated the widest RCs (left lacrimal gland 95 % confidence upper limit +41.9
% and 95 % lower confidence limit —40.5 %; right lacrimal gland 95 % confidence upper
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limit +47.8 % and 95 % lower confidence limit —38.3 %; left kidney 95 % confidence upper
limit +41.3 % and 95 % confidence lower limit —21.1 %; right kidney 95 % confidence
upper limit +45.0 % and 95 % confidence lower limit —25.2 %; spleen 95 % confidence
upper limit +41.3 % and 95 % confidence lower limit -46.5 % (Table 3)). Although the
mean percentage differences of other organs are in the range of —2.7 to +8.1 %, all have RCs
> 20 % (Table 3).

In regard to whether the sources of variability were related to intrapatient or interpatient
factors, the liver and right parotid gland demonstrated moderate intrapatient variability
(ICCs 0.40-0.57), whereas all other organs had lower levels of intrapatient variability (Table
2). Indeed, relatively low intrapatient variability was demonstrated in the lacrimal glands
(ICCs 0.72 each, respectively) and submandibular glands (ICCs 0.73-0.74), although the
lowest intrapatient variability was calculated for the normal spleen (ICC 0.86) (Table 3).

Discussion

In this patient cohort, significant variability was found in normal organ uptake between
[18F]DCFPyL PET scans that were performed approximately 6 months apart and with many
patients receiving therapy in between the scans. While our study was conducted with
[18F]DCFPyL, the generally similar biodistribution of many urea-based small-molecule
inhibitors of PSMA suggest that the conclusions discussed herein may be applicable to other
PSMA-based PET radiotracers.

Overall, the results of this study are consistent with, and expand upon, our prior work on
semiquantitative parameters in PSMA-targeted PET [11]. In particular, the COVs calculated
for the baseline and follow-up scans for all organs were similar to the previously reported
values across 65 consecutive scans as reported by Li et al. [11]. However, with the second
time point available in this study, the relative contributions of interpatient and intrapatient
factors to the variability in normal organs were calculated. Based on the obtained results, the
liver and kidneys (ICCs 0.40-0.57) demonstrate the greatest degree of variability on the
basis of intrapatient factors such as time of day, recent meals, hydration status, and therapies
occurring during the time interval between scans. In contradistinction, the variability in
normal lacrimal glands, salivary glands, and spleen (ICCs 0.58-0.86) are most dependent
upon interpatient differences including weight, height, body composition, medical
comorbidities, and differences in prior therapies. Of note, on the second time point scan,
both kidneys and the right submandibular gland had significantly lower uptake than was
measured on the first scan; we speculate that this could be related to the interval therapies
that the patients received, although it will require more study to validate whether that is true.
It is important to note that the data contained in this manuscript does not address the relative
contributions of specific intrapatient and interpatient factors and instead focuses on
variability and how it is impacted by intrapatient and interpatient differences in aggregate.

In addition to the interpatient sources of variability, the second time point scans in this study
allowed for a Bland-Altman analysis. Although this study is not a true test-retest protocol
due to the extended interval between imaging, the findings are nonetheless instructive as to
the degree of variability that can occur in normal organs with PSMA-targeted radiotracers.
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The RCs for multiple organs were above 40 %, indicating that the amount of uptake in
normal organs on a single scan does not always accurately predict the uptake on a
subsequent scan in the same patient. This degree of normal organ variability is likely in line
with [18F]FDG, as test-retest studies with tumor uptake of that radiotracer have
demonstrated RCs as high as 49% [20] and that the limits of repeatability can be asymmetric
[21]. The RCs for [18F]DCFPyL in this study may have important implications for PSMA-
targeted radiotracers in general. First, for diagnostic PET radiotracers, the dosimetry
calculated at a single time point cannot be multiplied to arrive at the dosimetry for multiple
scans. Second, the dose to individual organs from PSMA-targeted endoradiotherapeutics
may vary substantially across multiple administered doses, suggesting that administered
activities may need to be adjusted based on the RCs of the dose-limiting, normal organ for
any given endoradiotherapy. Third, further research is necessary to elucidate what
interpatient and intrapatient factors contribute to the variability/RCs so that those factors
may be manipulated to decrease normal organ uptake in patients undergoing PSMA-targeted
endoradiotherapy. Thus, the data presented here may serve as a hypothesis-generating study
for investigations into individual factors that significantly impact normal organ uptake and
might be leveraged to improve the off-target dosimetry of PSMA-targeted therapeutic
agents.

Several important limitations of this study should be noted. Perhaps most noteworthy is the
fact that patients in this analysis underwent a wide variety of different therapies between
their first and second [18F]DCFPyL PET/CT scans, including four patients who received
PSMA-targeted endoradiotherapy. The potential effects of those different therapies on
uptake of PSMA-targeted radiotracers in normal organs are unknown. Further, although the
patients in this study were participating in a prospective trial, the data in this manuscript are
from a retrospective, post hoc analysis that was not related to the original reason the patients
had been imaged. Although all patients in this study were asked to be i/ per os (except for
medication and water) for 4-6 h prior to imaging at both time points, it is unknown if
patients followed those instructions and what affect non-compliance may have had on
intrapatient variability. Further, while we have speculated that the findings we have derived
with [18F]DCFPyL may be applicable to other, structurally similar radiotracers targeting
PSMA, such extrapolation must be made with abundant caution. The development of the
compound [18F]PSMA-1007, for example, has highlighted the potential for different
biodistributions for otherwise-similar PSMA-targeted agents [22]; this highlights the need
for similar studies with other compounds to deepen the understanding of normal organ
variability in the context of this important new class of radiotracers. Also, due to the nature
of the work-flow at our institution, it was not always possible to have patients on the same
PET/CT scanner during both imaging sessions, and the use of two different scanners may
have increased the measured variability. However, as noted in the supplemental material,
both scanners that were utilized in this study are calibrated to provide the same SUVs,
decreasing the likelihood that a significant portion of normal organ uptake variability is a
result of imaging on different scanners. Lastly, while this study provides important
information on normal organ uptake variability between scans in individual patients, it is not
a true test-retest study. Rather, this is a more pragmatic attempt at quantifying organ uptake
variability in a clinically relevant cohort of patients such as might be encountered in any
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busy PCa oncology practice setting, and the reported levels of variability in this study are
almost certainly higher than would be seen in a study in which factors such as current
therapy are controlled for

Conclusions

Normal organs demonstrate significant variability in uptake of the PSMA-targeted
radiotracer [18F]DCFPyL. Depending on the organ, different contributions of interpatient
and intrapatient factors affect the intrinsic variability observed, with the liver and kidneys
having the highest contributions from intrapatient variability and the spleen having the
lowest. The 95 % confidence limits of repeatability (RCs) also vary significantly among the
different organs and are highest for the lacrimal glands, kidneys, and spleen. These findings
may have important implications for the design of clinical protocols and personalized
dosimetry for PSMA-targeted endoradiotherapies, although significant further study is
required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Typical biodistribution of the majority of PSMA-targeted PET radiotracers, in this case
[18F]DCFPyL. For this study, organs with moderate-to-high uptake were selected including
the lacrimal glands, salivary glands, liver, spleen, and kidneys.
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Variations in salivary gland uptake on [18F]DCFPyL PET. Bland-Altman plots with the
percentage difference in average uptake (SUVnean) 0N the second scan as a function of the
average uptake (SUVean) ON the first scan: a left parotid, b right parotid, c left

submandibular, and d right submandibular.
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Variations in other paired organ (lacrimal gland and kidney) average radiotracer uptake.
Bland-Altman plots with the percentage difference in average uptake (SUVnean) 0N the
second scan as a function of the average uptake (SUVpean) ON the first scan: a left lacrimal,

b right lacrimal, c left kidney, and d right kidney.
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Variations in unpaired abdominal organ (liver and spleen) average radiotracer uptake. Bland-
Altman plots with the percentage difference in average uptake (SUVmean) 0N the second
scan as a function of the average uptake (SUVean) ON the first scan: a liver and b spleen).
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