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Abstract

Introduction: Variations in tumor volume segmentation methods in targeted radionuclide therapy
(TRT) may lead to dosimetric uncertainties. This work investigates the impact of PET and MRI
threshold-based tumor segmentation on TRT dosimetry in patients with primary and metastatic
brain tumors.

Methods: In this study, PET/CT images of five brain cancer patients were acquired at 6, 24, and
48 hrs post-injection of 124]-CLR1404. The tumor volume was segmented using two standardized
uptake value (SUV) threshold levels, two tumor-to-background ratio (TBR) threshold levels, and a
T1 Gadolinium-enhanced MRI threshold. The Dice similarity coefficient (DSC), Jaccard similarity
coefficient (JSC), and overlap volume (OV) metrics were calculated to compare differences in the
MRI and PET contours. The therapeutic 1311-CLR1404 voxel-level dose distribution was
calculated from the 1241-CLR1404 activity distribution using RAPID, a Geant4 Monte Carlo
internal dosimetry platform.

Results: The TBR, SUV, and MRI tumor volumes ranged from 2.3-63.9 cc, 0.1-34.7 cc, and
0.4-11.8 cc, respectively. The average * standard deviation (range) was 0.19 + 0.13 (0.01-0.51),
0.30 £ 0.17 (0.03-0.67), and 0.75 £ 0.29 (0.05-1.00) for the JSC, DSC, and OV, respectively. The
DSC and JSC values were small and the OV values were large for both the MRI-SUV and MRI-
TBR combinations because the regions of PET uptake were generally larger than the MRI
enhancement. Notable differences in the tumor dose volume histograms (DVHs) were observed for
each patient. The mean (standard deviation) 1311-CLR1404 tumor doses ranged from 0.28-1.75
Gy/GBq (0.07-0.37 Gy/GBq). The ratio of maximum-to-minimum mean doses for each patient
ranged from 1.4-2.0.
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Conclusions: The tumor volume and the interpretation of the tumor dose is highly sensitive to
the imaging modality, PET enhancement metric, and threshold level used for tumor volume
segmentation. The large variations in tumor doses clearly demonstrate the need for standard
protocols for multimodality tumor segmentation in TRT dosimetry.

Keywords

tumor segmentation; targeted radionuclide therapy (TRT); Monte Carlo; internal dosimetry;
CLR1404; PET; MR

1. Introduction

Targeted radionuclide therapy (TRT) utilizes a radiolabeled cancer targeting molecular agent
to preferentially deliver cytotoxic radiation to cancer cells throughout the body. Similar to
chemotherapy, TRT is most commonly prescribed based on body surface area/weight
(BSA/BW) (Witzig, 2006, Brans et al., 2007, Lassmann et al., 2010, Lewington, 2005, 2013,
Buckley et al., 2009) or even fixed injection activities (Hoefnagel et al., 1988, Brans et al.,
2007). However, many studies have shown that the injection activity does not correlate well
with the absorbed dose. O’Connell et a/ (1993) showed that the absorbed dose to the tumor
could vary by as much as three orders of magnitude for a fixed administration activity
because the patient-specific pharmacokinetics were not considered. Additionally, it has been
shown that there is no known association correlating a patient’s BSA with tumor volume or
radiation sensitivity (Kennedy et al., 2012). Therefore, the semi-empirical nature of
BSA/BW approaches could have serious clinical implications (Lam et al., 2014) which
supports a more personalized approach to prescribing TRT. In fact, a recent literature review
found that only 48 out of 79 (61%) published clinical investigations established a dose-
response correlation in patients undergoing TRT (Strigari et al., 2014). Some studies that
showed weak or no correlation between dose and tumor response were mostly attributed to
small sample sizes and the absence of accurate and consistent dosimetry methods. Thus,
dosimetry-based personalized TRT is an important clinical strategy for reducing normal
tissue toxicity and optimizing tumor response.

Dosimetry-based personalized TRT prescriptions require both sophisticated radiation
transport computation and medical imaging technology. There is a consensus that advanced
internal dosimetry methods such as dose kernel convolution (Sanchez-Garcia et al., 2014,
Furhang et al., 1996, Giap et al., 1995) and Monte Carlo radiation transport (Kennedy et al.,
2012, Hobbs et al., 2009, Chiavassa et al., 2005, Petitguillaume et al., 2014) voxel-level dose
calculations based on patient-specific PET/CT or SPECT/CT images have the potential to be
the most accurate for calculating personalized prescriptions (Stabin, 2008, Lyra et al., 2011).
Like in other forms of radiation therapy, personalized TRT prescriptions rely on the ability
to accurately define the tumor volume. Historically, anatomical images from CT and MR
have been used to manually segment tumor volumes. However, it is well known that inter-
observer variability in ROI contouring introduces one of the largest sources of imprecision
in radiation therapy (Riegel et al., 2006, Geets et al., 2005, Fiorino et al., 1998). This type of
variability could potentially have a significant impact on TRT given the dose distributions
involved in these treatments. Variability in the tumor volume could lead to uncertainties in
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the interpretation of the estimated tumor dose, inconsistencies in the prescription of
therapeutic administration activities, and variability in the actual therapeutic dose delivered
to the tumor and normal tissues. These uncertainties could lead to challenges in establishing
dose-response and dose-toxicity relationships, resulting in suboptimal tumor dosing and
decreased treatment efficacy, as well as unexpected toxicities to normal tissues.

To reduce this variability, several automatic or semiautomatic segmentation methods have
been developed. MRI segmentation techniques include threshold-based and region-based
methods, classification and clustering methods (e.g. Fuzzy c-means (FCM), Markov random
fields (MRF), support vector machines (SVM), and atlas-based), and parametric and
geometric deformable model methods (Liu et al., 2014). PET and SPECT segmentation
techniques include thresholding, edge detection, region growing, clustering, stochastic
models, deformable models, and classifiers (Zaidi and EI Naga, 2010). Threshold-based
segmentation is the most commonly used method for clinical PET imaging (Zaidi and El
Naga, 2010). The use of semi-quantitative values such as standard uptake values (SUVSs),
tumor-to-background ratios (TBRS), or maximum activities for tumor segmentation have
been thoroughly investigated for 18F-FDG-PET (Mah et al., 2002, Nestle et al., 1999, Black
et al., 2004, Nestle et al., 2005, Biehl et al., 2006, Erdi et al., 1997, Jentzen et al., 2007,
Drever et al., 2007, Boellaard et al., 2010). Although a fixed threshold of the maximum
tumor activity concentration is one of the more common methods for PET/SPECT, no single
method has yet gained wide acceptance (Mawlawi and Townsend, 2009). Thus, without
standard protocols for multimodality tumor volume segmentation in TRT, variability in
automatic segmentation methods will lead to uncertainties in patient-specific dosimetry.

The aim of this work was to investigate the magnitude of dosimetric uncertainties in patient-
specific dosimetry that can arise from different automatic tumor segmentation methods.

2. Materials and Methods

2.1. Image acquisition and patient data

A summary of the disease, grade, and 1241-CLLR1404 injection activities are is listed in Table
1 for five patients with primary or metastatic brain tumors. MR and serial PET/CT images
were acquired for each patient according to the following imaging protocol. First, MR
images were acquired on a GE Signa HDxt 3T clinical MRI scanner. T1 Gadolinium-
enhanced axial Bravo (BRAIn VOlume imaging) MR scans were acquired with a 4.2 ms
echo time (TE), 10.2 ms repetition time (TR), 13° flip angle, reconstructed image matrix
size of 512 x 512, pixel size of 0.58 x 0.58 mm, and a slice thickness of 3.27 mm. PET/CT
images were then acquired on a GE Discovery at 6, 24, and 48 hrs post intravenous infusion
of approximately 64-182 MBq of 1241-CLLR1404 based on body surface area. CLR1404 can
be radio-labeled with 124] for PET imaging or 1311 for therapy and SPECT imaging. Clinical
trials investigating efficacy of the “diapeutic/theranostic” TRT agent CLR1404 [18-(p-
iodophenyl)octadecyl phosphocholine] (Cellectar Biosciences Inc, Madison Wisconsin) are
currently underway at our institution (Weichert et al., 2014, Anatoly N. Pinchuk et al., 2006,
Grudzinski et al., 2014). The PET images were reconstructed using ordered subset
expectation maximization (OSEM) method. The PET matrix size was 128 x 128 with a pixel
size of 5.47x5.47 mm and a slice thickness of 3.27 mm. CT images were acquired with a
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tube voltage and current of 140 kVp and 8 mAs, reconstructed using the standard body
kernel convolution, and used for PET image attenuation correction, scatter correction, and
anatomical registration. The CT matrix size was 512 x 512 with a pixel size of 1.1045 x
1.1045 mm and a slice thickness of 3.27 mm.

Prior to segmentation, the images were coregistered and resampled to the same voxel
coordinate system. Normalized mutual information affine registration was used throughout
in order to account for differences in neck flexion or setup positioning that may have caused
differences in the patient orientation between the MR scan and each subsequent PET/CT
scan. First, the PET images were fused to the CT images at each time point. The CT images
at each time point were then coregistered to the T1 MR image. The transformation of the CT
images was then replicated for the corresponding PET images at each time point. Finally, the
CT and PET images were resampled to match the voxel size of the MR images using a
Mitchell filter kernel which offers a good compromise between ringing and blurring artifacts
for both up-sampling and down-sampling (Boiangiu and Dvornic, 2008).

2.2. Tumor volume segmentation

2.2.1. Single modality tumor segmentation—Both the MR and the PET images
were used to segment tumor volumes using different thresholding techniques. CT images
were not used for tumor segmentation because they do not provide sufficient soft tissue
contrast within the brain. The optimal (i.e. ground truth) threshold level that results in the
most accurate and robust segmentation of the tumor volume must be established for the
specific image modality, radiopharmaceutical, tumor type, and tumor grade. These optimal
thresholds have not yet been established for 124|-CLR1404 PET and Gadolinium-enhanced
T1 MRI for each of the specific tumor types and grades. Thus, the threshold levels used in
this investigation were chosen by the physician so that the contours represented clinically
realistic and reasonable tumor volumes for each patient.

The tumor was first segmented based on a Gadolinium-enhanced T1 MRI threshold. Due to
variability in the level of Gadolinium-enhancement in the MR images, there was not a single
threshold level that was appropriate for all of tumors. Instead, a semi-quantitative method
was employed where the threshold level for each patient was chosen based on physician
guidance. The MRI threshold values of approximately 1800, 6800, 3800, 3000, and 6800
were used for patients 1-5, respectively.

PET-based enhancement metrics such as standardized uptake values (SUVs) (Huang, 2000)
and tumor-to-background ratios (TBRs) (Avril et al., 1997, Higashi et al., 1998, Lowe et al.,
1994) were also used for tumor segmentation. The SUV and TBR were calculated based on
the image acquired 48 hrs post injection 1241-CLLR1404 PET image, approximately
corresponding to the time of peak tumor uptake. The average contralateral normal tissue
SUV was calculated from a region on the contralateral side of the brain similar in size and
anatomical location to the tumor. The tumor volumes were segmented using two SUV
threshold levels (1.0 and 1.2) and two TBR threshold levels (1.6 and 2.0). While the optimal
threshold level is radiopharmaceutical-specific, these threshold levels were chosen to be
similar in magnitude to the SUV and TBR segmentation thresholds already established for
other brain tumor imaging agents such as 18F-FDG, 18F-DOPA, 18F-FET, and 11C-MET
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(Kracht et al., 2004, Chen et al., 2006, Chen, 2007). The same two threshold levels were
able to be utilized for all of the patients due to the consistency in the CLR1404 uptake.

No hole-filling or smoothing techniques were applied to either the MR- or PET-based
contours.

2.2.2. Multimodal tumor segmentation—Multi-modality imaging is often used in
radiation therapy to combine the anatomical information provided by CT and MR imaging
with the physiological information provided by functional PET/SPECT imaging (Bradley et
al., 2004, Schwartz et al., 2005, Ng et al., 2005). In order to utilize both the MRI and 1241-
CLR1404 PET, the impact of semi-automatic multimodal tumor segmentation was also
investigated by combining the MRI and PET contours in either a union (MRI u PET), which
included all regions of MRI and PET enhancement, or an intersection (MRI n PET), which
included only regions of concordant MRI and PET enhancement. P-values were calculated
using a two-sample Student’s t-test to assess the statistical significance of the differences
between the tumor volumes calculated for each segmentation method.

2.3. Similarity and overlap of the MRI- and PET-based tumor volumes

The similarity and overlap of the MRI-and PET-based tumor volumes were evaluated using
the Dice similarity coefficient (DSC), Jaccard similarity coefficient (JSC), and overlap
volume (OV). The DSC (Dice, 1945) is defined as

2(Vyrrr 0 Vper)

Virr + Veer

DSC(V ypp Vper) = @

where V, ., andv .. are the MRI and PET-based volumes, respectively (Jaccard, 1912).

The JSC is the ratio of the MRI and PET intersection and the union,

% nv
MRI PET
IS Vrer) = 7, GV @

The OV is the ratio of the number of voxels in the intersection and the smallest volume,

Vuri O Vper
min(V e/, VPET)

OV(V yrps V pir) = (3)

The values for each metric range between 0 and 1. The DSC and JSC are similarity metrics
and a value of 1 indicates perfect agreement between the two volumes. The OV is an overlap
metric and a value of 1 indicates that the one volume is completely contained within the
other.
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2.4. Patient-specific TRT dosimetry

To assess the impact of the tumor segmentation methods on therapeutic dosimetry, the
absorbed dose from a theoretical 1311-CLR1404 therapeutic treatment was calculated from
the 1241-CLR1404 PET images by assuming equivalent pharmacokinetics for the two
radiolabeled agents and correcting for the difference in the physics decay rates of the
radionuclides (Sgouros et al., 2004). Voxelized patient-specific absorbed dose distributions
from 131]-CLLR1404 were calculated using the RAPID platform. RAPID is a patient-specific
Monte Carlo 3D internal dosimetry platform that has been described in previous publications
(Besemer et al., 2013, Besemer and Bednarz, 2014, Besemer et al., 2015). Within the
platform, the CT and PET images were used to define the geometry and radionuclide source
distribution, respectively. The 131|-CLR1404 absorbed dose rate at each time point was
calculated with the Monte Carlo code Geant4 (Agnostinelli, 2003). The absorbed dose
distribution was calculated by time-integrating the dose rate on a voxel-by-voxel basis using
a piecewise linear fit with the uptake linearly extrapolated back from the first two time
points and the decay after the last time point fit extrapolated using an exponential physical
decay. Because it is assumed that the absorbed dose scales linearly with injection activity,
the absorbed dose was normalized by the injection activity and calculated in units of
Gy/GBq of 1311-CLR1404 injected. Patient-specific 3D voxel-level dose distributions,
DVHs, and mean tumor doses were generated. The squared Pearson correlation coefficient
(R?) was calculated to quantify the linear correlation between the tumor volume and mean
doses and the null hypothesis of no correlation (R = 0) was tested to calculate p-values for
each patient.

3. Results

3.1. Tumor Volumes

The tumor volumes are shown in Figure 1 for each threshold segmentation method. For most
patients, the CLR1404 uptake extended beyond the region of MRI enhancement and resulted
in larger PET-based tumor volumes. TBR volumes were generally larger than the SUV
volumes. The TBR, SUV, and MRI tumor volumes ranged from 2.3 — 63.9 cc, 0.1 — 34.7 cc,
and 0.4 — 11.8 cc, respectively. The SUV 1.0 tumor volumes were 15-74% larger than the
SUV 1.2 and the TBR 1.6 tumor volumes were 7-35% larger than the TBR 2.0. Because
smaller MRI contours were usually contained within larger PET contours, the MR1 u PET
contours were generally similar in size to the larger PET-based contour volumes and the
MRI n PET contours were similar to the smaller MRI-based contour volumes. The p-values
assessing the statistical significance of the differences in the tumor volume for each
combination of tumor segmentation method are shown in Table 2. Overall, 52 (67%) of the
tumor volume comparisons were not statistically significant, 12 (15%) were moderately
significant (0.01< p < 0.05) and 14 (18%) were strongly significant with (p < 0.01). Notably,
the TBR and MRI uTBR tumor volumes (for both the 1.6 and 2.0 threshold levels) were
significantly different from the majority of the other tumor volumes.
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3.2. MRl and PET similarity and overlap metrics

The DSC, JSC, and OV metrics for each MRI and PET combination are shown in Table 3.
The average + stdev (range) was 0.30 £ 0.17 (0.02 - 0.67), 0.19 £ 0.13 (0.01 - 0.51), and
0.75 + 0.29 (0.05 — 1.00) for the DSC, JSC, and OV, respectively. Overall, the DSC and JSC
values were small for both the MRI-SUV and MRI-TBR combinations because the regions
of PET uptake were generally larger than the regions of MRI enhancement. The SUV
volumes were similar in size to the MRI volumes so the MRI-SUV had slightly larger DSC
and JSC values compared to the MRI-TBR. Regions of MRI enhancement were usually
contained within the regions of CLR1404 PET uptake, which resulted in large OV values for
MRI-SUV and MRI-TBR. For Patient 2, the MRI volume was completely contained within
all SUV and TBR volumes so the all the OV values were unity.

3.3. Dosimetry

3.3.1. Single modality tumor segmentation—The MRI, 124]-CLR1404 PET, and
1311.CLR1404 dose distributions for each patient are shown in Figure 2. The individual
MRI, SUV, and TBR threshold-based tumor contours are overlaid on the MRI image and the
resulting DVHs are also shown. Significant differences in the shape of the MRI, SUV, and
TBR tumor DVHs were observed for each patient. Patient 2 demonstrated CLR1404 uptake
extending beyond the MRI enhancement resulting in a larger dose in the MRI tumor volume.
Patient 4 had notably high discordance between the MRI enhancement and the 124]-
CLR1404 avid areas, which resulted in a smaller dose in the MRI tumor volume compared
to the SUV and TBR volumes. For the other three patients, the dose within the MRI tumor
volume was generally larger than the dose within the TBR volume and smaller than the dose
within SUV volumes.

The SUV mean doses ranged from 0.64-1.37 Gy/GBq and were generally higher than the
TBR mean doses which ranged from 0.48-0.99 Gy/GBq. The MRI mean doses which
ranged from 0.50-1.67 Gy/GBq. The larger SUV 1.0 volumes resulted in 7-15% smaller
mean doses compared for the SUV 1.2 volumes and the larger TBR 1.6 volumes resulted in
6-12% smaller mean doses compared to the TBR 2.0.

3.3.2. Multimodal tumor segmentation—The DVHs of the union and intersection
combination contours for the TBR and SUV thresholds are shown in Figure 3 for Patient 1.
These are representative of the results seen in the other patients (data not shown). In general,
the union contours were similar in size to the PET-based contour volumes so the union
contour DVHs were similar in shape to the SUV/TBR DVHs. Conversely, the intersection
contours were similar to the MRI-based contour volumes so the intersection contour DVHs
were similar in shape to the MRI DVHs.

The spread in mean tumor doses for each tumor segmentation method is shown in Figure 4
for each patient. The mean 1311-CLLR1404 tumor doses ranged from 0.48 to 1.75 Gy/GBq,
with a standard deviation between 0.07 and 0.37 Gy/GBq, and a coefficient of variation of
11-28%. The ratio of maximum to minimum mean doses for each patient ranged from 1.4 to
2.0.
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The correlation between the mean tumor dose and the tumor volume calculated for each
contouring method is shown in Figure 5. The relationship was very linear for Patient 2 (R2 =
0.98, p < 0.001), Patient 3 (R2 = 0.91, p < 0.001), and Patient 5 (R2 = 0.94, p < 0.001). For
these patients, the different tumor volumes were relatively concentric so the average dose
decreased as the volume increased to include more low dose regions. For Patient 1 (R2 =
0.30, p = 0.34) and Patient 4 (R2 = 0.09, p = 0.78), the mean dose also generally decreased
with increasing volumes but the relationship was not significantly linear. The tumor volumes
for these two patients were relatively less concentric and there were larger discordant
regions of MR and PET enhancement.

4. Discussion

Patient-specific dose calculations rely on accurate tumor delineation in order to best estimate
the therapeutic dose from pre-treatment images. Because the definition of the target volume
can be a potential source of uncertainty in TRT, automatic tumor segmentation methods have
been applied with the intention of reducing inter-observer contouring variability. However,
the results of this work demonstrate that the tumor volume and tumor dose from 131|-
CLR1404 are highly sensitive to the imaging modality (e.g. PET or MRI), PET enhancement
metric (e.g. SUV or TBR), and threshold level used for tumor volume segmentation.

The MRI enhancement regions were generally contained within the larger regions of
CLR1404 PET enhancement, ultimately contributing to relatively large OV values and
regions of MRI+/PET+ concordance. However, the low DSC and JSC similarity values
indicate that there were significant differences in size between the MRI and PET based
contours that resulted in discordant MRI-/PET+ regions, and to a lesser extent, discordant
MRI+/PET- regions. For Patient 2, the CLR1404 uptake extended beyond the MRI
enhancement, resulting in a larger dose in the MRI tumor volume and intersection tumor
volumes. Patient 4 exhibited the largest discordance between the MRI enhancement and the
1241_CLLR1404 avid areas resulting in a smaller dose in the MRI tumor volume and
intersection tumor volumes. Interestingly, Patient 2 had the largest dosimetric variation
between the different contouring methods, which is surprising because the high levels of
CLR1404 uptake and MRI enhancement, with large concordant MRI+/PET+ regions,
represent the near ideal case for multi-modality tumor segmentation. However, the
MRI-/PET+ discordant regions were the main source of the large difference between the
doses in the MRI- and PET-based tumor volumes. Also, surprising was the fact that Patient
4, which had relatively low levels of CLR1404 uptake and both MRI-/PET+ and MRI+/PET-
discordant regions (especially for the SUV), resulted in the smallest variation in the mean
tumor doses between the different contouring methods. Patient 4 had the smallest relative
MRI+/PET+ concordant regions. For this case, it seems that because the CLR1404 uptake
was relatively low, the MRI-/PET+ regions only contained slightly more CLR1404 uptake
and dose resulting in smaller variations in the tumor doses.

The two different PET enhancement metrics, TBR and SUV, and their respective threshold
levels, had different impacts on both tumor volume and dose, as did their respective

threshold levels. In each case, the TBR volumes were larger than the SUV volumes. Since
the size of the SUV volumes were similar to the MRI volumes, the MRI-SUV had slightly
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larger DSC and JSC similarity values compared to the MRI-TBR. The TBR contours
resulted in smaller tumor doses because of dose averaging over a larger volume. As
expected, the use of lower threshold levels resulted in larger tumor volumes and smaller
tumor doses for both enhancement metrics.

Some of the contouring methods resulted in significant differences in the shape of the tumor
DVHs. The most notable difference occurred in Patient 2 where the MRI contour indicated
significantly more dose homogeneity within the tumor compared to both the SUV and TBR
contours. Conversely, the MRI contour for Patient 5 indicated slightly less dose homogeneity
than the PET-based contours because the MRI DVH had a larger low dose shoulder.
Accurate qualification of the tumor dose homogeneity is important because non-uniform
dose distributions in TRT can have significant clinical implications for the treatment
response and toxicity (O’Donoghue, 1999, Amro et al., 2010, Hanaoka et al., 2014,
Hrycushko et al., 2011). Specifically, one study by Hrycushko et al. (2011), investigating the
impact of 186Re-liposome dose heterogeneity in head and neck squamous cell carcinoma
mouse xenografts, found that cold spots resulted in reduced tumor control (i.e. tumor
shrinkage) analogous to the results seen for human patients undergoing external beam
radiotherapy (Niemierko and Goitein, 1991, Tomé and Fowler, 2002). While the magnitude
of the clinical implications is likely specific to the treatment modality, radiopharmaceutical,
and tumor type, it is reasonable to conclude that the differences in tumor dose heterogeneity
due to variations in tumor segmentation methods found in this study would likely have an
impact on the therapeutic outcome.

For all patients, the mean dose decreased as the tumor volume increased due to the inclusion
of more low dose regions within the larger contour. The relationship was significantly linear
for the Patients 2, 3, and 5 which had fairly concentric tumor volumes (i.e. large MRI-PET
OV values). For the other two patients, the mean dose only slightly decreased with
increasing tumor volume, likely due to the necrotic tissue in the middle of tumor for Patient
1 and the large discordance between the MRI enhancement and the 1241-CLLR1404 avid areas
for Patient 4. The coefficient of variation of the mean tumor doses over all target volumes
for each patient ranged from 11-28% whereas the ratio of the maximum to minimum mean
tumor doses ranged from 1.4 to 2.0. Thus, depending on the tumor segmentation method
used, the estimated mean tumor dose could deviate by up to 200% which could lead to
higher normal tissue toxicities and/or reduced treatment efficacy. Because this pilot study
only utilized five illustrative brain cancer patients imaged with 124]-CLR1404 PET, the
magnitude of dosimetric variations may be different for patients imaged with other
molecular agents and for patients with different tumor histologies, grades, or anatomic
locations. Additionally, the dosimetric sensitivity to tumor volume differences may depend
on the patient-specific tumor microenvironment. Thus, future work will investigate the
correlation between each of these factors and the dosimetric variation caused by the use of
multi-modality tumor volume segmentation methods with a larger sample size of patients.

While this work highlights the sensitivity of TRT dosimetry to the employed tumor
segmentation methods for a particular molecular agent, it is not possible to speculate which
enhancement metric or threshold level is the most accurate. This is planned as an important
aim of a future clinical study. Ultimately, each contouring method needs to be evaluated

Phys Med Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Besemer et al.

Page 10

within the framework of its sensitivity and specificity for each agent, tumor type, and
imaging modality, and verified with the histopathological characterization of tissue biopsies
and actual clinical outcomes as the ground truth.

The fact that the optimal threshold level has to be determined for each specific application is
one of the major limitations of threshold-based contouring. This is especially cumbersome
for PET imaging since the optimal level must be determined for the specific
radiopharmaceutical and enhancement metric (e.g. SUV, TBR, maximum activity). One
promising alternative is gradient edge detection which has been shown to be both accurate
and robust for a variety of applications (Geets et al., 2007, Werner-Wasik et al., 2012). One
of the major drawbacks specific to the threshold-based MR contouring method is that it is
only semi-automated since the threshold level must be uniquely chosen for each individual
patient based on physician guidance. While all the MR images in this study were obtained
using the same scanner, field strength, imaging sequence, and contrast agent, variability in
the MR signal intensity can still be dependent on the specific tumor type and grade and be
caused by physiological motion, time-variant system performance (e.g., due to drift of
scanners over time), and imaging gradient non-linearity (Zhu et al., 2011, Mirzaalian et al.,
2015). Scanner harmonization methods have been proposed to produce more consistent MR
signals across different institutions, scanners, and body sites (Mirzaalian et al., 2015). Such
normalization of the MR signal will have to be implemented before any standard protocols
for MR threshold-based contouring can be practically utilized.

While the goal of this work was not to suggest an optimal threshold-based contouring
method for brain tumors in TRT, it is clear that a multi-modality imaging approach, utilizing
the different information provided by of both MR and PET, would be ideal. MR gadolinium
enhancement is a sensitive indicator of blood-brain barrier breakdown. However, malignant
gliomas can sometimes infiltrate brain tissue without disrupting the blood-brain barrier and
large parts of low grade gliomas may be non-enhancing (Wen et al., 2010). Additionally,
gadolinium enhancement can also be affected by inflammation, seizure activity, postsurgical
changes, necrosis, ischemia, antiangiogenic agents, corticosteroids, and differences in
radiographic imaging techniques (Wen et al., 2010). Functional imaging modalities, such as
PET and SPECT, can measure physiological characteristics of cancer cells such as changes
in metabolism, blood flow, chemical composition, and absorption. PET imaging has shown
improved sensitivity and specificity, compared to CT and MR, for tumor cell localization,
detection of lymph node involvement, and staging (Boiselle, 2000, Pieterman et al., 2000,
Weber et al., 1999, Dwamena et al., 1999). Specifically, CLR1404 is a phospholipid ether
analog that is taken up with high sensitivity and specificity in the lipid rafts which are
overexpressed in cancer cells (Weichert et al., 2014). The disadvantages of PET and SPECT
imaging include lower spatial resolution, higher cost, and increased imaging dose from the
radioisotope. Thus, a multi-modality imaging approach could draw upon the strengths of
each modality and allows for the tumor to be segmented based on both anatomical and
functional information.

The large range of dosimetric uncertainties reported in this study underscore the need for
standard protocols for tumor segmentation in TRT dosimetry. The Medical Internal
Radiation Dose (MIRD) Committee of the SNMMI is one of the primary resources for the
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standardization of internal dosimetry practices. The MIRD Pamphlet No. 23 (Dewaraja et
al., 2012), provides guidance on quantitative SPECT imaging for 3D internal dosimetry, but
only briefly discussed recommendations for target definition with SPECT imaging. It states
that the preferred method is to define the target using manual or automatic threshold-based
contouring based on high-resolution anatomic images (such as a CT) and propagate those
contours to the SPECT images. For SPECT-based target delineation, either a fixed threshold
or more sophisticated adaptive thresholding methods are recommended. Despite the
acknowledgement that high resolution PET imaging is emerging as an important modality
for the delineation of target volumes, no recommendations were given for PET-based target
delineation. To the best of our knowledge no other specific guidance on tumor segmentation
for TRT has been published. We anticipate that this work will highlight the importance
characterizing and standardizing tumor segmentation methods in TRT.

5. Conclusion

The goal of this study was to investigate the impact of PET and MRI threshold-based tumor
segmentation on TRT dosimetry in patients with primary and metastatic brain tumors.
Significant differences in the shape of the MRI, SUV, and TBR tumor dose volume
histograms (DVHs) were observed for each patient. Depending on the thresholding method,
deviations in the 131]-CLR1404 mean tumor doses up to a factor of two were observed.
Uncertainties in the tumor dose of this magnitude could lead to challenges establishing dose-
response and dose-toxicity relationships, suboptimal tumor doses and loss of treatment
efficacy, as well as unexpected normal tissue toxicities. Thus, the results of this investigation
clearly demonstrate the need for standard protocols for multimodality tumor volume
segmentation in TRT dosimetry.
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Box plot comparing the tumor contour volumes for each threshold segmentation method. In
general, TBR tumor volumes were larger (2.3 — 63.9 cc) than the SUV (0.1 — 34.7 cc) and
MRI (0.4 — 11.8 cc) volumes. Because the smaller MRI contours were usually contained
within the larger PET (SUV and TBR) contours, the MRI U PET union volumes were
generally similar to the PET-threshold contour volumes and the MRI N PET intersection

volumes/doses were similar to the MRI-threshold contour volumes.
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DVHs of the union and intersection combination contours for the (a) TBR and (b) SUV
thresholds for Patient 1. These are representative of the results seen in the rest of the patients
where the doses within the TBR contours were typically smaller than the MRI contours
because the TBR contours were larger in size and vice versa for the SUV contours.
Additionally, the union contours were generally similar in size to the PET-based contour
volumes so the DVVHs based on the union contours were similar to the SUV/TBR DVHSs.
Conversely, the intersection contours were similar to the MRI-based contour volumes so the
DVHs based the intersection contours were similar to the MRI DVHs.
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Figure 4:

Mean tumor doses for each patient. The error bars represent the standard deviation. Note that
the larger TBR contours (filled markers) generally had smaller mean doses and the smaller

SUV contours (unfilled markers) generally had larger mean doses
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Figure5:

Correlation between the mean tumor dose and the tumor contour volumes for each patient.
The Pearson correlation coefficient (R2) and p-values of the linear correlation are also
shown.
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Table 1:

Overview of the patient disease and 1241-CLLR1404 injection activities.

Patient  Disease WHO Grade 124-CLR1404 A; (MBQ)
1 GBM v 182.4
2 Anaplastic astrocytoma 11 182.3
3 Metastatic melanoma N/A 157.1
4 Astrocytoma \Y 70.3
5 Anaplastic astrocytoma 11 64.8
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The DSC, JSC, and OV similarity and overlap metrics for each patient for the MRI and each PET
combination. The average (ave) and standard deviation (stdev) over all five patients is also shown.

Table 3:

DSC JSC ov
SUv Suv TBR TBR SUV SUv TBR TBR SUV SUV TBR TBR
Patient 1.0 12 16 2.0 1.0 12 16 2.0 1.0 12 16 2.0
1 027 011 027 034 015 006 016 021 044 055 096 091
2 033 039 024 026 020 024 014 015 100 100 100 1.00
3 067 045 022 032 051 029 012 019 071 098 100 0.98
4 002 009 014 008 001 003 008 004 005 016 082 045
5 053 057 037 038 036 039 023 023 068 065 087 084
Ave 036 032 025 028 025 020 014 017 058 067 093 084
Stdev 025 021 008 012 019 016 006 007 035 034 008 0.23
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