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Thesis Outline

The thesis is structured as follows:

Chapter 1 introduces molecular radiotherapy (MRT) theranostics use of ¥ and 7’Lu-
DOTA-TATE, including the clinical background of neuroendocrine tumours (NET),
differentiated thyroid cancer (DTC), and benign thyroid disease (Thyrotoxicosis). It describes
the imaging dosimetry application of quantitative SPECT/CT and PET/CT. Finally, introduces

the research significance, objectives, and null hypotheses.

Chapter 2 presents a systematic review to examine the role of quantitative SUV-SPECT/CT
during Y"’Lu-DOTA-TATE MRT to determine whether the standardised uptake value (SUV)

changes in patients undergoing repeated radionuclide treatments.

Chapter 3 presents an investigation of an optimal protocols for quantitative **!I and *""Lu
SPECT/CT by evaluating the accuracy of absolute SUV-SPECT/CT quantification using

phantom measurements.

Chapter 4 then investigates the feasibility of ’Lu- DOTA-TATE SUV-SPECT/CT and
whether serial SUV-changes derived from quantitative SPECT/CT and PET/CT correlated with
clinical response in neuroendocrine tumours (NETS). This investigation was carried out using
retrospective data acquired from patients undergoing four cycles of peptide receptor

radionuclide therapy (PRRT).

Chapter 5 presents a novel study on the development and feasibility assessment of dosimetry
in MRT using patient-led whole-body radiation monitoring. Long-term whole-body retention
data were derived from patient-led measurements combined with post-treatment early
distribution planar whole-body and SPECT/CT imaging. This chapter aims to provide reliable

whole-body retention and absorbed dose estimates. This investigation was carried out using
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phantom, retrospective data obtained from NET patients undergoing ’’Lu- DOTA-TATE -
PRRT and prospective data from patients with benign and malignant thyroid disease

undergoing I therapy.

Chapter 6 In this section, results of tailored radiation restrictions using patient-led data model
fitting are presented for each MRT group (*'’Lu-Dota-Tate, *}I-DTC, and *3!I-Thyrotoxicosis).
Then results of the correlation between early-prediction (8-days) and longer-term (28-day)

model fitting are presented in view of a realistic clinical implementation.

Chapter 7 finally summarises the main findings and limitations described in the thesis, with

recommendations for potential future work.
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Abstract

Introduction/Aims:

Molecular radiotherapy (MRT) describes the use of radiopharmaceuticals to treat benign and
malignant diseases. For practical reasons, MRT is conventionally prescribed as a standard
administered activity regardless of differences in disease burden, disease distribution and
physiology between individuals. If post-treatment imaging is performed, this is usually
undertaken 24-48 hours after MRT administration, which limits the reliability of dose estimates
and results in patients being provided with generic radiation safety advice. Optimising the
outcome of MRT requires reliable measurement of absorbed radiation doses delivered to target
tissues and healthy organs, and, from the patients’ perspective, the provision of tailored
radiation protection advice particularly for therapies that account for a high percentage of
treatments such as [**1] Nal-Sodium iodide and [*"Lu] Lu - DOTA-TATE.

This study aims to investigate:

e The comparative results of quantitative SPECT/CT & PET/CT imaging.

e Whether serial changes in PET and SPECT-derived standardised uptake value (SUV)
are correlated in patients undergoing MRT.

e Whether combining data from early (quantitative imaging) and late (whole-body-
retention data) could support individual treatment planning for patients undergoing

repeated cycles of MRT.

e Whether current MRT radiation protection advice is appropriate.

Methods
1. 2D/3D-Quantitative Optimisation and Validation

We examined multiple factors to achieve optimum quantitative /’Lu and 31 performance

using:

a. A cylindrical homogeneous phantom was used to assess the scintillation camera
calibration factor (CF) (cps/MBQ).
b. A NEMA-IEC-Body Phantom incorporating six spheres of various sizes to

calculate the concentration recovery coefficients (cCRC).
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2. PRRT Quantitative-SUV Assessment

We analysed retrospective data from 19 patients with histologically confirmed, unresectable
metastatic NETSs treated with PRRT over 4 cycles. SUVmax, lesion-to-liver (LTL) and lesion-
to-spleen (LTS) ratios were measured using ®3Ga-PET/CT and *"’Lu-SPECT/CT images.

3. Patient-Led Whole-Body-Retention and Tailored Radiation Restrictions
Patients undergoing molecular radionuclide therapy using [}"’Lu] Lu- DOTA-TATE for PRRT
and [*311] Nal for benign and malignant thyroid disease therapy were included. Planar whole-
body images at 24-48 hr following MRT were acquired to assess early uptake. Patient-led
whole-body retention measurements obtained using a hand-held radiation monitor were used
to follow the time course of radioactivity clearance in each patient for four weeks post-therapy.
For tailored radiation restriction calculation, bi-exponential fitting parameters were used for

NET and DTC patients and mono-exponential parameters for Thyrotoxicosis patients.

Results

HERMES-Hybrid3D-3.01 software was used to estimate CF and SUV values. *Lu and **!I
showed an optimal CF of 11.1 cps/MBq and 41cps/MBq, respectively, resulting in the most
accurate activity. OSEM updates(iteration*subsets) for optimised activity concentration values

was observed at 80-updates for ’Lu and 48-updates for *31.

A significant correlation was shown between SPECT- and PET-derived SUV measurements
(rs=0.8, p<0.01). The average SPECT-SUVmax at cycle-1 PRRT was comparable to PET-
SUVnmax at baseline pre-PRRT (30124 and 35+18, respectively). Following PRRT, SPECT - and
PET-derived SUVmax reduced by 45+29% and 34+27% respectively. LTS and LTL change
showed a significant, robust positive linear correlation (rs=0.8, p<0.05) using both SPECT and
PET.

A significant correlation was shown between patient-led and whole-body imaging derived
whole-body retention (Ar;) measurements (R=0.8, p<0.05) for all MRT groups. Patients

showed variable restrictions to follow after MRT administration among the same group.
Conclusion

This study supports the following:

XXi



Quantitative-SUV estimates can be derived from 1-131 and Lu-177 phantom SPECT/CT
images and applied to clinical data.

Quantitative SPECT/CT was reliable in evaluating PRRT response and can be used as an early
clinical response indicator between PRRT cycles.

Integrating patient-led radiation monitoring into MRT planning is feasible and is a valid
dosimetry tool. The accuracy of this approach is comparable to that of serial quantitative
imaging for whole-body activity estimates.

Tailored radiation restriction using patient-led whole-body retention measurements proved to

be feasible to follow the time course of radioactivity clearance.
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CHAPTER 1

1. Introduction
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1.1.Clinical Background

Molecular radiotherapy (MRT) is the systemic administration of radiopharmaceuticals that are
intended to selectively target specific tissues. Moreover, it describes the use of radiopharma-
ceuticals to treat benign and malignant diseases by delivering continuous, variable low dose-
rate radiation to the target tissue (often a tumour). In oncology, this approach aims to deliver
radiation doses directly to tumours while avoiding the irradiation of healthy organs and may
also target occult disease that expresses the same uptake mechanism. A further significant
advantage of MRT relative to other systemic treatments such as chemotherapy is the
opportunity to perform a pre- and post-therapy scan to help plan patient-specific treatment,
optimise the activity to be administered and predict the effectiveness of the therapy for a given
patient (Saw, 2013).

Many radionuclides have been produced and labelled to specific compounds to perform MRT
targeting specific cancer tissues. The majority of therapeutic radionuclides are beta-minus
particle (5 emitters (e.g., phosphorus-32 [*2P], copper-67 [¢'Cul], strontium-89 [3°Sr], yttrium-
90 [ °°Y], rhodium [*%Rh], iodine-131[*], promethium [***Pm], holmium-166 [**®Ho],
lutetium-177[*""Lu], rhenium-186 [‘®Re], rhenium-188 [*%Re], gold-199 [***Au]) (Table 1-1).
The high energy beta particle emissions of Y, 1%Re and 38Re have a relatively long range of
several millimetres in tissue. Therefore, energy might be delivered beyond the target, causing
toxicity to healthy neighbouring tissues. In contrast, 1’’Lu emits lower-energy, shorter range p~
particles and is less likely to damage surrounding healthy tissue (Velikyan, 2014). The most
used radionuclides are **1, ¥"Lu and Y, the B “particle emissions of which have a range of
between 2-11 mm in tissue and maximum beta energies (gE-max) between 0.49-2.29 MeV
(Drude et al., 2017). The choice of the radionuclide that is most advantageous for therapy
depends on a range of factors, including 1) radionuclide physical properties; 2) radionuclide

chemical labelling properties and in vivo stability; 3) radiolabel conjugate biological half-life;
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4) the resultant target (tumour) non-target (normal tissue) time-dependent localisation ratio
(Carollo et al., 2015; Zaidi, 2005). In addition, radionuclides with gamma-emitting photons
allow the pre and post-MRT imaging of the radiopharmaceutical’s distribution to be assessed

and quantified in vivo.

Table 1-1: Examples of radioisotopes used for MRT.

Radioisotopes Beta E-max(gE- Max Range in Gamma E-max (yE- Half-Life
max) soft tissue (mm)  max) (keV) (hr)
(MeV)

131 0.61 2.4 364 193

YLy 0.49 2 208 162

Sy 2.28 11 - 64.1

1% Re 1.08 45 137 90.7

1%Re 2.21 10 155 17

¥p 1.71 8.7 - 342

Molecular imaging allows visual representation, characterisation, and quantification of the
biological characteristics of cells and tissues within intact living organisms (Ahn, 2016).
Established radiological modalities such as computed tomography (CT) can identify a tumour's
location, dimensions, and relationship to adjacent anatomical structures. By comparison,
molecular imaging allows non-invasive, in vivo characterisation of the molecular features of
target cells and enables the visualisation, classification, and measurement of cell function

(Colombo et al., 2017).

Molecular image-guided therapy is of proven value for prognosis, management planning and
response monitoring. Radionuclide imaging, such as positron emission tomography (PET) and
single-photon emission-computed tomography (SPECT), are the most sensitive molecular
modalities that provide target-specific information about physiology, pathway activities and
cell migration in the whole organism (H. Zhang et al., 2015). Both imaging methods offer
clinically relevant quantitative and functional information about normal tissues and

pathological conditions (Kramer-Marek & Capala, 2012).

Page 3 of 218



The concept of “theranostics” in nuclear medicine describes the use of a specific targeting
vector that can be labelled with either diagnostic or therapeutic radionuclides and used both for
imaging and treatment. 31 is the oldest and most used isotope applied for theranostics
applications. This means that the same radioisotope 3!l serves diagnostic and therapeutic
purposes based on using the same target such as the sodium iodide symporter protein (NIS).
NIS expression on thyroid follicular cells allows the transport of iodine from the bloodstream
to the thyroid cell cytoplasm. Moreover, NIS can transport not only iodine but also radioactive
isotopes such as technetium-99m pertechnetate (**"TcO4°) (Choudhury & GupTa, 2018; de la
Vieja & Riesco-Eizaguirre, 2021). Another example is the somatostatin receptor (SSR) because
of its expression by neuroendocrine tumour cells, which serves as a foundation for targeting
these receptors with synthetic octreotide somatostatin analogues (SSA) such as DOTA-Tyr3-
octreotide (DOTATOC), 1-Nal3-octreotide (DOTANOC) and DOTA-(Tyr)-octreotate
(DOTATATE). DOTATATE and DOTATOC are routinely chelated to gallium-68 [®3Ga] for
PET diagnostic imaging and subsequently to 1"’Lu for therapy (Bozkurt & Ozcan, 2018; Harris
& Zhernosekov, 2022; llan et al., 2020; Kapoor & Kasi, 2022; Poeppel et al., 2011, 2013;

Thuillier et al., 2021; Velikyan et al., 2014).

Novel theranostic probes have been developed to combine imaging and therapeutic functions.
In SPECT and PET, many small molecules, antibodies, receptors, and enzymes can be labelled
using radioisotopes for imaging and therapy purposes, e.g., ®3Ga (T12 = 68 minutes), zirconium-
89 [%9Zr] (T12 = 3.3 days), indium-111 [**!In] (T2 = 2.8 days), ®Au (T12 = 2.69 days)
(Andreou et al., 2017). The improved understanding of molecular alterations driving cancer
progression has made a significant contribution toward guiding probe development and
selecting the preferred target of cancer cells for imaging (Colombo et al., 2017). These
challenging developments associated with theranostic SPECT and PET probes led to the

initiation of MRT and optimisation of quantitative imaging and dosimetry.
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The outcome of MRT depends on the absorbed radiation dose delivered to target tissues and
healthy organs. For practical reasons, post-treatment imaging is rarely performed beyond 48
hours after MRT administration (European Association of Nuclear Medicine (EANM), 2017).
This limits the reliability of absorbed dose and cumulative activity estimates and results in
patients being provided with generic radiation safety advice based on worst-case assumptions
of radiopharmaceutical retention. Personalised treatment requires the development and
validation of dosimetry-based MRT, especially for therapies such as **!I-iodide and *"’Lu-
DOTA-TATE. This approach would also allow radiation protection advice to be tailored to

individual patients, which might significantly improve the patient experience.

1.1.1. ¥'1-Nal Theranostics

Sodium iodide was the first compound to meet the requirements of a theranostic using
radioisotopes applicable both for diagnosis and for therapy in the 1940s (Velikyan, 2014). Saul
Hertz was a prominent American radiologist who is credited with the first successful use of
radioactive iodine for the treatment of hyperthyroidism. In 1941, Hertz and his team at
Massachusetts General Hospital in Boston began reported successive treatment of young
female with hyperthyroidism using mixture °1/%3!| (Fahey et al., 2017). Benedict, in 1950,
was the first to develop the rectilinear scanner and successfully image the thyroid gland,
revealing the biological characteristics of thyroid tissues using radioiodine before the period of
tomography imaging. Thus, the visualisation of the therapeutic targets of certain diseases
became possible (Ahn, 2016). Radioiodine is considered a gold standard for diagnostic

evaluation and therapy in radioiodine-avid thyroid disease and benign and malignant tumours.

The thyroid gland can suffer from a variety of benign or malignant diseases that can be treated

using 31. Examples of benign thyroid disease include non-toxic goitre, diffuse toxic goitre
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(Graves’ disease), solitary autonomous nodule, multinodular change, viral and autoimmune
thyroiditis. Diagnosis should be confirmed clinically by evaluating thyroid hormonal function,
ultrasound scan, and nuclear medicine uptake and scan. For patients who are diagnosed with
thyroid nodules and a low serum thyroid-stimulating hormone (TSH), the nodule needs to be
assessed to determine whether it is functional. Thyroid scintigraphy using radioiodine (*?*I) or
technetium pertechnetate (**"TcO4) is useful to determine the functional status of a nodule.
This diagnostic procedure can accurately assess timed radioisotope thyroid uptake. The uptake
of radioisotopes is selectively increased in hyper-functioning and low in hypo-functioning
nodules (Tamhane & Gharib, 2016). 31 sodium iodide can be used to treat hyperfunctioning

thyroid nodules and is an alternative to surgical excision.

Malignant thyroid lesions include papillary cancer, follicular cancer, Hurthle cell (oncocytic)
cancer, anaplastic cancer, medullary cancer, thyroid lymphoma, and metastases (Popoveniuc
& Jonklaas, 2012; Tamhane & Gharib, 2016). *31 is used mainly to treat differentiated papillary
and follicular carcinomas following thyroidectomy, both to ablate normal thyroid tissue in the
thyroid bed and to manage recurring and/or metastatic disease indicated by persisting
detectable or elevated serum thyroglobulin (Tg) levels (>0.7ug/L). Radioiodine therapy is
based on beta radiation emissions from 31 that deliver a high radiation dose to functioning
thyroid tissue. Patients receive a specific oral 31 activity based on clinical findings and the
stage of their disease (Jadvar, 2014). To reach optimal 31 uptake by remnant thyroid tissue
and metastatic disease, patients should be on low-iodine diet (1-2 weeks) and should undergo
TSH measurement >30 mIU/L (1-3 day) prior to 3!l administration. TSH stimulation is
achieved by either thyroid hormone withdrawal (THW) or recombinant human TSH (rhTSH)

stimulation (Avram et al., 2022; Luster et al., 2008, 2017; Silberstein et al., 2012).

Benign and malignant thyroid diseases for which 3| is a treatment option are illustrated here.
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1311-Nal for Hyperthyroidism Therapy (Thyrotoxicosis)
1311 has been employed since 1958 to treat benign thyroid disease, such as Graves’ disease

based on biochemical and/or clinical hyperthyroidism (Fig. 1-1).

Hyperthyroidism (hyperfunction of the thyroid gland) is a common thyroid disease that may
be associated with significant morbidity, such as cardiovascular symptoms. It may also

contribute to an increased incidence of circulatory mortality (Lewis et al., 2013).

Anterior -24 hr WBS Posterior-24 hr WBS

Figure 1-1: 2D whole-body scan 24-hour following 1311 administration for thyrotoxicosis therapy.

At first, 33! therapy was used to achieve a euthyroid state using low or adjusted activity
regimens; however, RAI outcome can be affected by several factors such as disease aetiology
and goitre size. Consequently, an alternative approach would administer a high ablative 31|
activity in early hyperthyroidism with the intention of establishing rapid hypothyroidism
treated with long-term thyroid hormone replacement. This was confirmed by Lewis et al.
(2013) after treating 449 hyperthyroidism patients with a fixed activity of 3| 550 MBq, which
resulted in 94% of the patients being cured after the first dose, whereas 6.7% required further
radioiodine (Lewis et al., 2013). Fixed-activity methods are usually based on an estimation of
the size of the thyroid by palpation, ultrasound, or nuclear medicine radioiodine (*%I) or
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technetium pertechnetate (**™TcO4) uptake and scan. The range of activities prescribed in the
UK, regardless of the rationale used, varies between 200 and 800 MBq, 400-600 MBq being

most widely used (Stokkel et al., 2010).

In general, benign nodules do not require specific intervention unless they cause compressive
symptoms from significant enlargement, such as dysphagia, choking, shortness of breath,
hoarseness, or pain, in which case surgical intervention (partial or complete thyroidectomy)
should be performed. In addition, the presence of single or multinodular goitre might be an
indication for surgery. Radioiodine therapy needs to be approached with caution in individuals
with uncontrolled thyrotoxicosis (Popoveniuc & Jonklaas, 2012), and it is often advisable to
achieve biochemical control using antithyroid drugs prior to administering 1-131 (Stokkel et
al., 2010). **1I therapy can be used to treat toxic nodular goitres; however, they are frequently
more radioresistant than toxic diffuse goitres and may therefore require higher administered

activities to achieve biochemical euthyroidism (Silberstein et al., 2012).

1311-Nal for Differentiated Thyroid Cancer (DTC) Ablation and Recurrent Therapy
Thyroid cancer is the most common endocrine malignancy and is ranked seventh among the
most frequently diagnosed cancers in females. In Europe, the incidence of thyroid cancer is
three times higher in females than males. The estimated ten-year relative survival from 86,690
adult thyroid cancer patients (29 European countries) was 89% in women and 79% in men (Dal

Maso et al., 2017).

Cancer of the thyroid gland may be primary (arising from follicular or papillary cells within
the thyroid gland) or secondary due to malignant cells that have spread from other tissues.
Medullary thyroid cancer arises from para-follicular cells, secrete calcitonin (Nussey S., 2001).
As medullary tumours do not express NIS, radioiodine has no role in post operative

management.
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A study by Ahn (2016) in patients with papillary and follicular DTC reported that radioiodine-
avid metastatic lesions on imaging predicted a high probability of favourable response after
131] therapy. In contrast, patients who had a radioiodine non-avid metastasis on nuclear

medicine imaging had progressive disease after 1 treatment (Ahn, 2016).

123171311 2D whole-body as shown in figure 1-2 and 3D SPECT/CT pre-therapy scanning can
be used to assess iodine-avidity prior to planned 31 radionuclide therapy of thyroid cancer
(Haddad et al., 2022). 1?*I-PET/CT has theoretical advantages offering accurate localisation
and quantification of iodine-concentrating tissue, which is required for disease staging,
dosimetry, and therapeutic dose planning (de Pont et al., 2013; Freudenberg et al., 2008;
Khorjekar et al., 2014; Velikyan, 2014) but is not advised for routine use internationally. In the
UK, 31-Nal is administered orally with a fixed activity of 1-5 GBq for DTC ablation;
however, multiple centres empirically support the use of 1.11, 1.85, or 3.7 GBq (Luster et al.,
2008). There are several approaches to the selection of 31 activity. According to the joint
European Association of Nuclear Medicine (EANM) and Society of Nuclear Medicine and
Molecular Imaging (SNMMI) guidelines (2022),*31 activity for post-thyroidectomy ablation
of thyroid bed remnants is prescribed in the range of 1.11-3.7 GBq (30-100 mCi); 3.7-5.6 GBq
(100-150 mCi) for treatment of small volume locoregional disease and 5.6-7.4 GBq (150-
200 mCi) for treatment of advanced locoregional disease and/or small-volume distant
metastatic disease. Activities of >7.4 GBq (200 mCi) are administered for treatment of known

distant metastases, empirically or guided by dosimetry calculations (Avram et al., 2022).

In a retrospective study, 1,229 DTC patients were treated with 1. Complete response was
achieved with a median cumulative activity of 3700 MBq (range 970 to 47,900 MBq) (Thies
et al., 2014). When complete remission was achieved after the first 131 ablative therapy, the

risk of recurrence was low.
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Anterior-48 hr WBS [Posterior-48 hr WBS

Figure 1-2: 2D whole-body scan 48-hour following 1311 administration for thyroid cancer ablation therapy.

Klubo-Gwiezdzinska et al. (2011) addressed the issue of using dosimetry-based instead of
empirically prescribed 31 activity. Based on their results, which confirmed the greater
effectiveness of dosimetry-based prescribed RAI ablation with a similar safety profile as the
empiric alternative, they recommended employing individually prescribed activity in DTC
patients with distant metastases and local advanced disease (Klubo-Gwiezdzinskaetal., 2011).
Ma et al. (2005) confirmed the recommendation for individualised RAI prescription based on
clinical characteristics, reporting that it could be justified in DTC patients with Tg levels <10

Mg/L, a negative whole-body scan, and a high risk of recurrence (Ma et al., 2005).

Zidan et al. (2004) suggested that patients with DTC receive an optimum activity of 31 therapy
with a successful ablation rate of 94% (95% CIl: 89-100%) if the 31 activity is calculated
based on the percentage of residual neck uptake on 24-hour diagnostic whole-body imaging
(Zidan et al., 2004).

5-15% of treated patients become refractory to RAI; the 5-year survival rate among these

refractory patients is 66%, and the 10-year survival rate is approximately 10% (Wang et al.,
2016).
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1.1.2. Y"Lu-DOTA-TATE Therapy for NETs

Diagnosis

The World Health Organisation (WHO) defined neuroendocrine neoplasms (NENSs) as an
abnormal growth with recognised neuroendocrine differentiation and biomarkers expressing
normal neuroendocrine cells or neurons. The new classification of NENs proposed by the
WHO (2022) was based on a differentiation and proliferation grading system. NENs classified
as epithelial well-differentiated neoplasms are defined as neuroendocrine tumours (NETS)
whereas poorly differentiated neoplasms are defined as neuroendocrine carcinomas (NECSs).
Generally, NETs over express surface somatostatin receptors (SSTR), and exhibit
immunohistochemical staining for several antibodies (INSM1), synaptophysin and
chromogranin A, chromogranin B and/or chromogranin C being more variable. By contrast,
NECs typically demonstrate lower expression of SSTR and are often not targetable for PRRT

(Rindi G. et al., 2022).

Many NETSs first appear in the lungs or the gastrointestinal tract, including the stomach,
pancreas, appendix, intestines, colon, and rectum. NETSs can also arise from the thymus, thyroid
gland, adrenal gland, and pituitary gland (American Cancer Society, Accessed 08 August

2022).

Previously, NETs were referred to as carcinoid tumours; today the term ‘carcinoid’ refers to
specific NETSs of the small bowel that secrete 5-hydroxytryptamine and NETs of the lung. The
slow growth of most well differentiated NETS leads to late detection by which time most have
already metastasised. The characteristics of NETs define the therapy method and prognosis,
key characteristics being tumour location, grade, differentiation, stage, and hormone secretory

profile.
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Nuclear Medicine imaging of NETSs is based on radiolabelled SSR analogues composed of a
radioisotope and SSA linked together by chelator. The first SSR scintigraphy used the gamma-
emitter radioisotope, indium [*1In]**In-DTPA (diethylenetriamine pentaacetate)-D-Phe-1-
octreotide. This was followed by the development of gallium-68 SSR- PET compounds such
as ®®Ga-DOTATOC, ®8Ga-DOTATATE, and ®3Ga-DOTANOC, which have varying affinity to

different SSRs (Kapoor & Kasi, 2022; Navalkissoor et al., 2017; Yang et al., 2014).

8Ga-DOTA-TATE exhibited a sensitivity of 96% compared with 65% for '*In-pentetreotide
(Srirajaskanthan et al., 2010). Kayani et al. (2009) reported that ®3Ga-DOTA-TATE was more
sensitive for detecting typical pulmonary NETs than fluorine-18-fluorodeoxyglucose (‘8F-
FDG). In contrast, atypical carcinoid and higher-grade tumours had lower uptake of ®Ga-

DOTA-TAE compared with ¥F-FDG (Kayani et al., 2009) reflecting poor SSR expression.

8Ga-DOTA-TATE has higher sensitivity for low-grade tumours and greater avidity for well-
differentiated NETs than FDG, 8F-FDG uptake being typically low for tumours with a low
proliferation index, slow growth rate, and low glucose consumption, such as well differentiated

NETSs (Saw, 2013).

Therapy
Peptide-receptor radionuclide therapy (PRRT) is an effective treatment for advanced, well-
differentiated NETs, the majority of which express elevated levels of SSR to which

somatostatin analogues (SSA) bind (Fig. 1-3).

The main three identified PRRT radiopharmaceuticals used for the treatment of NETs are

described in the following section (Bodei et al., 2016).
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PRRT-Cycle 1 § PRRT-Cycle 4
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Figure 1-3: Maximum-intensity projection (MIP) SPECT/CT images 24-hour following administration of 177Lu-DOTA-
TATE at PRRT-cycles 1and 4. Multiple NET lesions showed decreased somatostatin expression after four cycles of PRRT.

e lIn-Pentetreotide (PRRT)
In the 1990s, *In-pentetreotide underpinned the development of PRRT by transforming a
diagnostic into a therapeutic approach. The foundation of this approach reflects the
internalisation of the peptide or receptor complex, exploiting the cytotoxic effects of Auger
and conversion electrons emitted by *In which decayed in close proximity to the cell nucleus.
However, as a consequence of the development of tetra-azacyclododecane-N,N’,N" ,N""'-tetra-
acetic acid-chelated octreotide, B-emitting radiolabels, such as the pure p-emitter Y, with

higher energy and longer particle range emerged as a preferred choice.

o Y-Somatostatin Analogues (PRRT)
In 1996, (**Y-DOTA®, Tyr®)-octreotide, *°Y-DOTATOC, or *°Y-octreotide were primarily
used for the treatment of metastatic NETs. °°Y appeared to be a more suitable radiolabel than
M for PRRT due to high-energy P emission (maximum energy Epmax = 2.27 MeV,
penetration range Rpmax = 11 mm, and half-life T1. = 64 h). Based on promising preliminary

results, °°Y-octreotide became the most used radiopeptide for PRRT in the early 2000’s.

e "Lu-Somatostatin Analogues (PRRT)
In 2000, octreotate (Tyr?, Thr-octreotide) was introduced as a newly developed analogue that
exhibited a six- to nine-fold higher affinity for somatostatin receptor subtype 2 (SSTR2), which
is commonly expressed by the majority of NETs. To mitigate renal retention and reduce the
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risk of nephrotoxicity, the chelated analogue [DOTA]’-Tyr*-octreotate, or DOTA-TATE, was
radiolabelled with a dual B-y-emitter (}’’Lutetium) (Epmax = 0.49 MeV, Rgmax = 2 mm, and T1s
= 6-7 days) rather than Y. The gamma emission allowed scintigraphy images and dosimetry
studies to be performed simultaneously. For these reasons, ’’Lu- DOTA-TATE is the most

widely used radiopeptide in PRRT today (Strosberg et al., 2017, 2021).

17Lu-DOTA-TATE is a radiolabelled SSA consisting of a radionuclide (*”’Lu) and a peptide—
chelator complex [DOTAO, Tyr3-]-octreotate (DOTA-TATE). Tyr3-octreotate binds to
malignant cells that overexpress SSTR2. Once bound, '"Lu-DOTA-TATE accumulates within
the tumour cells, delivering cytotoxic radiation that Kkills them. The standard protocol for
administering *”"Lu-DOTATATE is through an intravenous infusion followed, in most centres

by 24 hours whole-body + SPECT/CT scan. Typically, four treatment cycles are administered

over a total of 8-10 months (Mujica-Mota et al., 2018).

In the NETTER-1 phase 3 trial (2017), investigators compared ’’Lu-DOTATATE (four cycles
at 8-week intervals of 7.4 GBq [200 mCi] of "Lu- DOTA-TATE infused intravenously for 30
minutes with cumulative radioactivity, 29.6 GBq [800 mCi]), plus 30 mg octreotide long-acting
release (LAR) 4 weekly, with monthly injections of 60 mg octreotide LAR in patients with
progressive small bowel NETSs. This study concluded that *’’Lu- DOTA-TATE therapy led to
significantly longer progression-free survival than high-dose octreotide LAR and was
associated with limited severe toxic effects among the study population (Strosberg et al., 2017,

2021) .

A retrospective study was conducted on 68 patients diagnosed with advanced well-
differentiated pancreatic neuroendocrine tumours (pNETS). The study demonstrated the

effectiveness of PRRT with [}""Lu-DOTA?L, Tyr®] octreotate for treating advanced Grade 1 and
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2 pNET, with median overall survival (OS) and progression-free survival (PFS) of 53 months

and 34 months, respectively (Ezziddin et al., 2014).

Bergsma et al. (2016) reported that the incidence of subacute haematological toxicity post-
PRRT with "Lu-DOTATATE was low (11%). Furthermore, they concluded that the bone
marrow dose limit of 2 Gy adopted from 31 does not appear to be applicable to PRRT with

Y7L u-DOTATATE (Bergsma et al., 2016).

The NETTER-1 Phase-3 trial investigated the incidence, severity, and reversibility of long-
term hematotoxicity in a large cohort of patients (n=116) undergoing PRRT with *""Lu-
DOTATATE. The trial reported grade 3 or 4 neutropenia (1%), thrombocytopenia (2%), and

lymphopenia (9%) (Strosberg et. al., 2017, 2021).

PRRT is performed using 7.4 GBq (150-200 mCi) ""Lu-DOTATATE-octreotate per
treatment cycle, aiming for 4 cycles with standard intervals of 8 weeks. Amino acid, such as
L-lysine and/or L-arginine, should be infused 30-60 min before PRRT to reduce the high
kidney retention of radiopeptides and maintained for 4 hours post-PRRT. Prior to amino acid
infusion, antiemetics (e.g., ondansetron) should be injected intravenously to prevent nausea
and vomiting. Corticosteroid (e.g., Dexamethasone) may be administered post-1""Lu-
DOTATATE to reduce inflammation and swelling of the liver in patient with bulky or diffuse

disease (Bodei et al., 2013).

1.1.3. Imaging Dosimetry for MRT

In molecular radionuclide therapy, radiation dosimetry may involve: 1) use of quantitative
imaging, including appropriate corrections for photon attenuation, scatter, camera limitations;
2) image analysis, such as image registration, image segmentation, and classification of normal

tissue structures and tumours in the images; and 3) application of modelling to data obtained
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from images acquired at different time-points to calculate the total amount of deposited
radiation energy during the whole course of treatment (Ljungberg & Sjogreen Gleisner, 2016).
The development of the Response Evaluation Criteria in Solid Tumours (RECIST 1.0)
guidelines in 2000 and their revised version (RECIST 1.1) in 2009 were additional evolutionary
steps for more robust treatment response appraisal schemes. However, neither RECIST 1.0 nor
RECIST 1.1 criteria included functional assessment because the working group felt that there
was still insufficient standardisation and access to imaging technologies, such as PET, to merit
such inclusion (Jadvar, 2014). PERCIST (PET Response Criteria in Solid Tumours) is a set of
criteria specifically designed for assessing tumour response using PET scans with FDG
(Fluorodeoxyglucose) as the radiotracer. Unlike RECIST, which primarily focuses on tumour
size changes, PERCIST considers the metabolic activity of the tumour. It evaluates changes in
the standardized uptake value (SUV) of FDG uptake in the tumour and surrounding tissues Joo

Hyun et al., 2016).

MRT delivers continuous, variable, low-dose rate radiation to normal and target tissues such
as tumour. Response to MRT is influenced by numerous factors, such as the perfusion of the
tumour, the affinity of the vector, the cellular washout rate, and the half-life of the radionuclide.
Dose rate increases during the uptake phase and decreases afterwards, which requires the

determination of a time—activity curve.

2D quantitative whole-body planar imaging
Planar imaging can be used to measure the whole-body clearance and retention of
radiopharmaceuticals over several days post-therapy. A two-dimensional (2D) quantitative
approach has been applied to produce quantitative data from whole-body planar images (Bailey
et al., 2015). However, the accuracy of 2D quantification from planar images is limited, with
high systematic errors despite the application of scatter and attenuation correction (Hanscheid
et al., 2018; Zimmerman et al., 2017).

Page 16 of 218



3D Quantitative SPECT/CT
Nuclear medicine provides a means of evaluating the biological function of cells and organs,
producing 3D images of the bio-distribution of radiopharmaceuticals into the patient’s body.
Both SPECT and PET imaging techniques examine the uptake of radiolabelled molecules in
regions of interest, revealing metabolic and functional information in vivo. The most recent
technological advances in image processing software applied to SPECT/CT and PET/CT
incorporate iterative reconstruction algorithms with attenuation and scatter correction to
facilitate accurate, non-invasive quantitative imaging. These data can be applied to calculate

the activity uptake in areas of interest in absolute or relative units of activity concentration.

One of the key differences between SPECT and PET is how emitted photons are attenuated. In
SPECT, the distinguished photon event rate is a combination of both the unknown strength of
each single-point source emitter of gamma rays and its attenuation through the object from
source to detector. This led to the first implementation of an estimated algorithm for photon
attenuation correction using filtered back-projection image reconstruction for SPECT by
Chang. Chang’s attenuation correction is based on the linear attenuation coefficient (u) of the
tissue being imaged calculated using a computed tomography (CT) transmission scan. Today,
attenuation correction is performed using a CT scan, which provides an anatomical image of
the body that can be used to correct for attenuation of the PET and SPECT signals caused by
tissue. The CT image is co-registered with the PET and SPECT images, and the attenuation
correction factors are applied to the SPECT and PET images data during reconstruction to
compensate for attenuation caused by the body tissue. In PET, the two emitted photons post-
annihilation both pass through the full cross-sectional thickness of the body before detection

(Bailey & Willowson, 2013).

Sanders et al. (2015) reported that complete quantification of ’’Lu in patients for the purpose
of personalised SPECT/CT PRRT dosimetry is achievable and that upcoming efforts to
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improve physics modelling and facilitate the clinical workflow will only develop this
capability. In their project, they applied the quantification protocol established for %™Tc
SPECT/CT to "’Lu to quantify the radioactivity concentration in small spheres contained
within a sphere phantom. They then validated the in vivo applicability of the method in patients
by comparing radioactivity concentrations resulting from quantitative SPECT/CT to urine

concentrations measured in vitro (Sanders et al., 2015).

Regarding *"’Lu, several studies have investigated the accuracy of quantitative SPECT/CT
using different reference geometries to calibrate the system. Concentration recovery
coefficients (cRCs), coefficient of variation (CoV), and correction factor (CF) or sensitivity
comprised the reference geometry used for 3D SPECT/CT quantification (Hippeléinen et al.,

2016; Mezzenga et al., 2017; Zhao et al., 2018).

Dosimetry data calculated from 3D images increases the accuracy of dose estimates. Imaging
at multiple time points such as 4-, 24-, and 96-hours post-injection is recommended (Ahn,
2016; Emmett et al., 2017). While feasible for research purposes, this approach is too resource
intensive and onerous for patients to be applied in routine practice. We hypothesise that data
derived from home-based, patient-led dose rate monitoring could be combined with a single
post-treatment scan to provide reliable absorbed dose estimates for normal and abnormal

tissues.

3D Quantitative PET/CT
Quantitative PET can be used to measure the intensity of positron-emitting radionuclide-
labelled radiopharmaceutical uptake in a volume of interest (Verburg et al., 2017). For 8F-
FDG, the standardised uptake value (SUV) is a recognised surrogate of tissue function in a
region of interest and is defined mathematically as the concentration of the radionuclide in the

volume of interest divided by the injected activity normalised to the patient’s body weight,
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usually total body weight or lean body mass (Kozak et al., 2005). Elevated SUVs derived from
18E-FDG PET are likely to correspond to pathological conditions, from inflammation and
infection to cancer, with higher values being suggestive of cancer (D’Arienzo & Cox, 2017,
Jadvar, 2014). While various SUV-related parameters have been recommended (e.g.,
SUVmax, SUVmean, SUVpeak), SUVmax is considered the most useful in routine clinical
practice. It is essentially a single-pixel value in the region of interest that most likely reflects
the most metabolically active component of the region of interest (usually tumour) (Verburg et
al., 2017). SUV.,...« changes can be monitored on pre- and post-treatment #Ga-DOTA-TATE
PET scans and used to assess treatment response (Opalinska et al., 2022, Sharma et al., 2019).

We hypothesise that this may also be true of serial post-therapy SPECT scans.

Although SUVmax may be affected by image noise, it has been widely used in PET literature
because of its simplicity and low interobserver inconsistency (Jadvar, 2014). In molecular
imaging, quantitation is useful for the evaluation of therapeutic response, such as the
assessment of biodistribution as a potential means of determining a lesion and healthy tissue
dosimeter following radionuclide therapy (Beauregard et al., 2011). In addition to SUV, other
factors, such as the signal-to-noise ratio (SNR), noise-bias curve, and normalised mean-square

error (NMSE), affect the accuracy of quantitative PET/CT (Lu et al., 2019).

1.2.Research Significance

For practical reasons, MRT is conventionally prescribed empirically as a standard administered
activity regardless of differences in disease burden, disease distribution, and physiology
between individuals. Evidence to support personalised activity prescription is very limited.
Current evidence showed the effectiveness of dosimetry-based high-activity 3%

individualisation compared to the empirical use of MRT (Verburg et al., 2017).
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This research will examine how differences in disease burden and distribution influence
radiopharmaceutical kinetics and the absorbed dose delivered to normal and abnormal tissues.
We will explore how patient-led radiation monitoring can be integrated into treatment planning,

dose calculation, outcome assessment, and radiation protection guidance.

In this study, we will use imaging to measure the early distribution of targeted MRT drugs and
combine this information with long-term retention data obtained from recordings taken by
patients at home using a patient-led radiation monitor. The patient-led monitor is a mobile
phone-sized, hand-held Geiger counter (ATOMTEX model AT6130, Belarus). Patients will be
taught to operate the monitor and instructed to record their external dose rate at a fixed
geometry twice daily after MRT. Measurements will commence immediately following
treatment administration and continue for 28 days. Patient-acquired dose rate readings will be
integrated with quantitative post-treatment images to obtain absorbed radiation dose estimates.
This data will provide a unique, personal record of long-term radiation exposure following
MRT and will allow radiation protection advice to be tailored to an individual patient’s
physiology. Patient-led data, if used in combination with sparse imaging and pharmacokinetic
modelling, may replace the requirement for multiple time-point imaging for dosimetry
purposes. In addition to improving convenience, this is especially relevant to reducing the risk

of repeated hospital visits during the coronavirus (COVID-19) pandemic.

Page 20 of 218



1.3.Research Objectives and Outcomes

Primary Objective Endpoint

e To assess the feasibility of o Development and validation of SPECT quantification
guantitative SPECT/CT and method (using a phantom study).
PET/CT imaging.

eTo combine quantitative e Comparison of SPECT quantification changes during
SPECT/CT imaging with post- therapy.

treatment, patient-led, whole-
body dose rate measurements

to support individual MRT
treatment planning. e Evaluation of changes in MRT uptake/retention after

repeated therapy as a surrogate response indicator.

e Comparison of pre- and post-therapy gallium PET-derived
SUVmax.

e Integration of patient-led dose rate measurements with post-
treatment 3D SPECT/CT and 2D whole-body scan imaging

data.
Secondary Objective Endpoint
e To apply patient-led, whole- e Comparison with gamma camera-derived whole-body
body dose rate measurements retention.

to provide  personalised
radiation protection advice for
patients undergoing MRT.

e Evaluation of sequential dose rate changes after repeated
treatment.

e Evaluation of the consistency of patient-led self-radiation
monitoring data.

¢ To evaluate the reproducibility o Assessment of patient satisfaction  (patient-led
and acceptance of patient-led guestionnaire).
self-radiation monitoring.

Keynote Outcomes

Quantitative SPECT and PET:

Determine the potential of monitoring MRT impact prospectively based on post-treatment

quantitative imaging.
Patient-led:
Impact of patient-led external dose rate monitoring versus standard, generic, post-treatment

radiation protection advice in terms of restriction duration and patient satisfaction.
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1.4.Research Null- Hypotheses

Quantitative SUV Null-Hypothesis:

1.

2.

PRRT Cycle 4 lesion SUV-SPECT does not change from Cycle 1.

There is no correlation between SUV-max, mean, and peak.

Lu- DOTA-TATE SPECT functional volume change (target and non-target structures)
defined using relative to maximum threshold does not correlate with anatomical volume
change.

PRRT of the normal organ (liver, kidneys, and spleen) SUV-SPECT does not change
between PRRT-Cycle 1 and Cycle 4.

SUV-SPECT following PRRT Cycle 1 and Cycle 4 does not correlate with changes in
biochemical metrics.

SUV-SPECT changes during PRRT do not correlate with SUV-PET pre- and post-PRRT
changes.

8Ga- DOTA-TATE SUV-PET pre- and post-MRT does not correlate with changes in

biochemical metrics.

Patient-led Dosimetry Null Hypothesis:

1.

7 y- DOTA-TATE and 1-131 MRT whole-body dosimetry from patient-led
measurements do not correlate with the whole-body dose derived from a single time-point
whole-body scan detailed dosimetry.

7 y- DOTA-TATE and 1-131 MRT whole-body dosimetry from patient-led
measurements do not correlate with 2-metre external dose rate measurements.

Patient-led measurements do not introduce any changes to generic radiation restrictions.
Patient-led non-linear curve regression for eight days do not correlate with 28 days curve
fitting parameters.

Patients do not accept using patient-led recording for 28 days.
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CHAPTER 2

2. Quantitative SUV-SPECT/CT to Assess Response of
Neuroendocrine Tumours (NET) to PRRT: A
Systematic Review
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Abstract

Aim/Introduction: Quantitative molecular imaging for NET response assessment is
performed before, after and during peptide receptor radiotherapy (PRRT). SPECT/CT imaging
is used to verify radiopharmaceutical distribution in patients undergoing PRRT. However,
evidence of the role of image quantification in monitoring changes induced by PRRT is limited.
This systematic review aims to examine the role of quantitative SUV-SPECT/CT during *'"Lu-
DOTA-TATE PRRT to determine whether the standardised uptake value (SUV) changes in
patients undergoing repeated radionuclide treatments.

Method: A systematic review was conducted following PRISMA guidelines. The data sources
were MEDLINE/PubMed of relevant articles from May 2016 to October 2022. The inclusion
criterion was quantitative SUV-SPECT/CT performed during NET !""Lu-DOTA-TATE
PRRT. For data extraction and analysis, three reviewers screened the records independently for
eligibility. The first reviewer extracted all data, and the other two reviewed the data for
accuracy. Abstracts of 455 records were screened, and 423 were excluded due to non-relevance
to the main scope; the full text of 32 papers were retrieved and assessed for eligibility (two
systematic reviews and 30 original papers). Most of the papers (n=31) assessed the absorbed
dose for renal, normal organs, and NET lesions. Only one original paper investigated changes
in SUV metrics during }"Lu-DOTA-TATE PRRT.

Results: Included study (n=1), published in 2021, investigated the SPECT and PET parameters
including SUVmax, averaged SUVmax, SUV lesion to liver and lesion to spleen ratio, and
metabolic volume. They reported a strong Pearson correlation between *7Lu and %Ga SUVmax,
SUVpeak, and SUVmean (r = 0.79, 0.84, and 0.79 respectively). The authors concluded that
SPECT and PET SUVpea should be considered the most valuable metrics to assess responses
to PRRT that are least affected by MTV.

Conclusion: There is a need to initiate a quantitative SUV-SPECT/CT protocol in PRRT
describing the acquisition and processing factors toward optimisation. Investigating the role of
SUV- 177Lu-DOTA-TATE change during PRRT as a response to therapy metrics is urgently
needed.
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2.1.Introduction

Specific therapies for inoperable NETs include peptide receptor radionuclide therapy (PRRT),
which has provided effective treatment for advanced, well-differentiated tumours. The majority
of NETSs express elevated levels of somatostatin receptors to which somatostatin analogues

bind.

17Lu-DOTA-TATE was approved by the European Medicines Agency (EMA) in 2017 (EMA,
2017) and the United States of America (USA) Food and Drug Administration (FDA) in 2018
to treat somatostatin receptor (SSTR) positive metastatic NETs. It is a radiolabelled
somatostatin analogue (SSA) consisting of a radionuclide Lutetium-177 (Y'’Lu) and the
peptide—chelator complex [DOTAO, Tyr3-]-octreotate (DOTA-TATE) (Hennrich & Kopka,
2019). The (Tyr3)-octreotate complex binds to malignant cells that overexpress SSTR subtype
2. 17Lu has a physical half-life of 160 h and maximum beta particle range of 2mm in tissue; it

also emits gamma photons 208keV 11% and 113keV 6.4% (Strosberg et al., 2017,2021).

Once bound, the Y’Lu-DOTA-TATE accumulates within the tumour cells, delivering cytotoxic
radiation. The standard protocol for the administration of 1’’Lu-DOTA-TATE is by intravenous
infusion. Typically, four cycles are administered over a total of 8 to 10 months (Mujica-Mota

etal., 2018).

Currently, several types of quantitative molecular imaging for NET diagnosis and molecular
response assessment can be performed before and after PRRT. Pre and post treatment PET is
the most useful quantitative tool to assess molecular response. The PET scanner is
fundamentally capable of generating cross-sectional images in units of kBg.ml™* (Bailey &
Willowson, 2013). It uses the standardised uptake value (SUV) as a marker for quantitative
data. Known as a surrogate of tissue function in a region of interest, SUV is defined

mathematically as the radionuclide concentration in a volume of interest divided by the injected
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activity normalised for the patient’s body weight (usually total body weight or lean body mass)
(Kozak et al., 2005). Elevated ®F-FDG SUV values in PET imaging are likely to correspond
to pathological conditions, from inflammation to infection to cancer, with higher numbers

suggestive of cancer (D’Arienzo & Cox, 2017; Jadvar, 2014).

The role of SPECT/CT derived SUV as a quantitative means of assessing response to PRRT
has not been extensively investigated. The primary objective of this review was to determine
the role of quantitative SUV-SPECT/CT for NET molecular response assessment over the

course of 4 "Lu-DOTA-TATE treatment cycles.

2.2. Methods

This systematic review followed PRISMA guidelines as presented in figure 2-1 (Page et al.,
2021). We included all original and systematic review papers published in English between

215 June 2016 and 13" October 2022 (the last 6 years).
2.2.1. Eligibility criteria

To be eligible, patients in the studies were required to meet all of the following criteria: 1) 18
years or older with metastasised, inoperable NETs, 2) received *’’Lu-DOTA-TATE MRT, and
3) subjected to quantitative SUV analysis using SPECT/CT. Records were identified from

MEDLINE/PUBMED (Accessed 13/10/2022 https://pubmed.ncbi.nlm.nih.gov/advanced/ ).

2.2.2. Search strategy

The search query covering the field of titles and abstracts was:

1- Search for free and none free access full text (((((("quant*"[Title/Abstract] OR

"suv"'[Title/Abstract] OR ("standard*"[All Fields] AND "uptake value"[Title/Abstract])) AND
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"SPECT"[Title/Abstract]) OR "single photon emission tomography"[Title/Abstract]) AND
"dota*"[Title/Abstract] AND "net"[Title/Abstract]) OR "neuroendocrine
tumo*"[Title/Abstract]) AND "lu"[All Fields] AND "2016/06/21 00:00":"3000/01/01

05:00"[Date - Publication]) AND ((ffrft[Filter]) AND (fft[Filter]))

2- Search for free access full-text only (((((("quant*"[Title/Abstract] OR "suv"[Title/Abstract]
OR  ("standard*"[All  Fields] @ AND  "uptake value"[Title/Abstract])) = AND
"SPECT"[Title/Abstract]) OR "single photon emission tomography"[Title/Abstract]) AND
"dota*"[Title/Abstract] AND "net"[Title/Abstract]) OR "neuroendocrine
tumour*"[Title/Abstract]) AND "lu"[All Fields] AND "2016/06/21 00:00":"3000/01/01

05:00"[Date - Publication]) AND (fft[Filter])

3- Search for abstracts only ("quant*"[Title/Abstract] OR "suv"[Title/Abstract] OR
("standard*"[All Fields] AND "uptake value"[Title/Abstract])) AND
("SPECT"[Title/Abstract] OR "single photon emission tomography”[Title/Abstract]) AND
"dota*"[Title/Abstract] AND ("net"[Title/Abstract] OR "neuroendocrine
tumo*"[Title/Abstract]) AND "lu"[All Fields] AND "2016/06/21 00:00":"3000/01/01

05:00"[Date - Publication]

All studies including adults > 18 years of age, male and female, diagnosed with a NET and
eligible for PPRT using ’Lu-DOTA-TATE, and response to therapy outcome assessed using
quantitative SUV-SPECT/CT were included in this search. We excluded studies with patients
that did not match all inclusion criteria, such as phantom studies or those focussing on normal

organs and tumour absorbed dose calculation.
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Identification

Screening

|

Included

Neuroendocrine Tumours (NETs) Response to PRRT Assessment Using Quantitative SUV-
SPECT/CT: A Systematic Review

N

Records identified from MEDLINE/PUBMED (Accessed 13/10/2022
https://pubmed.ncbi.nlm.nih.gov/advanced/):
Search Query:
1- (((((("quant*"[Title/Abstract] OR "suv"[Title/Abstract] OR (“standard*"[All Fields] AND "uptake value"[Title/Abstract]))

AND "SPECT"[Title/Abstract]) OR "single photon emission tomography"[Title/Abstract]) AND "“dota*"[Title/Abstract] AND
"net"[Title/Abstract]) OR "neuroendocrine tumo*"[Title/Abstract]) AND "lu"[All Fields] AND "2016/06/21
00:00":"3000/01/01 05:00"[Date - Publication]) AND ((ffrft[Filter]) AND (fft[Filter])) =372 Records ( full-text and free full-
text)

2- ((((((*quant*"[Title/Abstract] OR "suv"[Title/Abstract] OR ("standard*"[All Fields] AND "uptake value"[Title/Abstract]))
AND "SPECT"[Title/Abstract]) OR "single photon emission tomography"[Title/Abstract]) AND “dota*"[Title/Abstract] AND
"net"[Title/Abstract]) OR "neuroendocrine tumour*"[Title/Abstract]) AND "lu"[All Fields] AND "2016/06/21
00:00":"3000/01/01 05:00"[Date - Publication]) AND (fft[Filter]) =123 Records (Free full-text only)

3- ("quant*"[Title/Abstract] OR "suv"[Title/Abstract] OR (“standard*"[All Fields] AND "uptake value"[Title/Abstract]))
AND ("SPECT"[Title/Abstract] OR "single photon emission tomography"[Title/Abstract]) AND “dota*"[Title/Abstract] AND
("net"[Title/Abstract] OR "neuroendocrine tumo*"[Title/Abstract]) AND "lu"[All Fields] AND "2016/06/21
00:00":"3000/01/01 05:00"[Date - Publication] =25 Records (Abstracts onlv)

l Duplicate=65

Records screened.

(n=455) Records excluded by authors due to abstract non-
F relevance to the main scope.
(n=423)
Papers sought for retrieval. Reports not retrieved.
(n=32) (n=0)
l Reports excluded, all of which did not investigate the SUV,
by topic:

Bone marrow dosimetry (n=2)

Papers assessed for eligibility. Spleen absorbed dose (n=1)

(n=32) _ Normal organ absorbed dose (n=5)
Systematic reviews (n=2) No SUV quantitative (n=5)
Original papers (n=30) Renal absorbed dose (n=10)

Phantom quant (n=4)

(n=3)

NET lesions and normal organs absorbed dose

Studies included in review (n=1)

Figure 2-1: Search method using PRISMA flow diagram.
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2.2.3. Data extraction and analysis

All reviewers screened the records independently for eligibility. T. Alkahtani extracted all data,
and two other reviewers (L. Liveratos and V. Lewington) reviewed the data for accuracy.
Abstracts of 455 records were screened, and 423 excluded due to non-relevance to this review's
main scope, such as normal organ and NET lesion absorbed dose calculation without
quantitative SUV data. Thirty-four full-text papers were retrieved and assessed for eligibility
(2 systematic reviews and 30 original papers). Most of the papers assessed the absorbed dose
for normal organs including the kidneys and NET lesions (n=31). Only one original paper

investigated SUV metrics during *”’Lu-DOTA-TATE PRRT in NET.

2.2.4. Study risk of bias assessment

The three authors of this review independently assessed the risk of bias in the studies included.
We used the Risk of Bias in Non-randomised Studies - of Interventions (ROBINS-I) tool to
address the following risks of bias domains: (1) bias arising from the SPECT/CT reconstruction
process, (2) bias due to deviations from intended PRRT, (3) missing outcome data, (4)
measurement of the outcome and (5) selection of the reported result. We summarised an overall
risk of bias judgement (low=1, intermediate=2 and high=3) for each specific outcome (Table
2-1). The highest ROBINS-I level determined the overall ROBINS-I for each study in any

assessed domain (Sterne et al., 2016).

Table 2-1: Risk of bias assessment using ROBINS-I tool.

Bias Thuillier et al., 2021
SPECT/CT reconstruction process low
Deviations from intended PRRT low
Missing outcome data low
Measurement of the outcome low
Selection of the reported result low
Overall ROBINS-I (low=1, intermediate=2, high=3) low
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2.2.5. Effect measures

We evaluated evidence supporting the use of quantitative SUV-SPECT/CT as a validated tool

for PRRT response assessment.

2.2.6. Synthesis methods

Studies presenting quantitative SUV data were analysed. Meta-analysis was not applicable in
this review due to the small body of SUV-SPECT/CT evidence for comparing studies. Instead,

we used a qualitative assessment of included papers.

2.3. Results

Our search of MEDLINE/PubMed identified (n=455) records. Abstracts of 455 records were
screened, and 423 were excluded due to non-relevance to the main scope; 32 full-text papers
were retrieved and assessed for eligibility (two systematic reviews and 30 original papers).
Most of the papers assessed the absorbed dose for the kidneys, normal organs, and NET lesions
(n=31). Only one original paper investigated SUV metrics during }”"Lu-DOTA-TATE PRRT
for NET (Thuillieret al., 2021). As a result, only one study was included in this review, as
shown in Table 2-2. The low number of publications reporting SUV-SPECT within the search
criteria was an unexpected finding. This may be partly explained by the vast inhomogeneity of

peptides used for PRRT and the strong precedence of SUV-PET quantification.
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Table 2-2: Summarised reviewed eligible papers.

Authors/  Study Sampl SPECT/CT PET/CT Quantitative Objective SPECT/
Year type e size method CT
Phanto
m
(Thuillier ~ Prospect 10 7Lu- DOTA-  %Ga-DOTA-TOC  SPECT and SPECT and PET  Uniform
et al., ive TATE (24 hours (Avg. 50 days PET (SUVmax, SUVpeak are cylindri
2021) post 18 PRRT interval post averaged considered the cal
cycle, 128 PRRT) SUVmax, and most valuable phantom
OSEM updates) SUV LTL metrics to assess  (*7Lu)
&LTS ratio, response to PRRT
MTV) that are least
affected by MTV
(r=0.84)

In 2021 Thuillier et al. conducted a feasibility study using quantitative SUV derived from
Y7L u-DOTA-TATE and %8Ga-DOTA-TOC PET. Their prospective study included 10 NET
patients with pre-PRRT ®Ga-DOTA-TOC PET/CT (median time interval=50 days) and *’’Lu-
DOTA-TATE SPECT/CT at 24 hours after the first PRRT cycle. A SPECT/CT calibration
factor of 9.4 cps MBq* was calculated using uniform cylindrical phantom and 128 updates (16
iterations and eight subsets) for ordered subset expectation maximisation (OSEM)
reconstruction was applied. Both SUV-SPECT and SUV-PET maximum and mean values were
estimated for liver (3cm sphere VOI) and spleen (1cm sphere VOI). For metabolically active
abnormal lesions, a fixed spherical VOI relative to the max threshold of 40% was applied for
a maximum of 10 lesions per patient. In addition, the authors calculated the lesion to liver
(LTL) and lesion to spleen (LTS) ratios as the lesion SUVmax corrected for liver and spleen
SUVmean. A total of 81 lesions, four liver, and eight splenic SPECT and PET SUV metrics
(mean, max and peak) were analysed using a signed Wilcoxon-rank test and Pearson linear
regression. A 3mL VOI metabolic tumour volume (MTV) was used to assess the partial
volume effect (PVE) in SUV-SPECT. The authors reported that for lesions with an MTV >3
mL, the median SUV and MTV SPECT and PET were comparable. However, MTV <3 mL
showed a significant difference between SPECT and PET values (P < 0.001). LTL and LTS
SUV ratios were comparable in SPECT and PET only when MTV was less than 3 mL. A strong
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linear correlation was observed between SUV metrics and MTV (r=0.77-0.84). *"’Lu-LTL and
LTS values were significantly higher than ®Ga-LTL and LTS (P < 0.02 and P < 0.001,
respectively). The authors proposed that SPECT and PET SUVyeak Should be considered the
most useful metrics to assess response to PRRT least affected by MTV (r=0.84) (Thuillier et

al., 2021).

2.4.Discussion

As outlined in this systematic review of eligibility criteria and objectives, very few papers have
explored the feasibility of applying quantitative SUV-SPECT/CT to assess *’’Lu-DOTA-
TATE PRRT response. The prospective study of Thuillier et al., 2021 was the first to
investigate the role of quantitative SUV-SPECT/CT and MTV as a metric to assess response
to PRRT. SUV-SPECT/CT derived from Y’Lu-DOTA-TATE was shown to be comparable to
SUV-PET/CT derived from %Ga-DOTA-TATE scans. One of the limitations of Thuillier study
was the use of different somatostatin receptors analogous such as DOTA-TATE and DOTA-
NOC labelled with *""Lu and ®8Ga. Poepple et al. (Poeppel et al., 2011) reported significant
differences between 8Ga-DOTA-TOC and %Ga-DOTA-TATE SUVma, the DOTA-TOC
analogue showing higher SUVmax than the DOTA-TATE (Poeppel et al., 2011). SSA uptake
variation might be due to binding preference to specific SSTR subtypes. More reasons for
binding variation could be the non-standardised scanning and amount of administered peptide
activity (Velikyan et al., 2014). For example, ®8Ga-DOTA-TATE binding to SSTR2 is 10-fold
higher than that of ®®Ga-DOTA-TOC (Reubi et al., 2000). The second limitation of the Thuillier
study was failure to undertake phantom studies. The NEMA phantom with different sphere
sizes can standardise and validate the SUV-SPECT/CT reconstruction method and assess the

impact of the partial volume effect. In the end, they recommended adding more value to SUV-
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SPECT/CT as a response to therapy assessment metrics by combining them with newly
developed PRRT Predictive Quotient (PPQ) scoring systems by Bodei et al. (Bodei et al.,

2020).

Del Prete and colleagues published quantitative SPECT/CT-based dosimetry data in 2017 (del
Prete et al., 2017). Primarily, they aimed to propose a personalised protocol for PRRT based
on individual actual dosimetry simulation. Thirty-six NET patients treated with at least one
7Lu-DOTA-TATE PRRT cycle were included in their study. The calibration factor
(cps/MBQq) was estimated using serial SPECT/CT imaging of a }"’Lu point source. Quantitative
SPECT/CT (32 updates, OSEM reconstruction) was performed at three time points (4, 24, 72
hr) post-PRRT administration. A 2 cm sphere VOI was placed over both kidneys and up to five
dominant lesions that were > 2 c¢m in size. Although their results reported the absorbed doses
of renal, bone marrow, and lesions per unit of injected PRRT activity, the SUV was not reported
even though it was mentioned in their methods. Furthermore, they described SUVmean
measurements in their methods, but no results were reported. As a result, their study was

excluded from this review.

The Héanscheid et al., (2012) pilot trial showed evidence of a strong positive correlation
between }’Lu-PRRT lesion uptake and 8Ga-somatostatin receptor analogues. However, SUV-
PET/CT was assessed after one cycle of PRRT, different peptide receptor analogues were used
and PRRT was followed by external beam radiotherapy. Notably, ®Ga-PET/CT SUVmax values
presented in their study were higher post-therapy than at baseline (Hanscheid et al., 2012).
Uptake variations were reported to result from using two different peptides and PET scanners

before and after therapy.

The SUV metrics of %8Ga-somatostatin receptor analogues were studied broadly to predict

PRRT therapeutic response (Aloj et al., 2021; Chang et al., 2016; Galne et al., 2019; llan et al.,
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2020; Opalinska et al., 2022; Ortega et al., 2021; Panagiotidis et al., 2017; Poeppel et al., 2013;
Ragab et al., 2022; Sharma et al., 2019; Zhu et al., 2020). A comparative study between SUV-
PET/CT using ®®Ga-somatostatin receptor analogues after somatostatin analogue injection
therapy (SSA) and *"’Lu PRRT was conducted in 2019 by Sharma et al. The authors reported
that the baseline SUVmax-PET of a single lesion (threshold >13) could predict treatment
response and progress-free survival following PRRT (Sharma et al., 2019). Moreover, the
difference between SUV normalised for body weight (SUVw) and lean body mass (SUL) on
liver and spleen was previously reported (Ragab et al., 2022). More recently, Opalinska et al.,
2022 reported the potential of measuring changes in ®Ga- DOTA-TATE SUVmax and SUVmean

before and after PRRT as a treatment response indicator (Opalinska et al., 2022).

Current evidence supports the role of ®Ga-DOTA PET/CT for staging, treatment planning, and
prognosis assessment in NET (Ambrosini V. et al., 2022; Lee O. et al., 2022). PET/CT
radiomics with tumour texture analysis and histograms may offer advantages for diagnosis,
tumour risk stratification and PRRT response assessment (Liberini et al., 2021; Jha et al., 2022;
Prosperi et al., 2022; Saleh et al., 2022). Texture analysis of tumour heterogeneity showed a
significant relationship to prognosis and outcomes following PRRT that exceeded conventional
quantitative metrics (Atkinson et al., 2021). Consequently, more studies are looking to develop
PET/CT radiomic features modelled to ®3Ga-radiopeptide PET/CT to predict progression-free
and survival rate following PRRT (Atkinson et al., 2021; Bevilacqua et al., 2021; Fournier et
al., 2021; Jha et al., 2022; Laudicella et al., 2022; Liberini, de Santi, et al., 2021; Liberini,
Rampado, et al., 2021; Opalinska et al., 2022; Prosperi et al., 2022). Accurate response to
PRRT assessment requires the use of optimised and validated reproducible image acquisition,

reconstruction, and standardised quantitative metrics (Liberini et al., 2020).

In our search, we found many dosimetry studies that examined the absorbed dose of normal
organs and lesions using whole-body scan or SPECT/CT but without investigating quantitative
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SUV values (Chicheportiche et al., 2021; del Prete et al., 2019; Desy et al., 2020; Devasia et
al., 2021; Gosewisch et al., 2018; Hanscheid et al., 2018; Hou et al., 2021; Huizing et al., 2020;
Roth et al., 2022; Santoro et al., 2021; Svensson, Hagmarker, et al., 2016; Svensson, Rydén, et
al., 2016; Vergnaud et al., 2022; Willowson, Eslick, et al., 2018; Willowson, Ryu, et al., 2018;
Zhao et al., 2019). In addition, there have been two systematic reviews, one of which evaluated
the efficacy of "’Lu-DOTAOQ-Tyr3-octreotate, but no quantitative data were presented (J.
Zhang et al., 2020). The second review investigated the correlation between kidney absorbed

dose and toxicity (Cremonesi et al., 2018).

A very low rate of reporting SUV-SPECT in PRRT publications may be partly explained by
the strong precedence of SUV-PET quantification and weak reliance on SPECT quantification
due to historical reasons (e.g., lack of accurate attenuation correction before iterative
reconstruction was computationally feasible at a clinical setting). Perhaps, lack of defined
criteria and protocols for measuring and reporting SUV-SPECT can also be added as possible

explanation.

2.5.Conclusion

There is a paucity of studies using SUV-SPECT/CT in Y"’Lu-DOTA-TATE as surrogate metric
of PRRT treatment therapy response. This could be remedied by initiating a quantitative SUV-
SPECT/CT protocol in PRRT describing the acquisition and processing factors toward
optimisation. Such a protocol would rely on phantom imaging to assess the reliability of SUV
values, standardise, and validate the quantification method. Additionally, the VOI delineation
method and threshold would need to be identified clearly in the quantitative method using both

phantom and patient’s data.
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CHAPTER 3

3. Optimisation and Validation of Quantitative 2D and 3D
Imaging Protocols for Lutetium-177 (*’’Lu) and lodine-
131 (B4)
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Abstract

Aims/Introduction: Imaging as part of the patient workup for molecular radiotherapy (MRT)
is often used in the evaluation, verification, and follow-up of treatment. Beyond its role as a
visual assessment tool, image quantification may have a role in monitoring change as part of
MRT. Recent advancements in SPECT imaging, such as improved image reconstruction and
scatter and attenuation correction, allow for precise quantitative analysis and the calculation of
standardised uptake value (SUV). This study aims to investigate optimal protocols for
quantitative ©**1 and ”"Lu SPECT/CT by evaluating the accuracy of absolute SUV-SPECT/CT
quantification.

Materials and Methods: As part of setting optimal 3D quantitative SUV-SPECT/CT protocol,
since there are different quantitative tools proposed, phantom imaging was conducted to
develop and validate the image quantification method using *’Lu, including:

Cylindrical homogeneous phantom to assess scintillation camera calibration factor (CF)
(cps/MBq) for planar and SPECT imaging. CF value was used by HERMES to estimate the
SUV in the volume of interest (VOI).

The NEMA IEC Body Phantom consisting of a body/thorax-size compartment and six
spherical inserts of various sizes (from 10mm to 37mm in diameter), was used to validate the
accuracy of quantitative SUV by calculating the concentration recover coefficients (cRC) at
various object sizes.

Results: HERMES Hybrid3D 3.01 software (HERMES Medical Solutions, Sweden) was used

to estimate CF and SUV values. **!I and ""Lu total activity convergence reached 90% at 48
and 80 updates (iteration*subsets), respectively. Regarding 1 and "’Lu activity
concentration, good precision was observed at 48, and 80 updates, respectively, as the
coefficient of variation (CoV) became <10% & relative error (RE) <5%. Spheres cRC and
SUVnmax Of the largest sphere reached the optimum cRC of 1 and SUVmax of 10 at 48 and 80
updates for 33! and "’ Lu, respectively.

Conclusion: Reproducible, quantitative SUV estimates can be derived from 1-131 and Lu-177
SPECT/CT images using appropriate reconstruction and compensation methods. Accuracy
relies upon optimising calibration factors and OSEM updates for accurate recovery (cRC, CoV,
and RE). This method will be applied to retro- and prospective patients’ samples in this research
to measure normal and abnormal tissue SUVs in patients undergoing SPECT/CT following
MRT using 3!l and Y’Lu- DOTA-TATE.
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3.1.Introduction

SPECT and PET imaging techniques examine the uptake of radiolabelled molecules in regions
and volumes of interest (ROl and VVOI), offering clinically relevant quantitative and functional
information regarding tissues under both physiological and pathological conditions (Kramer-
Marek & Capala, 2012). SPECT/CT and PET/CT imaging techniques can be used to calculate
the standardised uptake value (SUV) of the ROI to measure absolute or relative activity
(kBg/ml). The accuracy of absolute SUV quantification obtained from SPECT/CT images
should be verified, especially for MRT planning purposes and advanced kinetic analyses
(IAEA, 2014). In quantitative PET/CT studies, SUV is used as a surrogate measure of tissue
function within an ROI and is defined mathematically as the ratio between the radionuclide
concentration in the ROI (kBg/ml) and the total injected activity (kBq), normalised for the
patient's body weight (in g, either the total body weight or lean body mass) (Kozak et al., 2005).

The SUV can be calculated using Equation 3-1:

VOI uptake (kBq/mL)
Injected Activity (kBq)/ Patientss weight (g)

SUV (g/ml) = Eq. 3-1

Elevated SUV compared with body background or normal organs values are likely to
correspond to pathological conditions, including inflammation, infection, and cancer
(D’Arienzo et al., 2016; Jadvar, 2014). Various SUV-related parameters have been
recommended to assess response to MRT, including SUVmax, SUVmean, and SUVpeak. SUVmax,
which represents a single-pixel value in the ROI, is typically considered to be the most valuable
(Verburg et al., 2017) because it most likely reflects the most metabolically active component
of the ROI (characteristic of a tumour) and changes between pre- and post-therapy for both
PET/CT and SPECT/CT scans. Although SUVmax might be affected by image noise, it has been

widely used in the PET literature due to its simplicity, relative resistance to partial volume
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effects and high inter-observer consistency (Jadvar, 2014). In molecular imaging, activity
quantification can evaluate the therapeutic response. For example, imaging the bio-distribution
of a radiolabelled molecule can be used as a dosimeter for lesions and healthy tissues

(Beauregard et al., 2011).

To optimise absolute quantification, appropriate standardisation and validation methods should
be identified and performed for each radionuclide, scintillation camera, collimator, and relevant
energy window before quantification (Frey et al., 2012; IAEA, 2014). Several studies have
investigated the accuracy of quantitative SPECT/CT using various reference geometries to
calibrate the system, such as the concentration recovery coefficients (cCRC), coefficient of
variation (CoV), and calibration factor (CF), a measure of system sensitivity (Hippeldinen et

al., 2016; Mezzenga et al., 2017; Zhao et al., 2018).

A multi-centre study performed by Zimmerman et al. (2017) attempted to evaluate the accuracy
and variability of absolute activity measurements by comparing planar and SPECT images of
a cylindrical phantom, which showed that SPECT/CT quantification was applicable and

superior to planar images (Zimmerman et al., 2017).

MRT protocols often use imaging to evaluate, verify, and follow-up treatment. In addition to
visual assessment, image quantification might play a role in monitoring the change in response
to MRT. Recent advancements in SPECT/CT imaging, such as improved image reconstruction
and scatter and attenuation correction, allow for the precise quantitative analysis and

calculation of SUV.
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3.2.Aims

This study aims to investigate the optimal protocols for quantitative ’’Lu and 31 SPECT/CT

by evaluating the accuracy and precision of absolute SUV-SPECT/CT quantification.

3.3.Methods

This study conducted 2-dimensional (2D) whole-body scans (WBS) and 3-dimensional (3D)
SPECT/CT quantitative image acquisitions and reconstructions using phantom data and
evaluated for accuracy and precision. We examined multiple factors to achieve the optimum
quantitative performance, such as gamma-ray attenuation, scatter, collimator—detector
response, dead-time, partial volume effect (PVE), and ordered subsets expectation
maximisation (OSEM) sub-iterations. The main factor to start with was the assessment of
whole-body and SPECT/CT systems calibration factor (CF) (cps/MBq). All phantoms’
activities were calibrated using a dose calibrator (CRC-15R serial number 151976) that is
routinely used for patient activity measurement; This is annually calibrated against the National
Physics Laboratory (NPL) standard and tested daily under the departmental Quality Control

system in place.

Several different quantitative tools have been proposed in the literature. In this study, the 3D
quantitative SUV-SPECT/CT protocol was optimised using phantom imaging mimicking the
patient's body habitus to develop and validate an image quantification method for the use of

7y and ¥, including the following:

e Acylindrical homogeneous phantom was used to assess the scintillation camera volume
CF (cps/MBq) for *""Lu whole-body and *’’Lu, and 31 SPECT imaging. We used the

CF value to calculate the SUV in the VOI.
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e Thyroid uptake neck phantom was used to assess the 3! whole-body scintillation
camera CF (cps/MBQ).

e A National Electrical Manufacturers Association (NEMA), International Electro-
technical Commission (IEC), Body Phantom consists of a body phantom into which six
spheres with various sizes are inserted to validate the accuracy of quantitative SUV by

calculating the concentration recovery coefficients (cCRC) for each sphere.

The 3D quantitative SPECT/CT phantom results were then tested for the accuracy and
precision of the SUV. Accuracy refers to the deviation for a given VOI between the measured
mean and the actual mean and can be expressed in terms of bias or relative error (RE, Equation
3-2). Precision refers to the range of repeated measurements around the mean and can be

expressed as the standard deviation or the CoV (Equation 3-3) (Frey et al., 2012; IAEA, 2014).

b=m-t Eq.3-2

Where:
b: bias
m: measured mean in VOI
t: true value

. b
Relative error (RE) = T

CoV == Eq.3-3
m

Where:

o: standard deviation
m: measured mean in VOI
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3.3.1. 2D Whole-Body Quantitative Imaging Study

Calibration factor (CF)

For the 2D *"Lu and **'1 whole-body scan quantification, we calculated the whole-body CF
(cps/MBq), which was used to convert acquired counts into activity following the whole-body
scan using different systems, as listed in table 3-1 following MIRD 24 and 26 acquisition
guidelines (Dewaraja et al., 2013, and Ljungberg et al., 2016). We used a cylindrical
homogeneous (Figure 3-1, a), Perspex phantom (length = 29.7 cm, diameter = 18.75 cm,
volume = 8,200 ml) filled with water and known amount of Y"’Lu ~DOTA-TATE activity
(Table 3-1). For *I-WBS, we used a Lucite cylinder thyroid uptake neck phantom (length =
12.7 cm, diameter = 12.7 cm) fitted with a vial holder at the anterior part of the phantom (length
=10 cm, diameter = 5 cm). A vial containing 4 ml of ~ 55 MBq of **! I-Nal activity was placed
in the vial holder (Figure 3-1, b).

Whole-body images were acquired using existing clinical protocols for MRT patients receiving
7Lu-DOTA-TATE for neuroendocrine tumours and **!I-Nal for thyroid cancer therapy. The
2D "Lu-WBS imaging was obtained using dual-head scintillation cameras from the two
manufacturers  (SymbiaT16-Siemens, Erlangen, Germany and Precedence-Philips,
Netherlands) representing locally available systems for current and retrospective patient data,
respectively. Lu-177 whole-body acquisitions were performed with a medium-energy on
Precedence scanner and low-energy on Symbia scanner, energy window centred at 113 keV

(101.7-124.3KeV) and 208 keV (187.2-228.8KeV), and 15 cm/min bed speed.

We used Siemens’s systems for *1-WBS (SymbiaT16 and INTEVO BOLD-Siemens,

Erlangen, Germany) as the systems available for high-energy imaging at the time (Table 3-1).

I-131 acquisitions were performed with a high-energy (HE) collimator, energy window centred

at 364 keV = 15%, and 8 cm/min bed speed.
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The 2D whole-body CF of each system was calculated according to the following equation:

CF(CpS) —

__ Counts in ROI

MBq

T(s)*A(MBq)

Eq.3-4

Where T is the acquisition duration in seconds, and A is the true activity in the phantom as

measured by the radionuclide calibrator in MBq. We calculated the CF from geometric mean

counts for both anterior and posterior detectors and each detector separately. A geometric-mean

whole-body count, GM, was calculated by region of interest (ROI) multiplication of anterior

counts (Ca) and the mirrored ROI posterior counts (Cp) (Eq.3-5) (Ljungberg & Sjogreen

Gleisner, 2016; Sjogreen et al., 2002; Zaidi, 2005).

=w/CAXCp

GMcounts

Eq.3-5

Table 3-1: Parameters of whole-body scan (WBS) acquisition and sources activities used in cylindrical homogeneous
phantom experiments to calculate CF

Radioisotopes System Speed Collimator True Scan Matrix Energy window
(cm/m) Activity at duratio
scan time n (s)
(MBq)
W1l = 113 keV
PRECEDENCE (101.7-124.3KeV),
(Philips) 15 MEGP 1441 444 512x1024 W2 = 208 keV
(187.2-228.8KeV)
W1l = 113KeV
L (101.7-124.3 KeV),
Symbia T16 (Siemens) 15 LEHR 1432 491 256x1024 W2 = 203KeV
(182.7-223.3 KeV)
181 Symbia T16 (Siemens) 355 857
8 HEGP 256x1024 364 KeV +15%
INTEVO BOLD
(Siemens) 325
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Figure 3-1: System calibration using a) cylindrical phantom SPECT/CT & whole body and b) Thyroid neck phantom whole-
body acquisitions.

Dead-Time
Dead-time (D) is defined as the ratio between the true count rate (Ct) and the measured count

rate (Cm) of a detector (Eq.3-6).
Dt = Cc—ntn Eq.3-6

In MRT, count rate losses due to the dead-time effect can be considered especially when high
activities of 1 are imaged. However, in *’’Lu imaging, this effect is relatively small because
of the low yield of y-photons emitted during the decay of '"’Lu and the negligible
bremsstrahlung influence (Ljungberg et al., 2016). Scans performed shortly after injection are
the most likely to be affected. Therefore, we aimed to estimate the dead-time effect. A series
of phantom tests were performed using different Y’Lu activity levels using the acquisition
applied for a patient study (Table 3). The count rate (cps) was then analysed to estimate count
rate losses (Dewaraja et al., 2012, 2013; Ljungberg et al., 2016).

This study will use two systems for patient scan post-!3!1-Nal MRT (INETVO BOLD and

Symbia T16). Considering the high risk of radiation exposure and contamination due to 3|
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high photon energy and beta emission particles from ~ 8 days half-life, we used the dead time
for the scanners recommended by recent studies (Gregory et al., 2019; Taprogge et al., 2020).
Dead-time factors showed an agreement in two different studies for the same scintillation
camera manufacturers and models. However, the dead-time compensation is applied when a
scan is performed before 48 hr post-'*!I-Nal MRT for thyroid cancer patients. In our
prospective malignant thyroid patients, imaging will be acquired at 48 hr post MRT. For
Benign thyroid disease patients who will receive less than 1.1 GBq of **!I-Nal activity, the scan
will be acquired 24 hr post-MRT. Benign and malignant thyroid disease will be scanned when
their activities are less than 1.1GBq. Taprogge et al. reported minimal dead-time effect when
the actual count rate is < 30 kcps for both Siemens systems (Symbia 16T and INTEVO BOLD)
(Taprogge et al., 2020). Moreover, MIRD 24 recommended imaging with counts < 50 kcps to

overcome dead-time effects (Dewaraja et al., 2013).

3.3.2. 3D SUV-SPECT/CT Quantitative Imaging Study
e Cylindrical Homogenous Phantom

Calibration factor (CF)

The 3D Y7Lu-SPECT/CT imaging was acquired using dual-head scintillation cameras from
two manufacturers (INTEVO BOLD-Siemens, Erlangen, Germany, and Precedence-Philips,
Netherlands), for quantitative **I-SPECT/CT imaging was acquired on a cylindrical phantom

only using two INTEVO BOLD systems.

Quantitative 3D SPECT/CT system volume CF (cps/MBq) was calculated using a cylindrical,
homogeneous, Perspex phantom (length = 29.7 cm, diameter = 18.75 cm, volume = 8,200 ml)
filled with water and various ’Lu —DOTA-TATE activities and single *3!I-Nal activity, as

shown in table 3-2, this phantom same as used for 2D calibration. The phantom was placed on
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the imaging pallet on the axis of rotation and in the centre of the detector field of view. First,
SPECT/CT images were acquired using existing clinical protocols for an MRT patient
receiving Y’Lu-DOTA-TATE for neuroendocrine tumours and **!1-Nal for thyroid cancer

therapy.

Two *"Lu energy windows were acquired and saved separately for the PRECEDENCE system,
enabling us to reconstruct and calculate SPECT/CT CF using both energy windows (centred at
113 and 208 keV) and the higher energy window alone (208 keV). The pilot qualitative
assessment by an expert nuclear medicine physician showed that there are no observed
differences regarding quality and resolution between the two sets. This is reassuring as clinical
data acquisition in the department moves to the Siemens platform, which doesn’t support
concurrent multiple energy windows as the previously locally established Philips Precedence
system. Y"Lu-SPECT/CT was acquired for the Siemens INTEVO BOLD system using only

the upper energy window (208 keV) as per clinical protocol.

For analysis and reconstruction purposes, only the upper energy window was used as a
reference for both CF and SUV-SPECT calculations, as described by the EANM/MIRD 23,24,
and 26 Guidelines for Quantitative 3!l and Y’Lu-SPECT (Dewaraja et al., 2012, 2013;
Ljungberg et al., 2016). $31I-SPECT/CT was acquired by INTEVO BOLD system using 364

keV energy window with 15% upper and lower scatter.

The SUV-SPECT calibration application in HERMES Hybrid 3D 3.01 beta software program
(HERMES Medical Solutions, Stockholm, Sweden) was used to calculate CF by applying for
automated image registration of SPECT/CT image. The CF estimation for each system was
based on the attenuation correction, scatter correction, and collimator—detector response, as
shown in table 3-3. The Volume of interest (VOI) was drawn in the middle of the cylindrical

phantom, covering 70% of the size of the phantom.
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Once each CF was identified, the SPECT/CT data were registered for the SUV-SPECT
reconstruction application. The CF value was entered for each system, including attenuation
correction, scatter correction and collimator—detector response. Finally, the phantom details,
including total and residual injected activity, scan time, phantom dimension, and weight, were
accurately entered to generate accurate CF and SUV values. For all systems, OSEM with CT-
based attenuation correction, ten iterations, eight subsets, and a 9mm 3D Gaussian post-filter
was applied as optimum outcome for SUV based on the study assessment. We generated a CF
for each phantom experiment presenting a different 1’’Lu activity for the PRECEDENCE

system.

Table 3-2: SPECT/CT acquisition Parameters and sources activities used in cylindrical homogeneous phantom experiments.
Four phantoms’ experiments were performed using gradually increased activity for the PRECEDENCE system.

Y7 u-SPECT/CT

B.SPECT/CT

INTEVO BOLD (Siemens) PRECEDENCE IETEVD EOLD)
System i (Siemens) Systems
Systems 1&2 (Philips) 182

Systeml

-1415 MBq (Cylinder activity)

-428MBg  (point  source | 57 MBq
TOt"flI. phantom t_rue activity, ImL sphere in the air) | 114MBq 55MBq
Activity at scan time
(MBq) System?2 _ o 242MBq

-1423MBq (Cylinder activity) | 1137 MBq

-428MBg  (point  source

activity, ImL sphere in the air)

Two energy windows | 364 keV, 20%
0,

Energy Window TEW (208 ke 20%, Lower & (113keV & 208keV, | window, 15% upper

Upper Scatter 10%)

15%) and lower scatter
Collimator MELP MEGP HE
Crystal thickness 3/8" 3/8" 3/8"
Matrix Size 256x256 128x128 128x128
Zoom 1 1 1
Number of
views/Detector 64 64 32
degree of rotation 180 180 180
Mode step & shoot step & shoot step & shoot
Time per View 20s 20s 255
CT

mAs 31(Eff.mAs) 100 20 (Eff.mAs)
Kev 130 120 130
Matrix Size 512x512 512x512 512x512
Slice 1.5mm 1.5mm 1.5mm
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Table 3-3 HERMES SUV-SPECT/CT reconstruction parameters used for each system to generate CF and SUV

177Lu 131|
HERMES SUV-SPECT reconstruction parameters PRECEDENCE INTEVO INTEVO
Energy resolution @140keV 9.9
Scatter correction Simulated photon 100000
Update iteration 2
Down-scatter photon 100000
Hole diameter (cm) 0.295 0.294 0.4
Collimator-detector Hole length (cm) 4.8 4.064 5.97
Detector resolution @140
response (Resolution
kV(cm) 9.5mm Crystal
Recovery, RR) 0.38
Thickness
Radius of rotation offset (cm) 0.0 4.864 6.77
Mu-map type CT
. Mu-map source INTERNAL
Attenuation HU offset 1000
Correction Intercept 1% eq. 0.151
Slope 1% eq. 0.00015
Intercept 2™ eq. 0.156
Slope 2™ eq,. 0.000107

Iterative Reconstruction

Iterative reconstruction algorithms, such as the ordered subsets expectation maximisation

(OSEM), were used to compensate for image degrading factors to optimise activity

quantification. A certain number of iterations was applied using the OSEM reconstruction

method until we reached convergence at 90% recovery, reflecting the optimum reconstruction

accuracy. (Dewarajaetal., 2012, 2013). The image is updated by predefined iterations for each

subset of evenly- distributed angles that has been processed.
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Image resolution improved when using OSEM or the maximum likelihood estimation method
(MLEM), and the noise increased with increasing updates. However, the image was considered

optimised to estimate activity in VOIs (IAEA, 2014).

This study delineated five spherical VOIs with fixed 5-cm diameters in the middle trans-axial
view of phantom SPECT/CT data (Fig. 3-2). The activity concentration (kBg/ml) was then
plotted as a function of the number of OSEM updates (number of subsets multiplied by the

number of iterations).

Additionally, we investigated reconstruction parameters as several updates by using "’Lu-
SPECT/CT data from a sample patient, which were evaluated visually to examine the effects

of updates on image noise and quality (Ljungberg et al., 2016).

Coronal Sagital Trans-axial I

a) Lu-177

Coronal Sagital Trans-axial

b) 131

Figure 3-2: Five spherical VOI with fixed 5-cm diameter delineated in the middle trans-axial view of homogenous phantom
SPECT data at the top row and fused SPECT/CT data at the lower row *"’Lu (a) and **!1 (b)
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ROI & VOI Definition

The 2D ROI from a planar image or the 3D VOI from a SPECT/CT image should be
appropriately defined to obtain a reliable estimate of quantitative activity. Three methods can
be used to identify ROI and VOI: manual, semi-automated, and automated. Multiple ROI are
drawn over phantom diameter (18 cm) trans-axial image in the manual method, and then a 3D
VOl is created from these ROI. The semi-automated process determines the threshold value as
a percentage of the maximum pixel activity manually entered. In the automated method, the
software will use contours to define the whole VOI using an automatic algorithm without user
interaction. Only the manual and semi-automated approaches were used and tested in this
study. VOI were placed in the whole phantom using the CT trans-axial image as a reference to
calculate the total activity at each update. For CoV and RE calculations, five spheres were

drawn at the mid-trans-axial view of the phantom.

Photon Attenuation

Photon attenuation is a leading cause of degradation when SPECT/CT quantification is
performed. The absolute estimation of a region's activity will be underestimated by factors of
5-20 in the absence of attenuation correction (IAEA, 2014). An attenuation map that provides
an attenuation coefficient for each pixel is required as an input for attenuation correction.
Today, using a state-of-the-art SPECT/CT system, an attenuation map derived from a CT image
can be registered with an emission image to apply attenuation correction. This study obtained
CT images in Hounsfield units and converted them into linear attenuation coefficient (L) values
before attenuation correction. HERMES provided standard SUV-SPECT/CT calibration and

reconstruction settings, as shown in table 3-3.

Compton Scatter
Many factors affect scatter, including photon energy, source depth, energy windows, and the

energy resolution of the system, which can lead to a loss of image contrast and degraded
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quantitative data (Frey et al., 2012). HERMES SUV-SPECT/CT performs scatter correction
within the patient using a Monte Carlo-based approach, which uses the initial point of photons
to be simulated from the SPECT data, the electron density of the medium from the CT image,

and the energy resolution of the system.

Collimator—Detector Response (CDR)

We used a CDR factor to improve the resolution model of the reconstructed images and the
quantitative accuracy by reducing the noise and resolution effects. Two CDR methods exist:
iterative and non-iterative methods. The non-iterative method is not as well-established
because it is not as effective as the iterative method (Ljungberg et al., 2016). HERMES SUV-
SPECT software applies the geometric components of the CDR, including collimator hole
diameter and length, detector resolution at 140keV, and the radius of rotation for each system

(Table 3-3).

The Standardised Uptake Value (SUV)

The SUV refers to the standardised activity concentrations for a given VOI, corrected for
injected radiopharmaceutical activity, the physical decay of the radionuclide, and the object's
distribution volume (Eg. 3-1). The SUV of a defined VOI will be reported as the SUV max,
SUVmean, and SUVpeak. For a cylindrical, homogenous phantom test, because the activity is
distributed uniformly, SUVmean should be equal to 1 (IAEA, 2014; Ljungberg et al., 2016). An
8-cm sphere’s diameter VOI was drawn at the phantom's centre, and different VOI delineations
and thresholds were tested to obtain an optimal SUV value. The OSEM update and threshold

effect assessments were analysed using the VOI for the whole phantom.
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For validation purposes, these measurements were also applied to a NEMA IEC. A cRC curve
was generated for each sphere, showing the effects of OSEM update numbers and VOI

delineation using spherical and threshold delineation methods.

e NEMA-IEC Body Phantom Validation Test
The standardised acquisition and reconstruction method used to generate the 3D SUV-SPECT
quantitative data was validated for SUV accuracy, and cRC values were evaluated by
measuring the activity from different sized objects. The NEMA IEC body phantom, without
the lung insert (10,150 ml), was equipped with six inserts of different diameters (10, 13, 17,
22, 28, and 37 mm) and volumes (0.5, 1.1, 2.5, 5.5, 11.5, and 26.5 ml, Figure 3). The aim was
for the spheres to have activity concentration ten times that of the background activity (10:1)
(Tran-Gia & Lassmann, 2019). We filled the total volume of the spheres (47.8 ml) with 80.6
MBq *"’Lu, which was equivalent to 1.78 MBg/ml. We filled the background with 1,812 MBq
17y (0.178 MBg/ml). SPECT/CT acquisition was performed using standard clinical settings

(Table 3-2).

For 1311, sphere-to-background activity concentration ratio was based on published data of ~
11.4 mean lesion-to-background ratio in 98 lesions of 31 patients using *3!I-whole-body scan
post MRT (Rubello et al., 2007). We filled the total volume of the spheres (47.8 ml) with 16.2
MBq **1-Nal, which was equivalent to 0.3 MBg/ml. We filled the background with 318 MBq
1311 (0.03MBg/ml) to achieve 10:1 sphere-to-background activity concentration ratio.

SPECT/CT acquisition was performed using standard clinical settings (Table 3-2).

The images were reconstructed using the HERMES SUV-SPECT reconstruction settings. The
CF, phantom/radionuclide, and activity/time information, as well as the attenuation
correction/resolution recovery (RR)/scatter correction was appropriately entered for each

system.
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SUVmean, SUVmax, and SUVeak Were measured for each sphere by placing spherical VOIs equal
to the spheres' inner diameters (37, 28, 22, 17, 13, and 10 mm) using CT data to guide the
positioning. Then five 3-cm diameter spherical VOIs were placed in the background (Fig. 3-
3). ldeally, the background SUVmean value should equal 1, and the largest sphere should have
an SUVmax value of 10, which would confirm that the activity concentration ratios are those
detailed in the procedure. However, we expected the SUVs to drop in value with decreasing
sphere size due to the PVE, which can be compensated for by determining the cRC curve

defined by the following equation:

C = C(Sph)/C (Bkg)

= A(Sph)/A(Bkg) Eq.3-5
Where:
C (Sph): all counts measured in the hot sphere VOI.
C (Bkg): average counts from three background VOls.
A (Sph)/A (Bkg): the ratio of the hot sphere and background true activities.
.
.
.-

Figure 3-3: SPECT/CT acquisition of NEMA IEC body phantom with six inserts, reconstructed fused, SPECT, and CT
transaxial image of b)!""Lu, and c)!3!1 NEMA phantoms. VOI delineated using CT transaxial image reference copied to
SPECT data.
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3.4.Results

3.4.1. Y"Lu-DOTA-TATE 2D and 3D Image Optimisation and Validation

System Sensitivity (Calibration Factor, CF) and Dead time

The CF was generated using Eq. 3-4 for a whole-body image. Table 3-4 shows the geometric
mean CF for the whole-body phantom scan and the CF per detector. HERMES SUV-SPECT
software was used to calculate the CF for different systems (Table 3-5). Multiple SPECT/CT
phantom tests using different levels of 7’Lu activities were measured using the
PRECEDENCE system, as illustrated in figure 3-4. The CF (11.1 cps/MBq) for 1,137 MBq
activity was standardised as the closest value to that observed for patient activity during a 24-
hour scan. The manual calculation of CF for each activity level was compared against the
HERMES calculation, as shown in figure 3-5. The manually calculated CF for the highest
activity (1,137 MBq) was 9.4, whereas a CF of 10 was calculated for the lower three activity
levels. The three systems CFs were used to estimate the phantom activity, and these values
were compared against the true activity value (Table 3-5). The volume CF of 11.1 cps/MBq
resulted in the most accurate activity estimate (1,124 MBq), which differed from the actual

activity by only 1%.

Table 3-4: Systems sensitivity using 1’Lu whole-body cylindrical phantom imaging.

ID Detector CF (cps/MBq) Geometric Mean CF
(cps/MBq)
Precedence (Philips) System Anterior 33 31
Posterior 3
Symbia T16 (Siemens) System Anterior 35 34
Posterior 33
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Table 3-5: 7Lu radionuclide (208 keV, energy window) calibration factor (cps/MBq) for three SPECT/CT scanners. CF
generated using HERMES SUV-SPECT software (OSEM, scatter and attenuation correction, CDR, 80 updates (10
iterations& 8 subsets).

ID CF (cps/MBq) Measured activity True activity
concentration (kBg/ml) concentration at scan
Hermes time (kBg/ml)
Dose-calibrator
PRECEDENCE (Philips) 1.1 132 138.6
INTEVO BOLD (Siemens)System 1 11.7 172.2 172.5
INTEVO BOLD (Siemens)System 2 10.8 171.2 1735
13 118 11.7 119
11.1
12 * * *
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=
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=
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ACTIVITY (MBq)

Figure 3-4: 177Lu volume Calibration factor (CF)for different phantom activities calculated using HERMES SUV- SPECT
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Figure 3-5: Phantom dose-calibrator true activity (1137MBq) compared to Hermes measured one using different CF.
11.1cps/MBq (HERMES calculation) and 9.4 & 10 cps/MBq were calculated manually from DICOM header total counts
without compensation, respectively, presenting high and low activity

Figure 3-6 illustrates the count rate (cps) losses difference using a CF of 11.1 cps/MBq

compared with the true count rate regarding the dead-time effect. The highest difference of
17.5% was recorded at 1137MBq.

20
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10

count rate %

Percentage Difference true vs. measured
o N & o)) (o]

200 400 600 800 1000 1200
Activity (MBq)

Figure 3-6: ""Lu-Cylindrical homogeneous phantom count rate difference scatter plot presenting dead time effect as the
difference percentage between the true count-rate and the measured count-rate of a detector, is used to correct the acquired
image counts for counts lost due to detector.
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Iterative Reconstruction

OSEM updates starting from 8 to 280 were plotted against the normalised total activity and
activity concentration (Fig. 3-7). In this study, we acquired a 64-angle SPECT acquisition from
each detector (a total of 128 angles). This means 128 angles can be distributed evenly to 2,4,8,
& 16 subsets. We used eight subsets, so the reconstructed images are updated 16 times for each
iteration. Increasing updates increased total activity towards convergence, and 90%

convergence was obtained at approximately 80 updates.

The CoV and RE values were calculated to estimate the precision and accuracy of OSEM
updates for quantitative purposes. Figure 3-8 illustrates that CoV, as a percentage, increased
with increasing updates for both systems (INTEVO BOLD & PRECEDENCE). For the SUV-
SPECT quantitative calculations, activity concentrations in kBg/ml were considered the
principal representative value, optimised with increasing precision at 80 updates, when the
CoV fell below 10% (3% CoV for INTEVO BOLD and 8.5% CoV for PRECEDENCE

cameras).
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Figure 3-7: lterative reconstruction using OSEM starting from 8 to 280 updates for *”’Lu cylindrical phantom experiment
filled with 1137 MBq. VOI delineated in consecutive ROIs over phantom trans-axial view on CT image and copied to SPECT
data. Normalized Total counts increased with more updates, and convergence reached 80 updates for both
scanners a) and b). ¢) Measured & true activity concentration (kBg/ml) difference (%).
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Figure 3-8: Increasing updates on activity concentration using CoV as precision measurement.

As shown in figure 3-9, the obtained RE reached a minimum value of 1% at 80 updates for the
PRECEDENCE system. However, the INTEVO BOLD system showed a higher RE (6%) than
the PRECEDENCE at 80 updates. A seemingly smoother variation of noise with increasing
updates on the PRECEDENCE reconstruction platform seems to indicate some sort of
regularisation in the implementation of the algorithm.

Moreover, the effects of the OSEM updates on the noise level of the SPECT/CT images were
investigated visually using data from an MRT patient study performed 24 hours post-
administration of ¥’Lu-DOTA-TATE. Figure 3-10 illustrates increased image noise as more

counts were recorded with more updates.
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Figure 3-9: Increasing updates on total counts, count rate, and activity concentration. Relative error was obtained as an
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Figure 3-10: Visual evaluation of noise level using OSEM (5,10,15,20,25 iterations and eight subsets) reconstructed SPECT
images from MRT patient study 24 hours post-administration *’’Lu-DOTA-TAT
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SUV-SPECT Analysis

SUV-SPECT values presented an optimal SUVmean equal to 1 and a measured activity
concentration using HERMES with a less than 5% difference compared with the true activity
from the dose-calibrator for the PRECEDENCE system and a less than 2% difference
compared with the value for the INTEVO BOLD system (Table 3-6). More factors that might
affect the SUV value, including several OSEM updates and thresholds, were analysed and
presented in figure 3-11. Several OSEM updates showed no effects on the SUVmean, but the
SUVmax and SUVeak Values increased slightly with more updates. In contrast, the relative to
max threshold method (VOI with an isocontour percentage growing for the maximum voxel
position) presented no effects on SUVmax and SUVyeak, Whereas the SUVmean achieved an
outstanding value at a 45% threshold. Figure 3-12 confirms that a 40%-45 % of maximum
SUV threshold showed a more reliable estimation of the actual phantom activity with minimum

relative errors of 0.1% and 1%, respectively.

Table 3-6: Cylindrical homogeneous phantom SUV values generated using HERMES SUV-SPECT software for three
SPECT/CT systems using 80 updates OSEM.

Measured True Difference
activity activity
System SUVmean SUVnin SUVmax  SUVpeak  CONcentratio  concentratio %
n (kBg/ml) n (kBg/ml)
Hermes Dose-
calibrator
PRECEDENCE (Philips)  1.00 0.78 1.37 1.35 132 138.6 5
INTEVO BOLD 1.02 0.81 1.19 1.16 172.2 172.5 0.2
(Siemens)1
INTEVO BOLD 1.01 0.87 1.24 1.2 171.2 1735 1.3
(Siemens)2
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Figure 3-11: Effect of a) OSEM updates and b) relative to maximum SUV threshold% on SUVmean, SUVmax, and
SUVpeak.8-cm sphere VOI was delineated at the middle of the phantom.
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Figure 3-12: Threshold effects on total cylindrical homogenous phantom activity (scan time was 1137 MBq).

Concentration Recovery Coefficient (CRC)
For validation purposes, these measurements were also performed on the NEMA IEC. The cRC
curve created for each sphere showed the effects of increasing OSEM update numbers and VOI

delineation using spherical and threshold methods.
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We estimated the SUV value and RC for each object to correct the PVE and accurately quantify
the VOI. The cRC tends to increase with increasing sphere sizes and update numbers. With a
37-mm diameter, the ’Lu immense sphere showed an almost optimal cRC, equal to 1 at 80
updates (Fig. 3-13a). At 80 updates, the SUVmax presented the closest value to the true SUVmax

(Fig. 3-13, b).

We identified the optimal percentage threshold of the maximum voxel value to define sphere
volume accurately using various relative to max threshold values. The VOI delineation method
had no effects on SUVmax or SUVpeak, Whereas SUVmean reached an excellent value equal to 1
at a 45% threshold. Figure 3-14 confirmed that a 33%-34 % threshold value resulted in a more

reliable estimation of the actual sphere volume for the *’Lu immense sphere (37 mm diameter).
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Figure 3-13: a) Recovery coefficient (RC) of mean activity concentration (kBg/ml) and b) SUVmax versus updates for the
13mm, 17mm, 22mm, 28mm, & 37mm. SUV sphere-to-background ratio was 10:1 for all spheres. 10mm sphere was
excluded due to low activity contrast compared to the background.
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Figure 3-14: Effect of VOI delineation method using relative to max Threshold % on 37mm sphere volume.

3.4.2. !1-Nal 2D and 3D Image Optimisation and Validation

System Calibration Factor (CF)

Both Siemens systems showed comparable CF/detector using the thyroid neck phantom (Table

3-7). Both systems’ CF geometric mean was equal to 6¢cps/MBg/detector.

Table 3-7: Systems whole-body calibration factors (CF, cps/MBq) per detector and geometric mean (GM) using *311 whole-
body thyroid uptake neck phantom imaging.

ID Detector CF (cps/MBQ) Geometric Mean CF
(cps/MBQ)
Anterior 10 6.3
INTEVO BOLD (Siemens) System Posterior 4
Anterior 9 6
Symbia T16 (Siemens) System Posterior 4
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HERMES SUV-SPECT software was used to calculate the volume CF for $*11-SPECT/CT. The
CF (41 cps/MBq) was standardised for the INTEVO BOLD system. Both systems’ CFs were
used to estimate the phantom activity, and these values were compared against the true activity
value (Table 3-8). The CF of 41 cps/MBq resulted in the most accurate activity estimate (51.6

MBq), which differed from the true activity (calibrator) by < 1%.

Table 3-8: ¥ radionuclide calibration factor (cps/MBQq) for three SPECT/CT scanners. CF generated using HERMES
SUV-SPECT software (OSEM, scatter and attenuation correction, CDR, 48 updates (6 iterations & 8 subsets)

ID CF (cps/MBQ) Measured activity True activity
concentration (kBg/ml) concentration at scan
Hermes time (kBg/ml)
Dose-calibrator
INTEVO BOLD (Siemens)System 1 41 6.3 6.2
INTEVO BOLD (Siemens)System 2 42 6.4 6.2

Iterative Reconstruction

OSEM updates starting from 8 to 280 were plotted against the normalised total activity and
activity concentration (Fig. 3-15). Subsets of 8 were used for all iterations to reconstruct 64
acquired projections. Total activity increased with increasing updates, and 90% convergence
was obtained at approximately 48 updates.

Figure 3-16-a illustrates that CoV, as a percentage, increased with increasing updates. For the
SUV-SPECT quantitative calculations, activity concentrations in kBg/ml were considered the
principal representative value, which was optimised with increasing precision and plateaued at
a minimum CoV value of 3% between 16 and 48 updates. As shown in figure 3-16-b, the
obtained RE reached the peak RE of 4% at 32 updates and declined gradually to 0.5% at 280

updates.
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Figure 3-15: Iterative reconstruction using OSEM starting from 8 to 280 updates for **I-cylindrical phantom experiment
filled with ~51 MBq. VOI delineated in consecutive ROIs over phantom trans-axial view on CT image and copied to SPECT
data. Normalised total activity increased with more updates, and 90% total activity convergence was reached with

48 updates.
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Figure 3-16: Effects of an increasing number of updates on activity concentration using a) Coefficient of variation (CoV) as
precision measurement and Relative error (RE) obtained as an accurate measurement. VOI were delineated manually using
CT image reference.
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SUV-SPECT Analysis

SUV-SPECT values presented an optimal SUVmean equal to 1 and a measured activity
concentration with less than a 1% difference compared with the actual value for INTEVO
BOLD system (Table 3-9). More factors that might affect the SUV value, including several
OSEM updates and thresholds, were analysed and presented in figure 3-17. Several OSEM
updates showed no effects on the SUVmean, but the SUVmax and SUVpeak values increased
slightly with more updates. In contrast, the threshold method presented no effects on SUV max
and SUVpeak, Whereas the SUVmean achieved an outstanding value at a 45% threshold.
Regarding estimated sphere volume, figure 3-18 confirmed that the 30 % threshold showed a

more reliable estimation of accurate volume for the immense sphere (37mm diameter).

Table 3-9: Cylindrical homogeneous phantom SUV values generated using HERMES SUV-SPECT software for three
SPECT/CT systems using 48 updates OSEM.

Measured activity True activity
concentration concentration
Radiopharmaceutical CF (cps/MBQq) SUVmean SUVmax SUVpeak (kBag/ml) (kBg/ml)
| 41 1.02* 1.21 1.17 6.3 6.22
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Figure 3-18: Effect of VOI delineation method using relative to max Threshold % on 37mm sphere volume (1311-NEMA
Phantom) (True volume is 26 cc)
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Concentration Recovery Coefficient (cCRC)

The cRC tends to increase with increasing sphere sizes and update numbers. With a 37-mm
diameter, the largest sphere showed an almost optimal cRC, equal to 1 at 48 updates (Fig. 3-
19-a). At 48 updates, the SUVmax presented the closest value to the true SUVmax (Fig. 3-19-b).
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Figure 3-19: ¥I-NEMA Phantom a) Recovery coefficient (RC) of mean activity concentration (kBg/ml) and b) SUVmax
versus updates for thelOmm, 13mm, 17mm, 22mm, 28mm, & 37mm. SUV sphere-to-background ratio was 10:1 for all
spheres.

3.5.Discussion

The standardisation and validation methods presented in this study confirmed the feasibility of
performing ’Lu and 3! quantitative SUV-SPECT/CT with optimised reliability. This study
investigated the quantitative accuracy and precision of both reconstructed activity
concentrations and SUV. The protocol was based on MIRD23, MIRD24 MIRD26, and IAEA
(2014) guidelines and recommendations (Dewaraja et al., 2012, 2013; IAEA, 2014.; Ljungberg
et al., 2016). The primary aim was to estimate the optimum system sensitivities (CF) and the
cRC. Accuracy was evaluated using several compensation methods, such as OSEM updates

and defining the VOI (Table 3-10).
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Table 3-10: Standardised SPECT/CT acquisition and processing parameters for 7Lu and **!|

Radioph System Number Acquisition Energy Collimator CF OSEM VOl
armaceu of views/ time/View window (cps/MBQ) Updates segmentation
tical Detector (second) (iterations (Percentage
*subsets) threshold of
maximum
SUV)
Ly PRECEDENCE 64 20s 208 keV ME 111
(Philips)
INTEVO BOLD 11.7 .
(Siemens)Syste 80 (11078) 33%
ml
INTEVO BOLD 10.8
(Siemens)Syste
m2
181 INTEVO BOLD 32 25s 364 keV HE 41
(Siemens)Syste
m1 48 (i6*s8) 30%
INTEVO BOLD 42
(Siemens)Syste
m 2

A key factor that can affect activity recovery is the number of OSEM updates; As updates
increase, the image noise increased, and image voxels converged to higher values. The CoV
values were measured and tended to increase with increasing updates. However, a slight
reduction in the ’Lu CoV by almost 1% was observed at 80 updates for the INTEVO BOLD
system, which recovered to 2% with additional updates. This finding was comparable to the
results reported by Mezzenga et al. (2017), who reported a relationship between the CoV of a
Jaszczak homogeneous phantom and the number of updates (Mezzenga et al., 2017). The most
noticeable difference observed between the present study results, and those of Mezzenga et al.
(2017) was that the *""Lu activity concentration CoV in the present study ranged between 2%
and 10% for both systems. However, their study reported a CoV’s 10% to 20% range. They
suggested that the CoV difference between a homogeneous and a Jaszczak phantom could be
due to differences in VOI positioning (Mezzenga et al., 2017). The VOI delineation method
can significantly alter both CoV and RE values. To overcome this issue, a standardised method
was used to define VOIs, as described in the present study's Methods. Fortunately, this provided
us with a more reliable estimate of activity for each VOI at different update levels. In terms of

the quantitative precision and accuracy of SPECT, increasing updates reduced the precision
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but increased the accuracy. MIRD pamphlet no. 23 agree with CoV and RE findings and the
number of updates (Dewaraja et al., 2012). This study used 80 updates as the optimum OSEM
reconstruction as almost 90 % of 1"’ Lu total activity convergence was reached.

Representative patient 1’’Lu-DOTA-TATE SPECT/CT images were used to evaluate the noise
levels as a function of update numbers. The noise level appeared to increase with an increasing
number of OSEM updates. At 80 updates, acceptable image contrast, noise level, resolution,
and quantification were achieved, as shown in figure 3-10. Consequently, optimum diagnosis
and quantitative assessment support MRT follow-up and interpatient comparisons. MRT
optimisation to obtain clinically meaningful results was expressed by using SUV values. SUV
is considered a convenient method for quantifying SPECT uptake that has been normalised
against the injected activity and body habitus. Our phantom study showed a steady SUVmean
with an ideal value equal to 1, indicating the homogeneous distribution of activity for both
radioisotopes *’’Lu and **1.

To evaluate PVE correction, we reported the cRC from six spherical inserts of various sizes.
The highest recovery was observed with higher update numbers. The largest two inserts (26.5
ml and 11.5 ml) achieved 95% and 57% ’Lu activity concentration recovery rates after 96
updates. The maximum cRC values for these inserts increased 100% and 80%, respectively, at
240 updates, and these values are similar to the reported 85% and 75% values (Hippeléinen et
al., 2016).

Three SUV metrics are used to evaluate PET images, including the SUVmean, SUVmax, and
SUVpeak. SUVmax is the most used metric for PET quantification, representing the maximum
SUV within a volume. The SUV mean represents the mean value of all SUVs within a segmented
volume. The SUVmean depends on the threshold technique for VOI delineations, and higher
sensitivity to PVEs makes it less usable (Frey et al., 2012). SUVpeak has become more widely

used because it is less affected by VOI delineation than SUVmean and less affected by PVE than
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SUVmean. SUVpeak refers to the maximum activity concentration in a 1 cm® volume within a
VOI. Because the VOI delineation method can affect SUVs, the standardised method was
assessed using a NEMA body phantom. Using CT images as a reference to define VOI is the
preferred method due to its high-resolution anatomic image set. However, if the VOI cannot
be determined on a CT image, relative to the max threshold and manual methods can be used.
Concerning 31, the calibration factor has been tested using the same method applied in many
studies (Dewaraja et al., 2005; Gear et al., 2020; Gregory et al., 2019; Zhao et al., 2018).
Variations of reported CF were reported between different manufacturers and detector physical
properties and collimator types for *’Lu and **1 (Lassmann & Eberlein, 2018; Zhao et al.,
2018). In addition, the reconstruction software algorithm can cause a considerable difference
in CF for the same SPECT/CT scanner model and manufacturer. A recent study reported |-
CF of 74cps/MBqg for the INTEVO BOLD system using Vendor-specific reconstruction
software/algorithm (Taprogge et al., 2020). Moreover, only a 1.5% difference was reported for
the *311-CFs when different source geometries, such as a cylindrical phantom, a sphere in cold
cylindrical phantom, a sphere in air and a point-source, were applied (Morphis et al., 2021).
Our study obtained the volume CF using a homogeneous cylindrical phantom that mimics the
patient’s habitus scatter and attenuation conditions (Dewaraja et al., 2013).

Both radioisotopes **!1 and *’Lu SPECT/CT quantification are feasible with high accuracy and
can be optimised using standardised acquisition and reconstruction methods, as shown in our
results. Quantitative image optimisation and a validation process must be developed and tested
for each radioisotope, system model, physical detector properties, crystal thickness, and
collimator type.

Iterative reconstruction of 48 and 80 updates for 3! and ’Lu was chosen to apply to
prospective patient data. This selection was based on 90% total activity convergence, and cRC

for the immense sphere (37 mm) met the ideal value of 1. Moreover, a 30% VOI threshold for
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1311 will define lesion or remnant thyroid tissue for differentiated thyroid cancer MRT. This
agreed with a reported study that showed a robust linear correlation (R=0.99) in determining
volume activity concentrations using 30% VOI threshold and maximum-voxel dosimetry
methods (activity per voxel) (Minguez et al., 2016).

The major challenge in quantitative MRT imaging is the partial volume effect (PVE). It is more
considerable in 11 due to the high energy collimator’s septal scatter and penetration. The PVE
can be compensated partially by applying CDR in reconstruction. However, the NEMA
phantom with spheres validation method can compensate for the spill-in or spill-out effect

using the mean concentration recovery coefficient (Morphis et al., 2021; van Gils et al., 2016).

3.6.Conclusion

SUV-SPECT/CT quantification can be optimised with implemented compensation protocols.
This study investigation showed the optimal accuracy and precision of absolute SUV-
SPECT/CT quantification protocols for *"’Lu and 31 SPECT/CT. Optimised and validated
SUV metrics can be considered for monitoring a treatment response during MRT using 17’Lu

and 1.
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CHAPTER 4

4. Neuroendocrine Tumour (NET) PRRT Response
Assessment Using Quantitative SUV-SPECT-PET &
Biochemical Metrics

Page 74 of 218



Abstract

Aim/Introduction: Single-photon emission computed tomography (SPECT)/computed
tomography (CT) and positron emission tomography (PET)/CT imaging are routinely used to
verify radiopharmaceutical distribution in patients undergoing peptide receptor radiotherapy
(PRRT). We used quantitative imaging, combined with clinical metrics, to investigate whether
serial changes in standardised uptake values (SUVs) correlated with clinical response in
neuroendocrine tumours (NETS).

Method: Retrospective data from 20 patients with histologically confirmed, unresectable
metastatic NET were analysed. Patients received four cycles of 7.4 GBq Lutetium-177 [*"Lu]
Lu-DOTA-TATE therapy and had pre-treatment and post-treatment PET/CT images using
Gallium-68 [%®Ga] Ga-DOTA-TATE. SUV was measured in individual lesions and normal
tissues from 40 SPECT/CT images (24 h post-PRRT Cycles 1 and 4) and 39 PET/CT scans.
Haematological parameters and biochemical markers (including chromogranin A [CgA] and
chromogranin B [CgB]) were assessed before Cycles 1 and 4.

Results: A significant correlation was shown between SPECT/CT- and PET/CT-derived SUV
measurements (rs= 0.8, p < 0.05). The SUVmax-SPECT/CT for Cycle 1 PRRT varied from 2.5
to 141.7 (mean 30 + 24). The SUVmax-PET/CT at baseline before PRRT ranged from 11.5 to
105 (35 £ 18). A decrease in the SUVmax-SPECT/CT, ranging from —0.25% to —98% (mean
—45% + 29.6%), was observed in 89% of lesions following PRRT. The PET/CT SUVmax Was
reduced by 34% * 27.5% in 66% of lesions. Lesion to spleen (LTS) and lesion to liver (LTL)
ratios showed a strong, positive, linear correlation (rs= 0.8, p < 0.05) in both SPECT/CT and
PET/CT imaging. CgA and CgB showed moderately positive correlations with changes in
SUV-SPECT/CT metrics.

Conclusion: Measurement of SUV changes derived from quantitative SPECT and PET/CT is
useful and feasible to evaluate response to radionuclide therapy. SUV-SPECT/CT can be used
as an early assessment metric between successive PRRT cycles.
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4.1.Introduction

Neuroendocrine tumours (NETs) are abnormal growths originating from enterochromaffin
cells in the bronchial and gastrointestinal tracts. Gastroenteropancreatic (GEP) NETs are
tumours that originate in the gastrointestinal tract and pancreas. The classification of
neuroendocrine tumours is discussed in more detail in Chapter 1, section 1.1.2. NETs are
grouped according to their proliferation index (Ki67) into three main grades for prognosis
stratification. Grades 1 and 2 (G1 and G2) NETs are well-differentiated, with benign behaviour
for G1 and low-grade malignant behaviour for G2. Grade 3 (G3) NETSs are characterised by
poor differentiation and high-grade malignant behaviour. NET differentiation indicates how

similar neoplastic cells are to non-neoplastic ones (Feelders et al., 2012; Rindi et al., 2022).

Generally, NET development involves the overexpression of somatostatin receptors (SSTRs),
and the SSTR subtypes SSTR2, SSTR3, and SSTR5 are characterised by a high binding affinity
for structural SST analogues (SSASs), such as octreotide and lanreotide (Feelders et al., 2012;
Rindi et al., 2022). Octreotate (Tyr?, Thré-octreotide), is a newly developed SST analogue with
a 6- to 9-fold higher affinity for SSTR2 than octreotide. The chelated analogue, [DOTA]°-Tyr-
octreotate (DOTA-TATE), is labelled with a gallium-68 (®Ga) to perform positron emission
tomography (PET) scans to facilitate NET localisation and with the dual B-y-emitter lutetium-
177 (*"'Lu; Epmax = 0.49 MeV, Rpmax = 2 mm, and T2 = 6-7 days) for molecular radiotherapy
(MRT) (Kapoor & Kasi, 2022; Navalkissoor et al., 2017; Yang et al., 2014). The longer tumour
residence time of radiolabelled octreotate delivers a higher absorbed tumour dose than

octreotide (Esser et al., 2006).

[Y""Lu] Lu-DOTA-TATE binds to NET cells that overexpress SSTR2 and is administered

through four intravenous cycles over a total of 8 to 10 months for PPRT (Bodei et al., 2016;
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Mujica-Mota et al., 2018). [1’Lu] Lu-DOTA-TATE molecular imaging and dosimetry studies
can be performed simultaneously, and the [*""Lu] Lu-DOTA-TATE compound is the most used

theranostic form of peptide receptor radiotherapy (PRRT) today (Bodei et al., 2016).

PRRT is used for the treatment of unresectable or metastatic, well-differentiated NETS,
delivering highly localised radiation by targeting SSTR expressing tumour cells (Sorbye et al.,
2020) . [*""Lu] Lu-DOTA-TATE has been shown to be effective for treating advanced Grade
1 and 2 pancreatic and midgut NETS, resulting in increased overall and progression-free

survival (Ezziddin et al., 2014; Strosberg et al., 2017,2021).

PET/CT is a fundamental type of quantitative imaging modality that can be used to determine
the standardised uptake value (SUV), which represents the radionuclide concentration in a
target volume divided by the injected activity (IA) and normalised according to body weight,
body mass, or lean mass as shown in chapter-3 equation 3-1 (Bailey & Willowson, 2013; Kozak
et al., 2005). In 8F-FDG PET imaging, high SUV values correspond to the metabolic activity
levels of several diseases, particularly cancer (D’Arienzo & Cox, 2017; Jadvar, 2014). PET-
peptide imaging demonstrates the SSTR expression status of NET cells that are not visualised
on PET-FDG due to their low metabolic rate. PET-peptide avidity is essential in selecting
patients for PRRT (Campana D. et al., 2010). Although the role of ®3Ga- DOTA-TATE
PET/CT-derived SUV as a quantitative means of assessing response to PRRT has not been
extensively investigated, a recent review showed that quantitative molecular [®8Ga] Ga-DOTA-
TATE can be applied during PET/CT imaging to assess the PRRT response (Lee O. et
al.,2022). Different SUV metrics were proposed for ®Ga- DOTA-TATE imaging, such as
lesional SUVmax, mean SUVmax, SUVmax lesion to the liver ratio, and SUVmax lesion to spleen

ratio (Ortega et al., 2021; Sharma et al., 2019).
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Depending on the half-life of the radiolabel used, nuclear medicine imaging can estimate the
whole-body clearance and retention of a therapeutic radiopharmaceutical by both target and
non-target organs over several days. A 2-dimensional (2D) gamma camera quantitative
approach was applied to generate quantitative data from whole-body planar images (Bailey et
al., 2015). However, the accuracy of 2D quantification from planar images is limited by
systematic errors, even with the application of scattering and attenuation corrections
(Hanscheid et al., 2018; Zimmerman et al., 2017). SUV measured by single-photon emission
computed tomography (SPECT) has not been widely investigated as a quantitative tool for
assessing MRT response, such as changes resulting from PRRT in NETs. This may be due to
limited use of SUV-SPECT in general, potentially related to lack of hardware (e.g., CT for
attenuation map derivation) or software resources (e.g., attenuation, scatter, and resolution
recovery compensations as part of iterative reconstruction) or lack of established calculation

protocols and reporting standards.

SPECT/CT-derived SUV changes have never been investigated or correlated with other well-
evaluated PET/CT SUV metrics and biochemical tumour markers, which are currently used to
assess the NET response to PRRT. Chromogranin A (CgA) is an accepted biochemical marker
used to assess the efficacy of PRRT in NETs. Chromogranin B (CgB) is used as a secondary
marker when CgA is within the average reference levels (Monaghan et al., 2016; Ramage et
al.,, 2012). Other NET biomarkers, such as insulinoma-associated protein 1 (INSM1),
synaptophysin, neuron-specific enolase, pancreatic polypeptide and SSTR (Rindi et al., 2022)
are associated with specific NET subtypes. Paraganglioma, a rare NET type arising from
neuroectodermal tissues secretes catecholamines such as dopamine, norepinephrine

(noradrenaline), and epinephrine (adrenaline) (Rindi et al., 2022, Mete O. et al., 2022).
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4.2.Aims

Image quantification may play a role in monitoring the changes induced by MRT. We
hypothesise that, in well differentiated NETS, a decrease in radiopeptide uptake on serial

quantitative imaging may correlate with treatment response in NET patients undergoing PRRT.

We assessed the role of quantitative SUV-SPECT/CT [}""Lu] Lu-DOTA-TATE response to
PRRT in NET, which we compared with pre-therapy and post-therapy [*®Ga] Ga-DOTA-TATE
SUV-PET/CT values. As there are no published guidelines for using SUV-SPECT metrics, we
evaluated all the metrics proposed for PET-peptide imaging, including lesional SUVmax and
mean SUVmax. Lesional SUVmax measurements were compared with the homogeneous healthy
background SUVmean and SUVmax Of the liver and spleen tissue. Finally, SUV correlations were

compared with the biochemical markers CgA and CgB.

4.3.Methods

SPECT/CT and PET/CT images obtained from 20 NET patients (mean age 62.3 + 8.8 years)
treated at Guy's & St. Thomas' NHS Foundation Hospitals Trust were analysed retrospectively.
All patients (9 male and 11 female) were diagnosed with histologically confirmed,
unresectable, metastatic NETs. [®®Ga] Ga-DOTA-TATE PET/CT imaging was performed
before (60£38.5 days) the first cycle and after (100+49 days) the fourth cycle of PRRT (Table
4-1). The biochemical markers CgA and CgB were analysed 3+5.8 days before the first and

102+25.3 days after the fourth cycle of PRRT (Table 4-1).
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Table 4-1: Summary of patients' demographics and injected activity descriptive statistics.

Minimum  Maximum Mean Std.
Age (year) 38 78 62 8.8
Weight (kg) 48 122 81 16.8
Height (cm) 157 183 172 7.8
177_u-Dotatate Injected activity at cycle 1(MBq) 7081 8000 7644 227.2
177_u-Dotatate Injected activity at cycle 4(MBq) 3780 7843 7317 861.9
58Ga-Dotatate Injected activity Pre-PRRT(MBQ) 46 249 149 65.3
88Ga-Dotatate Injected activity Post-PRRT (MBq) 46 215 129 50.4
Analysed lesions number/Patient 2 5 3.55 0.94
Interval between cyclel PRRT & Pre-PET scan(days) -167 -1 -60 385
Interval between cycle4 PRRT & Post-PET scan(days) 77 169 102 25.3
Interval between cyclel PRRT & Pre-biochemical tests(days) 0 27 3 5.8
Interval between cycle4 PRRT & Post-biochemical tests(days) 45 273 100 49

All tumours were inoperable, well-differentiated neuroendocrine neoplasms with distant
metastases (Table 4-2). 40 SPECT/CT images were acquired 24 hours post PRRT
administration, and 39 PET/CT scans (patient Dota-20 had no pre-PRRT ®8Ga-DOTA-TATE
scan) before and/or after completion of PRRT were analysed. We applied the PERCIST 1.0
protocol for selecting target lesions (Joo Hyun et al., 2016; Wahl et al., 2009) evaluating the
single lesion with maximal uptake and up to five lesions per patient (maximum two target
lesions per organ) which showed higher uptake than the designated threshold. PERCIST
defined the threshold of the lesion to be measurable at baseline to be greater than or equal to

one and a half times the liver SUVmean in a 3-cm diameter spherical VOI plus two times its

standard deviation (Eq.4-1).

Lesionrpyesnoa = Livergxy(SUVimean) - 1.5 + 25D Eq. 4-1
The same target lesions and normal organ delineation method were applied to post-PRRT PET
and SPECT following cycle four PRRT to assess changes in SUV. Seventy-one individual
SPECT/CT lesions, 63 PETC/CT lesions and non-target organs (liver, spleen, and kidneys)

were analysed to assess SUVmean, SUVmax, SUVpeak, and metabolic volume (MTV). Eight
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lesions were not identified in PET due to missing post-PRRT PET in one patient (3 lesions),
one patient with a splenic lesion was identified on SPECT but not on PET, and the remaining
four lesions were not identified in post-PRRT PET/CT. The whole liver was defined as the ROI
for five patients with conglomerate hepatic metastases.

Finally, SUV-SPECT/CT and SUV-PET/CT changes were tested for correlations with the

biochemical markers CgA and CgB changes.

Table 4-2: Patients’ clinical diagnosis and imaging characteristics

1D PET SPECT/CT scanner Number Disease Distribution SITE OF ORIGIN PET outcome
scanner- for cycle % PRRT of lesions after cycle-4
pre/post- analysed PRRT
PRRT
DOTAl Siemens Precedence 5 Skeletal & liver Unknown SD and Skeletal
PD
DOTA2 GE Precedence 4 Liver Paraganglioma PD
DOTA3 GE/ Siemens Precedence 3 Liver & peritoneum Small Bowel PD
DOTA4 GE Precedence 4 Liver, lung, and soft tissue Atypical Pulmonary PR
Carcinoid
DOTAS GE/ Siemens Precedence 5 Liver, bone, and peritoneum Small Bowel PR
DOTAG6 GE/ Siemens Precedence 3 Liver, bone, and peritoneum Small Bowel PD
DOTA7 GE/ Siemens Precedence 4 Liver, spleen, and bone Rectal PR
DOTAS8 GE/ Siemens Precedence 2 Liver and bone Atypical Pulmonary PR
Carcinoid
DOTA9 GE/ Siemens Precedence 4 Liver & peritoneum Small Bowel SD
DOTA10 GE/ Siemens Precedence 2 Liver & peritoneum Small Bowel SD
DOTA1l GE/ Siemens Precedence 4 Liver, peritoneum, and bone Unknown PR
DOTA12 Siemens Precedence 3 Liver and soft tissue Olfactory SD
DOTA13 GE/ Siemens Precedence 4 Liver Small Bowel SD
DOTAl4 Siemens Precedence 3 Liver Pancreatic PR
DOTA15 GE/ Siemens Precedence 4 Liver, peritoneum, spleen, and bone Small Bowel Mixed Response
DOTA16 Siemens Precedence 4 Liver, peritoneum, lung, and bone Small Bowel SD
DOTAL17 Siemens Precedence 3 Liver, adrenal, and lung Small Bowel SD
DOTA18 GE/ Siemens Precedence 2 Liver, peritoneum Small Bowel PR
DOTA19 Siemens Precedence/INTEVO 5 Liver, pleural, and bone Lung PR
DOTA20 * Precedence 3 Liver and bone Paraganglioma PR

*Dota20 patient had FDG PET/CT pre-PRRT and Ga68-DOTA-TATE post-PRRT.
SD=stable disease, PD=progress disease, PR=partial response.
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4.3.1. 3D Quantitative SPECT/CT and PET/CT SUV measurements

SPECT/CT images were acquired 24 hr after [*'’Lu] Lu-DOTA-TATE infusion (7480+231
MBq) using a Precedence (Philips, Netherlands) system for both cycles, except for one patient
(DOTA19) who was imaged for the fourth cycle SPECT/CT using an Intevo Bold system
(Siemens, Erlangen, Germany). Medium energy general purpose (MEGP) collimators were
used at 180°, with a 128 x 128 matrix, 15% energy window (centred on 208 keV) and a zoom

of 1.0. 128 projections were acquired for 20 seconds per angle (64 angles per camera head).

For CT acquisition, the following parameters were used: 1.5 mm thickness, 0.75 mm

increments, 120 kV, 100 mA/slice, 1.188 pitch, 0.75 rotation time, 512 x 512 matrix.

For PET/CT, a Siemens Biograph64 mCT (Siemens, Erlangen, Germany) and GE Discovery
710 (GE Healthcare, Chicago, US) were used, as shown in Table 2. Scans were performed one
hour after [%Ga] Ga-DOTA-TATE injection (mean IA 138.9 + 14.2). The average interval
between pre-PRRT PET/CT and PRRT was 2 months, and the mean interval between the last
PRRT cycle and the post-PRRT PET/CT was three months. For GE system, scan times were 4
min per bed and 5 min per bed for over 100 Kg and 11 overlap slices. For helical, low-dose CT
acquisition, the following parameters were used: 2.5 mm thickness, 3.27 mm intervals, 140 kV,
auto + smart mA, noise Index of 40, range 15 -100 mA, 1.375 pitch, 0.5s rotation speed,
detector coverage of 40 mm (64 x 0.625), and 512 x 512 matrix size. For Siemens system, scan
times were 4 min per. For helical, the following parameters were used: 2 mm thickness, 2 mm
intervals, 140 kV, 20 mA, Care Dose 4D (ref. 30 mAs), 1.35 pitch, 0.5s rotation speed, detector

coverage of 19.2 mm (64 x 0.6), and 512 x 512 matrix size.
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4.3.2. 3D Image Reconstruction

SPECT data were reconstructed using the Hermes Hybrid 3D 3.01 beta software program
(Hermes Medical Solutions, Stockholm, Sweden). The quantification method was tested and
validated using cylindrical and National Electrical Manufacturers Association (NEMA)

International Electro-technical Commission (IEC) body phantom.

The patients” SPECT/CT images were reconstructed based on a phantom-optimised protocol,
using iterative reconstruction algorithms, ordered subset expectation maximisation (OSEM)
with 80 updates (10 iterations and eight subsets), attenuation, scatter, and collimator-detector
response correction. The PET/CT images were reconstructed using manufacturers’
recommended scanner settings and calibration. The PET/CT reconstruction method for the
Siemens Biograph64 mCT was OSEM3D+TOF, 2 iterations, and 21 subsets, whereas 2
iterations with 24 subsets VPFX was used for the GE PET/CT scanner. Similar phantom-based
calibration processes to those described in chapter 3 were previously undertaken for PET

imaging outside the current study.

The Hermes Hybrid viewer was utilised to calculate SPECT/CT and PET/CT SUV values for
both target and non-target tissues (liver, spleen, and kidneys). The VOI for individual lesions
was defined using 33% of the maximum SUV threshold for SPECT/CT, as explained in chapter
3 (section 3.4.1). CT trans-axial imaging was used as a reference to delineate the VOI of the
spleen, liver, and kidneys (Figure 4-1). For the liver and spleen background, a sphere with a 3
cm diameter was placed at homogenous background intensity of the right hepatic lobe and

spleen.

For ®8Ga-PET/CT, NEMA phantom imaging was completed as part of departmental routine

quality assurance, and we retrieved images to validate the VVOI threshold method. The spheres
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had activity concentration eight times that of the background activity (8:1). The optimum

SUVmax values of eight were reached at 42 and 45% of the maximum SUV threshold.

= -~ ’ -
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Figure 4-1: SPECT/CT images with defined volume of interest (VOI) in the first cycle of [*"Lu] Lu-DOTA-TATE at 24-hr
post-PRRT injection using HERMES SUV reconstruction software.

4.3.3. Biochemistry, Haematology, and Tumour Marker Data

Toxicity was recorded using Common Terminology Criteria for Adverse Events v3.0
(CTCAE) (Cancer Therapy Evaluation Program, 2017). Blood sample analysis was performed
less than one month before each therapy cycle and 3.3+1.6 months after the final cycle, which
aligned with the timing of follow-up PET. Routine haematology, including full blood count
[Haemoglobin (Hb), red blood cells (RBCs), white blood cells (WBCs), platelet (PLTs)] and
biochemical tests of kidney function parameters [estimated glomerular filtration rate (eGFR)
and creatinine], liver function tests [alanine transaminase (ALT), alkaline phosphatase (ALP),
bilirubin, and albumin], and the biochemical tumour markers CgA and CgB were measured
before and after PRRT (mean interval: 3 + 5.8 days before and 100 + 49 days after PRRT). The
tumour markers nor-metadrenaline and metadrenaline were substituted for CgA and CgB for

patients with metastatic neuroblastoma and paraganglioma. Metadrenaline and nor-
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metadrenaline, the inactive metabolites of the catecholamines adrenaline and noradrenaline,
showed superior diagnostic sensitivity of paraganglioma over measurement of the parent

catecholamines (Dérr et al., 2017).

4.3.4. Statistical Analysis

SPSS software (IBM SPSS Statistics 2019 v26.0 for Windows; Armonk, NY) was used for
descriptive (mean = standard deviation,SD) and inferential analyses. The one-sample
Kolmogorov—Smirnov normality test was used to verify the normal distribution of data. A
paired-sample t-test was used to evaluate the differences among normally distributed data, such
as non-target organs, while the Wilcoxon signed-rank test was used to evaluate differences
among non-normally distributed data. The Wilcoxon signed-rank test was used to precisely test
the null hypothesis that no significant difference exists between SUV values obtained during
PRRT. Spearman's correlation coefficient (rs) was evaluated for nonparametric data, whereas
Pearson's correlation coefficient (r) was evaluated for normally distributed data. A p value

<0.05 was considered significant.

4.4.Results

4.4.1. Target Tissues (Lesions) SUV Changes

SPECT and PET SUV metrics, including the mean, maximum, and standard deviations for all
lesions are presented in Table 4-3. Significant differences were observed for SUV-SPECT/CT
measurements between Cycles 1 and 4 and for PET/CT SUV measurements between pre-and
post-PRRT scans (p < 0.05). In addition, strong positive correlations were reported between all
SPECT/CT metrics (rs=0.9, p<0.05). The SPECT/CT MTV metrics showed no significant

differences from the SUV metrics (mean, max, and peak, p>0.05). Lesion functional and
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anatomical volumes were assessed in 26 lesions and showed no significant differences in cycles

1 and 4 (p=0.29 and 0.5, respectively).

Table 4-3: Descriptive statistics of Lesions SUV metrics at cycle one and four [Y’Lu] Lu-DOTA-TATE PRRT and pre &
post-PRRT [*®Ga] Ga-DOTA-TATE. SPECT/CT and PET/CT-SUV

SPECT/CT-PRRT Cycle 1 SPECT/CT-PRRT Cycle 4
Target tissues (Lesions) SUV . .
Maximum Mean +SD Maximum Mean +SD Mean Change

%

SUVmean 49 14 10 51 9 9 -34

SUVmax 142 30 24 92 19 18 -39

SUVpeak 131 27 22 88 17 17 -38

MTV* 9223 1304 3066 8584 764 1868 -41

PET/CT Pre-PRRT PET/CT Post-PRRT

Target tissues (Lesions) SUV Maximum Mean +SD Maximum Mean +SD Mean Change
%

SUVmean 63 19 12 66 17 13 -11

SUVmax 105 35 18 103 31 21 -13

SUVpeak 100 28 17 96 24 18 -15

MTV* 9223 1518 3695 9223 1181 3002 -22

*MTV=Metabolic volume (SUVmean*Volume)

Lesions having SUVmax higher than the liver-background (Bkg) on baseline PET (Bkg SUVmean

=5.5+1.7) and on SPECT (Bkg SUVmean=1.05+0.47) were considered as target lesions.

The estimated threshold (Eq.4-1) for SUV-SPECT was >2.5 based on liver background
SUVmean=1.04+0.47. The SPECT/CT lesional SUVmax after Cycle 1 of PRRT varied from 2.5
to 141.7 (mean: 30 + 24). A decrease in the SUVmax-SPECT/CT was seen in 89% of 71 lesions
on completion of PRRT, ranging from —0.25% to —97% (mean: —45% + 29%). SUVmax-

SPECT/CT in the remaining eight lesions (12%) increased by 32% + 47%.

The estimated threshold (Eg.4-1) for SUV-PET was >11.5 based on liver background
SUVmean=5.5£1.7. Lesional SUVmax-PET/CT at baseline before PRRT ranged from 11.5 to

105 (mean: 35 + 18). The SUVmax measured by PET/CT was reduced by a mean of 34% + 27%
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in 66% of lesions (42 lesions). However, 21 lesions showed an increase in the SUVmax-PET/CT

of 50% =+ 58%.

The mean lesional ®Ga-DOTA-TATE SUVmax percentage change was used to assess if the
patient responded or not to PRRT. Patients were grouped into four main categories following
PERCIST 1.0 guidelines (Complete Response, Partial Response, Stable Disease, and
Progressive disease) based on the observed SUVmax response to PRRT. Complete response was
defined when activity in all lesions was lower than mean liver activity and no new lesions had
developed. Partial response was a reduction of >30% SUVmax in target measurable tumour.
Stable disease was reported if no new lesions developed and SUVmax changes of 0 to < 30%
were observed. Progressive disease was defined as an increase of target lesions SUVmax >30%

(Joo Hyun et al., 2016).

Fifty-five per cent (n=11) of the included sample showed partial response with decreased mean
lesional SUVmax >30%, seven patients showed stable disease with SUVmax reduction <30%,
and two patients showed a mixed response. Figures 4-2 and 4-3 show examples of patients with

different responses to PRRT using SPECT and PET-derived SUVmax.
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Figure 4-2:Examples of MRT response in two NET patients Dota7 (top) and Dota5 (bottom) with different disease burden.
SPECTI/CT at 24-h following PRRT cycles 1 and 4 and PET/CT pre- and post PRRT MIP images showing changes in PET
and SPECT-derived SUV are visually correlated. Patient 7 (top) shows partial response in both SPECT and PET as SUV
reduced by >70%. Patient 5 (bottom) shows>70% reduction in the mid-abdomen lesion(arrow) in both SPECT and PET.

SPECT-Cycle-1 SPECT-Cycle-4 PET-Pre-PRRT PET-Post-PRRT

. SUVmax=32 » SUVmax= 36
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Patient 15 5 : I
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o \

Patient 11

SUVmax~§7

Figure 4-3: Examples of MRT response assessment in two NET patients with different disease burden. SPECT/CT at 24-h
following PRRT cycles 1 and 4 and PET/CT pre- and post PRRT MIP images showing patient 15 (top) with a stable disease
with no significant SUV change (<30%) and patient. 11 (bottom) with mixed response, upper lobe liver lesion (blue arrow)
reduced to background liver SUV, and the lower right lobe liver lesion was increased by 23% in SPECT-cycle-4 and by 9%
in post-PRRT PET. The remaining lesions in patient 11 were stable with no SUVmax changes.
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Figure 4-4 showed a significant, positive Spearman's correlation between the SUVpeak (s =
0.75) and SUVmax (rs= 0.71) when comparing values derived from SPECT/CT and PET/CT (P
< 0.05). The four outliers at the lower right side of the graph presented significant increases in
the post-PRRT SUV-PET/CT measurements despite a decrease in SUV-SPECT/CT
measurements following Cycle 4. Three outliers represented three lesions in one patient (Dota-
3) who showed a decrease in mean lesional SUVmax-SPECT by 37% and an increase of 162%
in PET. However, both CgA and CgB were reduced by 17% and 37%, respectively. The fourth
outlier representing mean SUVmax of the liver lesion (Dota-16) that was reduced by 21% in
SPECT and increased by 151% in PET. Dota-16 patient showed an increase in CgA by 31%,
however, CgB decreased by 28%. In contrast, another liver lesion in the same patient (Dota-
16) showed a similar SUVmax change in SPECT and PET (-16%). The changes in SUV values
between SPECT and PET imaging after PRRT may be attributed to a few different factors. One
of the main considerations is the difference in the physical properties of the radionuclides used
in SPECT and PET imaging. SPECT imaging typically uses gamma-emitting isotopes which
have a lower energy and a longer half-life compared to the positron-emitting isotopes used in
PET imaging. Due to physical characteristics of the modality, PET imaging may detect more
subtle changes in tracer uptake and has a higher spatial resolution. On the other hand, %8Ga is
confined to early uptake phase and in some cases may only partially reflect steady state uptake

(Ortega et al., 2021; Thuillier et al., 2021).
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Figure 4-4: Simple scatter graph with reference line showed Spearman's (rs) correlation (2-tailed) between PET and SPECT
lesional SUV & MTV change.

A Bland-Altman agreement plot for differences between SPECT/CT and PET/CT
measurements compared with the mean values is shown in figure 4-5. The limits of agreement
(LoA) were defined as the mean difference + 2 standard deviations. The points on the plot were
uniformly scattered between the LoA, suggesting good agreement between both SPECT CT
and PET CT derived SUV measurements. Approximately 95% of lesions showed SUV-

SPECT/CT and PET/CT measurements that were within the LoA on the Bland-Altman plot.
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Figure 4-5: A Bland-Altman agreement plots with the difference between SPECT & PET measurements against the mean.
The limits of agreement (LoA) are defined as the mean difference + 2 SD of differences.
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4.4.2. Non-target Tissue SUV Changes

Table 4-4 shows descriptive statistics (mean, maximum, and standard deviation) for the
SPECT/CT and PET/CT SUV metrics in non-target tissues. Non-target tissues in the liver,
spleen and kidneys showed differences in the SUV metrics obtained by SPECT/CT at Cycles
1 and 4. Increased SUV measurements were observed at Cycle 4 for the liver, spleen, and right
and left kidneys (17%, 20%, 11%, and 14%, respectively). Comparable increases in the same
organs were observed for SUV-PET/CT measurements (11%, 20%, 7%, and 11%,
respectively). However, renal SUV metrics showed no significant difference in liver and spleen

background ratio between SPECT/CT at cycles one and four (p>0.05).

Functional and anatomical volumes were defined using SPECT and CT images, respectively.
A total of 14 spleens, 13 right kidneys, and 15 left kidneys were analysed using a 33% threshold
for SPECT functional volume and multiple ROIs manual drawing on CT to create the
anatomical VOI in both cycles. One spleen and two right kidneys were excluded from analysis
due to splenectomy and two right kidneys were nearby the high uptake liver lesions. Significant
correlations (p<0.01) were found between functional and anatomical volumes for the spleen,
right kidney, and left kidney (R=0.86, 0.79, and 0.76, respectively). The median differences
between the functional and anatomical volumes were not significant for the spleen and right
kidney (p=0.81 and 0.74, respectively). However, the left kidney showed significant
differences between the anatomical and functional volumes (p=0.008). This may be due to
scatter from high uptake in the adjacent organ (spleen) and justifies analysis of the right and

left kidneys separately.
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Table 4-4: Descriptive statistics of non-target organs SUV metrics at cycle one and four [*"’Lu] Lu-DOTA-TATE PRRT and
pre & post-PRRT [®Ga] Ga-DOTA-TATE.

SPECT/CT-PRRT Cvcle 1

SPECT/CT-PRRT Cvcle 4

Non-target organs SUV Maximum Mean +SD Maximum Mean +SD
Liver Background:
SUVmean 3.14 1.05 0.47 3.30 1.32 0.53
SUVmax 4.45 1.60 0.69 6.03 1.98 1.05
SUVpeak 3.97 1.63 0.95 4.20 1.66 0.84
Spleen Background:
SUVmean 10.30 5.43 2.08 12.40 6.39 2.90
SUVmax 12.60 7.23 249 17.50 8.76 3.62
SUVpeak 12.20 6.78 245 17.20 8.21 3.61
Right Kidney:
SUVmean 7.55 4.33 1.35 8.28 5.16 1.65
SUVmax 36.46 10.36 6.79 31.95 10.74 5.79
SUVpeak 22.29 8.72 3.92 21.37 9.55 3.86
Left Kidney:
SUVmean 7.72 4.39 147 8.89 5.12 1.70
SUVmax 14.32 8.63 2.48 16.91 9.75 3.00
SUVpeak 13.61 8.11 2.40 15.91 9.16 2.79
PET/CT Pre-PRRT PET/CT Post-PRRT
Non-target organs SUV Maximum Mean +SD Maximum Mean +SD
Liver Background:
SUVmean 9.41 551 1.78 9.22 6.21 1.86
SUVmax 13.03 7.73 2.58 11.94 8.49 2.19
SUVpeak 14.20 6.56 2.63 10.54 7.21 2.00
Spleen Background:
SRR 31.30 15.98 6.37 31.44 18.57 6.74
SUVmax 44.00 19.87 8.35 39.76 23.51 8.17
SUVpeak 37.00 17.78 7.20 36.05 21.44 7.66
Right Kidney:
SUVmean 18.37 10.68 2.93 18.09 11.95 3.20
SUVmax 76.29 33.43 16.29 81.80 34.97 17.71
SUVpeak 50.64 24.04 9.72 44.26 24.77 8.62
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Left Kidney:

SUVmean 16.74 9.93 3.21 18.72 11.43 2.98
SUVmax 43.90 26.80 9.22 62.40 28.77 12.59
SUVpeak 28.41 19.41 5.65 31.37 21.73 5.79

4.4.3. Lesion to Liver and Lesion to Spleen Ratios

The SPECT/CT and PET/CT lesional SUVmax measurements were compared with the
background SUVmean and SUVmax results in the healthy liver and spleen tissue. The lesional
SUVmax showed a strong linear correlation with both the background SUVmean and SUVmax (I's
= 0.9, p <0.05), as shown in figure 4-6. Good agreement was observed between background
SUVmax measurements for the liver and spleen when comparing SPECT/CT with PET/CT (Fig.
4-7). Changes in the lesions overall SUVmax to the spleen (LTS) and lesion to liver (LTL) ratios
following the completion of PRRT showed significant positive, linear correlations (rs= 0.8, p
< 0.05) in both SPECT/CT and PET/CT measurements (Fig. 4-8). Overall, SPECT LTL and
LTS ratios (Cycle-1 ratios 30:1 and 5.6:1, and cycle-4 ratios 18:1 and 3:1, respectively) reduced
post-therapy by 40£33% and 46+25%, respectively. However, PET LTL and LTS ratios (pre-
PRRT ratios 6.5:1 and 2.2:1 and post-PRRT ratios 5:1 and 1.7:1, respectively) reduced by

23+35% and -25+29%, respectively.
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Figure 4-6: Simple scatter graph with reference line showed a linear correlation between lesion to the background (LTS &
LTL) SUVmax/mean and max/max in both PET and SPECT.
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Figure 4-7: A Bland-Altman agreements plot with the difference between liver and spleen background SUVmax
measurements (in cycles 1 and 4 for SPECT/CT and pre- and post-PRRT PET/CT imaging) against the mean. The limits
of agreement (LoA) as the mean difference + 2 SD of differences.
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Figure 4-8: Simple scatter graph with a reference line showed a linear correlation between lesion to liver (LTL) and lesion
to spleen (LTS) ratio change in PET/CT and SPECT/CT.

4.4.4. Biochemistry and Haematology

Renal (eGFR and creatinine) and liver (ALT, ALP, albumin, and bilirubin) biochemistry
function profiles showed no significant changes between PRRT cycles, as shown in Table 4-5.
RBC, WBC, PLT, and Hb values decreased after PRRT (p <0.05), but these changes were not
defined as clinically significant haematological toxicity (National Cancer Institute [NCI]
CTCAE Grades 0-1; Table 4-5)(Cancer Therapy Evaluation Program, 2017)). Overall, CgA
values were significantly reduced by mean -27% + 30 % after PRRT (p < 0.05). CgA and CgB
showed a significant (p <0.05) moderate, positive correlation with SUV-SPECT/CT metrics
(rs=0.3 and 0.5, respectively), as shown in Table 4-6. However, all PET/CT quantitative metrics
were weakly correlated with CgA, and weak or no correlations were observed for CgB. Weak

correlation might be because of small sample size.

Comparing SUV values from SPECT/PET with biochemical data is a promising approach to
gain a deeper understanding of the physiological and pathological processes. However, careful
consideration of statistical methods, sample sizes, data normalization, and clinical context is

necessary to draw meaningful conclusions from such comparisons.
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Table 4-5: Biochemical & Haematological Data measurements pre- and post-PRRT.

Pre-PRRT Post-PRRT

Minimum  Maximum Mean +SD Minimum Maximum Mean +SD
e-GFR 37.0 97.0 69.7 15.7 40.0 102.0 66.5 15.7
Creatinine 65.0 136.0 88.2 211 61.0 154.0 84.3 229
Haemoglobin 101.0 152.0 127.5 12.3 94.0 140.0 121.5 11.7
RBC 29 5.2 43 0.5 2.7 4.6 3.7 0.5
WBC 4.0 10.6 6.6 15 2.9 8.0 4.6 1.3
PLT 139.0 372.0 226.5 63.4 75.0 259.0 178.1 439
ALT 9.0 52.0 20.5 111 11.0 70.0 21.2 125
ALP 47.0 188.0 97.5 38.8 51.0 258.0 113.6 62.3
Bilirubin 3.0 21.0 9.8 5.3 5.0 25.0 10.7 55
Albumin 36.0 49.0 443 3.2 33.0 51.0 43.7 4.2
CgA* 20.0 37819.0 3060.2 8484.4 17.0 40000.0 2812.9 8869.0
CgB** 67.0 2017.0 386.2 468.8 74.0 7408.0 676.0 1644.7

* Nor-metadrenaline and **Metadrenaline were assessed for olfactory neuroblastoma and Paraganglioma patients.

Table 4-6: CgA and CgB Spearman's correlation coefficient (rs) with SPECT and PET Quantitative metrics.

SPECT
SUVmean SUVmnax SUVpeak MTV LTL LTS
Spearman's rho
CgA Correlation Coefficient 347 .355™ .354™ 4637 .396™ A446™
Sig. (2-tailed) .003 .002 .002 .000 .001 .000
CgB Correlation Coefficient 535" .568™ .599™ 417 299" 439"
Sig. (2-tailed) .000 .000 .000 .000 011 .000
PET
SUVean SUVmax SUV peak MTV LTL LTS
CgA
Correlation Coefficient .301" 2717 .318" .280" 254" 371
Sig. (2-tailed) .016 .031 .012 .025 .043 .003
CgB
Correlation Coefficient 275" .358™ 313"
Sig. (2-tailed) 028 .004 015

*. Correlation is significant at the 0.05 level (2-tailed).
**_Correlation is significant at the 0.01 level (2-tailed).
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4.5.Discussion

To the best of our knowledge, this is the first study to show that quantified SUV-SPECT/CT
has the potential to predict response to PRRT. We compared the changes in SPECT/CT-
measured SUV in NET patients undergoing PRRT with changes in PET/CT-measured SUV
before and after therapy for the target tissue (lesion) and non-target tissues in addition to
comparisons with biochemical markers.

We considered three SUV metrics as predictors of response; SUVmax 0f a single lesion, overall
SUVmax Of up to five lesions, LTL, and LTS SUVmax change. PERCIST defined metabolic
response using only [*®F]-fluorodeoxyglucose (FDG) (Joo Hyun et al., 2016). PERCIST
considers complete metabolic response when the lesional uptake returns to background levels
and no new FDG-avid lesions appear. The partial metabolic response is defined as a decrease
of SUV >30% from baseline (Joo Hyun et al., 2016). In FDG PET/CT studies, increased
SUVnmax is significantly associated with aggressive cancerous tissue and prognostic assessment
and is a validated metabolic response indicator (Tang et al., 2020). We applied PERCIST
criteria to our SPECT and PET SUV assessment of response to therapy, having previously
optimised and validated our protocols using phantom imaging as presented in chapter-3.
Although some attempts have been made to address the assessment of NET PRRT response by
relating [®Ga] Ga- DOTA-TATE PET/CT quantitative data to PERCIST guidelines (Haug et
al., 2010; Komek et al., 2019; Sharma et al., 2019; llan et al., 2020 Tang et al., 2020; Ortega et
al., 2021), few studies have investigated changes in [#Ga] Ga- DOTA-TATE SUVmax after
PRRT (Q. Liu et al., 2021; Joo Hyun et al., 2016; Sainz-Esteban et al., 2012; Sharma et al.,
2019). Studies investigating metabolic responses using SUV quantitative data derived from
PRRT response assessments using SPECT/CT based on [Y’Lu] Lu- DOTA-TATE

measurements during PRRT are lacking.
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Our study confirmed a strong positive correlation between SUVmean, SUVmax, and SUVpeak In
estimating changes between cycles 1 and 4 of PRRT (rs=0.9, P<0.05). We recommend using
SUVmax as it is least affected by VOI delineation and image noise. All prominent highest
uptake lesions defined on pre-PRRT baseline PET/CT corresponded with those defined on
SPECT-CT following the first cycle of PRRT. We showed that the change of SUVmax of a
prominent single lesion and averaged SUVmax Of several lesions strongly correlate for SPECT
and PET (R=0.84 and 0.95, p<0.001, respectively). Notably, SUVmax 0f the maximum peptide-
avid lesion in either SPECT or baseline PET is not always the lesion that responds best to
PRRT. For instance, we recorded two patients (hnumber 16 and 18) with the highest scoring
lesions at baseline, SPECT-SUVmax = 40, which reduced by 17% and 82%, respectively post
treatment. SUV changes varied between different target lesions in individual patients. Two
patients (numbers 2 and 11) were reported to have a mixed response, showing an example of
differential treatment response within the same patient. Lesions with stable and partial response
showed higher SUVmax at SPECT and PET baseline than those with progressive disease. This
result is consistent with a previous study of ®Ga- DOTA-TATE prior to Lu-DOTA-TATE
therapy of 37 NET patients (Teker & Elboga, 2021). The study showed that longer progression-
free survival (PFS) of 26 months was associated with higher mean lesional SUVmax
(34.15£17.89) compared to shorter PFS (8.4 months) with lower SUV max (14.69+9.17) (Teker
& Elboga, 2021). This discrepancy could be explained by NET heterogeneity and differences
in SSTR expression leading to inter- and intra-patient peptide avidity and differential tumour

responses.

Significant changes were identified for SUVmean, SUVmax, and SUVpeak Values between Cycles
1 and 4 of PRRT (p < 0.001). The majority of SPECT/CT and PET/CT responders’ lesions
(89% and 66%, respectively) showed SUVmax reductions, averaging 45% and 34%

respectively. The average change in SUVmax -PET/CT measured for all lesions of —13% was
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comparable to the reported changes in SUVmax after PRRT of —19.6% and —11.9% in other
studies (Haug et al., 2010; Sainz-Esteban et al., 2012). Liu et al. reported a decrease in the
percentage change in [®8Ga] Ga- DOTA-TATE PET/CT SUVmaxby —11.9% + 37.9% after three
[1""Lu] Lu-Dota-EB-Tate-PRRT cycles, with a mean, injected activity (1A) of 3.97 + 0.84 GBq

(Q. Liu et al., 2021).

Our study demonstrated a strong positive correlation between SPECT/CT and PET/CT changes
IN SUVmax and SUVpeak. Some patients showed comparable SUVmax -SPECT/CT and PET/CT
measurements. This result agrees well with the existing study showed strong positive linear
correlations between pre-PRRT [%8Ga] Ga- DOTA-TATE PET/CT SUVmax and [*"Lu] Lu-
DOTA-TATE PRRT voxel uptake and absorbed dose (Hanscheid et al., 2012). In 14 patients
[Y""Lu] Lu- DOTA-TATE SUV values were higher than those measured by [*8Ga] Ga- DOTA-
TATE, possibly as the result of the timing of scans post-injection (24 hr and 1 hr, respectively).
[°8Ga] Ga- DOTA-TATE shows the highest SUVma at 3 hr rather than at 1 and 2 hr, according
to Velikyan et al.(Velikyan et al., 2014). However, six patients showed higher [%3Ga] Ga-
DOTA-TATE pre-therapy SUVmax compared with the values measured 24 hours after Cycle 1

of PRRT [*""Lu] Lu- DOTA-TATE SPECT/CT.

Liver background SUVmean or SUVmax measurements showed no significant differences
between SPECT/CT and PET/CT values (p > 0.05). However, spleen and kidney SUV mean and
SUVmax changed significantly during the second measurement relative to the first measurement
for both PET/CT and SPECT/CT in patients who responded favourably to PRRT (p < 0.05).
This may reflect increased SSTR expression due to an inflammatory response in the liver and

spleen (Ortega et al., 2021).

SUVmean -SPECT/CT and PET/CT measurements increased by 18% for the spleen, 19% for the

right kidney, and 16% for the left kidney. Minimal liver background SUV variation indicates
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the stability of the scanner calibration and function, resulting in minimal SUV error (Adams et
al., 2010). Our ®Ga- DOTA-TATE SUV threshold estimation of >11.6 is comparable to the
published threshold of >13 (Sharma et al., 2019). Higher SUVmax thresholds (17.9 and 16.4)
were reported for ®Ga-DOTA-TOC (Oksiiz, M. O et al., 2014; Kratochwil C. et al., 2014).
Changes in the LTL and LTS SUV ratios measured by SPECT/CT and PET/CT showed strong
linear correlations (R? = 0.8), with good agreements between the lesional SUVmax
measurements and the liver and spleen SUVmax and SUVmean measurements. We recommend
using changes in LTL SUV unless there is evidence of liver disease, in which case LTS can be

used to assess response to PRRT.

Lesion to liver and spleen ratio can show when the lesion SUVmax becomes equal to normal
background uptake for each patient. The SPECT/CT LTL and LTS SUV measurements
decreased by mean percentages of 40+33.4% and 46+25.6%, respectively. PET/CT LTL and
LTS SUV measurements decreased by mean percentages of 23+35% and -25+29%,
respectively. A recent study reported a correlation between values measured after Cycle 1 of
[}""Lu] Lu- DOTA-TATE SPECT/CT and the pre-PRRT values measured using [*®Ga] Ga-
DOTA-TATE /DOTA-NOC PET/CT scans (Thuillier et al., 2021). Thuillier et al. reported that
the LTL and LTS SUV ratios were comparable between SPECT/CT and PET/CT for small
lesions (MTV < 3 mL). This agreed with our finding, showing that high [*"’Lu] Lu- DOTA-
TATE LTL and LTS values correlated with [®®Ga] Ga- DOTA-TATE LTL and LTS (p = 0.02

and p = 0.001, respectively).

Biochemical tumour markers showed weak to moderate correlations with changes in SUV
measured by either SPECT/CT or PET/CT. The majority of patients showed agreement
between SPECT/CT and PET/CT-measured changes in SUVmax and CgA tumour markers
(84% and 69%, respectively). Agreement between these three metrics was observed in 63% of

our sample. Additionally, CgA changes showed no significant difference to SPECT-SUVmax
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changes of single and multiple lesions (p=0.6 and 0.38, respectively). However, significant
differences were reported between CgA changes and PET-SUVmax Of single and multiple
lesions (p=0.036 and 0.050, respectively). Bodei et al. (2020) reported that PRRT response did
not correlate with CgA changes (Bodei et al., 2020). Occasionally, an increase in CgA can be
caused by tumour progression or by cell damage following PRRT.

This study reported no significant hematotoxicity or nephrotoxicity in grades 3 and 4 according
to the CTCA grading system. This result is consistent with incidences of <3% in previous
studies on a large cohort of '"Lu- DOTA-TATE (Bergsma et al., 2016; Bodei et al., 2016,

2020; Bongiovanni et al., 2022; Sabet et al., 2013; J. R. Strosberg et al., 2021).

In summary, our findings agreed with the prospective application of SPECT- SUVmax, average
SUVmax, LTL, and LTS to predict PRRT response clinical outcome. For SUV-PET, a recent
review reported that only eight studies investigated the role of %Ga- DOTA-TATE in PRRT
response assessment using SUV metrics (Lee et al., 2022). Some studies experimentally
demonstrated that the previously mentioned SUV metrics are reliable predictors (llan et al.,
2020; Ortega et al., 2021; Sharma et al., 2019; Teker & Elboga, 2021). Generally, averaged

SUVmax and LTL could be used as predictive markers to determine PRRT response.

This study proved the ability and feasibility of quantitative SPECT and PET SUV metrics and
their role in PRRT management. These obtained results justify further development of the
quantitative SUV method for more standardised and harmonised investigations to define
responses to PRRT criteria for SPECT and PET.

Despite the success demonstrated, a significant limitation was the small sample size and
retrospective data, which were not controlled for data acquisition and imaging modalities.
Finally, there was a large mean time interval between the pre-and post-PRRT %8Ga- DOTA-

TATE (60£ 38.5 days and102+ 25.3 days, respectively) and post-PRRT biochemistry data
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(100x 49 days). This reflects variations in real-world data collection that occur in routine
clinical practice and latterly, the impact of the Covid-19 pandemic.

A general issue is that we applied the SUV-PET threshold >30% to the SUV-SPECT response
assessment during PRRT. However, this threshold cannot be directly translated to SUV-
SPECT, as SPECT’s imaging characteristics differ from PET. Therefore, it is important to

establish separate thresholds for assessing tumour response using SUV-SPECT measurements.

4.6.Conclusion

Currently, MRT doses are prescribed as fixed amounts of radionuclide activity at pre-
determined intervals, regardless of the burden of disease or physiological uptake associated
with each individual patient. Few centres undertake post-treatment imaging to assess response
prospectively between cycles, and evidence to support the concept of a response—adapted
treatment approach is therefore lacking. Our study found that quantitative SPECT/CT was
reliable for evaluating PRRT responses, allowing for the use of SUV-SPECT/CT
measurements as a clinical evaluation marker in between MRT cycles. In theory, monitoring
MRT response prospectively might facilitate the optimisation and individualisation of MRT to
improve the safety and treatment outcomes for each patient. The precise documentation of each
patient's PRRT-corrected administered activity, scan time, and body weight are crucial for

accurate 3D SUV-SPECT/CT reconstruction.
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CHAPTER 5

5. Patient-Led Whole-Body Retention Monitoring -
Feasibility, Accuracy and Application to Molecular
Radiotherapy (MRT)
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Abstract

Introduction/Aims: Optimising the outcomes of MRT would benefit from reliable
measurement of absorbed radiation doses delivered to target tissues and healthy organs. Post-
treatment imaging is often performed 24-48 hours after MRT administration. This a) limits the
reliability of dose estimates and b) results in patients being provided with generic radiation
safety advice, based on worst-case assumptions of radiopharmaceutical retention. The drive
towards personalised treatment requires the development and validation of dosimetry-based
MRT, particularly for therapies that account for a high percentage of treatments such as 3!1-
Nal-Sodium iodide, and *"’Lu-DOTA-TATE.

In this study, long-term whole-body retention data was derived from patient-led whole-body
dose monitoring and combined with post-treatment early distribution whole-body imaging. We
postulate that this approach will provide reliable whole-body absorbed dose estimates and
allow personalised radiation protection advice, which might significantly improve the patient
experience.

Methods: Patients undergoing molecular radionuclide therapy using "’Lu-DOTA-TATE
(7.4GBq) for neuroendocrine tumours and 3!1-Nal for benign (600-800 GBq) and malignant
thyroid disease (1.1-7.4 GBq) were included. Planar whole-body images 24-48 hr following
Y7L u-DOTA-TATE and 3!I-Nal administration were acquired to assess early uptake. Three
17 u-DOTA-TATE patients had 4 time-point whole-body scans. Patient-led whole-body
retention measurements using a hand-held radiation monitor were used to follow each patient's
time course of radioactivity clearance for four weeks post-therapy. Pearson’s correlation and
the Bland-Altman agreement plot were applied to compare patient-led and imaging-derived
retained whole-body activity.

Results: A significant correlation was shown between patient-led and imaging-derived
retained whole-body activity (Ar) (r=0.8, p<0.05) for all MRT groups. ’Lu-DOTA-TATE
multi-time-points data sets showed comparable mean whole-body absorbed dose estimates for
both imaging and patient-led measurements (457 + 62 mGy, 253 + 24 mGy, and 150.5 + 10.6
mGy for patients no. 1,2 & 3 respectively). Both methods observed a strong linear correlation
in whole-body absorbed dose estimation (r=0.99, p<0.05). The Bland-Altman analysis
confirmed a good agreement between both methods.

Conclusion: These data show the feasibility of patient-led measurements. This study supports
the concept of integrating patient-led radiation monitoring into MRT planning and may be
useful in future for single imaging time point dosimetry. It can be considered a feasible tool for
WB retention estimates with good accuracy compared to serial quantitative imaging and offers
convenience to the patient by avoiding repeated hospital visits. In addition to enabling an
alternative dose calculation, this approach supports personalised radiation protection guidance.
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5.1. Introduction

Molecular radiotherapy (MRT) refers to the use of radiopharmaceuticals to treat benign and
malignant diseases. Optimising the outcomes of MRT would benefit from reliable
measurement of absorbed radiation doses delivered to target tissues and healthy organs. The
use of MRT in the UK expanded significantly between 2007 and 2017 both in terms of the
number of patients treated and the number of individual treatments administered (82% and
250% increase respectively) (Rojas et al., 2019). Sodium iodide [**!I] (Nal) treatment for
differentiated thyroid cancer (DTC) increased by 35% between 2007 and 2017(Rojas et al.,
2019). Further expansion is predicted following European Medicines Agency approval (EMA,
2017) and National Institute for Health and Care Excellence (NICE) recommendations (NICE,
2018) regarding PRRT for neuroendocrine tumours (NETSs) using *’’Lu-DOTA-TATE (Rojas

et al., 2019) and advances in radioligand therapy for prostate cancer (Sartor et al., 2021).

Different dosimetry methods can assess whole-body retention based on available resources.
Time-activity curves (TACs) from blood, urine and whole-body scans (WBS) following
radiotherapy are familiar sources of input data. However, whole-body and SPECT/CT imaging
can estimate biokinetic data in different tissues over time (Ljungberg et al., 2016; Zaknun et
al., 2013). The accuracy of TAC estimation is highly dependent on the sampling time and data
integrity, with a minimum of three-time points for each biological uptake and elimination phase
(Hindorf et al., 2010; Lassmann et al., 2011). However, the total number of time points needed
for dosimetry data to completely describe the activity as a function of time after administration
depends on the pharmacokinetics of the radiopharmaceutical administered to each patient
(Hindorf et al., 2010). A recent study assessed the tumour-absorbed dosimetry using multi-

time-point SPECT/CT imaging following MRT and suggested using at least four time-points
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SPECTI/CT to reduce the uncertainty of the bi-exponential time activity curve (TAC) fitting

(Finocchiaro et al., 2020).

In 2015, a study for long-term retention of Y’Lu-DOTA-TATE activity was presented by
Gleisner et al. using planar whole-body gamma camera imaging and high-purity germanium
(HPGe) detectors 5-10 weeks following administration. The study reported higher retention of
radioactivity using detector measurements and whole-body gamma imaging at 1-3 time points
between 5-10 weeks than was predicted from curve fitting from the first-week 4-time-point
post-PRRT (Gleisner et al., 2015). Moreover, the study showed that four time-point whole-
body gamma imaging between 1-7 days post-PRRT cannot accurately estimate the TAC tail

(Gleisner et al., 2015).

Flux et al. presented a curve fitting **!I activity—time model for DTC patients that required at
least three points for each phase acquired over 10 days, initially with a ceiling-mounted Geiger
counter in the therapy room and later with a whole-body shielded Nal counter (Flux et al.,

2002).

Pre-therapy dosimetry using serial blood and whole-body scintigraphy (WBS) was used to
predict TACs following high-activity 3| therapy for advanced DTC (Verburg et al., 2010). In
the study, the TAC was calculated based on serial whole-body gamma imaging and post-
therapy blood sampling (Hanscheid et al., 2009). Several dosimetry methods were applied to
estimate whole-body retention following radioactive iodine (RAI) therapy for DTC patients.
Dosimetry was performed with SPECT, a Geiger counter, blood (Flux et al., 2010), a
pressurised ionisation chamber (Barquero et al., 2008), Nal (TI) detector gamma spectrometry
system, urine (Nascimento et al., 2010), and a serial Geiger—Muller detector (Willegaignon et

al., 2006).
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Several studies have investigated the role of thyroid imaging dosimetry using SPECT/CT
following 31 for DTC patients (Fujita et al., 2020; Taprogge et al., 2019; Wadsley et al., 2017).
Activity retention in thyroid remnants was determined from 3—-4 SPECT acquisitions, blood
sampling, and whole-body external dose rate. Predicted and observed whole-body and blood

retentions were in agreement (Taprogge et al., 2021).

Oral administration of sodium iodide for treating thyrotoxicosis (hyperthyroidism) was first
described in 1923 (Chapman & Evans, 1946) and is now well established. Thyrotoxicosis due
to autoimmune hyperthyroidism (previously toxic diffuse goitre or Graves’ disease), solitary
toxic nodular adenoma, and multinodular goitre (Plummer’s disease) are accepted indications
for RAI therapy in addition to antithyroid drugs and as an alternative to surgery (Stokkel et al.,

2010).

For post-therapy dosimetry in thyrotoxicosis, a recent study reported a strong correlation (r =
0.89) between a single SPECT image-based and four time-point external dose rate
measurements using a thyroid uptake Nal crystal system in the prediction of the thyroid-
absorbed dose following RAI therapy (Fujita et al., 2020). Serial measurements using a Nal
(T)-detector following RAI therapy for thyrotoxicosis showed good agreement between the
generated time-dependent retention curve and measurement points (Andersson & Mattsson,
2021). A thermoluminescence dosimeter was used to measure the radiation dose received by
family members of patients with thyrotoxicosis or thyroid cancer treated with 31 (Pant et al.,
2006). Doses received by partners and children of patients with thyrotoxicosis treated with RAI
as out-patients revealed that 11% of children aged <3 years received more than 1 mSv

(Barrington et al., 1999).

A small study by Gils et al. (2017) was the only work to prove the feasibility of using serial

measurements for up to 3 weeks with a thyroid collar detector and single SPECT acquisition
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to determine the uptake profile and absorbed dose of the thyroid following 31 therapy in three
female patients with thyrotoxicosis. Their results revealed differences in the dynamic thyroid
uptake profiles of each patient, which added to the potential value of the collar detector

dosimetry method (K. van Gils et al., 2017).

To date, investigations into whole-body retention in MRT have been based on multi-time-point
whole-body planar and SPECT/CT imaging. However, whole-body retention evaluation via
imaging rarely continues past 7 days post-MRT administration. Multiple hospital visits and
significant resource implications are the primary constraints that limit the applicability and

consistency of serial whole-body radioactivity retention measurements.

Optimising the outcome of MRT would benefit from reliable measurement of absorbed
radiation doses delivered to target tissues and healthy organs. In our centre single time point
post-treatment imaging is performed 24-48 hours after MRT administration. This is useful to
confirm radiopharmaceutical biodistribution but does not contribute to individual dosimetry
measurements. The drive towards personalised treatment requires the development and
validation of dosimetry-based MRT, especially for therapies that account for a high percentage

of treatments, such as *’’Lu-DOTA-TATE and *3.I.

Our study investigated a novel approach using long-term patient-led whole-body retention
measurements for patients undergoing lutetium "’Lu-DOTA-TATE PRRT for NETs and

sodium-iodide [*31] therapy for benign and malignant thyroid disease.
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5.2.Aims

In this chapter, the main objective is to investigate the use of long-term whole-body retention
data derived from patient-led whole-body dose monitoring combined with early post-treatment
whole-body imaging. The study also assessed the patients’ acceptance of using a patient-led

radiation monitor.
We hypothesised that this approach would:

1. Be feasible by assessing hand-held device linearity and accuracy.

2. Provide reliable estimates of whole-body retained activity (Ar) and absorbed dose (D)
by comparing patient-led data to quantitative whole-body planar and SPECT/CT
imaging.

3. Improve patient experience.

5.3.Methods

5.3.1. Ethical Approval

This study was approved by Guy’s and St Thomas Foundation Trust Clinical Audit Committee
(N0.10515) and Health Research Authority (HRA) and Health and Care Research Wales
(HCRW) (REC ref. 21/SC/0262, IRAS no. 288352). All procedures performed in studies
involving human participants were in accordance with the ethical standards of the institution
and with the 1964 Helsinki Declaration and its later amendments or comparable ethical

standards.
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5.3.2. Human Subjects

Patients undergoing molecular radionuclide therapy using ’’Lu-DOTA-TATE (7.4 GBq) for
NET and **1-Nal for benign (600-800 MBq) and malignant (1.1-7.4 GBq) thyroid disease

were included.

To assess early uptake, we acquired single planar whole-body and SPECT/CT gamma images
at 24 hours following *’’Lu-DOTA-TATE administration. Three patients who received *’’Lu-
DOTA-TATE had four time-point WBS (a total of 12 data points). Whole-body image activity
measurements were derived as the GM of anterior and posterior views using Eq.5-5 to minimise
the effects of organ depth and photon attenuation. Imaging acquisition and reconstruction

protocols are detailed in Chapter 3 with respect to phantom SUV quantification.

For DTC patients we acquired single planar whole-body and SPECT/CT gamma images at 48
hours following [*3!1] Nal administration; This was to align imaging with the Trust’s routine
clinical protocols. All DTC subjects underwent total thyroidectomy and received an injection
of rhTSH to attain a serum thyroid-stimulating hormone (TSH) level >30 mIU/L (Avram et al.,
2022). All patients were instructed to follow a low-iodine diet for 2 weeks prior to therapy.
Blood sampling for measurement of serum TSH, thyroglobulin (Tg), anti-Tg antibody (TgADb),
thyroxine (T4), triiodothyronine (T3), and glomerular filtration rate (GFR) was performed on
the day of RAI therapy, prior to its administration. DTC patients who received >1.1 GBq were
hospitalised in an isolated lead-shielded ward for 48 hours post-RAI administration. Then,
patients were released from hospital once the survey-metre dose rate reading at 1 m from the
patient was < 800 MBq of retained whole-body activity. Patients who received 1.1 GBq stayed
in a lead-shielded therapy room in the nuclear medicine department for 4-6 hours post-RAI
administration with dose rate monitoring at a 1 m distance every 1-2 hours until their whole-

body dose rate measurements met the legal threshold for discharge (< 800 MBq).
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Patients with thyrotoxicosis underwent only planar whole-body gamma imaging at 24 hours

following RAI administration.

A hand-held Geiger—Muller counter (ATOMTEX model AT6130, Belarus Rep., BIC
Technology Ltd, UK) was used to track the time course of radioactivity in individual patients.
It records the count rate measurement of impulses, generated in the Geiger—Muller counter

tube, under the influence of X-ray, gamma (y), and beta () radiation.

Patient-led whole-body retention measurements using a hand-held radiation monitor were used
by all MRT groups. Whole-body activity retention and absorbed dose measurements were
derived from 4 weeks of patient-led records (two measurements/day in the first 2 weeks
followed by once daily in the last 2 weeks) started immediately after MRT administration. For
consistency of measurements, patients were instructed to hold the monitor at arm’s length in
front of the body while resting elbow by body side at waist level (Detailed instruction in
Appendix A). Therefore, we introduced the term “Selfie”, as patients refer to this tool as such.
For inclusivity of patients’ ability, no specific instructions were issued on whether
measurements were to be taken sitting down or standing up, provided that the same position

was used throughout the series of measurements (Fig. 5-1).

Figure 5-1: a. Hand-held Geiger—Muller counter (ATOMTEX) and the patient instructed to hold the monitor at arm’s length
in front of the body while resting elbow by body side at waist level (b).
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Patient-led data were collected and analysed to assess patterns of external dose rate change

over time and were correlated to 2D/3D quantitative radionuclide imaging data.

Patient-led data that were included in this analysis are as follows:

e Retrospective analysis of 20 patients (37 datasets) following cycles 1 and 4 of PRRT-
Lu-DOTA-TATE. Three datasets (Dota-10 cycles 1 and 4, and Dota-19 cycle-4) were

not returned.

e Prospective analysis of 20 patients (17 datasets) following **!1 therapy for DTC. Three
datasets were excluded: two patient-led measurements were not returned, and one

patient recorded measurements for only 3 days.

e Prospective analysis of 9 patients (8 datasets) following 131 therapy for thyrotoxicosis.
One patient's dataset was excluded due to inconsistency of recorded data (15 patients

approached and 5 patients declined to take part in the study).

More details on patient groups demographics in Appendix table B, D, and F.

5.3.3. Assessment of Patient-led Measurements

Linearity

In this study, an assessment of the linearity of ATOMTEX measurements under relevant
clinical conditions (mainly count rate and isotope energy) was performed using vials containing
1811.Nal and ""Lu-DOTA-TATE. Higher activity (7.85GBq) levels corresponded to the
typically administered highest activities for NET therapies. For 3! a maximum activity of

2.83GBq was used due to radiation protection considerations in our local protocol in the facility
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available for these measurements. Low activities (}’’Lu: 380MBq and %!1: 355 MBq) were
also considered for comparison measurements assumed to be free of dead-time effects. The
vial was placed on a flat surface, and multiple-dose rate measurements were recorded at
different distances using the Atomtex 6130 device. Then, we used the inverse-square law
equation (Eq.5-1) to calculate the dose rate from a 2-metre distance reading. Finally, the
relative error between the measured dose rate using the patient-led method and the calculated

dose rate from a 2-m distance was calculated and expressed in % (Eq.5-2).

I, =1y % (D1/D;) ? Eq.5-1
[ = —2 Eq.5-2
1™ (Dy/Dy)? O

I represents the measured dose rate at a 2-metre distance (D>,), and I1 represents the calculated

dose rate at a certain distance (D1).

The relative error (RE) can be calculated by calculating absolute error (Ax) first if x is the
actual activity (Dose-calibrator) and Xo is the measured activity (patient-led and static planar

imaging) (Eq.5-3,4)

Ax = x5y —x Eq.5-3

RE% = (Ax/x) * 100 Eq.5-4

Multiple Time-points Patient-led and Scintigraphy Data

Y71 u patient-led measurements were validated using three patients’ retrospective data from
four sequential time-point gamma-camera WBS and patient-led measurements. Whole-body
absorbed dose was estimated (Eq.5-9) using patient-led and quantitative 2D WBS data. Then

we assessed the correlation between both methods.
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Atomtex measurements of 31 activity were compared to a series of static planar gamma
images (5-minute scan duration) for the neck phantom with two bags of sodium chloride saline
0.9% (500 ml each) placed on the anterior part of the phantom to mimic the attenuation effect
of a deeper lesion. A vial containing 3.4 GBq of 3| solution was placed in the holder and
inserted into the phantom (Fig.5-2). Three measurements were taken: activity measurement
using a dose calibrator (CRC-15R serial number151976, instrument under routine quality
control of the hospital and with annual calibration against the National Physics Laboratory,
NPL), dose rate measurement using the Atomtex positioned 30 cm from the source and count
rate measurement from static gamma images. All measurements were taken consecutively at
multiple time points: 0, 24, 48, 96, and 165 hours. The 24-hour static image was not included
due to system maintenance. Gamma camera static anterior and posterior images were taken
using a dual-head scintillation scanner (INTEVO BOLD-Siemens, Erlangen, Germany).

Parameters were consistent for all acquired scans, as shown in table 5-1.

Imaging data were processed using Hermes Hybrid 3D 3.01 software (Hermes Medical
Solutions, Stockholm, Sweden). An elliptical region of interest was placed over the vial on the

anterior image and then mirrored onto the posterior one.

Figure 5-2: Neck phantom with two bags of sodium chloride saline 0.9% (500 ml each) placed on the anterior part of the
phantom to mimic the attenuation effect of a deeper lesion.
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Table 5-1: Dual-head gamma camera planar STATIC acquisition parameters.

Detector 1 distance from the bed 14.2 cm

Detector 2 distance from the bed 22.4cm

Scan bed position Vertical centre 19.2 cm

Collimator High-energy general-purpose collimator (HEGP)
Matrix 256 x 256

Image duration 5 min

Energy window centre 364 KeV

Zoom 1

The anterior and posterior geometric mean (GM) counts (Eq.5-5) were converted to count rate
values considering scan duration in seconds (counts per second [CPS]) (Eq.5-6). The static
image calibration factor (CF) was calculated using the same phantom setting, without saline

bags, as a product of CPS divided by activity (MBq) (Eq.5-7).

GM = 3%/Ca-Cp Eq.5-5
CPS = GM /¢t Eq.5-6

CPS
A(MBq)

CF (CPS/MBq) = Eq.5-7

Where:
GM: Geometric mean, Ca: Anterior counts, Cp: Posterior counts, t: scan duration in seconds,

A: Activity (MBq), CF: Calibration factor (CPS/MBq).

Then, all measurements (Table 5-2) were normalised to fractions (Table 5-3) so that all data

referred to the initial activity at time zero (fraction of 1).
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Table 5-2: *11 neck phantom dose rate measurement using Atomtex 6130 monitor and activity measurements using a dose
calibrator and static image.

Elapsed Atomtex 6130 Dose  Activity GBq (Dose Activity GBq

Time (hr) Rate mSv/hr Calibrator) (Static Image)
0 \ 1.44 3.36 1.95
24 \ 1.30 3.09 -
48 \ 1.13 2.85 1.76
96 \ 0.90 241 1.51
165 | 0.70 1.86 1.24

Table 5-3: 1] fractional dose rate using Atomtex 6130 monitor and activity measurements using a dose calibrator and static
image.

1311- NORMALISED

Elapsed Atomtex 6130 Activity GBq Activity GBq
Time (hr) Dose Rate (Dose Calibrator)  (Static Image)
mSv/hr

0 1 1 1

24 0.90 0.92 -

48 0.78 0.85 0.90

96 0.63 0.72 0.77

165 0.49 0.55 0.64

Patient-led vs. Standard External Dose Rate Measurements

A standard external dose rate measurement was also performed at 2 meters from the patient as
per routine clinical protocol by a trained clinical scientist. These measurements are routinely
used to assess hospital discharge criteria based on comparing each measurement to the initial

dose rate immediately after administration of MRT.

The external dose rates change using patient-led at arm’s length (typically 0.38 m from the
anterior mid-abdomen) compared to a 2-m distance using an energy-compensated Geiger—

Muller tube (Radalert professional model 1202, UK). Measurements were recorded
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immediately following MRT administration and at 24 hr for NET patients and at 48 hr for DTC

patients. Dose rate changes using both methods were assessed for agreement.
5.3.4. Whole-body Retained Activity and Absorbed Dose Calculations

First, whole-body retention was analysed using patient-led data and compared to quantitative
WBS and SPECT/CT estimation for NET and DTC patients. Thyrotoxicosis patients had only
patient-led and WBS data for comparison. All MRT groups’ patient-led whole-body retention
was normalised to fractions describing the radiopharmaceutical clearance, with fast and slow
excretion rates, half-lives, and area under the curve (AUC) values calculated. Data were scaled

by dose rate (uSv/hr) and integrated to 700 hours post-administration.

Retained whole-body activity (Ar) at a certain time point following MRT administration was
calculated as a product of dose rate (Drate) fraction and administered initial activity Ao, as shown

in equation 5-8:

Ar(MBq) = Drgre " Ao Eq.5-8

Whole-body mean absorbed dose (D) was calculated according to MIRD as the product of the
integral activity (A), and the S-value was derived using equations Eq. 5-9,10,11 (Howell et al.,

1999).

D(mGy) = A - Swbewb) Eq.5-9
A=A, T Eq.5-10
A=A, AUC Eq.5-11
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where Ao is the initial activity (MBq), and  is the residence time (hr), also known as the AUC.
Swbwb)was Calculated for each patient using the following dose conversion factors for reference

male weight of 70 kg and female weight of 57 kg:

Swbewb) ref (Male) = 3.49 107 mGy MBq'l st Mrer=70Kg

S(wb<—wb) ref (female) =4.49 107 mGy MBq-l st mref:57kg

At this point, scaling to body weight was calculated for the patient weight (mp) compared to

the reference weight (myef), according to the formula:

Swoewpr)yMGY/MBq /s = Swp cwpyrer * (Myep/Mp) Eq.5-12

Then, the S-value was multiplied by 3600 s (total seconds in 24 hours) to obtain a value in

mGy (MBq hr)?.

Whole-body absorbed dose was estimated for all MRT groups using long-term sequential
patient-led data. For NET patients with multiple time-points WBS, whole-body absorbed doses

were estimated and correlated with patient-led estimation for validation purposes.

5.3.5. Patient-led Compliance Survey

The study questionnaire consisted of two parts. Part 'A" included questions about demographic
information, including respondent age, gender, therapy type, and experience with patient-led

monitoring (Table 5-4).

Part 'B' included eight statements to assess ease of use and acceptance (Table 5-5). The

questionnaire was developed in a way that allows respondents to grade their responses on a 5-
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point Likert scale: strongly disagree = 1, disagree = 2, neither = 3, agree = 4 and strongly agree

=5.

The reliability of the questionnaire was measured using the alpha coefficient to be 0.67.
Cronbach’s alpha for internal consistency should not be less than 0.50 for newly developed

instruments, and values between 0.65 and 0.8 are generally acceptable (Singh, 2017).

All are positive statements except statement 4, so it is the item that showed differences in the
direction from other items. There was one participant who did not respond to statement no.3

and another one to statement no.4 (missing values replaced by a simple mean).

Tables-4: Patient-led questionnaire - sociodemographic information scale.

Variable Item Response Options
Age (Open).......
Gender Male/Female
Patient-led experience Yes/No
Therapy type DTC/Thyrotoxicosis

Table 5-5: Patient-led questionnaire statements to evaluate patients’ acceptance of the patient-led monitor

Statement
The patient-led monitor was straightforward to use at home.
I had enough information to work the patient-led monitor when | got home.
Using the patient-led monitor helped me to feel involved in my treatment.
It was a nuisance to have to take measurements each day.
It was reassuring to see the numbers go down.
Using the patient-led monitor helped me to follow the radiation advice | was given.

I would be happy to use the patient-led monitor again.

® N o g &~ W N e

I would recommend other people to use a patient-led monitor.
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5.3.6. Statistical Analysis

The following statistical analysis was applied to the data presented in this and the next chapter.
SPSS software (IBM Corp. SPSS Statistics 2019 v26.0 for Windows; Armonk, NY) was used
for descriptive (mean = SD, maximum [Max], minimum [Min], and percentage [%]) and
inferential analyses. The one-sample Kolmogorov—Smirnov normality test was used to verify
the normal distribution of data. A paired-sample t-test was used to evaluate the differences
among normally distributed data. Spearman's correlation coefficient (rs) was calculated for
nonparametric data, whereas Pearson's correlation coefficient (R) was calculated for normally
distributed data. A P value <0.05 was considered significant. Patient-led dose rate measurement
normalisation, AUC, and mono- and bi-exponential non-linear curve fitting were performed
using GraphPad Prism version 9.0.1 for Windows (GraphPad Software, San Diego, California
USA). Microsoft Excel for Microsoft 365 MSO (version 2018) was used to generate charts

with basic mathematical functions (error bars).

5.4.Results

In this section, first, we presented the result of the patient-led validation method using *"’Lu

and 31| as follows:

e Linearity.
e Multiple time points patient-led and Scintigraphy.
e Patient-led vs. Standard External Dose Rate Measurements.
Then the results for each MRT group (*’Lu-DOTA-TATE- NET, ¥I-DTC, and 3-

Thyrotoxicosis) will be presented as follows:
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e Whole-body activity retention estimation using Single Time-Point Patient-led,
WBS, and SPECT/CT (SPECT/CT not acquired for Thyrotoxicosis patients).
e Whole-body absorbed dose estimation using sequential long-term patient-led data.

Finally, we presented the patient compliance survey results toward using Selfie.

5.4.1. Assessment of Patient-led Measurements

Linearity

Lu-177 dose rate measurements are shown in (Fig.5-3); Results indicate a close agreement
between calculated expected dose rate and ATOMTEX measurement for distances approaching
those practically relevant in the study, even when patient body attenuation is not taken into
account. Data showed high RE percentages at a 20-cm distance (RE=14% and 15%, for high

and low vial activity respectively) with moderate RE <10% recorded at 30—100 cm distances.

1-131 2.83 GBq activity produced RE >30% at 20- and 30-cm distances and <30% at 40-100-

cm distances. Lower I-131 activity produced RE <10% from 30-100 cm distances (Fig. 5-4).

— Lu-177 (380 MB
xo . Lu-177 (.85 GBg) 100 ( D
@ Measured Dose Rate
- @ Measured Dose Rate
1000 4 | X Calculated Dose Rate .
X (Inverse-square law) LE o * X Calculated Dose Rate
% (Inverse-square law)

Dosa Rata (usv /hr)

500 - i

250 - = 5t hd

Dose Rate (psv /hr)

T T T T T
20 20 a0 50 100 200 o b 4 4 4 b d Py

Distance (cm) Distance (cm)

Figure 5-3: Lu-177 high (7850MBq) and low (380MBq) activity vial measurements at different distances. Measured (Dose-
calibrator) and calculated dose rate (using inverse square law from 2-m distance measurements) showed consistency in both
measurements..
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Figure 5-4: 1-131 high and low activity vial measurements at different distances. Measured and calculated dose rate (using
inverse square law from 2-m distance measurements) showed consistency in the dose rate.

For both 1-131 and Lu-177 (Fig. 5-3 and 5-4), Atomtex 6130 measurements followed closely
an inverse square law approximation, especially at 40- and 50-cm distances, which
corresponded to the patient’s clinical practice. In addition, the linearity of measurements at
high and low activity remained relatively constant at all distances assessed, indicating that dead
time effects at these activity levels can be considered negligible. Clearly, for measurements at
shorter source-to-detector distance, count rate performance should be considered as a potential
source of error. In practice, source-to-detector distance between 30 — 40 cm is relevant for
patient-led measurements. However, in practice due to the distributed nature of activity in the
body and a reduced count rate as a result of patient self-attenuation, could potentially limit the

impact of count rate performance seen in this experimental setup.

Multiple Time-Point Patient-Led and Scintigraphy Comparison

Whole-body retention and absorbed dose estimates derived from multiple time points using
patient-led and WBS data were compared for NET patients. Twelve whole-body scans and
patient-led datasets were acquired from three Y’Lu-DOTA-TATE patients at four-time points
and showed comparable estimation of whole body retained activity (MBq) and absorbed dose

(mGy) with a strong positive linear correlation (R=0.99, p<0.001) (Fig. 5-5). The mean
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absorbed dose estimates were comparable for both imaging and patient-led measurements (457

+ 62 mGy, 253 £ 24 mGy, and 150.5 £ 10.6 mGy for patients no. 1,2 & 3 respectively).
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Figure 5-5: Multi-time-point dosimetry using WBS images and patient-led dose rate measurements for three PRRT patients

(12 data points). a) Whole body retained activity, Ar (MBg)and b) Whole body absorbed dose (mGy). A very strong positive
linear correlation was observed between the proposed methods.

[-131 neck phantom measurements using three different methods (Atomtex-6130, planar static
imaging, and dose calibrator) showed good agreement levels between all measurements, with

relative error RE <10% at 0, 24, and 48 hours (Fig. 5-6). Late measurements at 96 and 190
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hours showed higher RE <20% between planar imaging and Atomtex measurements. The RE
increased with time due to radioactive decay of 1311. Moreover, the count rate of radioactive
decay events follows a Poisson distribution, which means that the uncertainty in the number of
counts recorded increases with the square root of the number of counts. With fewer counts

being recorded as the activity diminishes, the relative error can increase.

L I-131 .
o Atomtex-6130 (mSv'hr)
B Dose calibrator sctivity (GHBg)
L & STATIC neck phantem AA(GBg)
L] "
(]
 J .
.§ : | L]
= » &
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]
= .
150
Dlapaed Tima [Hr)

Figure 5-6: 1-131 neck phantom normalised static images converted count rate to activity (GBq), dose calibrator activity
measurements (GBq), and Atomtex-6130 dose rate measurements (uSv/hr) with 10% RE bars. Multi-time-point assessments
from 0 to 190 hours show linearity of measurements using different methods.

Patient-led vs. 2-m Distance External Dose Rate Measurements

Change in dose rates of "Lu-DOTA-TATE over 24 hours from PRRT administration based
on patient-led data and concurrent standard 2-m external dose rate measured by a trained
clinical scientist (n=32) is shown in figure 5-7 with overall mean change of 74.2+ 11.6% and
75.9 + 9.7% respectively. Figure 5-7 shows a strong positive linear correlation between patient-
led measurements and 2-m distance dose rate changes (R=0.82, p<0.001). Possible sources of
the variation; perhaps changes in the redistribution of radioactivity during that time can affect

more the Atomtex measurement as it is performed at closer geometry (arm’s length).
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Figure 5-7: Whole-body dose rate change (%) 24 hours after PRRT administration based on concurrent patient-led and 2-
m-distance measurements.

The mean dose rates of *3![-DTC patient-led and concurrent standard 2-m external dose rate
data (n=9) over 48 hrs after RAI is shown in figure 5-8 with overall mean change of 90.2 £8.6
% and 90.1 £9.6 % respectively. Figure 5-8 shows a strong positive linear correlation between
patient-led and 2-m distance whole-body dose rate change (R=0.91, p<0.001). Patient-led
measurements showed comparable accuracy to routine practice of acquiring 2m external dose

rate measurements following MRT administration.
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Figure 5-8: Whole-body dose rate change (%) 48 hours after RAI administration for DTC patients using patient-led and 2-m
distance measurements.
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5.4.2. Comparison of Patient-led Data to Imaging Following }’’Lu-DOTA-TATE-

MRT

In this study, we included 19 NET patients with WBS and SPECT/CT images and patient-led
measurements following PRRT cycles 1 and 4, which produced a total of 38 WBS and
SPECT/CT datasets and 37 patient-led datasets (one dataset was illegible for inclusion due to
inconsistent patient-led measurements undertaken by the patient). Data from 19 NET patients
(11 females and 8 males, summarised in Appendix B) were analysed, with a mean age of 61.2
+ 8.4 years. Mean injected "Lu-DOTA-TATE activity was 7632 + 224 MBq (7081-8000
MBq) for cycle 1 PRRT and 7273 = 900 MBq (3780-7843 MBQq) for cycle 4 (more details in
Appendix B). Patient with ID DOTA-6 received the lowest activity at cycle 4 (3780 MBq) due
to recorded toxicity as per Common Terminology Criteria for Adverse Events v5.0 (CTCAE)
(eGFR 38ml/min/1.73m2, grade-3 CTCA and Hb 9.4 g/dL, grade-2 CTCA) (Cancer Therapy

Evaluation Program, 2017).

The mean duration of the recorded dose rate using patient-led monitors was 25 + 5 days for

NET patients.

Whole-body Activity Retention Estimation Using Patient-led, WBS, and SPECT/CT

The mean whole-body retained activity 24 hours after "Lu-DOTA-TATE administration
based on each of the three dosimetry methods (WBS, SPECT/CT, and patient-led) for cycles 1
and 4 are shown in figure 5-9. A good correlation was observed between patient-led and WBS
(R=0.78) and SPECT/CT(R=0.82). Whole-body retention was comparable between the three
methods (WBS, SPECT/CT, and patient-led) for cycles 1 and 4 (21 + 5% and 19 £ 6%,

respectively). The mean whole-body retention at 24 hr for PRRT patients using WBS,
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SPECT/CT, and patient-led measurement was 15%, 23%, and 24 % for cycle 1 and 13%, 20%,

and 25% for cycle 4, respectively.

A strong positive linear correlation of remaining activity Ar (in MBq) was observed 24 hours
following PRRT cycles 1 and 4 using quantitative images of WBS and SPECT/CT and patient-

led dosimetry (R=0.8, p=0.00) (Fig.5-9).

The reason for WBS underestimation compared to SPECT may be that attenuation and scatter
correction were not included in the WBS approach. We estimated the 0.406 cm™ attenuation
of the source at 10 cm deep in the tissue given the linear attenuation coefficient (u) of *""Lu
(208 Kev). Moreover, the deviation for line-of-identity seen between WBS and SPECT could

be related scatter, attenuation, and dead-time effects.
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Figure 5-9: Scatter plot of whole-body retained activity ( Ar) estimation 24 hours after PRRT administration for cycles 1 and
4. a) patient-led monitoring and whole-body scan (WBS), b) patient-led monitoring and SPECT/CT (with scatter and
attenuation correction), and ¢) SPECT/CT (with scatter and attenuation correction) and WBS.
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Whole-body Absorbed Dose Estimation Using Sequential Long-Term Patient-Led Data

With the reassurance of the previous data showing agreement of 1’Lu activity estimates at the
time-points assessed against professional-led dose rate measurements and quantitative
SPECT/CT, we pursued the calculation of whole-body absorbed dose as per the MIRD scheme.
The mean whole-body absorbed dose based on patient-led dosimetry method was calculated
for cycles 1 and 4 (329.6+£196.6 mGy and 278+108.8mGy, respectively) and decreased by 22.8
+ 1% in cycle 4 (more details shown in Appendix C). Patient DOTA-20 showed the highest
absorbed dose by > 50% reduction (Fig. 5-10). However, five patients showed an increase in
the absorbed dose (details for each patient can be found in Appendix C). These absorbed dose
results cannot be directly compared to a dosimetric gold standard as additional SPECT/CT
imaging was not available for all of the patients in the cohort. However, seen in combination
with activity estimates comparisons and the dose estimates from the three WBS data series (Fig
5-5) showing good agreement (R=99, linear coefficient of 0.99), they are provided here as
demonstration of the potential of the methodology and the feasibility of the approach in a

clinical setting.

SPECT-Cycle-1 SPECT-Cycle-4

Figure 5-10: Patient DOTA-20’s SPECT/CT maximum-intensity projection (MIP) images 24 hours following PRRT cycles 1
and 4. This patient exhibited a 54% reduction in absorbed dose (mGy), and the total lesion means SUVmax was reduced by
68%.
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5.4.3. Comparison of Patient-led Data to Imaging Following 31 MRT for DTC

20 DTC patients had planar WBS and SPECT/CT whole-body images, and patient-led
measurements following ablation or metastatic therapy (WBS=20, SPECT/CT=19, patient-

led=18).

A total of 10 females and 10 males referred for RAI ablation therapy (n=14) and follow-up (FU)
therapy for metastatic disease (n=6) were recruited prospectively, with a mean age of 45.5 + 13.5
years. The mean administered *3!I-Nal activity for ablation was 3232 + 1455 MBq, and 5578 +
1552 MBq for FU metastatic therapy (more details on the patient group can be found in Appendix
D). The mean duration of the recorded dose rate using patient-led monitors was 27 + 3 days for

DTC patients.

This paragraph provides an overview of the profile and clinical background of the patient group
included in the study. Biochemistry data were analysed for DTC patients before and 2—-3 months
after RAI therapy. All patients achieved the target TSH level >30 pmol/L following rhTSH
stimulation (range 39.8-269.7 pmol/L). Estimated GFR (eGFR) measurements confirmed
adequate renal function (range 54 — 134 mL/min). The highest stimulated Tg was recorded for
patients Thyca-2 and Thyca-4 (10798 ug/L and 5573 ug/L, respectively). A representative
example of a patient (Thyca-4) showing iodine avid metastatic disease is shown in figure 5-11.
By comparison, RAlI WBS and SPECT/CT from patient Thyca-2 showed only remnant thyroid
tissue uptake, with no evidence of iodine-avid metastatic disease (Fig. 5-12). Subsequent FDG
PET/CT demonstrated, multiple intensely (*®F)-fluorodeoxyglucose (FDG)-avid bilateral
pulmonary metastases. Eight patients (3 ablations and 5 FU) showed no evidence of iodine-avid
uptake into remnant thyroidal tissues or extra-thyroidal metastases on SPECT/CT. Possible

explanations include very low volume thyroid remnants/ metastases which were below the
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resolution of gamma camera imaging or non-lodine avid metastatic disease. As a result, no uptake
was shown on whole-body planar and SPECT/CT gamma camera images, despite focal uptake on

FDG-PET/CT (Fig. 5-12).

SPECT/CT MIP

Anterior-48 hr WBS Posterior-48 hr WBS

Figure 5-11: DTC patient Thyca-4 received 7930 MBq of 3 for follow-up (FU) therapy. 48-hour imaging showed good uptake
in the thyroid bed, lung, liver, and skeletal metastases. a) WBS and b) SPECT/CT.

Trans-aXial  SPECT/CT

Anterior-48 hr WBS

Figure 5-12: DTC patient Thyca-2 received 5780 MBq of 1*!I for ablation therapy. 48-hour imaging showed remnant thyroid
tissue uptake and no evidence of iodine-avid metastatic disease. a) WBS anterior view and b) SPECT/CT, c) FDG-PET/CT
shows evidence of FDG-avid lung metastases.
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Whole-body Activity Retention Estimation at Single Time-Point based on Patient-led, WBS,
and SPECT/CT

Estimated activity at 48 hours post RAI administration, based on patient-led, WBS and SPECT
measurements are shown in figure 5-13. The mean whole-body retained activity 48 hours after
1311 administration was comparable between WBS, SPECT/CT, and patient-led measurement
for ablation and FU therapies (7 £ 2.5% and 3.7 £ 1.2%, respectively). The whole-body
retention values were 7%, 4%, and 9 % for ablation and 4%, 2%, and 5% for FU using WBS,

SPECT/CT, and patient-led measurement, respectively.

A strong positive linear correlation was observed with the estimated retained activity at 48
hours following RAI for DTC ablation and FU therapy using quantitative images from WBS
(247£330MBq and 213+148MBq, respectively), SPECT/CT (141+169MBqg and
1123+102MBq, respectively), and patient-led (309+309MBq and 225+92MBq, respectively).
The strongest linear correlation was observed between SPECT/CT and WBS (R=0.97,
p<0.001) followed by WBS and patient-led (R=0.92, p<0.001), and the lowest observed

between SPECT/CT and patient-led (R=0.88, p<0.001) (Fig.5-13).
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Figure 5-13: Scatter plot of a retained activity ( Ar) estimation 48 hours following **!I DTC ablation (circle marker) and FU
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SPECT/CT, and c) SPECT/CT and WBS.

Page 136 of 218



Whole-body Absorbed Dose Estimation Using Sequential Long-Term Patient-Led Data
With the reassurance of the previous data showing agreement of 3! activity estimates at the
time-points assessed against patient-led dose rate measurements and quantitative SPECT/CT,
we pursued the calculation of whole-body absorbed dose as per the MIRD scheme. Absorbed
dose (D) (mGy) calculations using a patient-led estimate for DTC patients (n=17) (detailed
absorbed dose per patient can be found in Appendix E). The mean absorbed dose for ablation
and FU therapies were 77 + 49 mGy and 120 + 52 mGy, respectively (Fig. 5-14). These 31|
data cannot be directly compared to a dosimetric gold standard as additional SPECT/CT
imaging was not available for these patients. However, seen in combination with activity
estimates comparisons, they are provided here as demonstration of the potential of the

methodology and the feasibility of the approach in a clinical setting.
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w
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Figure 5-14: Box plot of mean, maximum, and minimum whole-body absorbed dose (mGy) by DTC ablation and FU therapy
patients.
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5.4.4. Comparison of Patient-led Data to Imaging Following ***I MRT for

Thyrotoxicosis

Fifteen thyrotoxic patients were referred for radioiodine therapy between January and June
2022 of whom 9 proceeded to treatment and completed WBS and patient-led monitoring. Seven
females and two males with a mean age of 48.1 + 18.5 years were treated with RAI therapy
prospectively. The mean administered 311-Nal activity was 681 + 83.5 MBg. The mean
duration of the recorded dose rate using patient-led monitors was 21.57 + 5.79 days for

thyrotoxicosis patients.

Patients were treated for Graves’ disease (n=6), toxic multi-nodular goitre (n=2), and toxic
solitary thyroid nodule (n=1). Mean 20-minute Tc-99m thyroid uptake was 12.8 + 13.5%,
(normal range 0.4% and 4%) (more details about the patient cohort can be found in Appendix
F). Whole-body gamma imaging at 24 hours revealed different RAI retention and count rate

for each patient.

The biochemistry data were analysed for thyrotoxicosis patients before and 2—3 months after

RAI therapy. Persisting hyperthyroidism was reported in six patients with TSH <0.27 mU/L.
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Whole-body Activity Retention Estimation at Single Time-Point by Patient-Led
measurements and WBS

The mean dose rate of thyrotoxicosis patients using the patient-led monitor at arm’s length
from the anterior mid-abdomen immediately after I administration was 210 + 66 pSv/h. Dose
rate measurements led to estimates of retained activity as previously described. Results
compared to WBS-derived estimates can be seen in figure 5-15. The mean whole-body retained
activity 24 hours after 3! administration was comparable between WBS 351.4+155.8 MBq

(180-632.7 MBq) and patient-led measurements 402.7+154.5 MBq (189.7-682 MBQ).

A strong positive linear correlation of residual activity estimation in MBg was observed 24
hours following RAI thyrotoxicosis therapy between quantitative WBS and patient-led
dosimetry (R=0.88, p<0.01) with a linear fit coefficient of 0.78 and a low bias of 120 MBq
(Fig. 5-15). The pattern is not dissimilar to that seen in figure 5-13a between Selfie and WBS
data at wider range of activity levels (higher administered activity but imaging 48 hours post-

administration).
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Figure 5-15: Scatter plot of Ar estimation 24 hours following RAI thyrotoxicosis therapy based on patient-led measurements
and WBS.
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Whole-body absorbed dose estimation using sequential long-term patient-led data.

With the reassurance of these and previous data showing agreement of 13| activity estimates
at the time-points assessed against professional-led dose rate measurements, WBS and
quantitative SPECT/CT, we pursued calculation of whole-body absorbed dose as per the MIRD
scheme. Although these data cannot be directly compared to a dosimetric gold standard in the
absence of additional imaging they are provided here as demonstration of the potential of the

methodology and the feasibility of the approach in a clinical setting.

Absorbed dose (D) (in mGy) calculations using patient-led estimates for eight thyrotoxic
patients. The mean whole-body absorbed dose was 108 + 63 mGy (38-245mGy) (Appendix

G).

In addition to WB absorbed dose, it would also be possible to calculate dose to the thyroid
based on a thyroid-to-whole-body fractional estimates from WBS and the 31 residence times

from the Selfie data.

5.4.5. Patient-led User Compliance Survey

Eighteen patients responded to the patient-led ease of use survey (age: 48.9 y £ 14.9 y, 10

female and 8 male, 12 DTC and 6 thyrotoxic).

Table 5-6 shows the respondents’ mean scores for each statement. The respondents agreed /
strongly agreed (4.5+0.2) with all statements (except statement 4). Disagreed to strongly
disagreed (1.7+0.8) responded to statement 4, which stated negative opinion regarding using
patient-led. The evidence seems to indicate that five-point Likert scales ensure respondents

reflected a strong level of acceptance of using the patient-led radiation monitor.
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Table 5-6: Patient-led radiation monitor questionnaire mean statement responses.

Statement Mean +SD
1. The patient-led monitor was straightforward to use at home. 4,72 46
2. | had enough information to work the patient-led monitor when | got home. 4.83 .38
3. Using the patient-led monitor helped me to feel involved in my treatment. 4.64 .60
4. It was nuisance to have to take measurements each day. 1.7 .81
5. It was reassuring to see the numbers go down. 4.55 .61
6. Using the patient-led monitor helped me follow the radiation advice | was given. 4.16 1.0
7. 1 would be happy to use the patient-led monitor again. 4.66 .59
8. | would recommend other people to use a patient-led monitor. 4.44 .78

5.5.Discussion

The first part of this study assessed the linearity of patient-led dose rate monitoring under
relevant clinical conditions for radioisotopes *"’Lu and 31 using vial measurements at certain
distances. Patient-led measurements were validated with a neck-phantom static gamma
imaging series for 1’"Lu, and a four-time points whole-body gamma imaging series for three
17 u-DOTA-TATE patients. Patient-led measurements at 30-50 cm showed an acceptable RE
<10% when compared with gamma imaging for ’’Lu and 3!I. Patient-led whole-body
retention estimation at 24-48 hours was strongly correlated with dose rate measurements at a

2-m distance, WBS, and SPECT/CT during the patient’s hospitalisation.

In this chapter, the ability of using patient-led measurements (Selfie data) to accurately estimate
retain activity levels following administration of MRT at a clinical setting, was assessed against
external dose rate measurements undertaken by medical physics staff and imaging in the form
of planar scintigraphy and quantitative SPECT. Results showed a strong positive linear
correlation between patient-led and WBS (R=0.78 and 0.92) and SPECT/CT (R=0.82 and 0.88)

for the "Lu and 3!I-DTC estimates, respectively. Quantitative SPECT/CT is currently the
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gold standard for such measurements. Results support the use of patient-led measurements for
retained activity estimates after MRT administration over a longer period of several days and
with minimal patient involvement (hospital visits) and imaging facilities workload. This is the
first study to demonstrate the feasibility and accuracy of patient-led measurements by
following various MRT groups. The results of this work show little variation from established
imaging with WBS and SPECT/CT. Patient-led measurements may therefore prove able to
resolve limitations related to the costly and time-consuming dosimetry approaches. Their
potential to augment dosimetry alongside imaging in less imaging-heavy protocols for
dosimetry by providing a better-informed alternative to population biodistribution for single
time-point dosimetry (Hou et al., 2021; Willowson, Eslick, et al., 2018) , was not investigated

in this work but seems to have strong potential as a direction for future studies.

Our proposed method using patient-led monitoring can be used to estimate activity retention
and whole-body absorbed dose. In most centres, dosimetry following each PRRT cycle is not
routinely applied to estimate the cumulative radiation dose and to correlate with MRT response
and toxicities (Martinez et al., 2022). Even for 31 DTC therapy, which is the oldest
radionuclide therapy, the use of dosimetry is inconsistent and not standardised internationally
(Martinez et al., 2022). The use of the mean kinetics model for all treated patients with a fixed
activity was shown to be incompatible with outlier data and supports the concept of individual
activity prescription. Individualised dosimetry-based MRT methods need to be harmonised

among healthcare providers (Devasia et al., 2021b; Haug, 2020).

This study demonstrated a significant correlation between patient-led, WBS, and SPECT/CT
dosimetry in estimating residual activity and whole-body retention. NET patients had a mean
relative whole-body retention of 21 + 5% and 19 + 6% in PRRT cycles 1 and 4, respectively.
A recent study reported comparable whole-body retention of 24 + 7% using serial WBS at 24
hours following PRRT administration (Levart et al., 2019). In 72% of the NET patients in our
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study, whole-body absorbed doses declined by 22.7 + 15.8%, with a range from -7% to 54%,
between PRRT cycles 1 and 4. As shown in figure 5-10, patient DOTA-20 exhibited a 54%
reduction in whole-body absorbed dose, and the total-lesion mean SUVmax was reduced by 68%
(Chapter 4). Although, administered activities were similar (7623 £ 47 MBq) in both cycles,
two NET patients (Dota-1 & 2) showed an increase in whole-body absorbed doses by 67% and
30%, respectively. These patients showed stable disease responses to PRRT on SUV-
SPECT/CT as shown in chapter 4. Both patients (DOTA-1&2) showed reduced eGFR by 18%
and 8%, respectively. Retained "’Lu-DOTA-TATE activity relies heavily on somatostatin
avidity, radiopharmaceutical biodistribution, and renal function (Levart et al., 2019). Higher
whole-body absorbed doses and longer activity retention increase the risk of radiation exposure

to others such as the public and family members.

The overall measured retention at discharge (48 hours) for DTC ablation and FU therapy was
7 £ 2.5% and 3.7 + 1.2% of the administered activity respectively. Hanscheid et al. reported
equivalent whole-body retention of 6.9 = 5.7% for DTC ablation therapy (Hanscheid et al.,
2006). A study by Hong et al. reported DTC therapy retention comparable to FU therapy at
2.6%, but higher ablation retention of 12.9% (Hong et al., 2017). The difference in retention
for ablation between this study and other studies could be related to the different sample sizes
(n=118) (Hong et al., 2017). Another study reported 13.5 + 11.9% ***I retention for DTC
patients (n=166), including ablation and subsequent therapies (Klain et al., 2021). RAI
retention for thyrotoxicosis patients at 24 hours showed a longer retained 31 activity compared
with DTC patients. Lower retention in DTC patients related to the smaller thyroid remnants
following completeness thyroidectomy surgery. Current UK practice mandates that thyroid
cancer surgery is always undertaken by specialist thyroid surgeons. As a result, we postulate

that our patients may have had smaller thyroid remnants than historical or non-UK subjects.
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Whole-body retention and absorbed dose varied considerably between individual patients in
the same MRT groups. The amount of retained activity varies from one patient to the other
depending on the disease burden, radiopharmaceutical biodistribution and excretion. Longer
retention, effective half-lives and higher whole-body absorbed radiation doses were observed
in patients with significant remnant thyroid tissue, as in the ablation patient Thyca-02, than in
patients with metastatic disease, such as FU patient Thyca-04 (Fig. 5-16). The main reason for
longer retention in ablation patients is the normal physiological function of remnants of thyroid
tissue which is driven by the thyroid-stimulating hormone (TSH) concentration in the blood
(Hanscheid et al., 2006). One ablation patient (Thyca-02) showed non-iodine-avid pulmonary
metastases. Non-iodine-avid metastases were reported due to rhTSH stimulation instead of
thyroid hormone withdrawal (Driedger & Kotowycz, 2004; Lawhn-Heath et al., 2020).
Although in this case, FDG avidity suggests de-differentiated, iodine refractory disease.
Another reason for longer whole-body retention could be the patient’s age, large thyroid

remnants and extrathyroidal disease (Klain et al., 2021).

Bi-exponential fitting
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Figure 5-16: Representative examples of whole-body retention using bi-exponential curve fitting for ablation (dotted line) and
FU (solid line) DTC patients treated with 1. Longer retention was observed in ablation therapy compared with FU therapy.
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For thyrotoxicosis patients, more precautions need to be applied when selecting the exponential
model. Bi- and mono-exponential models showed a very good fit to thyrotoxicosis data (as we
will see in chapter 6), with a higher R? achieved with the bi-exponential model (R?=0.98 + 0.01
and R?=0.93 * 0.04, respectively). Our thyrotoxicosis data showed the longest retention in
patients with high Tc-99m uptake. The highest (245mGy) and lowest (38mGy) whole body
absorbed dose was observed for thyrotoxicosis patient’s Hyper-10 and Hyper-4, respectively.
As shown in figure 5-17, Hyper-4 exhibited the shortest retention compared with patient
Hyper-10, and this can be linked to the Tc-99m uptake percentage prior to RAI (0.2% and 20%,

respectively).

Bi-exponential fitting

1.0 - &+ Hyper-4

=%~ Hyper-10

Normalised Dose Rate (uSV/hr)

Elapsed Time (Hr)

Figure 5-17: Representative examples of whole-body retention using bi-exponential curve fitting for thyrotoxicosis patients
treated with *XI. Longer retention was observed in patient Hyper-10, who had high TPO-Ab and 20% pre-therapy Tc-99m
thyroid uptake. Patient Hyper-4 reported the lowest pre-therapy Tc-99m thyroid uptake (0.9%).

To create an appropriate TAC and to determine the cumulative activity, a minimum of three-
time points sequential quantitative imaging is required. Therefore, the latest time points should
be after two effective half-lives of the radiopharmaceutical (Huizing et al., 2018). Recently,

researchers assessed the feasibility of single time-point SPECT/CT and reported that the
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accuracy varied strongly between individuals due to patient-specific radiopharmaceutical

clearance times (Hou et al., 2021).

The patient-led acceptance questionnaire showed positive feedback from all respondents for
28 days of data recording. Patients strongly agreed that Selfie is a straightforward device to
use (4.72+0.46) and would have been happy to use it again (4.83+0.38). Patients did not find
it a nuisance to take Selfie measurements each day (1.7+0.8). The five-point Likert
scales ensured the Selfie was well-tolerated by the participating patients following MRT

administration.

5.6.Conclusion

This study supports the concept of integrating patient-led radiation monitoring into MRT
monitoring; the accuracy of this approach is comparable to that of serial quantitative imaging
for whole-body activity estimates. Patient-led monitoring at home avoids the inconvenience of
repeated hospital visits. In addition to allowing whole-body activity retention and absorbed
dose calculations, we speculate this approach would support prospective personalised radiation
protection guidance, which might positively impact the patient experience. Therefore, the next

chapter will explore the role of patient-led data in tailoring patients’ radiation restrictions.

Page 146 of 218



CHAPTER 6

6. Application of Patient-Led Measurements to Tailor
Radiation Restrictions Following MRT

Page 147 of 218



Abstract

Introduction/Aims: There is an increasing need to understand whole-body activity retention
and excretion in MRT for radiation risk assessment for patients, carers, and the public.
However, the post-MRT imaging is limited to 1-3 days following radiopharmaceutical
administration. As a result, patients are provided with generic radiation safety advice based on
worst-case assumptions of radiopharmaceutical retention. As far as we know, no previous
research has investigated 3! and 1’’Lu retention estimation over four weeks with daily dose
rate measurements. We hypothesise that using patient-led data will show considerable inter-
patient variability among groups of patients undergoing the same type of MRT. We pursue an
assessment of personalised radiation restrictions using the best-fitting nonlinear regression
model derived from patient-led data.

Methods: Patients undergoing molecular radionuclide therapy using "’Lu-DOTA-TATE
(7.4GBq) for neuroendocrine tumours and 3!1-Nal for benign (600-800 GBq) and malignant
thyroid disease (1.1-7.4 GBq) were included. Patient-led whole-body retention measurements
using a hand-held radiation monitor followed each patient's time of radioactivity clearance for
four weeks post-therapy. Cohort analysis of 37, 17, and eight patient-led datasets following
MRT administration of PRRT-}"’Lu-DOTA-TATE, 31 for DTC, and Thyrotoxicosis were
included. The exponential non-linear regression analysis using the least squares method to fit
the data was performed on GraphPad.

Results: "Lu-DOTA-TATE patient-led bi-exponential nonlinear regression showed that
sleeping apart from the partner-tailored restriction was shorter in cycles 1 and 4 by 2 and 3
days, respectively, than the referenced restriction (15 days). Tailored restrictions for contact
with children aged 2-5 y and 5-11 y were also longer than those referenced. For *1-DTC,
patient-led data overestimated referenced restrictions in all categories except for one ablation
patient. Three thyrotoxicosis patients showed shorter tailored restrictions than referenced
advice, whereas the restrictions would have been extended for four patients, especially for the
protection of children aged 2-11y.

Conclusion: Tailored radiation restriction using patient-led whole-body retention
measurements proved feasible for following the time course of radioactivity clearance in post-
MRT. The best-fitting nonlinear regression model was illustrated for different MRT. This
might enhance the feasibility of applying this approach to larger MRT populations.
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6.1.Introduction

In the previous chapter we assessed the ability of patient-led Selfie data to provide accurate
dose rate measurements and activity estimates following MRT and demonstrated its feasibility
to be used over a longer period to provide whole-body retention patterns. In this chapter we
investigate the application of this method in order to personalise MRT, firstly by tailoring

radiation restrictions to patients and their close contacts.

Protection of patients, carers, and public safety requires optimising and personalising radiation
protection restrictions using existing radiation protection measures (“Common Strategic
Research Agenda for Radiation Protection in Medicine,” 2017). Five medicals societies
(European Association of Nuclear Medicine, EANM; European Federation of Organizations
for Medical Physics, EFOMP; European Federation of Radiographer Societies, EFRS;
European Society of Radiology, ESR; European Society for Radiotherapy and Oncology,
ESTRO) involved in ionising radiation have identified measurement and quantification of
ionising radiation as an urgent research area for effective patient care and efficiency in terms
of radiation protection. Developing optimal dosimetry protocols in nuclear medicine is an
essential priority for radiation safety in MRT. Optimisation requires standardisation and
validation of implemented dosimetry methods using a phantom model (“Common Strategic

Research Agenda for Radiation Protection in Medicine,” 2017).

The international commission on radiological protection (ICRP) limits the annual equivalent
dose for members of the public to 1 mSv (ICRP, 1991). This radiation dose limit applies to any
family member or member of the public who is in close contact with an MRT patient after their
release from the hospital. However, the family member and public dose limit is influenced by
many factors, including the administered activity, the amount of radioactivity retained by the

patient, the effective half-life, and the duration of close contact with the patient. Patients with
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extensive metastases are expected to show higher whole-body radiopharmaceutical retention
and longer effective half-life. As a result, the radiation dose to exposed members the public

may also be increased.

The first published recommendations on radiological protection of patients, staff, and members
of the public specific to radiopharmaceutical therapy were released in 2019 (ICRP, 2019).
Currently, MRT patients who receive a fixed quantity of radiation follow similar radiation
restrictions when released from isolation wards. In the UK, patients receiving RAI are released
to the public with restrictions on their whole-body activity of <800 MBq. PRRT patients
routinely receive fixed activity of "’Lu-DOTA-TATE 7.4GBg/cycle. Patients with
thyrotoxicosis are typically treated with 400-800 MBq of 311, whereas DTC patients receive a
higher administered activity of radioactive iodine (RAI) (1.1-7.4 GBq) depending on whether
the indication is thyroid remnant ablation or treatment of metastatic disease (Avram et al.,

2022; ICRP, 1991, 2004, 2019; Sisson et al., 2011; Stokkel et al., 2010).

A recent study by Han et al. (2021) reported differences in external dose rates using a Geiger—
Mueller tube in 238 DTC patients who had received 2.96-7.4 GBq *!I. Radiation protection
restrictions based on administered activity were more stringent than those based on measured
effective dose equivalent rates at the time of discharge. This demonstrates the necessity for
individualising radiation restriction guidelines (Han et al., 2021). Lee and Park (2010) had
calculated discharge times from isolation following *3!I therapy for DTC patients based on
external dose rate whole-body retention measurements. Patients who were given generic
restrictions showed considerable variation; 27% of their sample could leave the isolation room
within 24 hours and 77% could leave within 48 hours (Lee & Park, 2010). Effective doses
received by the children and partners of patients were reported to be lower in thyroid cancer

patients than for patients treated for thyrotoxicosis (Beckers, 1997).
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There is an increasing need to understand whole-body activity retention and excretion in MRT
for radiation risk assessment for patients, carers, and the public. While individualised dosimetry
following MRT is not well established, individual biokinetic models of patients undergoing
MRT have been used to evaluate significant differences between patients, the efficacy of
therapy and the optimisation of repeated treatment planning (Barquero et al., 2008; Craig et al.,

2020; Grudzinski et al., 2010).

Considerations, such as cost, patient convenience, quality of life and radiation protection are
important drivers for developing flexible and personalised hospitalisation and radiation
restriction plans for MRT patients. The previous chapter (Ch-5) showed that dose rates, activity
estimates and TACs can be determined from long-term patient-led measurements and might be
useful to guide personalising radiation restrictions. This approach proved to be comparable to
imaging for whole-body estimates, feasible and patient friendly. As far as we know, no
previous research has investigated **!I and "’Lu retention estimation over four weeks with
daily dose rate measurements. We hypothesise that using patient-led data will show
considerable inter-patient variability among groups of patients undergoing the same type of
MRT. We pursue an assessment of personalised radiation restrictions using the best-fitting

nonlinear regression model derived from patient-led data.

6.2.Aims

In this study, we aimed to investigate tailoring radiation protection advice to individual

patients’ radioactivity retention profiles by:

e Exploring the best fitting nonlinear regression model of acquired long-term (28 days)
patient-led data.

e Tailoring radiation restrictions per individual and comparing them to clinical standard

reference restrictions.
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e Evaluating the impact of modelling restrictions based on short (8 day) versus long-term

(28 day) patient-led data.

6.3.Methods

This section follows on from the collection of patient-led Selfie data described in the previous
chapter. Data collection and statistical analysis were presented; Patient-led data and their
proposed application to personalised radiation restrictions are presented for each MRT group

in the following order:"’Lu-Dota-Tate, *!I-DTC, and *!I-Thyrotoxicosis.

6.3.1. Tailored Radiation Protection Restrictions (Best Fit model)

Nonlinear regression analysis using mono- and bi-exponential curve fitting was applied to the
whole-body activity retention data using GraphPad Prism version 9.0.1 for Windows

(GraphPad Software, San Diego, California, USA).

The normalised dose rate (uSv/hr) was plotted against elapsed time, and exponential non-linear
regression analysis using the method of least squares to fit the data was performed on GraphPad
to derive the relationship between the two variables. The least square method minimises the
sum of squares of the vertical distances between the data points and the curve. R? is the square
of the correlation coefficient between the actual and predicted Y values, and it quantifies the

goodness of curve fit.

Patient-led whole-body dose rate measurements for NET patients were analysed following
cycles 1 and 4 of PRRT. Currently, PRRT patients received the same radiation protection
restriction in both cycles. The DTC study population comprised of two groups, the ablation

group (1% therapy) and the follow-up (FU) group (metastatic therapy), and each group was
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categorised into four different radiation restriction guidelines based on administered activities:

1.1,3.7,5.5, and 7.4 GBa.

For the thyrotoxicosis group, bi-exponential and mono-exponential non-linear regression

analysis were used to calculate patients’ radiation protection restrictions.

Bi-exponential Decay Model

The bi-exponential clearance model is a two-phase model using the sum of fast and slow
exponential clearance. The two clearance components (fast and slow) are each defined by a
rate constant (K) and a predicted Y value. The starting Y values are defined by the following

equations (H. J. Motulsky, 2016):

Y = Plateau + SpanFast * e “KFastx) 1 SpanSlow e CKSlow=x) Eq.6-1
SpanFast = (YO — Plateau) * PercentFast * 0.01 Eq.6-2

SpanSlow = (YO — Plateau) * (100 — PercentFast) * 0.01 Eq.6-3

X: Time
Y: Starts at Plateau + SpanFast + SpanSlow, then decays, with two phases, down to Plateau.

YO0: Value of Y at X=0, in the same units as Y. We constrain YO to be between zero and one

(1>Y0>0).

PercentFast: The fraction of the Y signal due to the fast phase as a per cent.
Kslow: Slow decay constant rate per day.

Kfast: Fast decay constant rate per day.

Plateau is the Y value at infinite times, expressed in the same units as Y. We constrain our

plateau to zero.
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Span is the difference between Y0 and Plateau, expressed in the same units as Y values.

Referenced and Tailored Restrictions

Referenced standard written restrictions issued by Guys and St Thomas Hospital, starting
immediately after MRT administration, were discussed with patients before MRT
administration to comply with UK legislation (ICRP, 2004; IPEM, 2002; IRR2017, 2017)
(Table 6-1). There are no specific restrictions regarding public and private transportation.
Generally, the patient was advised to limit journey times so as not to exceed one hour and to
avoid prolonged close contact with individual members of the public while travelling. In some
cases, where the patient longer journey times were anticipated, advice was based on
individualised calculations and risk assessment based on the dose rate at the time of discharge

from hospital.

These restrictions were derived by use of dose-modelling methods outlined by Barrington et
al. following RAI therapy for DTC and thyrotoxicosis patients (Barrington et al., 1996, 1999)

in which the following assumptions were applied:

1. For private transport, the driver would sit 1.0 m from the patient, and no other traveller
would present in the vehicle. For public transport, the patient would sit 0.1 m from
fellow travellers. (We calculated the allowed maximum public and private transport
journey time (hours) after leaving the hospital).

2. On return to work, the patient would sit 1.0 m away from the same work fellow for a
working day of 8 hours.

3. Sleep apart from a partner; patients would spend 6 hours at 1.0 m, followed by 8 hours
at 0.1 m (asleep) next to the partner.

4. For children, three age groups were defined based on assumed periods of time spent by
a child in close contact with a patient:

I. Child (<2 years) would spend 15 periods of close contact (0.1 m) of 35 minutes

during every 24-hour period with the patient.
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I1. Child (2-5 years) would spend 4 hours at 0.1 m and 8 hours at 1.0 m from the
patient.
[11. Child >5 years would spend 2 hours at 0.1 m and 4 hours at 1 m from the
patient.
We used the above assumptions to tailor patient radiation restrictions following discharge from
hospital after MRT administration.
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Table 6-1: Standard restrictions advised by Guys and St Thomas Hospital for patients undergoing MRT. Restricted contact (days) following radiopharmaceutical administration for different

categories of member of the public.

Referenced Radiation Restrictions (days)

Going out
Returning to work

Contact with a pregnant
woman
Sleep apart from partner

Child <2 years old
Child 2-5 years old
Child >5 years old

Bl.DTC 1% Treatment

1311.DTC Follow-up

1311 Thyrotoxicosis

" u-DOTA-TATE

(Ablation) Therapy (FU)

1100 3700 5500 7400 | 3700 5500 7400 601-800 MBq 7400 MBq
MBq MBg MBq MBq | MBg MBq MBq

3 11 13 15 2 3 3 17 7

7 15 17 19 3 3 4 17 7

3 11 13 15 2 3 3 16 15

13 19 21 23 4 4 5 26 15

14 20 22 24 4 5 5 27 15

11 17 19 21 4 4 4 22 10

7 13 16 17 3 3 4 16 7
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Referenced and tailored restrictions were calculated to comply with the recommended dose
limit of 1 mSv/cycle for household members and the public following 1-131 therapy. A dose
limit not exceeding 5 mSv averaged over 5 years (ICRP, 2004; Silberstein et al., 2012; Sisson
et al., 2011) was applied to the contacts of patients receiving *’’Lu-DOTA-TATE PRRT. The
constraint per procedure was 0.3 mSv for pregnant women and members of the public, such as

public and private transport and co-workers, and 1 mSv for members of the same household.

Dose rate measurements (uSv/hr/MBq) were scaled by inverse square law for 0.1-, 0.5-, and
1.0-m distances from the 0.38 m patient-led first dose rate measurement following activity
administration. Then, the fast and slow effective half-life, Tefrryand Tefr(s), were calculated from
the following equations (Cormack & Shearer, 1998):

Terrry = SPANsqs - (€7Xrast™ - [Kpoq) - (1— e rast* ) Eq.6-4
Tefr(s) = SPANsiow - (e Mstow™ [Kgoy) + (1 — e Nstow> ) Eq.6-5

Finally, exposure to another individual in uSv was calculated using dose rate (Dgr, uSv/Day) at

0.1 and 1 m distances and Tefrs) from the following equation.

Exposure = Tefs(s) - D Eq.6-6

6.3.2. Eight (8) Days Patient-led Fitting Model

We assessed the correlation between bi-exponential fitting parameters using patient-led
measurements for at least 8 days. This approach evaluates the implications of using a shorter
period of patient-led measurements for calculating radiation restrictions reflecting the need to
inform patients as early as possible on the specific radiation restriction path that should be
followed. We aimed to assess the shortest period that was more than or equal to the

radioisotopes’ physical half-lives (*’’Lu=6.7 days and !3!1=8 days).
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We analysed patient-led data from day zero to eight by applying nonlinear regression bi-
exponential and mono-exponential curves. The exact method was replicated from the previous
section. The fitting coefficients and half-lives were correlated with 28 days data set for each

MRT group.

6.4.Results

In this section, results of tailored radiation restrictions using a patient-led data best-fitting
model are presented for each MRT group in the following order (}"’Lu-Dota-Tate, *!I-DTC,
and *!I-Thyrotoxicosis). Then the results of the correlation between the 8- and 28-day fitting
model are presented as an assessment of whether radiation restrictions can be tailored based on

earlier dose rate readings.

6.4.1. Tailoring Radiation Protection Restrictions (Best fit model)

7Lu-DOTA-TATE Neuroendocrine Tumours Therapy

Thirty-seven patient-led whole-body retention bi-exponential non-linear regression curve
fitting parameters for NET patients following *’’Lu-DOTA-TATE PRRT cycles 1 and 4 were
analysed. The bi-exponential model of fast and slow half-lives corresponding fast and slow
whole-body excretion, respectively. The cohort PRRT cycle 1 fast half-life of 7.3 £ 8.9 hr (2.3-
42.6 hr) decreased at cycle 4 to 5.8 = 2.8 hr (3.0-12.9 hr) whereas slow half-life showed a slight
increase between cycles 1 and 4 (84.3 + 19.3 hr (59.8-133.6 hr) and 88.1 + 25.3 hr (41.3-150.3
hr), respectively). Curve fitting coefficients were applied for each data. The mean, fast, and

slow whole-body excretion fitting values as per equation 6-1 were:
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Cycle 1 PRRT bi-exponential curve fitting
Ymean = 0.75- e(73380) 4 (.25 . ¢(-0-21%)
Yease = 0.93- e=71%) 4 0,07 - (70-28%)

Yiow = 0.35-e(7039) 4 65 . ¢(-0-12%)

Cycle 4 PRRT bi-exponential curve fitting:
Yimean = 0.75- (73349 4 0,25 . ¢(-0-21%)
Yigse = 0.91- (75429 4 0,09 - ¢(-04%)

Yoow = 0.55-e(71289 4 (.45 (-0.11%)

The bi-exponential model goodness of fit was excellent with minimal error (cycle 1: R?>=1 +
0.01 and sum of squares = 0.01 +. 01, cycle 4: R?=1 + 0.01 and sum of squares = 0.004 +
0.004). Figure 6-1 shows the variation in bi-exponential whole-body retention curves of PRRT
cycles 1 and 4 between NET patients treated uniformly with the same ’Lu-DOTA-TATE
activity (7.4GBq +/- 10%). NET patient DOTA-20 exhibited faster whole-body clearance
(shorter whole-body retention) in cycle 4 (half-lives slow = 78.9 hr and fast = 6.9 hr) compared
with cycle 1 (half-lives slow = 92 hr and fast = 42.6 hr) (Fig. 6-2). This example poses
interesting questions about tailoring radiation restrictions, and perhaps in future, tailoring

treatment.
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Figure 6-1: Bi-exponential whole-body retention curve of a) cycle 1 and b) cycle 4 of PRRT showing variation between NET
patients treated uniformly with the same activity of Lu-DOTA-TATE.
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Figure 6-2: NET patient DOTA-20’s PRRT cycles 1 and 4 patient-led bi-exponential curve fitting showed a faster whole-
body clearance at cycle 4 compared with cycle 1.

Tailored radiation protection restrictions were calculated daily for NET patients using bi-
exponential fitting parameters (Fig. 6-3). Referenced restrictions in the first two categories
concerning members of the public were overestimated on average by 6.7 + 0.54 days compared
with tailored restrictions that could have been derived using the patient-led method.
Restrictions for family members, including the restriction of sleeping apart from partners and
children (<2y, 2-5y, and 5-11y), showed considerable variation between tailored restrictions
and referenced restrictions in NET patients. Table 6-2 shows the descriptive statistics of
tailored restrictions for 1’’Lu-DOTA-TATE PRRT cycles 1 and 4. The journey time for public
and private transport to limit the members of the public exposure to <0.3mSv were as follows;

Cycle-1 public and private transport journey time (9.14+ 26.19 hr and 56%32.9 hr,
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respectively). Cycle-4 public and private transport journey time (8.8+ 4.7 hr and 61.9+£33.7 hr,

respectively).
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Figure 6-3: Tailored radiation restrictions (using patient-led data) in days plotted by group categories for NET patients
following PRRT cycles 1 and 4. The reference line (dotted black line) represents the generic restriction advice given to the
patients following PRRT administration.
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Table 6-2: 177Lu-DOTA-TATE PRRT cycles 1 and 4 Descriptive statistics (mean, £SD, Max, and Min) of tailored restriction

days using patient-led and whole-body bi-exponential fitting parameters.

Generic PRRT Cycle 1 PRRT Cycle 4
restrictions
(Day)

Mean +SD  Max Min Mean SD Max  Min
Going out/Contact with a pregnant person 7 0.2 0.5 2.0 0.0 | 0.2 0.4 1.0 0.0
(4 hrs contact at 1 m)
Return to work (8 hrs contact at 1 m, 7 days 7 1.1 1.2 4.0 0.0 | 0.9 1.0 3.0 0.0
a week)
Sleeping apart (6 hrs at 1 m during the day 15 13.7 2.9 18.0 6.0 | 124 3.7 17.0 4.0
and 8 hrs sleep time at 0.1 m)
Child <2y (8 hrs at 0.1 m) 15 14.2 3.1 19.0 6.0 | 12.7 3.4 17.0 5.0
Child 2-5y (4 hrs at 0.1 m and 8 hrs at 1 m) 10 11.3 2.8 16.0 5.0 | 10.1 3.1 14.0 3.0
Child 5-11y (2 hrsat0.1 mand 4 hrs at 1 7 8.5 2.7 13.0 30|76 2.6 11.0 2.0

m)

The sleeping apart from the partner-tailored restriction was shorter in cycles 1 and 4 by 2 and

3 days, respectively than the referenced restriction (15 days). Tailored restrictions for contact

with children aged 2-5 y and 5-11 y was also longer in cycle 1 (by 2 £ 2.8 and 2 *+ 2.7 days,

respectively) and cycle 4 (by 1 + 3.1 and 1 = 2.6 days, respectively) than the referenced

restrictions. However, children <2 y old showed less onerous tailored restrictions by 1 + 3.1

days and 3 * 3.4 days following cycle 1 and cycle 4, respectively. On an individual basis, some

patients showed a reduction in contact restriction by 4 days (Fig. 6-4, a) and 8 days (Fig. 6-4,

b) which was consistent with visual assessment of reduced uptake on SPECT/CT images. On

the other hand, longer radiation restrictions would have been advisable for patients showing

stable disease on SPECT/CT images by > 4 days (Fig. 6-5).
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Figure 6-4: Examples of two PRRT patients’ SPECT/CT MIP images. a) Patient DOTA-7 showed a reduction in restrictions
following cycle 4 PRRT hy 4 days, and b) patient DOTA-5 showed a reduction by 8 days.
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Figure 6-5: Example of SPECT/CT MIP image following PRRT cycles 1 and 4. Patient DOTA-15 showed increased radiation
restriction by 6 days for sleeping apart from a partner and contact with children <2 years old, and by 4 days regarding contact
with children >2-11 years old.
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131)-Differentiated Thyroid Cancer Therapy

Seventeen patient-led and whole-body retention bi- and mono-exponential non-linear
regression curve fitting parameters for thyroid DTC were analysed. The bi-exponential model’s
fast and slow half-lives (10.2 = 3.8 hr (2.5-14.5 hr) and 33.3 + 33.6 hr (10.4-122.7 hr),
respectively) demonstrated fast and slow whole-body excretion, respectively. The mean, fast,

and slow whole-body excretion fitting values were calculated as per equation 6-1:

Bi-exponential curve fitting
Ymean = 0.63 - e(-182x) 4 ()39. o(-0.91x)
Yease = 1- e(-653x) L (027 . o(-159%)
Yoow = 0.82-e(713%) 4 0.9.(-017%)

Mono-exponential curve fitting:

Ymean =1 e(—1.59x)

Yigx = 1.08 - g(7305%)

Yinin = 1.02 - €7079%)

The bi-exponential model showed goodness of fit with almost ideal fitting with minimal error
compared with the mono-exponential model (bi-exponential: R?=0.99 + 0.01 and sum of

squares = 0.01 + 0.02, mono-exponential: R?=0.99 + 0.02 and sum of squares = 0.02 + .03).

Tailored radiation protection restrictions for DTC ablation (Fig. 6-6) and FU patients (Fig. 6-
7) were calculated using bi-exponential fitting parameters. Overestimation of referenced
restrictions was observed in all categories for ablation therapy patients, except for one subject
(Thyca-20), compared with tailored restrictions using the patient-led method. Restrictions for
family members, including sleeping apart from partners and children (<2 y, 2-5y, and 5-11

y), showed considerable variation in DTC patients between tailored restrictions and referenced
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restrictions. Table 6-3 shows the descriptive statistics of tailored restrictions for ablation and
FU RAI therapy. The journey time for public and private transport to limit the public member

exposure to <0.3mSv were 21.6+26.4 hr and 57.8+ 53.8 hr, respectively.

The tailored restriction for sleeping apart from the partner was 7.6 £ 7.5 days and 4.2 + 1.3
days for ablation and FU therapies, respectively. In general, the duration of tailored and
referenced restrictions was similar for FU therapies whereas a considerable reduction in all
categories of tailored restrictions duration compared with referenced advice was reported for

ablation therapies.
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Figure 6-6: Tailored radiation restrictions (using patient-led data) in days plotted by group for DTC- ablation patients
following **!I therapy. Reference line (dotted black line) represents the standard restriction advice given to the patients
following MRT as part of GSTT standard of care. Referenced restrictions were based on the type of therapy (ablation or FU)
and the amount of administered activity.
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Figure 6-7: Tailored radiation restrictions (using patient-led data) in days plotted by group for DTC-FU patients following
131 therapy. Reference line (dotted black line) represents the standard restriction advice given to the patients following MRT
as part of GSTT standard of care.
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Table 6-3: Descriptive statistics (mean, £SD, Max, and Min) of tailored restriction days using patient-led and whole-body bi-
exponential fitting parameters for DTC ablation and FU RAI therapy.

THYCA-Ablation THYCA-FU
Mean +SD Max Min | Mean +SD Max Min

Going out/Contact with a pregnant person (4 hrs 1.33 1.78 5 0 1.20 0.45 2 1
contact at 1 m)

Return to work (8 hrs contact at 1 m, 7 days a week) 217 2.66 9 0 1.40 0.55 2 1
Sleeping apart (6 hrs at 1 m during the day and 8 hrs 7.83 7.77 29 3 4.20 1.30 6 3
sleep time at 0.1 m)

Child <2y (8 hrs at 0.1 m) 8.17 8.04 30 3 4.20 1.30 6 3
Child 2-5y (4 hrsat 0.1 m and 8 hrs at 1 m) 6.75 6.69 26 3 3.80 1.30 5 2
Child 5-11y (2 hrsat 0.1 m and 4 hrs at 1 m) 5.17 5.97 22 2 3.20 1.10 4 2

1311-Thyrotoxicosis Therapy

Eight patient-led whole-body retention bi- and mono-exponential non-linear regression curve
fitting parameters for thyrotoxicosis patients were analysed. Two patients were excluded from
the restrictions analysis due to inconsistent return of patient-led data. The bi-exponential model
fast and slow half-lives (12.3 £ 4.5 hr (8.6-21.8 hr) and 147 £ 25.8 hr (113.5-174.8 hr),
respectively) corresponding to fast and slow whole-body excretion, respectively. Patients 9 and
10 exhibited increased slow half-life (333 hrs, and 296 hrs, respectively), exceeding the %I
physical half-life (192.47 hrs)); this may be probably due to errors with data collection which
couldn’t be resolved or investigated by the time of data analysis. The mean, fast, and slow

whole-body excretion fitting values were calculated as per equation 6-1:

Bi-exponential curve fitting
Yimean = 0.39 - e(-146x) L () 5g. o(-0.1x)
Yease = 0.72- e(-192%) ()29 . o(-0.15%)
Yiow = 0.19 - (70760 4 (.78 . (-0.052)
Mono-exponential curve fitting:
Yean = 0.88 - (70:29%)
Yease = 0.93 - o (=0.74%)

Yow = 0.77 - 70240
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The bi-exponential model provided goodness of fit with almost ideal fitting with minimal error
compared with the mono-exponential model (bi-exponential: R?=0.98 + 0.01 and sum of
squares =0.00 + 0.04, mono-exponential: R?=0.99 + 0.02 and sum of squares = 0.03 + 0.02).
Figure 6-8 shows an example of short (Hyper-4) and long (Hyper-10) whole-body retention in

thyrotoxic patients, with comparable bi- and mono- exponential curve fitting.
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Figure 6-8: Mono- and bi-exponentials curve fitting for thyrotoxicosis patients: a) very fast whole-body clearance (Hyper-4)
and b) very slow whole-body clearance (Hyper-10).
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Tailored radiation protection restrictions for thyrotoxicosis RAI therapies were calculated
using patient-led bi-exponential fitting parameters. The bi-exponential model resulted in an
illogical overestimation of tailored restrictions, the estimated slow half-life being longer than
the physical half-life of 311 in some cases. We therefore applied a mono-exponential model,
which resulted in more rational restrictions considering the effective half-life of RAI in
thyrotoxic patients (Table 6-4). The journey times for public and private transport to limit the

public member exposure to <0.3mSv were 1.8+0.53 hr and 12.9+ 3.68 hr, respectively.

Three patients (Hyper-1, 4 and 9) showed shorter tailored restrictions than referenced one’s
advice whereas the duration of restrictions would have been extended for four patients (Hyper-
3, 6, 8, and 10) especially for the protection of children aged 2-11y (Fig.6-9). The variability
among the cohort suggests that it is probably worth investigating this approach of tailored

restrictions further.

Table 6-4: Patient-led mono-exponential fitting parameters used to calculate tailored restrictions for thyrotoxicosis patients
following RAI therapy.

Mono- Exponential Tailored Restriction Days STATISTICS
Patient ID 1 3 4 6 8 9 10 Mean +SD MAX MIN
Going out/Contact with a 0 5 0 3 7 2 13 4.3 4.6 13 0
pregnant person (4 hrs contact at
1m)
Return to work (8 hrs contact at 1 1 9 1 7 12 5 19 7.7 6.4 19 1
m, 7 days a week)
Sleeping apart (6 hrs at 1 m 8 26 5 27 35 18 44 23.3 14.0 44 5
during the day and 8 hrs sleep
time at 0.1 m)
Child <2y (8 hrs at 0.1 m) 8 29 5 27 36 19 45 | 241 145 45 5
Child2-5y (4 hrsat0.1 m and 8 6 25 4 23 30 16 40 20.6 12.9 40 4
hrs at 1 m)
Child5-11y (2 hrsat 0.1 m and 4 5 21 4 19 26 13 34 17.4 10.9 34 4
hrs at 1 m)
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Tailored Vs. Refrenced Restrictions for Thyrotoxicosis I-131 Therapy
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Figure 6-9: Thyrotoxicosis patients referenced and tailored radiation restrictions following RAI therapy. Mono-exponential
curve fitting parameters were used for restriction calculation.
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6.4.2. Eight (8) Days Prediction of Patient-led Data Fitting Model

The patient-led whole-body measurements recorded for 28 days following PRRT and RAI
therapy for DTC showed a strong positive linear correlation with 8-day measurements (Table
6-5). However, NET patients’ 8-day measurements showed increased plateau values of 0.04 +
0.04 compared with 0.0 £ 0.01 at 28 days of measurement. The plateau values are consistent
with the radiation background value measured using the patient-led method (0.03 £ 0.02

pSv/hr).

Table 6-5: Paired sample correlation coefficient between 28- and 8-day patient-led measurements for NET and DTC patients
using a bi-exponential fitting model.

NET DTC
_Bl_-exponentlal . Significance Correlation Significance
Fitting Parameters | correlation
One-sided p Two-sided p One-sidedp Two-sided p

YO0 0.746 <.001 <.001 1 <.001 <.001
PercentFast 0.938 <.001 <.001 0.88 <.001 <.001
Plateau 0.161 0.261 0.523 1 <.001 <.001
SpanFast 0.959 <.001 <.001 0.998 0.000 0.000
Kfast/D 0.961 <.001 <.001 1 <.001 <.001
SpanSlow 0.964 <.001 <.001 0.88 0.000 0.000
Kslow/D 0.65 0.002 0.004 0.99 <.001 <.001
Half-life (Slow) 0.7 <.001 0.001 0.99 <.001 <.001
Half-life (Fast) 0.612 0.005 0.009 1 <.001 <.001

Thyrotoxicosis patients showed inconsistent slow half-life values at 8 days, according to
patient-led measurements using a bi-exponential fitting model. Therefore, we applied the
plateau constraint 0, which produced a strong correlation between fitting parameters, except

for span fast, span slow, and slow half-life (R <0.40, p >0.05) (Table 6-6). However, mono-
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exponential fitting for 28 and 8 days showed a very strong linear correlation coefficient for all

fitting parameters (Table 6-7) with and without constrained plateau to zero and 1>Y0>0.

Table 6-6: Paired sample correlation coefficient between 28- and 8-day patient-led measurements for thyrotoxicosis patients
using a bi-exponential fitting model with plateau and YO constraints.

Thyrotoxicosis with constraints
i ial Eitti Significance
Bi-exponential Fitting Correlation g
Parameters
One-sidedp  Two-sided p

YO0 0.906 0.002 0.005

PercentFast 0.851 0.008 0.015

SpanFast 0.408 0.182 0.364

Kfast/D 0.986 0.000 0.000

SpanSlow 0.397 0.189 0.379

Kslow/D 0.726 0.032 0.065

Half-life (Slow) 0.282 0.27 0.54

Half-life (Fast) 0.986 0.000 0.000

Table 6-7: Paired sample correlation coefficient between 28- and 8-day patient-led measurements for thyrotoxicosis patients
using a mono-exponential fitting model a) without plateau and YO constraint and b) with plateau and YO constraints.

a.  Thyrotoxicosis without constraints

Mono-exponential | . Significance
Fitting Parameters
One-sided p Two-sided p
YO 0.876 0.005 0.01
K/D 0.936 <.001 0.002
Half-life 0.846 0.008 0.016

b.  Thyrotoxicosis with constraints

Mooy | Comsion SIS
One-sided p Two-sided p
YO 0.988 0.000 0.000
K/D 0.997 0.000 0.000
Half-life 0.994 0.000 0.000
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6.5. Discussion

The results obtained here have implications for personalising MRT radiation protection
restrictions and suggest that our approach using a patient-led monitor is a promising alternative
to serial WBS and SPECT/CT imaging which tend to be resource heavy. It is essential to take
account of patient-specific radiopharmaceutical biokinetics to determine individual MRT
patients’ radiation protection restrictions. (B. Liu et al., 2015). Our study showed that the bi-
exponential model fitted very well for patient-led data in the MRT groups studied. For tailored
radiation restriction calculation, bi-exponential and mono-exponential fitting parameters were

used for NET and DTC patients and for Thyrotoxic subjects respectively.

NET patients showed variable duration of restrictions following PRRT administration among
the same group in PRRT cycles 1 and 4. Restrictions decreased for some patients following
cycle 4, which, we postulate, was related to a favourable therapy response (Fig.6-4). In contrast,
longer contact restrictions were required by some patients who showed stable disease and /or
no response after 4 cycles of PRRT (Fig. 6-5). The mean contact restriction with partners (8
days) and children reported by Levart et al. was markedly shorter than reported in our study.
However, the return-to-work contact restriction was in line with our findings on 1 day (Levart

etal., 2019).

Different fitting exponential model approaches, such as using a mono-exponential fit for
ablation and bi-exponential for FU DTC patients, have been studied (Klain et al., 2021).
Patient-led effective half-lives for ablation and FU (31.9 £ 30 hrs and 15.4 = 9.5 hrs,
respectively) were comparable to reported WBS serial effective half-lives of 26.1 £ 11.7 hours
and 14.6 + 4.6 hours, respectively (Klain et al., 2021). In contrast, longer effective half-lives
have been reported for DTC ablation, such as 67.6 £ 48.8 hours (Hanscheid et al., 2006).

Effective *!1 half-life determination using serial diagnostic WBS, and blood sampling were
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reported with a strong correlation coefficient with probe (Nal scintillator) measurements

(Ter=15.6 + 5.2 hours) (R? = 0.992 and R? = 0.854, respectively) (Freesmeyer et al., 2019).

In our study, thyrotoxicosis patients showed long estimations of contact restrictions using a bi-
exponential model, which dropped by ~50% using mono-exponential fitting parameters. For
example, thyrotoxicosis patient Hyper-4 had the lowest whole-body absorbed dose (38 mGy)
and the lowest retained activity at 24 hours based on WBS (180 MBq) and the patient-led

methods (189 MBQ).

Liu et al. used post-therapy four time-point WBS to calculate restrictions for Graves’ disease
patients after 311 therapy. For patients treated with 740 MBq, the restricted period to sleep
apart from their partner was 11 days and avoid returning to work for 10 days. In our study, the
minimum and maximum restricted periods for sleeping apart were 5 and 44 days (23 = 13
days), respectively, and return to work after 7.7 £ 6.4 days. In our small thyrotoxicosis cohort
who received similar 1 activities (681 + 83.5 MBq), observed biokinetic variability resulted
in a wide range of patient-specific restrictions. This is in keeping with 31 biokinetic variability
reported among a larger cohort of 72 patients with Graves’ disease (Liu B. et al., 2015). It
should be noted that a number of reasons, having to do with the reorganisation of the clinical
service at the tail-end of COVID-19 restrictions, resulted in recruitment of a significantly

smaller cohort of thyrotoxicosis patients than was initially planned.

Patients’ biokinetics are significantly influenced by many covariates, including disease burden,
radiopharmaceutical biodistribution, renal function, and patient preparation method, such as
the use of rhTSH or thyroid hormone withdrawal prior to radioiodine therapy for DTC
(Taprogge et al., 2021). The adjusted ICRP model showed significant variation from the
existing model, suggesting that the rate constants for each patient could be calculated based on

physiological uptake and clearance (Taprogge et al., 2021).
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For private transportation, NET and DTC patients showed similar long-journey restrictions of
58.9 hr and 57.9 hr, respectively. Thyrotoxicosis patients showed the averaged private
transportation journey length of 12.9 hr. Though, public transportation showed the averaged
journey length from 21.6 hr for DTC patients, followed by 8.9 hr for NET patients, and the
least of 1.8 hr for Thyrotoxicosis patients. Overall, our results indicated that tailored contact
restrictions with pregnant women and returning to work for all MRT groups were noticeably

shorter than the referenced restrictions that the patient were advised to follow.

Finally, this study supported the feasibility of a personalised biokinetic model, despite our
limited sample size, across a wide range of patient-led data. There is a need to adjust population
pharmacokinetic models to describe the rate constants of specific patient populations for
specific MRT groups (Taprogge et al., 2021). We investigated how soon we could stop
collecting patient-led data without compromising the equivalent fit to the 28-day data curve.
Applying 8 days of patient-led bi-exponential fitting data results in a very strong correlation
with all PRRT and DTC RAI therapy groups. This can assist with future clinical
implementation of a tailored approach to radiation restrictions. In addition, collecting long-
term whole-body retention data allows personalised calculation of WB absorbed doses and in
future, combining such data with discrete imaging may lead to tailored versions of single-time

point dosimetry approaches.

6.6.Conclusion

Tailored radiation restriction using patient-led whole-body retention measurements obtained
with a hand-held radiation monitor proved to be feasible for following the time course of
radioactivity clearance in each patient for 3-4 weeks post-therapy. We illustrated the best
fitting nonlinear regression model for different MRT. Furthermore, minimising the monitoring

period to 8 days (twice a day) was sufficient to fit the non-linear regression exponential curve
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to calculate patient-specific radiation restrictions. This might enhance the feasibility of

applying this approach to larger MRT populations.
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CHAPTER 7

7. Summary, Limitations, and Future Work
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7.1.Summary

The improved understanding of factors driving cancer progression and response to therapy in
benign and malignant diseases has significantly contributed to developments associated with
theranostic SPECT and PET probes, leading to the optimisation of quantitative imaging and
potentially dosimetry. It is reasonable to assume that the outcome of MRT would depend on
the absorbed radiation dose delivered to target tissues and healthy organs. It is standard practice
to undertake early qualitative post-treatment gamma imaging for visual assessment of
therapeutic radiopharmaceutical distribution but quantitative assessments such as SUV or
dosimetric assessment are not performed routinely. Furthermore, in the absence of individual
data, patients are provided with generic radiation safety advice based on worst-case

assumptions of radiopharmaceutical retention.

The main objectives of this thesis were, therefore, to explore the feasibility of undertaking
quantitative SPECT/CT and PET/CT. Then, to combine quantitative whole-body scans and
SPECT/CT imaging with post-treatment, patient-led whole-body dose rate measurements to
support individual MRT treatment planning. Finally, to apply patient-led, whole-body dose rate
measurements to provide personalised radiation protection advice for patients undergoing
MRT. This thesis addressed these novel goals using phantom studies for optimisation and
validation using patient cohorts. To the best of my knowledge, this is the first study that
explored the SUV serial changes between PET/CT and SPECT/CT and the application of long-
term whole-body retention data obtained from patient-led monitoring in patients undergoing

MRT.

As mentioned in chapter 1, this research’s null hypotheses aimed for two primary outcomes to
determine a) the potential of monitoring MRT impact prospectively based on post-treatment

guantitative imaging, and b) the impact of patient-led external dose rate monitoring versus
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standard, generic, post-treatment radiation protection advice in terms of restriction duration

and patient satisfaction.

Chapter 2 reviewed the role of quantitative SUV-SPECT/CT on NET molecular response
assessment during ’Lu-DOTA-TATE MRT cycles. A systematic review undertaken
according to PRISMA guidelines showed a lack of studies utilising SUV-SPECT/CT in ’Lu-
DOTA-TATE as surrogate metrics of therapy response. This demonstrates the potential in
developing a quantitative SUV-SPECT/CT protocol in PRRT describing the acquisition and
processing factors toward optimisation. This was the motivation for undertaking studies to

develop an optimised quantitative SUV-SPECT/CT protocol discussed in Chapter 3.

Phantom data were used to optimise and validate quantitative SPECT/CT. Calibration factor,
coefficient of variation, relative error, concentration recovery coefficient and iterative
reconstruction algorithm were assessed for each SPECT/CT system and relevant collimator
type. The phantom simulation study confirmed the feasibility of quantitative SUV-SPECT/CT
with optimised reliability for *’Lu and **1. The main challenge in quantitative SPECT/CT is
the partial volume effect (PVE). This is an inherent issue of the limited spatial resolution of
radionuclide imaging and, in addition, an issue with high-energy collimators due to septal
scatter and penetration. However, the PVE can be somehow limited by the optimisation of data
acquisition and reconstruction parameters and could potentially be compensated for by the
NEMA phantom using the sphere’s validation method. PVE occurs when the activity from a
small lesion is spread out and diluted across multiple pixels due to the limited spatial resolution
of the imaging system. This can result in an underestimation of the true activity concentration
of the lesion. We used the NEMA phantom 6-spheres activity concentration recovery
coefficient (cRC) factor to correct this effect. The cRC factor varies depending on the size,
shape, and location of the lesion, as well as the imaging system and reconstruction algorithm
used. Therefore, we determined the cRC factor for sphere size. In clinical data, correct, accurate
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measurement of lesion size is important for applying proper correction factor of cRC in the
quantitative analysis of SPECT functional imaging. Our NEMA phantom study showed that
the cRC factor should be applied to lesions less than 37 ml a correction factor that accounts for
the spread of activity outside the lesion region. However, in cases where the lesion size is small
or difficult to visualize on non-enhanced CT reference images registered with SPECT, it may
be challenging to accurately determine the exact anatomical dimensions or volume of the
lesion. This is due to the lower spatial resolution of SPECT imaging compared to CT, which
can lead to an underestimation of the lesion size. Therefore, contrast-enhanced CT and
Magnetic Resonance Imaging (MRI) anatomical images can be used pre-MRT to provide more
detailed information than non-enhanced images, particularly in cases where the lesion is small

or difficult to visualize.

In Chapter 4, phantom-optimised acquisition and image reconstruction protocols was applied

to imaging data acquired from a cohort of NET patients. The main findings were as follows:

e Significant SUV-SPECT/CT differences were observed between PRRT cycles 1 and 4
and between pre-and post-PRRT SUV-PET/CT measurements (p < 0.05). A decrease
in SUVmax-SPECT/CT was observed in 89% of 74 lesions during PRRT ranging from
—0.25% to —97% (mean: —45% + 29.6%). The remaining eight lesions (12%) increased
by 32% + 47.3%. The SUVmax measured by PET/CT was reduced by a mean of 34% +
27.5% in 66% of lesions (n=42). However, 22 lesions showed an increase in the SUVmax
-PET/CT of 50% % 58.7%.

e Significant positive correlations were reported among all SUV-SPECT/CT metrics
(SUVmean, SUVmax, SUVpeak, and MTV) (1s=0.9, P<0.05).

e Increased SUV-SPECT/CT measurements were observed at Cycle 4 for the liver,
spleen and both kidneys, and comparable increases in the same organs were observed

for SUV-PET/CT measurements. However, both kidneys’ SUV metrics showed no
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significant difference in liver and spleen background ratio between SPECT/CT at cycles
one and four (P>0.05). No correlation was found between kidneys SUV and e-GFR
change.

The lesional SUVmax showed strong linear correlations with the liver background
SUVmean and SUVmax (rs = 0.9, P < 0.05). Changes in the LTS and LTL ratios showed
significant and strong, positive, linear correlations (rs = 0.8, P < 0.05) in both
SPECT/CT and PET/CT measurements. LTL and LTS reduced post-therapy by
40£33.4% and 46+25.6% in SPECT and by 20+35% and -25£29% in PET, respectively.
A significant, strong, positive Spearman’s correlation was shown between the SUV peax
(rs= 0.75) and SUVmax (rs = 0.71) when comparing values derived from SPECT/CT
and PET/CT (p<0.05). Approximately 95% of the lesions showed SUV-SPECT/CT and
PET/CT measurements within the Limits of Agreement on the Bland-Altman plot.
Finally, CgA values were significantly reduced by mean -27% + 29.7% after PRRT (P
< 0.05). CgA and CgB showed a significant (P <0.05) moderate, positive correlation
with SUV-SPECT/CT metrics, as shown in table 4-7. By comparison, PET/CT
quantitative metrics were weakly correlated with CgA, and weak or no correlations

were observed for CgB.

SUV-SPECT/CT metrics changes during /Lu-DOTA-TATE PRRT are important for

optimising treatment outcomes, minimising side effects and improving the overall clinical

relevance of PRRT for NETSs. A decrease in tumour SUV after PRRT treatment may indicate

a favourable response to the treatment in terms of reduced somatostatin receptor expression

and/, or metabolic tumour volume. By contrast an increase in lesional SUV suggests a less

favourable response.

SUV-SPECT/CT can detect specific metabolic changes in a tumour’s response to treatment

earlier than other monitoring methods, such as contrast CT, which require a change in tumour
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size to assess efficacy. Monitoring patients via blood count and chemistry provides additional
important information about the patient's overall health status, potential side effects of
treatment and change in tumour markers. Therefore, different methods provide complementary
information, and it is vital that qualified medical professionals interpret SUV-SPECT results
in the context of a patient's overall clinical status, medical history, and other relevant diagnostic

tests.

The choice of the best SUV-SPECT metric for assessing treatment response during Peptide
Receptor Radionuclide Therapy (PRRT) in patients with neuroendocrine tumours (NETS) is an

area of ongoing research and debate.

Lesion SUVmax IS a commonly used metric for assessing tumour response in PET-FDG
imaging. It reflects the highest level of radiotracer uptake within a tumour and can be used to

measure changes in tumour metabolic activity over time and it’s independent of operator.

SUVmax Of lesion-to-liver (LTL) or lesion-to-spleen ratios (LTS) may be more reliable metrics
for assessing treatment response during PRRT in NETSs. These ratios consider variations in
normal organ uptake of the radiotracer, which can be affected by factors such as patient

anatomy and treatment timing.

The main advantage of using LTL/LTS ratios is that they may be less prone to variability than
lesion SUVmax alone. This is because normal liver and spleen uptake are relatively stable over
time and can serve as a reference point for measuring changes in tumour uptake during therapy.
We suggested using the LTL ratio as a metric to assess response to PRRT, LTS being a sensible

alternative in patients with extensive hepatic metastases.

The choice of the best response metric may depend on individual patient factors, imaging
protocols, and clinical goals. It is important for clinicians to interpret imaging results in the

context of each patient's unique clinical history and overall treatment plan.
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We reported some patients with different SUV changes between SPECT and PET. While both
SPECT and PET imaging use radiotracers to visualize metabolic activity, inherent physical and
instrumentational differences in these techniques affect SUV measurements. A key difference
between SPECT and PET imaging is the type of radiation detected. SPECT detects gamma
radiation emitted by a radiotracer, while PET detects positron emission. As gamma photons
are less energetic than positrons, SPECT images have higher noise and lower spatial resolution
leading to less precise measurements of SUV compared to PET images. Moreover, different
kinetics of Y’Lu and ®Ga and imaging interval time following injection may cause the

observed SUV difference between SPECT and PET.

Another factor that can contribute to differences in SUV measurements between SPECT and
PET is the type of radiotracer used. Different radiotracers have different physical and biological
properties, including uptake and clearance rates, which can influence SUV measurement.
Lastly, fundamental differences between the capability and resolution of equipment used for

SPECT and PET imaging influence the accuracy and precision of SUV measurements.

In summary, the differences in SUV changes between SPECT and PET may be due to the
inherent technical differences in the imaging techniques, as well as differences in the
radiotracers used and imaging protocols. It is important to consider these factors when

interpreting SUV measurements in clinical practice.

Chapter 5 and 6 presented a comprehensive investigation into the first use of long-term patient-
led measurements to evaluate therapeutic radiopharmaceutical retention. The patient-led

dosimetry primary outcomes link to null hypotheses described in chapter 1 as follows:

e L u-DOTA-TATE and 1-131 MRT whole-body dosimetry from patient-led
measurements showed a strong correlation with a single time-point quantitative whole-

body scan and SPECT/CT dosimetry.
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U7 y-DOTA-TATE and 1-131 MRT whole-body dosimetry from patient-led
measurements correlated well with conventional 2-metre external dose rate
measurements (R=0.7 and 0.91, respectively).

Patient-led measurements could have led to changes to generic radiation restrictions for
some patients, which is evidence of the need for tailored restrictions.

Patient-led non-linear curve regression for eight days correlated with 28 days of curve
fitting parameters.

Patients accepted using the patient-led recording for 28 days.

Tailoring radiation restrictions following molecular radiotherapy (MRT) can have a positive

impact on minimising exposure of members of the public and family. Based on our data, it

might be feasible to adjust patients’ restrictions prospectively based on individual whole-body

retention data acquired by self-monitoring. Some of the impacts are:

Ensuring that MRT is carried out in compliance with radiation safety regulations, which
require that measures be put in place to minimise radiation exposure to the public and
family members.

Patients and their families can experience anxiety about the potential risks of radiation
exposure. Tailoring radiation restrictions can help to reduce this anxiety by providing
real time evidence of decreasing radiation levels, minimizing the potential exposure to
the public and family.

Adjustments to the treatment plan, such as increasing the time between treatment
sessions in patients with prolonged retention may be feasible. This can impact the

overall treatment schedule and may require additional monitoring.

An important factor in (molecular) radiotherapy remains the knowledge and, when possible,

the optimisation of absorbed dose delivery to target tissues and healthy organs. Whilst this
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work demonstrated the robust use of quantitative metrics derived from imaging as well as the
reliability of longer term continual whole-body retention data, the issue of estimation of
absorbed doses in a practical manner that is not perceived as resource-heavy by the Nuclear
Medicine community, remains. Efforts to address this issue include the use of single time point
dosimetry (Hou et al., 2021; Willowson et al., 2018) to limit the number of imaging data points
required for the estimation of a dosimetric profile to be delivered. The method developed in
this work could potentially help further guide these approaches to more accurate patient-
specific approaches. This would require further work to develop models that could guide the
definition of organ time-activity-curves by sparse or single-time-point imaging and limited by
the envelop whole-body curve provided by patient-led monitoring. Such methods would
require development of models specific to the MRT radiopharmaceutical with appropriate
validation for the patient cohort intended. The time available for this project has not allowed
such developments to be further explored in the present work even though it remains as area

of interest for future work.

Finally, we have shown that this approach uniquely provides the evidence necessary to support
consideration of an individual patient's situation and balance the risks and benefits of radiation

restrictions to optimise treatment outcomes while minimising the risks to the public and family.

Chapters 4, 5 and 6 demonstrated the novel application of SUV-SPECT/CT as a prospective
clinical evaluation marker during PRRT and of patient-led measurements to personalise

radiation protection guidance and absorbed dose estimation.

To conclude, the experiments using the phantom simulations and patient data confirmed the
feasibility and reliability of the proposed quantitative imaging and patient-led dosimetry

methods.

Page 187 of 218



7.2.Limitations

There are several limitations to our study. First, only 48 patients from three MRT categories were
included in this work. This small mixed cohort of prospective and retrospective data reflects the
negative impact of the COVID-19 pandemic, during which the IRAS submission was suspended.
Ethical approval was granted in December 2021 and prospective data collection started in January

2022.

Radioiodine supplies were interrupted from February 2022 till April 2022 and clinic cancellations

occurred due to staff shortages.

The use of quantitative SUV-SPECT to assess response prospectively over the course of repeated
treatment cycles has limitations, and it is essential to be aware of these to avoid misinterpretation of
the results. Some of the limitations of SUV-SPECT in assessing therapy response and how they could

be overcome are:

e SPECT has lower spatial resolution than PET, making it difficult to localize the area of interest
precisely. This can be overcome with phantom imaging optimisation and standardisation
protocol as explained in chapter 3. Some new developments along the direction of overcoming
resolution limitations of SPECT include the synergetic reconstruction of SPECT data
informed by the (superior resolution) PET (Marquis et al., 2021).

e Variations in imaging protocols, such as the time interval between the injection of the
radiotracer and the imaging acquisition, can affect the SUV measurements. Standardisation
of imaging protocols can help reduce variability and improve the accuracy of SUV
measurements. It remains to be seen if future applications of innovative methodology such as
Total Body PET (Cherry et al., 2018) may offer longer term data on radiopharmaceutical

organ retention thanks to a substantially improved sensitivity; this would allow a more
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accurate understanding of radiopharmaceutical biokinetics and a fairer comparison with
SPECT data.

Biological factors, such as differences in the metabolism of the radiotracer, can influence SUV
measurements. This limitation can be overcome by using radiotracers with known biological
properties and by comparing the SUV measurements at different time points to assess changes
in response to therapy.

SUV-SPECT measurements can be influenced by the partial volume effect (PVE). PVE can
be compensated for by applying recovery coefficients derived from NEMA phantom studies
using the sphere’s validation method. To accurately measure lesion size, pre- and post-PRRT
anatomical imaging such as contrast-enhanced CT and MRI may be required. These imaging
techniques can provide high-resolution images of the anatomy and help to identify the precise
location and size of the lesion. By comparing the pre- and post-PRRT images, it is possible to
track the changes in the lesion size over time and correlate these changes with the functional
changes observed in SPECT imaging. This limitation can also be offset by careful
interpretation of SUV measurements in the context of the patient's clinical history and other
diagnostic tests. In addition, definition of ROIs for SUV analysis may be further improved by
standardisation of definition criteria or even using deep-learning or artificial intelligence (Al)
approaches (Arabi et al., 2021) to reduce bias and variability.

A CT reference image is required to calculate SUV in an area of interest. The resulting
additional exposure to ionising radiation is potentially harmful to patients, particularly those
who require frequent imaging studies. The relative risk posed by this exposure is considered
low by comparison with the radiation dose received during therapy however and in this
patient, population is outweighed by the potential clinical value of the SUV data generated.
The option of following SUV changes across four PRRT cycles by applying the CT image

acquired after the first treatment to subsequent SPECT images might be considered but would
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require patient position and scanner settings to be reproduced accurately to register the SPECT

and CT successfully.

Tailoring patient's individual radiation restrictions after MRT is a feasible approach that could be
applied prospectively in the future. However, some factors that might affect the impact of this

approach include:

e Availability of radiation monitoring equipment can vary depending on the healthcare facility
and could limit the feasibility of widescale adoption.

e Radiation safety regulations vary between countries and regions and may impact the
feasibility of tailoring patient's radiation restriction after MRT. Healthcare facilities must
comply with these regulations to ensure patient and public safety.

e Patient compliance with the radiation restriction guidelines to minimise the risk of exposure
to family members and the public. Education and counselling regarding the importance of
compliance may be required, especially if patients unexpectedly need to extend the restrictions

to ensure safety for others.
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7.3.Future work

The reported findings of this thesis identified the following opportunities for future work:

A further investigation of PET/CT and SPECT/CT in both in-vivo and in-vitro systems
performance harmonisation to achieve comparability of image quality and SUV metrics of
68Ga- DOTA-TATE with 177Lu- DOTA-TATE.

Applying SUV-SPECT/CT in cycles 2 and 3 PRRT and comparing changes across all four
cycles of PRRT. SUV-SPECT changes could provide insights into the Kkinetics of
radiopharmaceutical uptake and clearance in the tumour. This information can be used to
optimise treatment protocols and improve the therapeutic efficacy of PRRT. Moreover, early
changes in SUV-SPECT during PRRT could be used as a prognostic indicator for treatment
outcomes. Patients who show a significant decrease in SUV-SPECT after a few treatment
sessions may have better long-term treatment responses compared to those with minimal
changes.

Investigating the feasibility of quantitative SUV-SPECT/CT in emerging types of MRT such
as 177Lu-FAPI (Fibroblast Activation Protein Inhibitor) and 177Lu-PSMA (Prostate-Specific
Membrane Antigen). FAPI is a small molecule that specifically targets and binds to fibroblast
activation protein (FAP), which is overexpressed on the surface of cancer-associated
fibroblasts (CAFs) of the stroma of many epithelial cancers (Huang et al., 2022; Liu et al.,
2022). Both 177Lu-PSMA and FAPI therapies are currently being evaluated in clinical trials
as a potential treatment option for advanced prostate and epithelial cancers, respectively
(Jackson et al., 2022; Mair et al., 2018; Sjogreen Gleisner et al., 2022).

Investigating the feasibility of quantitative SUV-SPECT/CT in emerging alpha particle
therapy such as Actinium-225 labelled PSMA/FAPI.

Standardisation of pre- and post-therapy diagnostic imaging acquisition and processing using

SPECT/CT with advanced Cadmium Zinc Telluride detector (CZT) and PET systems.
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e The results of the patient-led monitoring carried out in this thesis also suggest the feasibility
of this dosimetry method which would involve a larger patient cohort to understand the best-
to-fit pharmacokinetic model for emerging MRT groups, such as PSMA and FAPI, and assess
more covariates. Moreover, to assess the potential of adapting MRT activity prescription
based on post-treatment quantitative imaging.

e Applying the reported exponential whole-body retention model to prospective patients’ data
and correlating this with serial quantitative WBS and SPECT/CT imaging. Assessment in a
larger patient cohort would be essential to support implementation in routine clinical practice.

e Developing an automated process to save the patient-led monitor’s recording with accurate
date and time and link it to software for example via a mobile phone application. This would
assist archiving and analysis, would eliminate the patient’s effort for manual recording and
would allow patients to access real time feedback. This development might accelerate the
radiation protection restrictions assessment process and the patient could be advised to follow
updated restrictions based on their daily dose rate measurements.

e Integrating quantitative SUV-SPECT/CT imaging into future research protocols and clinical
practice for MRT by incorporating it into the treatment planning and follow-up process.
Clinical trials can be designed to include quantitative SUV-SPECT imaging as part of the
treatment response evaluation. This might help to assess the efficacy of the treatment,
determine the optimal activity for subsequent cycles and confirm the clinical relevance of
SUV-SPECT as a technique for prospective response monitoring.

e Establishing guidelines for interpreting SUV-SPECT measurements to facilitate consistent
and reliable interpretation of the imaging results.

e Providing education and training to clinicians and researchers to ensure that they are familiar

with the use of quantitative SUV-SPECT imaging in MRT and how to interpret the results.

Some other developments such as the use of Al for region of interest (ROI) standardisation and the

development of models to inform organ time activity curve (TACs) based on sparse/single-time-point
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imaging with serial patient-led data for the full dosimetric evaluation of MRT have also been
discussed in this chapter and would be exciting directions for building upon the work developed in
this study for future improvements in MRT. Growing interest in MRT and new developments,
including the discovery of novel molecular targeting agents and the use of alpha emitting
radionuclides underlines the importance of optimising MRT to fully realise the huge potential of

theranostics in clinical practice.
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Appendices

A. SELFIE Instruction leaflet.

Guy’s and St Thomas' NHS

MNHS Foundation Trust

Lefteris Livieratos, PhD Department of Nuclear Medicine
Muclear Medicine Physicist Guy's Hospital
Tel +44 (0)20 7 183 3302 5t Thomas 5t, London. SE1 8RT
FAX +44 (0)20 7 188 2094 Tel +44 (0)20 7185 4112

amaik Lefteris Livieratos@gstt.nhs.uk

Thank you taking part in this study. Please find contact details above, together with the following
instructions for self-monitoring at home after your treatment (SELFIE project). Please contact us if you
have any questicns and return the radiation monitor in the pre-paid emvelope provided.

Selfie Instructions for Patients:

1.
2.

Turn on the SELFIE moniter using the ON/OFF switch.

Hald the monitor at arm’s length in front of you while resting yvour elbow by yvour side at waist height.
It doesn't matter whether you are sitting down or standing up, provdded that vou use the same position
every ime, o make sure that it feels comfortable from the start.

. Please try to use this position carefully for every measurement you record.

. The SELFIE monitor shows a number at the top of the screen. This will keep changing for a few

seconds after you switch the monitor on.

. Wait for 1 minute, then write down the number shown on the screen on your form with the fime and

date.

. Turn the SELFIE monitor off by pressing the ON/OFF bution three times.

. Pleasze take measurements at any time of the day, ideally once in the moming and once in the

afterncon, for 28 days after your treatment.

. If you forget or can't take a measurement for any reason, don't worry - just restart and carry on when

you can.

. Sometimes, the afternoon measurement might be slightty higher than the morning one. This is not a

cause for concern.

10. There iz no right or wrong reading or target level at the end of the 23-day measurement period.

11.1f you don't want to keep taking measurements anymore, just send us what you have recorded so far

and return the sheet and monitor to us in the prepaid envelope provided.

Very many thanks for your help.

Page 1 of 2

IRAS 285352 VERSION 1.1 25" Sep 2021
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| confirm that | am willing to undertake “Selfie ‘monitoring when | leave the hospital.

| understand that anonymised information from 'Selfie ‘records will be used to find out more about how
radiation levels change in different people after radionuclide treatment

| understand that | can change my mind and stop taking ‘Selfie ‘measurements at any time |

NAME

SIGNATURE

DATE

(&) ATOMTEX
Number to write down
ON/OFF button
Hold the SELFIE monitor like this
The SELFIE monitor locoks like this
Page 2 of 2
IRAS 288352 VERSION 1.1 25" Sep 2021
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B. PRRT patients’ general characteristics and injected activity for PRRT cycles 1 and 4.

i Injected activit
- General characteristics U (MBg) 4
Paltll:gznt Gender Age (y) Cycle 1 Cycle 4
1 M 65 7974 7754
2 F 38 7541 7843
3 F 71 7539 7511
4 F 56 7830 7807
5 F 59 7626 7378
6 F 73 7616 3780
7 F 69 8000 7630
8 M 65 7175 7343
9 M 62 7592 7626
11 M 71 7790 7186
12 F 69 7668 7744
13 F 55 7596 7450
14 M 61 7697 7460
15 F 52 7810 7369
16 M 63 7880 7596
17 F 57 7779 7114
18 F 56 7567 7057
19 M 63 7081 7370
20 M 63 7590 7656
Mean 61.28 7632.06 7273.33
+SD 8.46 224.72 900.10
Max 73.00 8000.00 7843.00
Min 38.00 7081.00 3780.00
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C. PRRT cycles 1 and 4 whole-body absorbed dose (D, mGy) calculations using patient-led
data.

Patient
ID MiregliT Swhb-wh) _ Cycle-1 _ Cycle-4 Cycle-1  Cycle-4
(DOTA- AUC P mGy/MBg/hr A(MBg*hr) A(MBg*hr) D(mGy) D(mGy)
) Cycle-  Cycle-
1 4
1 28.78  49.53 0.86 0.00109 229491.7 384056.0 249.2 417.0
2 19.93 24.97 0.79 0.00128 150292.1 195840.0 192.3 250.6
3 16.67 1397 0.92 0.00149 125675.1 104929.0 186.8 155.9
4 2125 12.83 0.69 0.00111 166387.5 100164.0 184.7 111.2
5 2444 26.89 0.77 0.00125 186379.4 198394.0 2321 247.0
6 28.61  36.98 1.19 0.00192 217893.8 139784.0 418.2 268.3
7 57.85 3173 0.7 0.00114 230000.0 301461.0 526.4 275.3
8 3319  30.14 0.57 0.00072 238138.3 221318.0 171.7 159.5
9 14.52 0.9 0.00113 110235.8 124.3
11 83.3 70.99 0.7 0.00088 648907.0 510134.0 570.7 4487
12 2099  17.49 0.98 0.00159 160951.3 135443.0 255.7 215.2
13 59.88 39.6 0.6 0.00097 454848.5 295020.0 441.1 286.1
14 3046  29.18 0.86 0.00109 234450.6 217683.0 254.6 236.4
15 257 2211 0.6 0.00097 176271.7 162929.0 171.0 158.0
16 4791  46.11 1.13 0.00142 377530.8 350252.0 5355 496.8
17 34.8 34.04 0.61 0.00098 270709.2 242161.0 265.3 237.4
18 5772 3891 0.76 0.00123 436767.2 274588.0 536.6 337.3
20 105.7  47.96 0.88 0.0011 802263.0 367182.0 882.0 403.7
Mean 39.3 337 0.8 0.0 289844.1 245655.9 329.6 278.9
+SD 24.9 14.6 0.2 0.0 187969.6 108223.2 196.6 108.8
Max 105.7 70.9 1.2 0.0 802263.0 510134.0 882.0 496.8
Min 14.5 12.8 0.6 0.0 110235.8 100164.0 124.3 111.2
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D. DTC patients’ general characteristics and A for ablation and follow-up (FU) 31 therapy.

General Administered Type of Gamma-imaging uptake at 48
characteristics activity Therapy hours
Patient ID Age
Gender MB
(ThyCa:) ) (MBa)
1 E 56 3950 Ablation Uptake |ntotirsesr32ant thyroid
2 M 60 5780 Al Uptake |ntotirsesrlr}2ant thyroid
3 M 44 3770 Ablation Uptake |ntotirsesr32ant thyroid
Follow-u Evidence of iodine-avid
4 F 49 7930 P metastatic disease
(FU)
5 M 43 1183 Ablation Uptake into remnant thyroid
tissue
Follow-up No uptake
6 M 64 6040 (FU)
7 = 61 1100 Ablation Uptake into remnant thyroid
tissue
Follow-up
8 i & Geill (FU) No uptake
Follow-up No uptake
9 M 45 5950 (FU)
10 M 72 3860 Ablation No uptake
11 F 39 3860 Ablation No uptake
Follow-up No uptake
12 F 50 3860 (FU)
13 M 53 1154 Ablation Uptake |ntotigesrL12ant thyroid
14 F 24 3870 Ablation Uptake |ntotirsesrL12ant thyroid
15 M 2% 3950 Ablation Uptake |ntotirsesrL12ant thyroid
16 F 46 3870 Ablation Uptake into remnant thyroid
tissue
Follow-up No uptake
17 F 40 5880 (FU)
18 F 29 3890 Ablation No uptake
19 M 5 1173 Ablation Uptake |ntotirsesr32ant thyroid
20 M 50 3850 Ablation Uptake mtotirSeSrLr:gant thyroid
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E. DTC patients’ absorbed dose calculations using patient-led data.

Patient ID (ThyCa-) AUC Mrer/Mp m GS\((\?IIS/IVI%% /e AMBg*hr) D (mGy)
1 20.52 0.83 0.00134 81054.0 108.2
2 20.81 0.92 0.00116 120281.8 139.2
3 18.59 0.81 0.00102 70084.3 717
4 13.81 0.83 0.00134 109513.3 146.2
5 17.65 0.86 0.00109 20880.0 22.7
6 13.33 0.75 0.00095 78520.0 74.3
7 21.07 0.83 0.00134 23177.0 30.9
9 11.77 0.95 0.00119 70031.5 83.2
10 49.02 0.68 0.00085 189217.2 161.6
11 18.08 0.53 0.00086 69788.8 60.1
12 14.1 1.10 0.00177 54426.0 96.4
13 20.37 1.00 0.00126 23507.0 29.5
14 13.22 0.73 0.00118 51161.4 60.4
15 22.16 0.76 0.00096 87532.0 83.7
17 20.51 1.02 0.00165 120540.0 198.3
19 15.42 0.82 0.00133 18064.2 24.0
20 44.27 0.65 0.00081 170439.5 138.8

Mean 20.86 0.83 0.00118 79895.2 90.0
+SD 10.27 0.14 0.00027 49902.3 52.2
Max 49.02 1.10 0.00177 189217.2 198.3
Min 11.77 0.53 0.00081 18064.2 22.7
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F. Thyrotoxicosis patients’ general characteristics, AA, diagnosis, and thyroid uptake before

1311 therapy.

General characteristics Adr;lg:/si';;red Diagnosis Iﬁ;?gi?ﬂgig_?%
Paltgm o Age Weight Height (MBq)
(Hyper) v k) (m)

1 M 57 83 174 605 Toxic solitary thyroid 23%

nodule

3 F 62 96 164 800 U2e rggi'ttsg"d”'ar 39.0%

4 M 69 79 169 612 Graves' disease 0.9%

5 F 22 43 160 718 Graves' disease 13.7%

6 F 63 64 161 621 Graves' disease 2.7%

7 F 20 67.8 166 619 Graves' disease

8 = 57 91 177 617 Toxic mu_ltinodular 10.8%

goitre

9 51 9 169 799 Gra"ﬁ;ﬁgj)se (2"

10 F 32 53 156 746 Graves' disease 20.0%
Mean 48.1 74.8 166.2 681.9 12.8%
+SD 18.5 19.0 6.8 83.5 13.5%
Max 69.0 96.0 177.0 800 39.0%
Min 20.0 43.0 156.0 605 0.9%

G. Thyrotoxicosis absorbed dose calculation using patient-led data.
P({;‘—?;pnetrliD AUE Mret/Mp me%(mméta/hr M Bg*h n P(mGY)
1 81 0.84 0.00106 49005 51.9
3 157 0.59 0.00096 125600 120.5
4 56 0.89 0.00111 34272 38.2
6 137 0.89 0.00144 85077 122.5
7 106 0.84 0.00135 65614 88.9
8 172 0.63 0.00101 106124 107.4
9 118 0.59 0.00096 94282 90.5
10 189 1.08 0.00174 140994 2451
Mean 127.00 0.79 0.00120 87621 108.1
+SD 45.59 0.17 0.00028 36851 63.1
Max 189.00 1.08 0.00174 140994 245.1
Min 56.00 0.59 0.00096 34272 38.2
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