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Summary

Radioactive iodine 3'T can be administered either by a fixed activity or a personalised
activity approach for the treatment of benign and malignant thyroid disorders.
The fixed approach lacks any assessment of target organ uptake or critical organ
radio-toxicity, where the personalised approach evaluates the iodine bio-distribution
in the body offering a means of patient-specific treatment by conducting dosimetry.
Recent studies have shown that personalised '*!'I treatment reduces the risk of
hypothyroidism in thyrotoxic patients [1, 2]. The European Association of Nuclear
Medicine (EANM) published a dosimetry protocol for benign thyroid treatment where
an 31T tracer is administered followed by a subsequent thyroid percentage uptake
(*311U) measurements [3]. Chapter 2 investigated the possibility of measuring 31U
using Technetium-99m (**"Tc). A retrospective study was conducted on 143 patients
diagnosed with hyperthyroidism at St James’s and Tallaght University hospitals
between 2012 and 2021. The study concluded there to be a significant correlation
between *!Tand %" Tc thyroid uptakes measurements, with the suggested model having
strong predictability in the males but weak for the females [4]. Until proven otherwise,
the dosimetry assessment should be conducted with 3T only and gender differences
should be considered when planning patient treatment [4]. The factors that affected the
therapeutic outcome of 13! in benign thyroid disease were evaluated in Chapter 3. A
retrospective study of 92 patients treated using the fixed or dosimetric approaches at St
James’s hospital, between 2012 and 2020, was completed with a 12-month follow-up.
The analysis failed to demonstrate a difference between the dosimetry versus the fixed

activity administration for the investigated outcomes. Several clinical parameters
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were identified as significantly increasing the probability of restoring a euthyroid state

including patient age, gender and TSH level, 311U at 24 hours post administration.

For remnant ablation for thyroid cancer patients, maximising the dose used at the
first treatment has been recommended [5, 6] to avoid possible changes in tumour
bio-kinetics due to repeated treatments [7]. The EANM dosimetry protocol identifies
the safe administered therapeutic activity of '*'T while eliminating the risk of inducing
toxicity to critical organs [8]. The study of Chapter 4 implements an adapted version of
the EANM blood and bone marrow dosimetry protocol [8] at St James’s hospital for 13
thyroid cancer patients prepared with Thyrogen” injections rather than the widely
practiced preparation of hormone withdrawal. The study showed strong predictability
of therapeutic absorbed doses evaluation using an 13'I tracer as performed 1 week before
treatment for both differentiated and metastatic thyroid cancer. Additionally, Chapter 5
proposed an alternative method of patient blood collection by blood micro-sampling.
The study recruited 16 thyroid cancer patients at St James’s hospital between 2020 and
2021, with a total of 34 blood samples post administering diagnostic or therapeutic
activity of 13!1. The results of this study validate the use of finger-prick as alternative

method of blood collection for differentiated cancer patients.

Chapter 6 of this thesis examined the radiation dose rates to staff members while in
proximity to patients post therapeutic administration of *'I in order to collect blood
samples required for dosimetry [8]. The study first estimated the dose rates through
an experimental approach and compared it to direct patient irradiation to the staff
member while collecting blood samples and to a simulated approach using Monte Carlo
modelling. The simulation can be altered to match the centres exact room dimension
and available protective equipment for risk assessment purposes. The estimated dose
rates for different patient circumstances might determine the patient suitability for

dosimetry at high activities of 13'1.
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1 | Introduction

Thyroid diseases are a common clinical disorder, with a 5% prevalence of palpable
thyroid nodules occurring in women and a 1% prevalence in men for iodine-sufficient
countries [23]. 5 — 10% of thyroid disorders are diagnosed as thyroid cancer [24]
with this rate continuing to rise in recent years [25]. There are a variety of published
guidelines that provide clinical guidance for the diagnosis, treatment and management
of thyroid diseases [26-31], but their recommendations remain somewhat inconsistent
[29, 30]. Despite the multitude of trials conducted in recent decades, there are still
considerable uncertainties in the recommended treatment approaches [28, 29] and,
hence, there is a need for continued research in this area. This thesis investigated the use
of personalised treatment for thyroid disorders, towards a contribution to the literature

on this recommended but not universally adopted method of treatment [5, 32-34].

This chapter provides a brief introduction to the thyroid anatomy and physiology,
with examples of the most common thyroid diseases considered in this research. A
brief review of the literature is provided in the areas of molecular radiotherapy (MRT),
radioiodine (13!1) treatment, dosimetry in nuclear medicine including 131 dosimetry,
the feasibility of performing 3T dosimetry and radiation exposure during dosimetry

implementation. Finally, the aims and objectives of this work are provided.

1.1 Thyroid anatomy and physiology

The thyroid gland is a vital organ in the endocrine system. It is a butterfly-shaped organ

consisting of two lobes joined with an isthmus in the middle (Figure 1.1). The gland
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is located anterior to the trachea and inferior to the larynx and laryngeal prominence,

or Adam’s apple. The structural and functional elements of the thyroid gland are

Anatomy of the Thyroid and Parathyroid Glands

%

NT

Thyroid gland (back view)
Parathyroid

Thyroid gland

Trachea

Figure 1.1: Anatomy of the thyroid gland and its location within the larynx and trachea. [9]

the thyroid follicles (Figure 1.2), which are composed of a single layer of specialised
epithelial cells, known as follicular cells or thyrocytes. They surround a spherical space
filled with a liquid called the colloid. The colloid is the main store of thyroid hormones,
in the form of iodinated amino acids, integrated to a specific protein, thyroglobulin
(Tg). Between the thyroid follicles lies the parafollicular cells, also known as C cells,
which secrete calcitonin that controls the calcium levels in the blood stream. The thyroid
gland releases two main types of hormones: thyroxine and triiodothyronine, known
as T4 and Tj, respectively, because of the number of iodine atoms that they carry. Ty
is converted to T3 in the target cells at distant body sites, as Tj is the active hormone.
Thyroid hormones circulate in the blood stream as a free iodinated amino acid, and they
influence almost all cells in the body by controlling metabolism and protein synthesis.
Follicular cells take up iodine from the blood stream and cause its organification into
Tg with the help of thyroid peroxidase enzyme (TPO), detailed in the illustration of
Figure 1.3. Exposure to an excess amount of iodine may cause the blockage of TPO and,

hence, cause a phenomenon known as the Wolff-Chaikoff effect, clinically manifesting
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Figure 1.2: Thyroid gland and its histology. [10]

as hypothyroidism. By contrast, exposing depleted follicular cells to iodine causes a
significant increase in thyroid hormone production. This leads to what is known as the
Jod-Basedaw effect, which usually leads to biochemical and clinical hyperthyroidism.
Detecting antibodies against TPO in the blood, which is usually conducted to investigate
the cause of thyroid disease, indicates that the thyroid disorder could be caused by

autoimmune disease such as Hashimoto thyroiditis and Graves’ disease [35].

The thyroid gland, the hypothalamus, and the pituitary gland are all involved in the
regulation of thyroid hormones. Thyroid stimulating hormone (TSH), released by the
pituitary gland, plays an important role in regulating thyroid gland function. The TSH
level is influenced by both thyrotropin-releasing hormone (TRH), produced by the
hypothalamus, and the thyroid hormones level produced by the thyroid, in a negative
feedback system. A low level of thyroid hormones stimulate the production of TRH

which in turn stimulates the production of TSH in the pituitary gland causing an
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Thyroid Follicular Epithelial Cell Oxidation and organification of lodine by
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Figure 1.3: Thyroid hormone synthesis mechanism, where iodide I~ is taken from the blood
stream and oxidised by thyroid peroxidase into I, then linked with Thyroglobulin and
generate either single or double-iodinated tyrosine (MIT or DIT for Monoiodotyrosine and
Diiodotyrosine). T4 and Tj is generated by coupling two DITs and DIT with MIT, respectively.
[11]

increase in thyroid hormone in order to restore levels to normal [35]. Currently, the

measurement of TSH levels is the most sensitive test to diagnose thyroid dysfunction

[36].

1.2 Thyroid diseases: diagnosis and treatment

Thyroid disease occurs when thyroid hormone biosynthesis deviates from normal level.
If the amount of hormone production is inadequate, or their action is not effective in
the target tissue, this results in hypothyroidism, which alters the metabolism and may
lead to some organ dysfunction. Symptoms that might arise are: fatigue, muscle aches,
constipation, dry skin and vocal changes. In contrast, excess production of T3, T4 or
both, leads to a clinical syndrome of thyrotoxicosis. One of the most common symptom
of thyrotoxicosis is weight loss, while other symptoms include heat intolerance, tremor,
palpitations, anxiety, frequent bowl movement, neck enlargement, shortness of breath
and weight gain. The most common types of thyroid diseases are detailed below,

divided into benign and malignant thyroid disease.
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1.2.1 Benign thyroid disease

Graves’ disease is an autoimmune disorder and the most common type of benign
hyperthyroidism. Like all thyroid diseases, Graves’ disease is more common in women,
5 - 10 times more common than in men [37]. Graves’ disease patients may demonstrate
not only symptoms of thyrotoxicosis but also extrathyroidal manifestation of this
auto-immune disease [38]. Symptoms that are specifically related to Graves’ disease
include inflammation of the orbit and periorbital tissues known as ophthalmopathy.
Additionally, thyroid acropachy is a rare symptom of Graves’ disease. It is known
to appear as three signs: digital clubbing, hand and feet swelling and formation of
periosteal reaction of extremity bones. [39]. Another symptom associated with Graves’
acropachy is pretibial myxoedema, which is a localised lesion affecting the skin of the

lower leg [40].

Toxic adenoma (TA) it is a solitary thyroid nodule which causes a suppression in TSH
leading to an increase of T4 or T3 secretion above the normal level. It is believed that TA
is caused by a somatic mutation that leads to an increased growth and function of the

follicular cells.

Toxic Multinodular Goitre (TMNG) presents as multiple independently functioning
nodules that can be subclinical or cause hyperthyroidism. Both TA and TMNG
are strongly correlated to an iodine deficient diet, with 50% of thyrotoxic cases in

iodine-deficient areas linked with TMNG [41].

Thyroiditis it is an inflammation of the thyroid gland where patients may express
euthyroid status, or hyperactive thyroid or hypothyroid, while their status changes
with time. It can be painless if caused by an autoimmune condition, idiopathic
fibrosis and/or induced by medication (lithium, amiodarone, interferon-alpha, or
interleukin-2). Thyroiditis can be painful and cause tenderness of the gland when
it is caused by an infection, radiation, or trauma. The most common forms of thyroiditis
are Hashimoto’s disease, postpartum thyroiditis, subacute granulomatous thyroiditis,

subacute lymphocytic thyroiditis and drug induced thyroiditis. [42]
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Other forms of thyrotoxicosis exist but are beyond the scope of this study due to their

rare occurrences and were not found in the cohorts studied in this thesis.

1.2.2 Malignant thyroid diseases

Thyroid cancer is a rare disease in general, but is the most common endocrine
malignancy. The published data indicate an increase in number over the last decades;
however, while this might be interpreted as an increase of thyroid cancer occurrence,
it is predominantly as a results of an increase in detection rate and diagnostic studies
[43], while its mortality rate has declined steadily [44]. It is not certain if this is
due to the increase of diagnostic accuracy and earlier detection or due to better
treatment management [44]. Thyroid cancer can originate from both the follicular
and parafollicular cells. Follicular cancer cells can be well-differentiated, poorly
differentiated, or anaplastic. Cancer arising from parafollicular cells is called medullary
thyroid carcinoma. Most thyroid cancers are well differentiated, with their shape and
function similar to normal thyroid cells and, hence, they show higher efficacy to the
treatment of combined surgery and radioactive iodine therapy. Differentiated thyroid
cancer is either papillary, follicular or Hurthle cell thyroid cancer. It is the most common
type of thyroid cancer, with 95% of the cases classed as differentiated. 80% of these
are papillary; they exhibit a slow growth, have a high treatment success rate and are
rarely fatal. The cancer can spread to the lymph nodes or less commonly to the lungs.
Follicular and Hurthle cell thyroid cancer can metastasise to distant sites, such as the
lungs and bones, and are considered as high-risk cancers. In differentiated thyroid
cancer, the sodium/iodide symporter (NIS) is preserved, so that the ability to uptake
iodine at a cellular level is maintained and radioactive iodine therapy is an important
therapeutic option [45]. Both poorly-differentiated and anaplastic thyroid cancers are
aggressive, with poor response to medical treatments as they do not metabolise iodine
[46]. Medullary thyroid cancer is the rarest type of thyroid cancer, accounting for 1-2%
of thyroid cancers. This type of cancer has the tendency to spread to cervical lymph

nodes. As medullary thyroid cancer is not derived from the thyroid follicular cell, it has
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no capacity to uptake 3!1, and is therefore not considered further in this thesis.

1.3 Molecular radiotherapy (MRT)

Molecular radiotherapy (MRT), also known as radiopharmaceutical therapy or targeted
radionuclide therapy, can be defined as “a radiation therapy that uses local, locoregional
or systemically administered unsealed radioactive agent or device to treat benign,

malignant or inflammatory disease" [32].

1.3.1 Background

MRT is administered using unsealed radionuclides that target specific cells, usually
cancerous cells. MRT is designed to maximise the absorbed dose to the cancer cells
and minimise the dose to the normal tissue. Radiopharmaceuticals that are used
for therapeutic purposes have certain characteristics: they emit beta (8) or alpha («)
particles, and they have relatively longer half-lives than diagnostic radionuclides.  and
« emitters deposit high energies within a short range of millimetres per length tissue,

which necessitate small scale dosimetry or microdosimetry [12].

The first application of MRT was between 1938 and 1939; where radio-phosphorous
(**P) was used for treatment of leukaemia, thyroid diseases and polycythemia, a
condition which leads to an elevated production of red blood cells [47]. MRT provides
the therapeutic advantage of a localised dose delivery compared to external beam
radiotherapy. Through the years, more sophisticated treatments have developed,
such as radioimmunotherapy for non-Hodgkin’s lymphoma where Yittrium-90 (*°Y)
and 1311 can be used, or °Y treatment for liver metastasis via selective internal
radiotherapy (SIRT). The increased use of radionuclides for therapy requires accurate
and standardised treatment planning and a comprehensive understanding of the
absorbed doses to the patient organs. The radionuclide biodistribution in the patient
is quite heterogenous and is different among different individuals. In addition, as the

radiation exposure occurs over a relatively long period, relative to diagnostic procedures,
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MRT dosimetry can be challenging. [12]

'311-Nal for benign thyroid diseases

31|-Nal for thyroid remnant ablation of adults

'31l-Nal for thyroid remnant ablation of children and young adults
"31|-Nal for thyroid cancer therapy for adults

31-Nal for thyroid cancer therapy for children and young adults
"31-mIBG for neuroblastoma

31-mIBG for adult neuroendocrine tumours

'7’Lu-somatostatin analogues for neuroendocrine tumours

“¥-somatostatin analogues for neuroendocrine tumours
'77Lu-PSMA therapy of castration resistant prostate cancer

% resin microspheres for intra-arterial treatments in the liver
%Y glass microspheres for intra-arterial treatments in the liver
Radiation synovectomy using Y-, "®Re- or '**Er-colloids
153Sm-EDTMP for bone metastases

#SrCl, (for bone metastases

*RaCl, for bone metastases

#2P sodium-phosphate (Na,*PO,) for myeloproliferative disease

QU THEL LT B D] ]

“0Y-ibritumomab-tiuxetan for B-cell lymphoma

Figure 1.4: (A) The proportions of the total number of patients treated with each MRT, and (B)
the total number of administered therapies [12].

The types of MRT, performed in Europe, and their proportions and number are
displayed in the pie chart of Figure 1.4. The most commonly used radionuclide in MRT is
311, making up 71% of the total radionuclide treatments according to a survey conducted
in Europe in 2016 [48]. Lutetium-177 (1””Lu) and *°Y constitute 11% of treatments. Both
are used for the treatment of neuroendocrine tumours, when the patient exhibits a
positive somatostatin receptor, with 17/Lu first clinically implemented in 2005 [49].
Yttrium radioisotopes were first used for ®Y in a phase 1 trial in 2003 [50] and *°Y was
used in a phase 2 trial in 2011 [51]. ”Lu-PSMA (prostate-specific membrane antigen)
was developed for the treatment of patients with advance prostate cancer using variable
molecule inhibitors [52]. Approximately 10% of the total radionuclide treatments
use Radium-223 (***Ra) [48], which is used for the treatment of castration-resistant

prostate cancer. Since radium is an analogue to calcium, >*’Ra is naturally absorbed
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by the skeletal system. The first trial of ?*’Ra dichloride was reported in 2005 [53].
Y microspheres are also used in approximately 2.3% of treatments, for the treatment
of liver primary hepatocarcinoma and liver metastasis [54]. 2.2% of treatments for
radio-synovectomy use radioisotopes such as *Y, 32P and Rhenium-186 (¥ Ra), which
are administered to treat synovitis and synovial membrane inflammation [12]. Other
less common treatments include °Y for radioimmunotherapy for the treatment of
non-Hodgkin lymphoma, and beta emitters for palliative treatments of bone pain, such

as Strontium-89, Samarium-153, ¥Ra and Rhenium-188 [12].

1.3.2 Radioiodine therapy

72+
636.99

636.989 keV y
(7.17 %)

5/2+
364.49

364.489 keV y
(81.7 %)

131 3/2+
2 Xe

Figure 1.5: Iodine decay scheme [13].

Radioactive iodine ($3']) is an isotope of iodine with a half-life of 8.02 days. It decays by

emitting B particles with a maximum energy of 606.3 keV (abundance of 89.9%) and
7 radiation with an energy of 364.5 keV (abundance of 81.7%) and transforms into a
stable Xenon-131 ({3'Xe), as shown in Figure 1.5. The early investigation of iodine was
in 1936 when Saul Hertz and J. Howard Means at Massachusetts General Hospital in
Boston collaborated with physicists at the Massachusetts Institute of Technology to

generate 12%1. They noticed that there was thyroid uptake of the isotope 21 in rabbits
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but, due to its short half-life (25 minutes), 1?8 wasn’t an option for treatment. In 1939,
another team at Ernest Lawrence cyclotron in Berkeley, California, succeeded in making
two isotopes *°T and 3!T with half-lives of 12 hours and 8 days, respectively. Hertz’
team also built a cyclotron and succeeded in making these two isotopes in 1940. Both
the Boston and Berkeley teams were attempting to treat hyperthyroidism, and the first
medical use of 3T was in 1941 by Saul Hertz, for the therapeutic treatment of Graves’
disease. Preliminary data from the two groups demonstrated effectiveness in treating

hyperthyroidism.

Hertz stopped his work for a while to join the U.S. navy during World War II and Earle
Chapman, a clinician at the hospital, took over his work. Both Hertz and Chapman
submitted papers to the Journal of the American Medical Associations and the journal
published both papers in May 11, 1946, where they announced the use of 1*°I as a new
effective treatment for hyperthyroidism caused by Graves’ disease. [55]. Although, it
took 10 years between the first investigation to the publication paper of its therapeutic
use, the initial idea was not that of the Boston group, but rather the accumulation
of previous scientific knowledge, which was: (1) the knowledge that iodine can be
absorbed by the thyroid, (2) the idea that a radioactive tracer can be used for biological
investigation, (3) the discovery of artificial radioactive sources and (4) the idea that

external x-irradiation can be used for treatment of hyperthyroidism. [55]

Due to its 8 particle emission, 3'T causes a mutation in the cells it irradiates, leading
to their death. The cytotoxicity of thyroid cells is caused by the exposure of ionising
radiation irradiated from the radioactive '3!I. The cause of cell toxicity is the DNA
damage that is caused by direct or indirect effects through the production of free
radicals, eventually leading to cell death either by necrosis and/or apoptosis. Other
studies suggest that the apoptosis or necrosis effect is dose dependent, where high doses
are linked to necrosis death while low doses mainly causes apoptosis. The dominance
of apoptosis at low doses of 13T explains the delayed effect of thyroid volume reduction
over some months [56]. There is a division in the literature on this point with some

studies denying the occurrence of apoptosis in the thyroid results and suggesting that
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the ionising radiation induces the expression of the p53 protein that leads to DNA
end-jointing in thyroid cells [57]. Other publications validate the death of thyroid cell by
apoptosis [58]. The death of thyroid cells leads to the shrinkage of an enlarged thyroid
in the case of hyperthyroidism and the reduction of its hyperactive state can be achieved.
The treatment is reported to have an 80% success rate in Graves’ disease and over 90%

success rate in TA and TMNG [29].

In regard to differentiated thyroid cancer (DTC), since 1940 '3'I has been used for
ablation of the remaining thyroid cells after thyroidectomy and in the case of disease
recurrence. Depending on postoperative risk stratification of the individual patient, the
primary goal of *'1 after total thyroidectomy may be 13! remnant ablation to facilitate
follow-up and early detection of recurrent disease, *'T adjuvant therapy intended
to destroy occult disease or to destroy persistent disease. Treatment effectiveness is
evaluated several months later, either by measurements of thyroglobulin levels in the
blood stream or acquiring whole-body scans using an administered tracer capsule of
1311, A 90% success rate has been reported in ablative procedures [59] with an 85%

success rate for 10-year overall survival in metastatic cases [60].

Since its first application, >!T has remained an important treatment for thyroid cancer
and is reported to be the most cost-effective treatment for hyperthyroidism [29, 61].
Although, there are some publications which report the possible induction of second
primary malignancies in thyroid cancers patients [62-65], 13! therapy is still strongly
recommended by the American Thyroid Association guidelines [29] after thyroidectomy
for thyroid cancer patients classified as having high risk of recurrence, and for selected
patients at intermediate risk. The chance of second malignancy is regarded as small and
only supported by low-quality evidence [29]. Additionally, to date, there has been no
study with rigorous methodology identifying a link between '3!I treatment and higher

incidence of secondary malignancy [66, 67].
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1.4 Dosimetry in nuclear medicine

Radiation dosimetry is the measurement and calculation of the organ absorbed doses
of a specific radionuclide that is orally or intravenously administered, or externally
irradiated for therapeutic purposes. Radiation dosimetry aims to measure the extent
of the effect of the exposed radiation to the target cells, usually cancerous, and normal

tissue and, hence, evaluate the success of the treatment and its subsequent toxicity.

1.4.1 Introduction

The term theragnostic or theranostics has started to appear in recent literature. It is a
combination of therapeutics and diagnostics, where the aim is to maximise the delivery
of the therapeutic agents to the cancer cells. It is personalised medicine where the
treatment is tailored to the patient [68]. Several radioisotopes have been proven to be
successfully used in theranostics, including radioactive iodine isotopes 1237 1241 4 1311
[60]. The basic formula for internal evaluation of absorbed doses from an administered
radionuclide, was developed by the Medical Internal Radiation Dose (MIRD) committee
[69], where the mean absorbed dose to the target region (rr) deposited by activity

accumulation from the source region (rg) is calculated by

D(rr) = A(rg) - S(rr  rs) = Ag-d(rs) - S(rr < rg) (1)

where D(r7) is the absorbed dose delivered in r1 by rs, A(rs) is time-integrated activity
inrg, S(rr  rg) is a factor representing the absorbed dose rate per unit of activity in
rr as delivered by rg, each factor represents a specific radionuclide. Ay is the patient
administered activity. 4(rs) is the time-integrated activity divided by the administered

activity, known as the time-integrated activity coefficient or residence time.

In order to calculate D(rr), quantitative imaging or external probe measurements
are taken at different time points to assess the activity remaining in the body over

time. This method is needed to estimate the radionuclide biokinetics in the organ of
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interest. SPECT /CT (or PET/CT) can be used to increase quantitative accuracy of the
measurements [70]. Then, a time-activity curve is generated and integrated to achieve
the total number of disintegrations in the source organ. In addition, optimal time points
and an optimal fit function are essential to achieve an accurate results. Kletting et
al. [71] published an algorithm that can provide guidance in choosing an optimal fit
function especially tailored for MRT. The fitting can also be done using Microsoft Excel
or programming software such as MATLAB. Finally, the S-value is calculated from
mathematical anthropomorphic phantoms, and then adjusted to account for patient

weight.

1.4.2 Dosimetry in literature

For external radiotherapy and brachytherapy, patient management includes a treatment
planning phase and the resultant toxicity has been well descreibed. Delivery of a
treatment without accurate absorbed dose determination to both the target and organs
at risk is not acceptable. For MRT, this was neglected in medical practice for decades,
as addressed by MN Gaze and GD Flux [72]. They believed that this was caused by
the empirical success of the standard radiodine treatment in thyroid cancer that led to
the lack of interest of its development and in evaluating other MRT treatments, while
the interest among physicians lay more in chemotherapy and external beam therapy.
Moreover, innovative MRT requires a complex development and evaluation where
centres require special facilities and expertise in different aspects of radiation physics,
dosimetry, radiobiology, radiochemistry and radio-pharmacy. Hence, there has been

less interest in investing in this area for an already successful treatment.

Several articles have published reviews of the available evidence regarding internal
dosimetry in MRT [5, 32-34]. There has been positive evidence where the relationship
between absorbed dose, target organ response and related toxicity has proved that
personalised treatment has improved the treatment outcome and provided a better
survival rate, as concluded from 48 studies examining the correlation with dosimetry

[32]. The reviewed studies investigated end points of overall survival, cancer-specific
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survival, quality of life and surrogate end points (like toxicity and treatment response).
In DTC, significant progression-free survival was reported in localised disease (p =
0.009) but not in the case for metastatic disease. In benign thyroid disease, Graves’
disease patients were reported to receive twice the absorbed dose to the thyroid gland
in the fixed activity approach than that of personalised activities [73, 74]. While other
studies debate the effectiveness of dosimetry, their studies provide no overall survival
advantage when using whole-body and blood clearance dosimetry instead of the fixed
activity approach in metastatic thyroid cancer patients, based on a retrospective study
of 352 thyroid cancer patients conducted on joint study between France and US cancer
treatment institutes [75]. The study lacked an evaluation of safety of the two approaches
due to missing patient information. Further, the remission rates were not compared
and compared cohorts did not perfectly match. The study reported details which were
questioned by Jentzen et al. [76], where the authors states that the study "ignores science
and history". The safety profile between two groups, dosimetric versus empiric activity,
did not prove to be significantly different in a retrospective study with 86 patients,
conducted in collaboration between two centres in Washington, D.C. [77]. However, this

study validated the higher efficacy of the dosimetric approach with a complete response

having an odd ratio of 8.2 (p=0.029) relative to the empiric activities group.

In addition to '3, the efficacy and toxicity for neuroblastoma treatment using '3!I-mIBG,
of neuroendocrine tumour treatment using Y, including haematological toxicity of
Y-DOTATOC [78] and renal toxicity after °Y-DOTATOC and '””Lu-DOTATATE have
been reported [32]. Their review included survival, tumour control and toxicity for
BI-tositumomab for lymphoma, *’Y-microspheres for liver tumours and radioisotopes
used for bone pain palliation. However, the studies were classified by the National
Cancer Institute (NCI) as having low or moderate rate relevance since they were
regarded as limited randomised control trials for assessing the overall survival of
the disease, which is considered to be robust endpoint. Still, the authors revealed
promising results and pointed out that the necessity of collaborative studies given that

many studies suffer from small sample sizes and a lack of standardised methods.
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While there is still a ‘grey zone’, or lack of information, in dosimetry, it has been
concluded that dosimetry is essential for radionuclide studies, such as 7Lu or 311
treatments, where dosimetry is predictive of outcome, thus optimising the administered
therapy [33]. The feasibility of the use of dosimetry protocols and the importance of the
clinical information they can provide has been validated by a published analysis of the
publications investigating the dosimetric approach in DTC, by Chiesa et al. [5]. Their

study reported improved outcomes for personalised treatment in the management of

metastatic DTC.

1.4.3 Dosimetry of radiodine

History of radioactive Iodine dosimetry

The development of imaging equipment in Nuclear Medicine started in the early 1950s,
after which followed the acquisition of functional imaging with radioactive tracers.
Nuclear medicine departments used labelled compounds to study the bio-distribution
of radioactive isotopes within tissues, with the diagnostic and therapeutic use of
radioactive isotopes starting at the same period. The first therapeutic attempt in 1910
used 7-rays for the treatment of uterine cancer, using naturally occurring radium
embedded in a radon gas seeds [79, 80]. The first medical cyclotron was installed in
Berkeley in 1937, producing 3>Phosphorus that was used to treat chronic lymphocytic
leukaemia [80]. From the early patients, a method to estimate absorbed doses for clinical
implementation of radioactive treatment were investigated. With the development of
current imaging modalities, faster computers and NM instrumentation, the accuracy of

absorbed dose estimation has increased.

An interest in the diagnosis and treatment of thyroid diseases arose and led to
the investigation of imaging equipment and tracers to measure the thyroid uptake
and iodine tracer distribution in the gland which eventually led to its therapeutic
applications [80]. In 1937, the accumulation of iodine in thyroid gland was measured

using 1281 a5 a tracer. The tracer wasn’t suitable for medical application and, hence,
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1317, with a more suitable half-life and emission energy, was produced in 1938. It was
immediately applied for diagnostic, physiologic and therapeutic studies in Berkeley
and Boston, with the first successful treatment of hyperthyroidism taking place in 1942.

A revolution of what was now known as molecular biology had emerged from the

tracer studies after World War II. [80]

After Roentgen’s discovery of X-rays, methods and procedures started to be developed
for dose assessment from external and internal radioactive sources. With the need
for standardisation of data acquisition among different laboratories, standard organ
phantoms were developed to facilitate the comparison of results. The development of
computers in 1950s facilitated the calculation of activity distributions and led to a high
degree of sophistication in diagnostic and therapeutic practice in nuclear medicine in
the 1960s [80]. The National Council of Radiation Protection and Measurement (NCRP)
[81] and the International Commission of Radiation Protection (ICRP) [82] published
references and guidance for the use of radiation in medical and industrial applications.
There was a rapid increase in radiopharmaceutical administration in many countries,
especially for 3], leading to the organisations collecting data and tabulating patient

doses.

In order to estimate organ doses, several factors are in need of consideration. For thyroid

absorbed doses; the following are required:

Thyroid gland mass

Thyroid '3!1 percentage uptake

1311 gpatial distribution in the gland

The time period the 13'1 is retained within the gland

1311 distribution in other organs, tissue and its excretion from the body

Absorbed dose estimation to other organs required measurements of the duration
of time that the !3'I was retained in each organ. Not all of this data is available

and some can be estimated using reference models like the one published by
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Medical Internal Radiation Dose (MIRD) [69, 83] and ICRP [82]. Absorbed dose
estimation from medical exposures have become mandatory in new legislation; Council
directive 2013/59/Euratom require that for “For all medical exposure of patients for
radiotherapeutic purposes, exposures of target volumes shall be individually planned
and their delivery appropriately verified taking into account that doses to non-target
volumes and tissues shall be as low as reasonably achievable and consistent with the

intended radiotherapeutic purpose of the exposure.” [84].

The MIRD and ICRP published pamphlets containing metabolic models where the
absorbed dose per unit intake is tabulated for a list of nuclides and radiopharmaceuticals.
However, a larger error results when retention and excretion deviates from the normal
level assumed in the models. For the thyroid gland, there is non-uniform !3'T uptake in
iodine-deficient glands and individualised differences of the tracer metabolism [80]. In
order to know the resultant changes in radioactive spatial and temporal distribution,
internal dosimetry is required. MIRD and ICRP committees published guidance to
facilitate implementing their calculations with their respective dosimetry and widely
accepted software programs became available, such as MIRDOSE [85] and OLINDA
[86].

Patients vary in many aspects that will cause variation in their dose estimation,
including their nutritional habits, medications, health status, internal organs size and
shape, exposure to possible carcinogens and their cells radio-sensitivity profile. For
31T administration for therapeutic treatments, there is still little agreement on how to
improve the thyroid cancer treatment outcome for patients who are administered
activity without dosimetry. The argument in support of use of dosimetry is that
tailored therapeutic doses can minimise acute toxicity and cancer risk and maximise
the treatment efficacy [80]. The evidence of 1317 treatment benefits have been based
on empirical activities of 1.1, 3.7, 5.5 and 7.4 GBq, and many studies compared their
effectiveness [87-89], and these values continue to be used worldwide. However,
these empirical activities contradict with the fact that there is an individual metabolic

variation of 1311. Further, to date, there is a lack of evidence that empirical activities
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provide optimal dose to the target organ. '3!I treatment efficacy and patient survival are
not the only endpoints to be considered when considering dosimetry. The possibility of

eliminating unnecessary treatments should also be considered [5].

Dosimetry in benign thyroid disease

31T is used in benign thyroid disease with the aim of eliminating the hyperthyroidism
caused by Graves’ disease, TA or TMNG, with the intent of reaching a euthyroid state
or ablation. A resultant hypothyroidism can be reversed by thyroxine medications
(thyroid hormone replacement). In these cases, dosimetry is performed to increase the
chance of the therapeutic success while minimising the administered radiation dose.
Administering fixed activities still remains in the EANM guidelines for the therapy
of benign cases [90], but there is increasing evidence of the improved quality and
better outcome of personalising 13'1 treatments [34]. The EANM dosimetry committee
published a standard operational procedure (SOP) for dosimetry protocol in benign
thyroid disease [3] which provides recommendations for calculating patient-specific
therapeutic activities, such that the planned absorbed dose to the thyroid is yielded.
For instance, the planned doses are specified as 300 — 400 Gy for ablation of TA,
100 — 150 Gy for TMNG and 200 — 300 Gy or 150 Gy for ablation or reaching
eurthyroidism, respectively, for Graves’ disease [90]. For Graves’ disease, a personalised
approach with an absorbed dose of 60 Gy to the thyroid resulted in delaying the
long-term hypothyroidism in 26% of an investigated cohort [1]. The dosimetry SOP is
performed by administering a low activity of 13! before therapy, followed by subsequent
measurements to estimate the percentage uptake of the gland using a dedicated probe,
such as a thyroid uptake probe, or planar scintigraphy. Other imaging modalities, such
as PET or SPECT, have also been used for uptake measurements. In addition, a thyroid
neck phantom, a phantom which mimics the patients neck according to the IAEA or
ANSI specification [3] is needed to perform the dosimetry SOP for benign disease, where
the protocol calculates the fraction of 3'T uptake (}3!IU) in the patient’s thyroid relative

to an administered activity as measured from the neck phantom. The 131U is later used
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to calculate the administered activity based on the target mass and the prescribed dose

(detailed in Chapter 2).

Dosimetry in thyroid cancer

The EANM has also published a SOP for thyroid cancer [8] to provide guidance on
performing patient-specific absorbed dose assessments before 3! treatment (PT) and
during treatment (DT). Implementation of the SOP is detailed in Chapter 4. The rationale
behind an individual calculation of administered activity is to enable increasing the
absorbed doses to iodine-avid cells without causing toxicity to the bone marrow and,
hence, causing haematological disorders, which can be caused through the use of the
fixed activity approach [91, 92]. In the 1950s, Benua and Leeper [20] reported that
multiple small doses of 13!I or external irradiation in metastatic thyroid carcinoma
(MTC) caused the cancerous cell to lose its ability to accumulate iodine and become
radio-resistant, which may later develop a non-iodine avid recurrence. Implementation
of the EANM protocol facilitates a maximised therapeutic administered activity, or
maximum tolerable activity (MTA), while ensuring safety and preventing toxicity, such
as serious haematological complications [93]. Similar toxicity results were also validated
by Hartung-Knemeyer et al. [94] and Bianchi et al. [6]. In MTA, a higher activity
administered as a once off is preferred rather than multiple treatments which might
alter the tumour/lesion biokinetics [95]. Studies supporting the fixed activity approach
assume that any increase of radiation dose beyond the fixed activity level are unlikely
to achieve therapeutic benefits [96, 97]. A multi-centre randomised clinical trial in UK,
known as HilL.o, questioned whether 3.7 GBq activities led to overdosing of low-risk
DTC patients, and considered whether low or intermediate-risk patients should be
administered the lowest effective dose of 13!1 to minimise the treatment morbidity and
the risk of secondary cancer [98]. Administering MTA increases the chance of survival
in high-risk patients with advanced stages using as little fractionation as possible [8]. As
investigated by Verburg et al. [93, 99], no long term toxicity effects have been reported

after administration of MTA. Patients who receive MTA reportedly have 70% less chance
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of disease progression (p = 0.052) and a higher chance of achieving complete response (p
=0.03), as reported by Strigari el al. [32]. Another approach to bone marrow dosimetry
has been published by Stabin and Siegel [18]. This is known as the AIFM model (Italian
Association of Physics in Medicine), while that proposed by Traino et al. [19] is known
as the Traino model. The resultant MTA using the three models was investigated by
Miranti et al. [17], where they compared the results of the three models’ results to the
original blood-based Benua model [20], and reported a statistically significant difference
between the 4 models and concluded the need for standardisation. The four models
relied on the collection of blood samples and whole body !3'I measurements. The key
differences between them are in the model calculations, and the dependence of each

formula on patient’s mass, 1311 retention in the WB and blood kinetics [17].

1311 metabolism under hormone withdrawal versus Thyrogen’™

In DTC, before administering ''I for remnant ablation or subsequent monitoring
post therapy using whole-body scans or probe measurements, patients should be
withdrawn from thyroid hormones to stimulate TSH production [29]. The optimal
value of endogenous TSH levels to achieve the optimum 3! therapy results is, to
date, unknown [29]. However, a value of 30 mU/L is reported, in non-controlled
trials, to cause an increase in iodine uptake [100]. Endogenous TSH elevation can be
reached using two methods: either by stopping levothyroxine (LT,) and replacing it
with levotriiodothyroxine (LT3) for 2—4 weeks and then withdrawal of T3 for 2 weeks,
or stopping LTy for 3 weeks before the treatment without the use of T3. Both methods
have proved to achieve the required 30 mU /L level of serum TSH in more than 90%
of the patients [100-102]. An alternative approach for exogenous TSH elevation is
achieved by using recombinant human thyrotropin (Thyrogen™ or thTSH) injected 24
and 48 hours before 13!1 therapy administration, especially in patients who are unable
to tolerate hormone withdrawal with hypothyroidism symptoms for 2-3 weeks, or their
hormone withdrawal plan does not lead to TSH elevation. There are limited number

of centres that use rhTSH [29] as hormone withdrawal is still widely implemented.
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Subsequently, there is limited research for this patient group; however, a successful
ablation has been reported with the use of thTSH with thyroxine stopped 1 day before
receiving the injection and restarted the day after 3T administration [103]. The '3
biokinetics in thTSH prepared patients have been compared to those of the hormone
withdrawal in several studies [104-106]. The rhTSH has the advantage of improving
the quality of a patient’s life by avoiding the hypothyroid symptoms that are caused by
hormone withdrawal, and it is has been reported to have a longer remnant 3T half-life
with faster clearance in the remaining organs and, hence, a reduction in radiation
exposure to healthy organs [104]. Faster clearance leads to the shortening of patient
hospitalisation which has a positive impact in clinical setting and economical cost. In
France, the cost of thTSH radioiodine therapy was reduced by 57% as it shortened
the hospitalisation stay [107]. Lower blood absorbed doses have been reported in
patients administered with rhTSH relative to hormone withdrawal [105, 106], which

facilitates increasing the administered activity for the Benua-Leeper approach [20],

without inducing bone-marrow toxicity.

Pretherapy dosimetry

In order to personalise therapeutic activities, patients should be administered a tracer
capsule of 13! days before therapy. The 3!1 biokinetics are then measured using a
pretherapy (PT) dosimetric approach and, hence, the appropriate therapeutic activity
can be calculated to achieve the prescribed absorbed doses. In benign thyroid disease, PT
dosimetry has been proven to be predictive of during therapeutic (DT) '3'I biokinetics
if a reliable thyroid gland estimate is performed and the kinetics before and during
therapy are matched [3]. The minimum time difference between PT dosimetry and 3!
therapeutic administration, the antithyroid (ATD) and thyroid hormone medication
should be similar within days before and after dosimetry and therapy. In addition, any
supply of iodine intake either through medication or nutrition should be matched. In
addition, both dosimetry tracer and therapy capsules should be administered using

the same method, fasting 4 hours before and 1 hour after administration and the fluid
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intake should be similar also [3]. In DTC, the predictive power of pretherapy has been
reported for patients in a hormone withdrawal regime [108], but there is limited data on
outcomes for patients in a euthyroid state administered with a Thyrogen” injection.
A percentage difference of -1.0% =+ 18.0% (p = 0.401) between PT and DT have been
reported for 62 metastatic DTC treatments after 4 weeks hormone withdrawal using
the EANM model [108]. The comparison also employed other approaches, such as the
AIFM and Traino models, with -2.5% = 16.4% difference reported. There are limited
studies of patients prepared with thTSH, with low number of patients involved. In a
study by Verburg et al. [93], only one patient out of 13 treatments were prepared with
rhTSH, with the study reporting a £25% difference between PT and DT in 92% of the
cases. Another study, by Bianchi et al [6], evaluated the impact of MTA in Busto Arsizio
Hospital, Italy, where a cohort of metastatic DTC patients underwent 27 treatments,
11 of which were prepared with rthTSH injection, resulting in a percentage difference
between -10% — 284%. The authors attributed the reported difference as due to their
device limitations. A larger sample of patients prepared with rhTSH is needed to

validate the predictability of the PT dosimetry to facilitate the personalised treatment

using the Benua-Leeper approach, irrespective of the patient preparation method.

Potentials and prospects in I therapy

The EANM published a report in 2017 detailing potentials and prospects in MRT
[12]. The report pointed out the need for further investigations into various molecular
radiotherapies. For 1311, the report included that there was a lack of data for optimal
absorbed dose evaluation which included thyroid mass reduction by 13!1 treatment and
the possible difference in '3!I biokinetics that may exist between PT and DT dosimetry.
Also, more research was thought to be needed in patient preparation by thTSH injections
and its effect on dosimetry. Moreover, it was suggested that the question that can be
answered by multi-centre trials is whether PT dosimetry in benign thyroid increases
the chance of a euthyroid state rather than a hypothyroid one, which requires lifelong

medication. In DTC, further investigation is needed into the factors that may affect
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treatment outcomes, such as the stage of the disease, the surgery and the remnant’s
mass. Indeed, similar to the benign cases, evidence to achieve optimal treatments is
required from multi-centre trials. In addition, there is a lack of understanding of the
stunning effects that might arise after a first administration of 3'1[109] and there was
1317

a recommendation to investigate the use of external beam therapy adjuvant to

therapy in metastatic DTC.

1.4.4 Feasibility of radiodine dosimetry

The implementation of dosimetry for MRT has varied across Europe [48]. A survey
suggests that 36% of centres always or mostly implement dosimetry in MRT, with
this percentage differing between different therapies [48]. For *'I-Nal therapy for
benign thyroid disease, 54% of respondents reported that personalised treatment was
performed while it was 23% for ¥'I-Nal thyroid ablation in adults and 21% for DT
dosimetry. It was suggested that there was a lack of necessary resources and equipment
for performing the dosimetry protocols. Other reasons for not performing dosimetry
included lack of guidelines, standardisation, the need for more information of normal
organs tolerance level and the need for randomised clinical trials to investigate clinical

outcomes of dosimetry.

In thyroid cancer, a published blood and bone marrow dosimetry protocol [8] requires
5 blood samples and whole-body measurements. The need for blood-based dosimetry
has been questioned by Willegaignon et al. [110] and they suggested an alternative
protocol by using OLINDA /EXM software as a less invasive approach. Willegaignon
et al. [110] study compared the bone-marrow absorbed dose dosimetric method [8]
to the method by OLINDA /EXM software and report a deviation of < 10%, with no
statistical difference between the two methods. While a study by Hénscheid et al. [111]
suggested another means of estimating the blood absorbed dose based on blood volume,
a method originally proposed by Thomas et al. [112], where an exponential decay is
assumed in the whole-body contribution and 14% of the whole-body residence time is

due to the blood. The study reported a 14% mean difference between the estimated and
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actual blood doses, but found that an underestimation by a factor of 1.5 was possible;
hence, the authors [111] highlighted the need for caution if the method was to be
used for dosimetry when a conservative limit of 2 Gy for the bone marrow is applied.
Alternative means of estimation of MTA were investigated in a retrospective study
involving 65 thyroid cancer patients [113]. The study compared 4 methods: (1) the
conventional approach using whole-body measurements and blood samples, (2) blood
samples only, (3) whole-body measurements only and (4) single 48-hours 7y camera
measurement. The results showed, comparing to the conventional approach of method
1, the strongest correlation to be reported in method 2 (correlation coefficient r = 0.98)
while method 3 reported r = 0.94 and the weakest correlation was reported from method
4 (r = 0.69). The authors concluded that only the blood samples were sufficient for
MTA calculation. However, the reported p-value was 0.05, while the other two methods
showed a significant difference in the results (p < 0.05). The percentage differences
in the resulting MTA values to the conventional method were 0% =+ 6% for blood
only, -2% =+ 11% for whole-body only and, finally, 13% =4 21% for single whole-body
scans. There was another attempt to perform dosimetry using single 48-h whole-body
measurements, proposing a simplified model following diagnostic administration of
31T to estimate MTA [114]. A strong correlation was reported from 170 participants in
this study, however, the authors recommended applying a weighting factor to avoid
overdosing the patients. The EANM protocol [8] states that both blood samples and
whole-body measurements are needed for absorbed dose assessment, as the blood
contributes 75 — 80% of the radiation dose due to 8 particles and 20 — 25% is caused by
7 irradiation from the rest of the body. In the AIFM and Traino models the contribution

of blood and whole-body measurements is divided equally [18, 19].

A reliable estimate of blood kinetics was reported from the use of diagnostic 1241 tests as
an alternative source to 311 [115] . The use of 1%*I was also validated by other studies
[116, 117], since >*I has a limited stunning risk due to its lower administered activity
and shorter effective half-life. 1?41 is a positron-emitting isotope with a physical half-life

of 4.2 days, as compared to the 8.02 days half-life of 1*1I. 1241 in PET/CT is more accurate
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diagnostically than 13!1 as acquired on the gamma camera. It was assumed in the studies
was that 1241 dosimetry can predict the 1317 piokinetics in different compartments, where
blood biokinetics were proven to provide a reliable estimation of DT 3! biokinetics with
9% =4 7% difference in blood residence time and 11% 4 10% in effective '3!I clearance

time [115].

1.5 Radiation exposure during dosimetry

In benign thyroid disease, '3'I is the most routinely used therapy after failure of
pharmacotherapy treatments, and it is an adjuvant therapy in DTC. Administrated
activities in DTC for the standard activity approach vary between 1.1 — 11.1 GBq
depending on the patient [29]. 13T emits beta particle and high-energy gamma radiation
with a half-life of 8.02 days. After administration of a radioactive capsule the patient
will be a significant source of radiation and patient hospitalisation is recommended for
radiation protection purposes. However, the need to be in close proximity to the patient
is probable, especially when patients have co-morbidities and are subject to dosimetric
protocols [8] requiring multiple blood withdrawals, which are usually performed by
non-radiation worker. Hence, in this case the dose limits applied to non-radiation
healthcare workers shouldn’t exceed 1 mSv/year (with constraint dose of 0.3 mSv/year)

and 5 mSv over 5 years [118].

1.5.1 Radiation exposure from Iodine-131 in literature

31T poses the greatest potential for radiation exposure in nuclear medicine [119]. There
are several publications which have investigated the radiation exposure post-therapeutic
administration of 13! to the environment and/or to close contacts of the patients,
necessary for medical needs and patient care [119, 120]. Publications have also
investigated the doses from radioiodine patients to their families [121, 122] and, as
a result, the dose rates from patients treated with 3!T have been included in guidelines

and legislations [31, 82, 123]. Patient whole-body dose rate measurements are usually
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taken at a distance of 1 m. The dose rates that would be received from close proximity
to DTC patients post-therapeutic administration of 13T have been calculated using 86
patients in one publication [119]. The results showed a dose rate of 0.67 £ 0.42 uSv/h
per MBq administered at a 0.1-meter distance and 0.11 £ 0.02 uSv/h per MBq at a
0.5-meter distance 2 hours post administration. The amount of radioactivity in blood
samples in DTC after administration of tracer capsules of >'T were quantified by Larkin
et al. [124] and the results were extrapolated to therapeutic activities. Their results
showed there to be activities of 0.20 £ 0.15 MBq and 0.15 4 0.07 MBq in 1 ml of blood at
1 and 4 hours, respectively, post administration of 5.5 GBq. Those activities result in 1.23
and 0.93 uSv/h at 20 cm distance from 4 ml blood samples. There are few studies in the
literature that report on radiation measurements from patients” undergoing dosimetric
protocols. Thus, the inclusion of additional safety measures, where there is close contact

with the patient for blood withdrawal, is in need of investigation.

1.5.2 Monte Carlo simulation (MCS) and EGSnrc

Monte Carlo simulation (MCS) is the most robust method for dose estimation. MCS
is a computational algorithm that predict results based on random variables. It can
be used for sampling by collecting information for naturally random processes by
observing many realisations, or by making estimations of numerical quantities resulting
from certain simulated models. In addition, MCS can be used to optimise complicated
functions where these functions are deterministic and random [125]. “MCS uses the
known physics of photon and particles interactions with matter to simulate radiation
transport" [126] and it is implemented using varoius applications, such as EGS (Energy
Gamma Shower) code [127], MCNP (Monte Carlo N-Particle) [128, 129], PENELOPE
(PENetration and Energy Loss of Positrons and Electrons) [130] and GATE (GEANT,

Application for Emission Tomography) [131].

The EGS system of computer code can be used as a software toolkit for performing
Monte Carlo simulation of ionising radiation as it transports through matter. It can

simulate electrons, photons and positrons as they transport through arbitrary geometries
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by modelling their propagation with a dynamic range of energies between a few tens of
keV up to a few hundreds of GeV. EGSnrc, the software implemented in Chapter 6 of
this thesis, is a new version of the EGS originally developed in the 1970s at the Stanford
linear accelerator centre. EGSnrc has plenty of capabilities and features, some of which

are stated below [132].

* Any element, compound of mixtures can be used in the simulations for the
transported particles (electrons or positrons) or photons, with their transportation

in steps of random lengths, not discrete steps.

* Several physical processes included in the system include: Bremsstrahlung
production, positron annihilation, multiple scattering processes, continuous

energy loss and pair productions

* EGSnrc data is a package subroutine plus block data with flexible user interface
which gives plenty of advantages, for example it allows user flexibility without

the need to be familiar with internal code details
EGS is written in an extended Fortran language, known as Mortran3 [133].

In the literature, the EGSnrc MCS has been used in various simulations concerning
dosimetry, where a real-life measurement has not been possible or to validate
experimental values. Its implementation has been widely used to simulate dosimetry
parameters and calculate dose rate distributions in brachytherapy [134, 135], to estimate
absolute doses in intensity modulated radiotherapy [136] and to compute absorbed-dose
fractions in personalised dosimetry in nuclear medicine [137, 138]. There are currently
no MCS publications relevant to radiation protection aspects of 3!I therapy using

EGSnrec.

1.6 Aims and objectives of this thesis

The work of this thesis investigates the feasibility of the implementation of radioactive

iodine dosimetry in benign thyroid diseases and thyroid cancer.
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¢ Chapter 2 is a retrospective study in benign thyroid disease, which investigates
the possibility of implementing the EANM SOP [3] using **"Tc uptake estimations
instead of 3'T uptake, to offer an alternative option for implementing the protocol

using a widely available and easily applicable radionuclide.

¢ Chapter 3 is a statistical analysis of clinical parameters and the outcome of benign
thyroid dosimetry to examine the parameters that increases the probability of

achieving a desirable outcome.

* Chapter 4 investigates the effectiveness of thyroid cancer therapy using a
prospective cohort study. An adapted version of the blood and bone marrow
EANM SOP [8] for DTC is investigated by calculating the predictive power of
pre-therapy dosimetry in patients prepared by rhTSH injections, to facilitate
the implementation of a personalised dosimetry programme using maximum

tolerable activities (MTA) for patients under a euthyroid regime.

¢ Chapter 5 is a clinical investigation of a more feasible alternative method of blood
collection required by the EANM SOP [8] using finer-prick sampling instead of
the recommended venous blood collection technique when performing dosimetry

for DTC patients.

¢ Chapter 6 examines the radiation protection aspects when performing the EANM
SOP [8] protocol through direct measurements of radiation exposure to staff, and

corroborating these with MC simulations using EGSnrc with experimental data.

¢ Finally, Chapter 7 summarises the main findings from Chapters 2 — 6 and concludes

the work of this thesis.
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2 | Benign Thyroid Disease

2.1 Introduction

Radioactive iodine 13! has been used for the treatment of benign and malignant thyroid
disease since the 1940s, through oral or intravenous administration of 3'T as sodium
iodide (Nal). Patients are referred for 13!1 treatment after diagnosis of a benign thyroid
disease; having a hyperfunctioning thyroid. Hyperthyroidism can be caused by Graves’
disease, solitary toxic adenoma (TA) or toxic multinodular goitre (TMNG). Other causes
of hyperthyroidism are either rare or do not get treated by 13'1, e.g., thyroiditis. Likewise,
patients who are euthyroid but have large nontoxic goitre (NTG) may also receive 131
to reduce their goitre size. Published guidelines such as those produced by the British
thyroid association (BTA) [28, 139], the European Thyroid Associations (ETA) [30]
and the American thyroid association (ATA) [31] differ in their recommendation in
the management of these thyroid conditions. In graves” hyperthyroidism, the ETA
recommends starting with pharmacotherapy using antithyroid drugs (ATDs) and a
delayed use of 3'I. Surgery is preferred in specific cases, such as patients with a large
toxic nodule impinging on neighbouring organs, those with recurrent Grave’s disease,
where immediate treatment is required due to intolerable of ATDs, those for whom

there is a chance of malignancy, co-existed nodule [140] or where the patient has thyroid

eye disease (it is not recommended for children).

In the ETA [30], pharmacotherapy is typically trialled for 18 months to give the thyroid

an opportunity to stabilise without the use of 1*'I. The most commonly prescribed ATDs
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include carbimazole or propylthiouracil (PTU). The disadvantages of pharmacotherapy
are the side effects of these ATDs which include skin rashes, headache and painful joints.
There is also a small risk of causing agranulocytosis or hepatitis, angioedema, lung and
kidney problems [141]. There is a low probability of total cure for the thyrotoxicosis
with medications alone, with a more than 95% probability of recurrence for TMNG
[142] and 30 — 50% in Graves’ disease [143]. In addition, the success of this approach
can suffer from medication nonadherence. After failure of pharmacotherapy or when
the patient is unable to tolerate the medication, then ' may be proposed. For TA,
131 is usually the first-line treatment after normalising free thyroxine (fTs) hormone
level with ATDs. For TMNG, the treatment options depend on the patient. Where the
goitre is large, surgery may be the preferred approach, while for elderly patients, the
best option may be lifelong medication. For young adults with a small goitre and no
retrosternal pressure involved or where their thyroid hormones are uncontrolled with

1317 [144]. In general, indications for 1317 treatment in

medication, then the best option is
benign thyroid diseases include: Graves’ diseases, TA, TMNG and goitre recurrence.
Contraindications of '3!T are absolute in the case of pregnancy, breastfeeding and relative
in uncontrolled hyperactive state or active thyroid orbitopathy. Thyroid eye disease is

of a particular concern in smokers and those with positive thyroid antibodies status, as

31T might aggravate existing Graves’ orbitopathy [145].

In thyrotoxicosis, the aim of 3!T is to eliminate the hyperactive state by either reaching a
euthyroid or a hypothyroid state. The latter is corrected by lifelong levothyroxine (LTjy)
use. In Europe, *'1 therapy is intended to restore normal thyroid function by avoiding
hypothyroidism and long-life medication [146, 147]. This is except for Graves’ disease,
where the aim is to ensure an ultimate treatment is achieved. Hence, many studies have
investigated the “optimal dose” required to achieve a euthyroid state and minimise
the chance of reaching hypothyroidism. Despite this, the most common therapeutic
approach uses prescribed fixed activities ranging between 200 — 800 MBq [90] depending
on the local protocol. A retrospective study of 284 Graves’ patients showed that

long-term hypothyroidism may be prevented by using personalised administered
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activities [1], which may be calculated for each patient using the European Association
of Nuclear Medicine (EANM) standard operation procedure (SOP) [3]. This chapter
examined a benign thyroid disease SOP as routinely practiced in St James’s hospital,

Ireland.

2.2 Dosimetry in benign thyroid disease

2.2.1 Background

Although personalised dosimetry was initially investigated for thyroid treatments
[27], fixed activities of ' became the standard practice. The bio-distribution and
target organ absorption of radiopharmaceuticals (such as 3!T) have a large degree of
heterogeneity between individuals [148]. Internal dosimetry maps the bio-distribution
of the radionuclide over time and can inform a dose estimation for the healthy organs.
Unlike the fixed activity approach, dosimetry can be used to calculate a patient-specific
dose with higher chance of restoring normal thyroid function in benign thyroid diseases

and maximum safe dose in malignant cases.

In a survey to assess the implementation of dosimetry in Europe, a lack of protocol
satisfaction was reported with 55% of respondents answering “No” to the question
“Are you satisfied with the current implementation of patient-specific dosimetry in your
centre?” [48]. The reasons cited included that the protocol requires specialist equipment,
a partially shielded '3'T uptake probe (or gamma camera) and a phantom mimicking
the thyroid in a neck (neck phantom). In addition, the patient is required to attend
more hospital visits which requires additional resources. It is only through widespread
adoption that sufficient data will be collected to improve and refine the current models,
with adaptations of the existing dosimetry protocol using widely available equipment,
potentially leading to an increase in the feasibility and implementation of the dosimetry

protocol.

Most centres administering 131 therapy have a gamma camera, as thyroid
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Technetium-99m (**""Tc) scintigraphy is part of patient routine evaluation. Both *"Tc
and 3T are absorbed by the thyroid, with the maximum 3!I thyroid uptake (**'IU)
reached at 24 hours post ingestion, while the maximum uptake of *"Tc (**"TcU) is
reached 15 — 20 minutes post injection. The EANM protocol [3] recommends using
Marinelli’s formula [149] for calculating the 13T administered activity, where the activity
is calculated by using the thyroid mass, absorbed dose to the gland, '3'TU and '3
effective half-life. Some publications [14-16] have attempted to estimate 1311y, in
Marinelli’s formula [149], by using **"TcU and, hence, eliminate the need for the longer

iodine dosimetry evaluation.

There are several key differences between the two isotopes. 3! emits both  and
B radiation with half-life of 8.02 days, while *"Tc is a pure 7 emitter with half-life
of 6.04 hours. Since both isotopes are taken up by the thyroid, using *"Tc as an
alternative option to '3!I carries some advantages. **"Tc is widely and readily available
in nuclear medicine departments and the maximum uptake is reached at 15 — 20 minutes
post injection which shortens the measurement process. When using scintigraphy for
uptake measurement, the " Tc energy is 140 keV, compared to 364 keV for 31, which
leads to better spatial resolution and sensitivity for "Tc [150]. Estimating the 3'TU
using *"TcU to an acceptable accuracy would provide a method of personalising 131
treatment at centres lacking the required dosimetry equipment during the process of
performing the routine scintigraphy evaluation of thyroid patients. A small number
of studies have investigated the correlation between 31U and #*"TcU. Significant
correlation was reported by Higgins et al. [151], McGill et al. [152] and Ohiduzzman
[153] with studies showing a linear relationship between the two uptake measurements.

Other studies [14-16] reported a logarithmic relationship and suggested a model of

estimating 31U using " TcU.

Accordingly, this chapter is a retrospective study of image data from patients who had
undergone radioiodine therapy between 2012 and 2021 at St James’s hospital, Ireland.
The study examined whether there was a correlation between *"TcU and *'IU in

benign thyroid disease.
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2.2.2 Protocol used in St James’s hospital, Ireland

This study was conducted in St James’s hospital, Ireland, where treatment of 1317 for
benign thyroid disease is based on the published EANM SOP [3]. The rationale behind
performed 3T dosimetry is to calculate the activity most likely to achieve a euthyroid
state post-therapy while limiting unnecessary radiation exposure to the surrounding
normal organs. The SOP includes specifications of the equipment to be used and the
formulas for data evaluation depending on the number of uptake measurement made.
The administered activity calculation is based on a measured '3'TU. 131U is the fraction
of the activity stored in thyroid gland Ar, relative to the administered activity A, at
time ¢ since the administration:
Ar(t)

131
IU=—"" 1
qa ()

To calculate 13U, two '3!1 tracer capsules with similar activity are used, one is placed in
a neck phantom and the other one is administered by the patient. The '3'IU fraction can
then be calculated from background-corrected count rates in target tissue as measured
at a distance of 25 cm from the patient neck (CR7) relative to the background-corrected

count rate measured from the tracer capsule placed in the neck phantom (CR,). Hence,

the 131U is deduced from
CRr(t)

131
IU =

(2)
The protocol implemented in this study recommends three uptake assessments,
performed after 4-6 hours, 1-2 days and 5-8 days post administration of a tracer
capsule. The uptake function for three or more time-point measurements is

k
131 t —krt _ ,—kpt
U = i [e e 3)

where k;, kT and kp are parameters used for fitting the uptake function to the assessment
points as plotted versus time, representing the rate of activity elimination from the
blood pool by several factors including absorption in the target tissue, renal clearance,

hormone excretion and the effect of physical decay. The data of this study used the
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maximum 31U performed at 24 hours post administration, since the reported *"TcU
for patient is the maximum uptake value. The activity (A, in MBq) necessary to achieve

the prescribed dose (D in Gray) is calculated based on a two-compartment model:

M]g] - D[Gy] - kg[d™'] - kr[d ]

ke[d—1] ®

X

Ay[MBg| =

| =

where M is the mass of target tissue in grams as measured from an ultrasound scan,
and E is a constant value for the mean energy deposited in the target tissue per decay
of 1311 and it is equal to 2.808 [Gy.g/ MBg.d]. A local limit was implemented in addition
to the calculated A,; the administered activity would not exceed 400MBq £ 10%, due to

radiation protection concerns.

The study of this chapter considered investigating the correlation between the thyroid
BBIIU and *"TcU, and study the possibility of estimating '*'IU based on " TcU using
published models. It also examined the correlation between thyroid uptakes (}3!TU
and " TcU) and the impact, if any, of thyroid hormones and demographical data at
the other side. Additionally, an assessment was performed to compare the difference

between genders in the collected parameters.
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2.3 Methodology

2.3.1 Study design

This study cohort reviewed consisted of benign thyroid patients diagnosed with Graves’
disease, TA and TMNG at St James’s hospital and Tallaght University hospital, Ireland,
between 2012 and 2021. The endocrinology departments in both hospitals follow the
BTA and ETA guidelines [28, 30] for diagnosis and treatment of benign thyroid diseases.
Patients were referred to the Nuclear Medicine Department at St James’s hospital for
31T dosimetry and treatment. The dosimetry protocol requires a tracer capsule to be
administered 1 week before the 31 treatment, to calculate 131TU value. St James’s
hospital starts measuring the >!TU since 2012 while personalising the administered
activity using SOP since 2016. *""TcU is measured as part of the diagnostic protocol. The
thyroid uptake of " Tc is measured and compared to an image acquired of the *"Tc
pertechnetate (" TcO; ) in the syringe [154]. Since 2015, most patients have undergone
a scintigraphy scan, while between 2012 and 2015, it was infrequently practiced. %I
was also used for thyroid scintigraphy scanning instead of **"Tc. The retrospective data
was collected without altering the existing diagnostic protocol. The collection method is
summarised in the flow chart displayed in Figure 2.1. Data was collected via the patient
log-book used for dosimetry reporting, the Electronic Patient Record (EPR), which were
accessed from on-campus computers from St James’s and Tallaght University hospitals,
and the National Integration Medical Imaging System (NIMIS). The data included all
patients from 2012 until 2021 who underwent both 3'TU and ?*"TcU measurements.
Patients who were not referred for scintigraphy, or those where it was performed with

123], were omitted from the study.

The equipment used in this study are summarised in Table 2.1.
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Figure 2.1: Flow chart showing the method of collecting the investigated parameters of this chapter,
starting from the Benign thyroid disease log-book, where recorded parameters were used for further
data collection from Electronic Patient Record (EPR), as accessed from St James’s and Tallaght University
hospitals (STH and TAL, respectively) and the National Integration Medical Imaging System (NIMIS).
The investigated parameters are labelled by the square boxes.

Benign Thyroid Disease Log-Book
!

SJH MRN L % Name‘ ’ DOB‘ ’Gender‘ Diagnosis | Dosimetry results

— search in EPR L search in EPR
L Patient treatment hospital LLTAL MRN Thyroid count-rate

SJH — Scintigraphy images L 131

— Scintigraphy images Scan date

99mTcU

9mTcy

99mTe volume

9mTe volume — US images
— US images
- search in TAL NIMIS

TAL L Laboratory Flowsheet
Go to Patient Name -
— Other — T3

L No further data can be found | T,

— search in SJH NIMIS TRAb

L Laboratory Flowsheet

TSH

- T3

_fT4
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Table 2.1: Equipment used in measuring the uptake parameters and thyroid volumes

investigated in this study.

Equipment

‘ Details

Thyroid uptake probes

e Nal detector with intermediate lead collar (Ortec
EG&G probe with 925-SCINT ACE Mate Preamplifier,
Amplifier, Bias Supplier and SCA), from 2012 until
2018.

e Biodex Atomlab™™ 960 Thyroid Uptake System, from
2018.

Biodex thyroid neck phantom

Model# 043-365, constructed of Lucite with cylindrical shape
with dimensions 12.7 x 12.7 cm with interior cylindrical
compartment of 10 x 5 cm to hold the source vial.

311-Nal diagnostic capsules

Total administered activity 2 — 8 MBq (GE Healthcare,
reference activities 0.333 — 3.7 MBq).

Dose calibrators

¢ Capintec CRC®-15R Dose Calibrator, from 2012 until
2019.

¢ Capintec CRC®-PC Smart Chamber, from 2019.

Gamma Camera

Equipped with parallel-hole high-resolution or a pin-hole
collimator with a 15% or 20% window centred at *"Tc
photopeak energy (140 keV)

¢ Philips’ Brightview XCT at St James’s hospital.

e SIEMENS Symbia™ T2 and T16 at Tallaght
University hospital.

Ultrasound

Thyroid volumes measurements were performed by
radiographers in the SJH radiology department on a range
of high-end diagnostic ultrasound systems.

2.3.2 Data collection

At St James'’s hospital, once a patient was scheduled for 1317 treatment, ATDs were

stopped 7 days before the tracer capsule administration for dosimetric assessment.

ATDs such as methimazole, carbimazole and PTU influence the thyroid uptake of

31T and it takes 3 — 7 days for withdrawal [154]. The patients were administered a

tracer capsule of '*'I-Nal with an activity of 2 — 8 MBq, followed by thyroid uptake

measurements at 24, 48 and 144 hours post administration. The uptake measurement
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was collected using a partially shielded thyroid uptake probe until 2018, which was
replaced by a more modern Biodex Atomlab”™ probe. Cross-validation was performed
between the uptake measurement systems. According to the SOP recommendation,
the detector was placed 25 cm from the patient’s neck and counts were acquired for 5
minutes. Another 5-minute background measurement was made over the patients’ thigh
to calculate a background-corrected count-rate. The standard measurement was taken
from the thyroid neck phantom which contained a vial with a dissolved '3'I-Nal capsule
equivalent to the tracer activity administered to the patient. The '3!IU used in this study
was the percentage ratio between the background-corrected maximum uptake value
measured after 24 h post-administration relative to the standard background-corrected

count-rate, which represent the maximum '3'1U.

CRt — CRpkg y

131
IU(%) =
CR,

100 5)
where CRpkg and CR, are the background and phantom count-rates, respectively.
The #"TcU is calculated based on the EANM and Society of Nuclear Medicine and
Molecular Imaging (SNMMI) guidelines [154] where a neck scan is acquired using a
gamma camera. The image is usually acquired at 15 — 20 minutes post intravenous
administration of 100 MBq of *"TcO, , with the patient in a supine position and the
distance between the neck and collimator minimised. The patients were scanned for
10 minutes with anterior views over the thyroid: a left anterior oblique and right
anterior oblique pinhole views, centred over the thyroid for 5 minutes each. The thyroid
count-rate (CRt) was deduced from the anterior view image by manual delineation
of the gland and nearby cold region for background correction (CRpgg). The syringe
was scanned before and after the injection, to measure the injected activity (CRs). The
background corrected count rate was calculated and then the percentage uptake of

99mTcU was calculated using

CRr — CRpkeg o

R 100 (6)

PIMTU (%) =
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Many parameters were collected as part of this study (Figure 2.1) to investigate
the correlation with the uptake values. Those parameters include age, gender,
thyroid diagnosis (Graves’ disease, TA or TMNG), thyroid volumes as measured from
gamma-camera and ultrasound, time between 13'TU and %" TcU acquisition, level of
thyroid function test (TFT): thyroid stimulating hormone (TSH), triiodothyronine (T3),
free thyroxine (fT4) and TSH receptor antibodies (TRAb) for Graves’ patients.

2.3.3 Statistical analysis

The statistical analysis for this study was performed using Microsoft Excel 16.48 and
Minitab 2020 (v 19.2020.1.0). The correlation between the investigated parameters was
assessed using Spearman’s p correlation test, to test for any monotonic relationship
that might exist. A two-sample t-test was performed for each gender for all the
investigated parameters, with the assumption of unequal variance, where the null
hypothesis assumes the parameters’ value is equal across the gender. A logarithmic
regression model, based on published studies [14-16], was computed for the 3'IU
and *"TcU metrics. Additionally, to evaluate the agreement between the two metrics,
Bland-Altman analysis was conducted between measured 3!IU and estimated value as
calculated from the regression model. The analysis plot includes the difference between
the measured and estimated value versus their average for every patient, the mean
differences and their 95% confidence interval (95% limits of agreement). The differences
were tested for the normality assumption using the Anderson-Darling test. Furthermore,
the mean differences were tested for fixed bias using a paired t-test since both values
were derived from one subject, where the null hypothesis of no significant difference
between the measured and estimated value would indicate an agreement between the
two methods. Where a trend appeared between the differences and averages of the
Bland-Altman plot, a linear regression analysis was computed where a statistically
significant value indicated the presence of proportional bias between the investigated
values. A p-value of 0.05 was used as a significant level in all analysis. The statistical

analysis tests are defined in Appendix Al.1.
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2.4 Results

The study retrospectively collected data from 280 consecutive patients who were
referred to the Nuclear Medicine Department for 12! therapy between July 2012 and
July 2021. After omitting the patients who did not have a thyroid scintigraphy scan, a
total of 143 patients with 167 treatments remained and were included in the analysis.
The average age was 53.8 + 14.8 years. They were diagnosed with Graves’ disease
(55.1%), TMING (21.6%) and TA (23.4%). Thyroid disease is more common in women
and this was represented in the study sample with females making up 77.3% of the total

(Table 2.2).

Table 2.2: Patients number (and their percentage relative to the total number of treatments)
across gender and thyroid diagnosis in the study cohort.

Diagnosis Females Males Total

Graves’ disease 67 (40.12%) 25 (14.97%) 92 (55.09%)
Toxic multinodular goitre 30 (17.96%) 6 (3.59%) 36 (21.56%)
Toxic nodules 32 (19.16%) 7 (4.19%) 39 (23.35%)
Total 129 (77.25%) 38 (22.75%) 167 (100%)

The descriptive statistics of the collected parameters are displayed in Table 2.3, along
with the sample size, mean value, standard deviation, and range from minimum to
maximum value. The final column displays the p-value of the two-sample t-test, testing
for significant difference between each parameter across gender. The results show a
statistically significant difference between men and women in *"TcU but no significant
difference in 13'IU across gender, with p-values equal to 0.023 and 0.969, respectively.
The natural log of *"TcU was not statistically different between gender (p-value =
0.123). Both ¥IU and the natural log of *"TcU were tested for normality using
Anderson-Darling test, returning p-value of 0.522 and 0.707, respectively, while *"TcU
rejects the normality assumption (p < 0.005). Additionally, ultrasound volume and
fTy (p-value = 0.014 and 0.044, respectively) showed a significant difference between
the genders. The males that usually present at the clinic, had more severe biochemical

hyperthyroidism, as shown in their fT; value of 23.94 £ 15.46 nmol/L relative to 18.43
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+ 6.81 nmol/L in the females. There was no gender difference found in the rest of the
parameters. The parameter Tz was excluded from further analysis due to insufficient
sample size, n = 14 and 3 for females and males, respectively. The values of **"TcU from
the two different gamma cameras did not show any statistically significant difference
(two-sample t-test across patient’s hospital, p = 0.652).

Table 2.3: Descriptive statistics for the retrospectively collected parameters for the study for
females and males, including sample size (N), mean + standard deviation (St Dev), range
(minimum — maximum value), and p-value for a two-sample t-test between the gender,
significant difference < 0.05 are in bold.

Parameter N Mean £ St Dev Range p-value
1311 thyroid uptake (%)
Females 129 44.88 + 13.51 16.00 — 81.00 0.969
Males 38 44.76 + 16.91 2.10-385.90
M Te thyroid uptake (%)
Females 129 5.23 +4.90 0.35-33.80 0.023
Males 38 8.85 + 9.06 0.36 — 36.56
Age (years)
Females 129 54.32 + 14.49 23.95 - 86.05 0.405
Males 38 51.92 + 15.76 26.22 —75.85
Time difference (months)!
Females 129 22.17 £23.15 -35.03-112.63  0.572
Males 38 20.20 + 17.36 -19.17 - 53.87
PmTe volume (cm?)
Females 61 324.20 + 284.30 60.00 - 1801.50  0.107
Males 16 564.00 £ 543.00 120.00 — 2327
Ultrasound volume (cm?3)
Females 107 24.25 +20.34 5.83 - 179.09 0.014
Males 32 39.73 + 32.19 9.60 — 119.94
Thyroid stimulating hormone (mU/L)
Females 129 0.61 +1.49 0.012 - 14.5 0.844
Males 36 0.66 +1.19 0.01-4.71
Free thyroxine (nmol/L)
Females 129 18.43 £+ 6.81 7.80 — 60.00 0.044
Males 36 23.94 + 1546 10.90 — 86.00
Triiodothyronine (nmol/L)
Females 14 2.04 + 0.58 1.30-3.40 0.276
Males 3 223 £0.16 2.10-2.30
Thyroid stimulating hormone receptor antibodies (IU/L)?
Females 55 7.44 +14.77 0.302 - 93.00 0.120
Males 22 13.37 + 14.19 0.40 -42.00

! The time difference between measuring *"Tc and '3 thyroid uptakes.
2 The minimum values are estimated.
3 For Graves’ patients only.

A Spearman’s p correlation test was computed between each parameter with the uptake
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values, ¥1TU and %" TcU. Correlation coefficients (r) and the corresponding p-values
are displayed in Table 2.4. The p-value tested for significance in the correlation where
the null hypothesis states that there is no significant correlation between the tested
parameters. Hence, a p < 0.05 rejected the null hypothesis and indicated a statistically
significant correlation. Table 2.4 shows that '3!TU was statistically correlated with
9MmTcU, with r = 0.396 in females and 0.710 in males (p < 0.001 in both genders), which
indicated a stronger correlation in men than women. Thyroid diagnosis was significantly
correlated with both uptakes in both genders, while in the rest of the parameters the
significant correlation varied among gender. For " TcU, *"Tc volume reported a
significant correlation in males while age showed a significant correlation in females
only. For the 13'IU, time difference between the two uptake measurements reported
significant correlation in the females group, and finally, f T4 had a significant correlation

with 11U in both groups.
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Table 2.4: Spearman’s p correlation coefficient and p-value for significant correlation between the
investigated parameters, lodine-131 thyroid uptake value (**'IU) and Technetium-99m thyroid
uptake value (*"TcU).

Spearman’s p correlation = Spearman’s p correlation
coefficient (p-value) in the coefficient (p-value) in the
female cohort male cohort
Parameter 1y PmTeU By PImTeU
99m 0.396 0.710
ev (p < 0.001) (p < 0.001)
Thyroid diagnosis -0.256 -0.319 -0.487 -0.459
(p=0.003) (p<0.001) | (p=0.002) (p=0.004)
Ace -0.065 -0.333 -0.117 -0.104
& (p=0467) (p<0.001) | (p=0.486) (p=0.534)
Time difference 0.225 0.072 0.053 0.061
(p<0.010)0 (p=0415) | (p=0.753) (p=0.717)
9 Te volume 0.051 0.285 0.418 0.499
(p=0.697) (p=0.026) | (p=0.107) (p=0.049)
Ultrasound volume -0.054 0.032 0.243 0.238
(p =0.582) (p =742) (p=0.180) (p=0.189)
TSH! -0.099 0.178 -0.285 -0.182
(p=0.236) (p=0.062) | (p=0.091) (p=0.312)
Free thyroxine 0.362 0.014 0.515 0.179
(p<0.001) (p=0881) | (p=0.001) (p=0.319)
T 0.236 0.199 0.183 0.395
TSH! receptor antibodies? (p = 0.082) (p = 0.148) (p = 0.416) (p = 0.069)

! Thyroid stimulating hormone.
2 Correlation test done for Graves’ patients only.

Some published studies [14-16] have reported a strong correlation between 3'TU and
the #"TcU and suggested a regression model between 3!TU and the natural log of

9MTcU to estimate the thyroid uptake. 3'TU can be calculated by

BIU = a x n(®™TcU) + b 7)

where a and b were fitting constants. When implementing the suggested model, the
coefficient of determination (R?) value was dependent on the time difference between
the uptake measurements (Figure 2.2), where the model weaken with larger time
difference. The time difference of the total sample of this study was 22.17 &+ 23.15 and
20.20 £+ 17.36 months in women and men, respectively. To overcome this limitation, a

subset was created with time difference less than 18 months, with 78 patients included,
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69 females and 18 males (first row in Table 2.5).
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Figure 2.2: Coefficient of determination (R?) of logarithmic regression model between 31U and
the natural log of *"TcU versus the time difference (in months) between measuring the two
uptakes.

Table 2.5: Study sample size separated by gender for this study created subset of 18 months
difference between the two uptake measurements and samples of other published studies that
performed similar investigation.

Model N Females Males
This study 87 69 18
Smith et al. [14] 44 30 14
Gorur et al. [16] 99 34 65
Szumowski et al. [15] 80 61 19

When the investigation included shorter time differences of less than 6 and 12 months,
the results did not show a dramatic difference to the 18 months gap and the small
samples reduced the statistical weight of the analysis. A regression analysis between the
31U and the natural log of ®"TcU was computed for this subset, and it was compared
with published models (Table 2.6). Coefficient of determination (R?) in Table 2.6 shows
that 79.4% of the males of this study can be represented by the model, despite the
samples low number, unlike the females where 15.8% can be represented by the model
with 11.1% predictability (Rf:r »7) compared to 71.6% predictability in the males. 81.0% of
the samples were represented by the model in Smith’s study [14], 79.2% by Szumowski’s

[15] sample with a weaker representation of 37.2% observed in Gorur’s sample [16]. The
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difference by gender were not reported by these studies, but all the models had more
females as would be expected for thyroid disease. The exception to this was Gorur’s
sample where most of his patients were male, 65 males versus 34 females (Table 2.5).
The models of Table 2.6 were used to estimate '3!TU using the "' TcU data from this
study. Figure 2.3 shows the high variability that resulted from using the various models.
Also, Figure 2.4 shows the percentage error between the estimated and measured 311U
when various models were applied in the males group, as this group had strongest
correlation between the uptake metrics. The box plot displays the interquartile range,
outliers and the value of the mean error. A mean error of 13% resulted when using
Gorur’s model [16], 41% arise when Smith’s model [14] is applied in our males group,
with errors reaching up to 100%. The Szumowski’s model [15] had the highest % error

with an average of 57% and a maximum value of 138%.

Table 2.6: Regression model between *'TU and natural log of *"TcU from the result of this
study separated by gender and as published by few studies. The table include sample size
(N), correlation coefficient (), coefficient of determination (R?) and the predicted coefficient of
determination (R}% rod)-

Gender The study model N r R? R%r o

Female B = 34.64+ 598 In(*"TcU) 69 0.35 15.78% 11.11%

Male 1B11U = 18.65 + 14.40 In(*"TcU) 18 091 79.37% 71.57%
Published models

Smith et al. [14] BITU =30.40 + 17.72 In(®"TcU) 44 0.90 81.00% -

(

Gorur et al. [16] 1Bl1U = 26.07 + 12.85 In(*"TcU) 99 0.61 37.21% -

Szumowski et al. [15] 1BI1U = 3049 + 17.72 In(**"TcU) 80 0.98 79.21% -
131U = 38.73 + 18.03 In(**""TcU) , TRAb < 10 IU/ml
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Figure 2.3: Estimated '*'IU using models in Table 2.6 versus *"TcU. The models include
published models by Smith et al. [14], Szumowski et al. [15], Gorur et al [16], this study model
for males and females.
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Figure 2.4: A Box plot of the error (%) between the estimated '3!IU using models in Table 2.6
and the measured ®!IU as applied in the males sample (n=17). The models include this study
model for males and females, and published models by Smith et al. [14], Gorur et al [16] and
Szumowski et al. [15]. The plot includes interquartile range box, outliers (*) and the error mean
value for each model.
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In the females’” group, analysing the data into diagnosis subgroup shows a better fit to
the logarithmic regression model in TA (R? = 0.46, n = 22) relative to Grave’s disease (R?
=0.17,n = 29) and TMNG (R? = 0.02, n = 18). The males’ group had insufficient sample
size for each diagnosis due to its small total sample size. Additionally, since patient
were advised to stop ATDs before 13!TU assessments but not before their scintigraphy
scan, patients’ medication were investigated as a possible confounding factor that might
cause the difference between gender. A x? test of independence was performed and
shows no significant difference in medication between the male and female groups,
x%(2, N = 65) with p = 0.680. On examination of the female group who did not take any
medication before their " TcU scan (n = 12), there was still a weak relationship between
the two uptakes with R? = 21%, while the males (n = 15) had R? = 90.1%, despite their

variability in medication use before the assessment.

Figures 2.5 and 2.6 shows a scatter plot for the models in Table 2.6 from this study
sample, for females and males, respectively. The figures displayed the logarithmic
fit and coefficient of determination (R?), where the y axis represents >!TU and x axis
represents " TcU of the logarithmic models. The gender distinction is also shown
in the Bland-Altman plot in Figures 2.7 for females and Figure 2.8 for males, where
the difference between the measured 3!IU and estimated '*'TU were plotted against
their average. The plots for both genders show a the mean difference of close to 0
(paired t-test, p > 0.05). The differences were normally distributed (Anderson-Darling
test, p > 0.05) and 95% limits of agreement was much wider for females than males,
approximately £23% versus £15%, respectively. Additionally, Figure 2.7 shows a trend
with significant linear regression (p-value < 0.001) which indicates the presence of a
proportional bias in the female cohort. Hence, the difference between the estimated and
measured 13!'TU is dependent on their average; however, the bias was unexplained by

the parameters collected during this study.
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Figure 2.5: A scatter plot of *'IU versus *"TcU with logarithmic line and coefficient of
determination of R? = 15.71% in females
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Figure 2.6: A scatter plot of 31U versus *"TcU with logarithmic line and coefficient of
determination of R? = 79.3% in males.
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Figure 2.7: Bland-Altman plot for females difference between the measured and estimated 31U
using the logarithmic fit versus their average. Also shown mean values of difference, 95% limits
of agreement (LOA) and linear fit to the data point.
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Figure 2.8: Bland-Altman plot for males difference between the measured and estimated *'TU
using the logarithmic fit versus their average. Also shown mean values of difference and 95%
limits of agreement (LOA).
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2.5 Discussion

In benign thyroid disease, the motivation for dosimetry is to achieve the desired outcome
while minimising the administered therapeutic activity. This is more likely to be reached
by personalising patients administered doses. The EANM published recommendations
[3] for implementing a dosimetry protocol for benign thyroid disease was based on
theoretical consideration of the iodine kinetics [86, 149, 155-163]. The protocol was
based on the use of 12!1 as tracer for isotope bio-distribution assessment in the patient
body and estimation of thyroid gland percentage uptake. Other iodine isotopes such as
1231 and 12*1 have been shown to be suitable for dosimetry [154, 164, 165], but require
validation before being used in the published SOP equations, due to isotope differences

that might affect the results [3].

The use of an alternative tracer like " Tc would offer some advantages, due to the wider
availability of " Tc compared to '3'I. A shorter time is required to measure the thyroid
uptake and less specialised equipment required also. However, additional development
of a dosimetry model would be required due to the differences between the two isotopes
in their half-life, peak energy and physiological absorption. *"Tc does not become
organified for hormone synthesis in the follicular cells, as it is the case for *!I. The
potential to eliminate the 3!TU measurement has been proposed by estimating the
value using 5-minutes [14, 16] and 20-minutes [15] post-administration 99mTeU. These
studies reported significant correlation with » = 0.90, 0.61 and 0.89, respectively, using a
logarithmic model. Others reported a linear relationship between the two uptake metrics
[152, 153]. The significant correlation was validated in our study group for females
(r = 0.40, n = 129) and males (r= 0.71, n = 38). The gender difference observed in this
work has not previously been published. High variability in the results were observed
when implementing the various published models. Furthermore, there has been no
consensus model published. Figure 2.4 demonstrates how over- or underestimation
of calculated therapy activities could result when using the different models, with a

wide percentage error arising when implementing these published models on the males

50



Chapter 2. Benign Thyroid Disease

sample. A percentage error of over 100% might arise, especially when using Smith’s

and Szumowski models [14, 15].

Although the thyroid uptake, as measured using *!1 and *"Tc, was significantly
correlated in our study and in literature, estimating 13!TU was significantly different
between the male and female cohort. 72% of males” data were predicted by the model
while it was only 11% for females. Bland & Altman [166] argued that misleading results
that may arise if correlation tests and regression analysis were used to test the agreement
between two measurements methods. Their analysis technique was implemented in
this study data and confirmed the difference in gender for estimating 3!IU. The female
group (n = 69) had much wider (95%) limits of agreement relative to the men’s group (n
= 18), where the difference was more than twice that of the female group. Additionally,
in the females” Bland-Altman plot, there was un-explained proportional bias in the
difference between estimated and measured 3!TU versus their average. No such bias
was observed in the male group; however their group is much smaller, and the results
would need to be verified in a larger sample. In this study, 77% of the sample were
females, which was expected as thyroid disease is more common in females. Grave’s
disease is reported to be 5 — 10 times more frequent in women [23]. In general, for the
females in our sample, the model was not acceptably accurate. The difference between

measured and estimated 311U reached 44% in one case.

The parameters collected in this study were analysed to investigate the gender difference
in the results. Of the factors that showed significant correlation with the uptake metrics,
none were significantly different between the genders. The exception was f T; where the
average value was significantly higher in the male group. This more severe biochemical
hyperthyroidism in the male patients, can also be linked to higher thyroid volume
on ultrasound and **"TcU. However, women with severe hyperthyroidism did not
show a higher correlation or better fit with the logarithmic model. The female sample
were also separately investigated for each thyroid diagnosis, where higher correlation
was observed in the TA cohort with r = 0.46. This compared to r = 0.91 in the males’

sample, is still a much lower correlation. Gender and age among Grave’s patients were
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previously reported by Allahabadia et al. [167] where a fixed activity approach of 13!
was used. Their study reported large difference in success rate across gender (47% in
males versus 74% in females, p < 0.001) and patients < 40 years old reported lower
remission rate than older patients (32.6% vs 47.8%, p = 0.01). The authors pointed
out the need for gender and age consideration when planning disease management.
There is no evidence to date of a gender or age factor which impacts success using the
dosimetric approach in 3! treatment. The high prevalence of thyroid disease in women
might bias the published statistics, especially when fixed activities administered and

hence there is a need for gender separation in future studies [4].

There are three main limitations in this study. Firstly, there was a variable time difference
between the two uptake measurements with different preparation instructions given
before each uptake measurement. A shorter time difference was used in the final model
which did increase the correlation coefficient in females (r = 0.35 relative to 0.40 in total
sample), but not in males (r= 0.91 relative to 0.71 in total sample). Secondly, there was a
large difference in sample size between the two-gender due to the high prevalence of
the disease among women. Finally, there was variation in the medication used before
the "TcU and some patient medication data was missing from the datasets in some of
the patients. The available medication record was shown to be unreliable due to large
time differences between the record and the actual scan date and there was no assurance
that the patient adhered to the prescribed dose. This is a limitation given that ATDs
might affect thyroid uptake values [154]. Nonetheless, the analysis of the available
medical data proved there to be no difference among gender and no correlation with

uptake metrics.

In conclusion, the model developed as part of this study was different for each gender
and different from published models. There is a possibility of high dependence of each
model on the patient sample characteristics, equipment used for measurements and
the protocol that was implemented. A larger sample with a standardised protocol and

equipment cross-validation would be needed to verify the results of this study.
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Analysis

3.1 Introduction

Chapter 2 presented an introduction to benign thyroid diseases and the guidelines
of recommended treatments. = Management of hyperthyroidism can include
pharmacotherapy, anti-thyroid drugs (ATDs), radioactive iodine (**'T) and /or through
surgery. Treatment management depends on the practiced guidelines followed within
a therapy centre, such as those produced by the European thyroid association (ETA)
[30, 90] and the American thyroid association (ATA) [31]. For radioiodine treatment,
31T can be administered through a fixed or personalised activity approach. For the
fixed activity approach, a fixed activity of *T is used, typically in the 200 — 800 MBq
range [90], depending on the local protocol. The fixed activity approach is still used
in the majority of centres. For the personalised approach, the iodine kinetics in the
target organ are measured and used to plan a patient-specific dosimetry treatment. The
outcome of the 13T is assessed after regular interval follow-up for several months post
the 13!T treatment. To date, no study has proven a methodology to achieve the "optimal
dose" necessary to restore normal thyroid function and prevent hypothyroidism and
lifelong medication. However, the personalised 3! approach has been shown to reduce
the risk of hypothyroidism in thyrotoxic patients relative to the fixed activity approach
[1, 2], where the administered activity is optimised by calculating the minimum activity

required to achieve a successful outcome.
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Several studies have evaluated the factors that affect the therapeutic outcome of 31

[167-172]. That said, no study has successfully predicted the therapy outcome for an
individual patient [167], and to date, no definitive data are available to identify the
patient parameters that are most likely to lead better outcome from '3'1 therapy [173]
and there is still disagreement on the most appropriate dose regimen to restore normal
thyroid function [31]. This chapter examined a dataset of ' treatments for benign
thyroid disease patients at St James’s hospital (S5JH), Ireland, collected retrospectively,
with the aim of investigating the factors that may lead to a higher probability of

achieving a euthyroid state after one-year of treatment.

3.2 Dosimetry outcome in benign thyroid disease

3.2.1 Background

BBI] therapy, to date, is a well-established and good treatment option for
hyperthyroidism, with a high success rate [173]. Recently, there has been increased
focus on the desired outcome of achieving euthyroidism, unlike the conventional
successful outcome of achieving either euthyroid or hypothyroid state [146, 147, 169].
Hence, several studies have investigated the clinical parameters that increase the
probability of achieving a specific outcome from 3!1 therapy, with more focus in the
literature in achieving a successful outcome, and not in restoring thyroid function by
achieving euthyroidism, where a successful outcome also include hypothyroidism.
Table 3.1 summarises 5 studies that investigated the clinical parameters that affect
31T treatment outcome; all these studies mentioned goitre size, age and gender as
significant parameters. The first study was an audit conducted in 813 consecutive
patients diagnosed with Graves, TA and TMNG at the Queen Elizabeth Hospital, UK,
between 1985 and 1999 [169]. The patients were administered a fixed 1311 activity of 185
MBq which was later changed to 370 MBq. Post treatment outcomes were examined
with patients judged to be cured if they were either euthyroid, were off all medications

for 6 months or if they required hormone replacement medication for hypothyroidism
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at 1-year post treatment. A failed outcome was considered to be when patients required

repeated treatment for persistent hyperthyroidism 6 months post therapy.

Table 3.1: Published studies investigating the factors affecting outcome of *I treatment for
hyperthyroidism.

First Author Year Country Sample Diagnosis Activity Significant
parameters
A. Allahabadia [169] 2001 UK 813 Graves, Fixed Gender, age,
TMNG, goitre  size,

TA ATD

S. Metso [171] 2004 Finland 2043 Graves, Fixed, Partial

TMNG  calculated thyroidectomy,
age, gender,
ATD
K. Boelaert [174] 2008 UK 1278 Graves, Fixed Gender,
TMNG, age, severe
TA biochemical
hyperthyroidism,
1317 activity,
goitre size
D. Sfiligoj [175] 2015 Slovenia 724 Graves Fixed Gender,
age, severe
hyperthyroidism,
goitre size
Y. Yang [168] 2020 Taiwan 243 Graves Fixed, Calculated vs
calculated fixed, activity,
goitre size

As expected, the study reported that higher doses increased the cure rate but also
increased the likelihood of hypothyroidism at 1-year post treatment, especially for
Graves’ disease patients. Additionally, gender, age and goitre size were significant
predictors. For male patients, those of young age (<40 yrs) and with a medium or
large goitre had less chance of cure with one dose of 13'1. The study by Yang et al. [168]
reported that only goitre size was the independent factor that affected outcome after 131
therapy, with a larger goitre having lower chance of success, in agreement with a study
by Allahabida [169]. The authors reported that decreasing the goitre size before 13'1
administration increased the cure rate to a comparable level to those patients originally
having a low or medium goitre size. The use of ATDs before 3! have also been reported

to have a significant influence on the outcome [169-172], Taking ATDs within 2 weeks

before or after 13!1 treatment reduced the cure rate for lower activities of '3!I only (185
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MBq) but no effect was reported when '3!I activities of 370 MBq were administered
[169]. A further review conducted by Bonnema and Hegedus [173] reported that the
success rate was linked with thyroid size, thyroid hormones and the use of ATDs. In
general, there has been no single reliable factor that can predict the outcome of 3!
treatment, but a complex interaction between several significant factors does affect the

outcome [170].

3.2.2 Post treatment follow-up at St James’s hospital, Ireland

This study was conducted at SJH, where BTA [28, 139] and ETA guidelines [30] are
followed by the endocrinology department for the management of benign thyroid
patients. !3!T treatment is administered after pre-therapeutic dosimetry assessment
based on the EANM SOP [3], as detailed in Chapter 2. After diagnosis with
hyperthyroidism, the first line treatment for Graves’ disease is ATD for 18 months
(where tolerated) and then consideration of referral to the Nuclear Medicine (NM)
department for 311 after failure or inability to tolerate the medications. In TA and
TMNG, patients are prescribed with '3'T after normalising their hormone levels using
medications (detailed in Chapter 2). The SJH protocol before the administration of 13!1

treatment includes:

e Patients are instructed to cease ATDs one week before the ¥1TU measurement,

and not to resume until indicated by the results of TFT result after I treatment.

¢ Laboratory testing for thyroid function test (TFT) including: thyroid stimulating
hormone (TSH), triiodothyronine (T3), free thyroxine (fTs) and TSH receptor

antibodies (TRAb) for Graves’ patients.

e Thyroid scans include thyroid volume assessment by ultrasound (US) and a #*"Tc

scintigraphy scan.
¢ For female patients up to 55-years, a serum HCG test is conducted.

After patients are referred to NM for '3 therapy, the administered activity is calculated

based on the EANM dosimetry protocol (section 2.2.2). The maximum 3!I thyroid
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uptake (13'TU) is measured at 24 hours post administering a tracer T capsule, and
with ultrasound thyroid volume assessment, the therapeutic activity is calculated. One
week after administering the uptake capsule, the patient is then administered '*'I as
an outpatient and radiation protection instructions are given by the physicist in the
NM department. For Graves’ disease patients, steroids are occasionally prescribed for

preventing eye disease in Graves patients [176].

Post 131 treatment follow-up includes appointments at the phlebotomy clinic at
months 1, 3, 6, 9 and 12 post treatment for TFT results, and every 6-months thereafter.
Additionally, a thyroid phone clinic follows the patient attendance for the required
laboratory testing according to schedule. Patients are prescribed medication, where
necessary, based on their laboratory results. For this study, the thyroid absorbed dose

(D[Gy]) was estimated using calculated activity (A,) in equation 1 below [3].

0714 M|g| - D|Gy]|
E  RIU(t,) - 2fe/Test - Togy d]

Aq[MBq| = (1)

where E = 2.808%{'4{1, Mlg] is thyroid size in gram, RIU(t,) is the 31U,y for
measurement time of 24h post administration (t.) and Tes; is estimated effective half-life

in target tissue, for this study it is estimated to be 5.4 days for Graves’ patients, 6.6 days

for TMNG and 5.7 days for TA [177].

The aim of this chapter was to analyse treatment outcome based on the collected patient
parameters before, during and after 13!] treatment by the department of Endocrinology
and NM team at SJH starting from diagnosis of the hyperthyroidism and finishing
12-months post 3T treatment. The objective of the analysis was to investigate the
possibility of identifying clinical predictors of 13!1 treatment outcome at early stage of

diagnosis.
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3.3 Methodology

3.3.1 Study design

This study was a retrospective review of patients diagnosed with Graves’ disease,
TA and TMNG at SJH, or at neighbouring referral centres, and referred to SJH for
31T treatment. Once diagnosed with benign thyroid disease, TFTs are collected on a
regular basis before, during and after 311, to monitor thyroid status and assess impact
of medication and the result of the 3!I treatment. The outcome of the treatment is
the measured thyroid status at 12-months. The data for this study was collected from
routine testing and scans without altering the existing protocol. The data was extracted
from the Electronic Patient Record (EPR), National Integration Medical Imaging System
(NIMIS) and the locally archived measurements for dosimetry protocol at the NM
department at SJH. The patient cohort included consecutive patients treated with 311
at SJH from 2012 until 2020 who continued with the TFT follow-up at either SJH or
TAL. Patients who did not attend for follow-up for 12-months post treatment were
excluded due to lack of information of thyroid status at one year. The data was collected

by collaboration between medical physics and endocrinology departments at SJH and

TAL.

3.3.2 Data collection

The parameters collected for this study are displayed in the chart of Figure 3.1. The
parameters used for the analysis are labelled with square boxes, while the remaining
were excluded, either because they were not a continuous variable or there were not
sufficient numbers to facilitate statistical analysis. Successful treatment was considered
as either a euthyroid or hypothyroid state, with failed outcome where patients remained

hyperthyroid.

At SJH, the previously administered fixed activity is 400 MBq for TMNG and 200 MBq

for Graves’ disease. At other centre’s across Ireland, fixed activities are higher. While

58



Chapter 3. Benign Thyroid Disease Outcome Analysis

patient’s following personalised approach, the administered activity is calculated using

EANM SOP [3]. The administered activity was compared between the two groups.

The thyroid absorbed doses were estimated for the personalised approach group, by
implementing equation 1, using a single uptake value only and the administered activity.
A possible thyroid dose was also calculated if the same patients were to receive a fixed
activity. Resulted absorbed doses between the two estimations were compared to the
treatment prescribed dose by the endocrinologist. The comparison included Graves

and TMNG patients, TA patients always administered a personalised activity.
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Figure 3.1: Flow chart showing the collected parameters of this chapter, where recorded parameters were extracted from EPR, and NIMIS as accessed from SJH
and TAL. The investigated parameters used in the analysis are labelled by the square boxes.
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3.3.3 Statistical analysis

The statistical analysis was completed using the web-based Minitab®2021 software.
Descriptive statistical analysis was conducted for all investigated parameters. A
significant difference test for each parameter separated by the 1-year thyroid status,
gender and diagnosis was conducted. The significant difference testing was chosen
based on the parameter type, for parameters with continuous variables, a two-sample
t-test or ANOVA test were performed, for two groups (gender) and three groups
(diagnosis and thyroid status) variables, respectively. For parameters with categorical
variables, a Chi-square (x?) test was used. For significant parameters in ANOVA test,
Tukey simultaneous tests for differences of means were conducted to investigate which
group was significantly different. An ordinal logistic regression was performed for
all parameters to examine which parameter increased the probability of achieving a
specific outcome, with the 1-year thyroid outcome set as the model response. For ordinal
regression, an outcome order was needed. This was set to: euthyroid, hypothyroid, then
hyperthyroid, since euthyroid is the favourable outcome and hyperthyroid is the least
favoured outcome. For significant parameters in the logistic regression, the odds ratio
was computed to identify the odds of getting a specific outcome. A Pearson correlation
test was conducted across all the investigated parameters to identify the possible
correlation between other parameters. A p-value of 0.05 was used as a significant level

in all analysis. The statistical analysis tests are defined in Appendix A1.1.
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3.4 Results

The study retrospectively collected data from 103 patients diagnosed with
hyperthyroidism, who received an 13!I treatment at SJH between 2012 and 2020 and
where the follow-up needed for thyroid status assessment was available. Patients for
whom 1-year thyroid status was unknown were omitted from the study, leaving a total

92 of patients, 74 females and 18 males (Table 3.2).

Table 3.2: Patient cohort collected for this study

. Sample
Variable Count percentage (%)
Gender

F 74 80.43

M 18 19.57
Diagnosis

Graves’ disease 62 67.39

TMNG 16 17.39

TA 14 15.22
Type of 131 treatment

Dosimetry 63 68.48

Fixed 29 31.52
Thyroid status at time of treatment

Euthyroid 47 52.22

Hyperthyroid 8 8.89

Subclinical hyperthyroidism 35 38.89
Thyroid status at 1 year

Euthyroid 26 28.26

Hyperthyroid 13 14.13

Hypothyroid 53 57.61
311 Outcome

Failed 13 14.13

Successful 79 85.87

The patients were diagnosed with Graves’ disease (67.5%), TMNG (17.4%) and TA
(15.2%). 68.5% of the patients received 13'I activities using the dosimetry approach
and 31.5% had fixed activities administered. The thyroid status before treatment
was euthyroid, hyperthyroid and subclinical hyperthyroidism while on medication,
while, 1-year post 1311 the outcome were either euthyroid or hypothyroid for successful
treatment (85.9%) or hyperthyroid for a failed treatment (14.1%). The treatment outcome

was investigated for its relationship between the personalised dosimetric and fixed
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activity approach using a x? test. There was no significant difference in outcome found
between the two approaches in terms of success/failed outcome, nor in the 1-year
thyroid status (p = 0.220 and 0.340, respectively). The fixed activity sample did not
have significantly different outcome and, hence, the full 92 patients were used for the
analysis to increase the patient sample. All the collected parameters included in this
analysis were compared for their statistical difference between the fixed and dosimetric
approaches, using a two-sample t-test for continuous parameters and a x test for
categorical parameters. No parameters displayed a significant difference between fixed
versus dosimetry groups (p > 0.05), except for steroid use where a p = 0.007 resulted.
However, only 8 patient used steroids in this sample. The continuous variables of
this study were: age, 1>'TUyyy,, the size of the thyroid gland, the TSH and fT; before
treatment, the administered activity and TRAb value for Graves patients. While the
categorical variables were: gender, diagnosis, TRAb positive or negative, steroids use,
thyroid status prior to the treatment and '3'I treatment approach (fixed activity or

dosimetry).

For the continuous variables (Table 3.3), four parameters showed a significant
association between the parameter value and the 1-year outcome: the age, the size
of the gland, the TSH and fT, before the 13!I treatment. Further analysis of the mean
differences, using the Tukey method, showed the differences in the 95% confidence
intervals around the mean (Figures 3.2 and 3.3). Where intervals do not contain zero,

this means they are significantly different.

* For age; the hypothyroid were significantly younger than the euthyroid (p =
0.003).

¢ In relation to the size of the gland, although it seems the hypothyroid have the
smallest gland and hyperthyroid have the largest, the difference among the three

groups was not significant.

¢ The analysis of TSH prior treatment showed the hypothyroid group have
significantly larger TSH value than euthyroid (p = 0.026).
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e For fT, prior treatment, the hyperthyroid group have significantly lower value

than both euthyroid and hypothyroid (p = 0.007 and 0.003, respectively).

For the categorical variables (Table 3.4), two parameters showed a significant association
between the parameter and the 1-year thyroid status, the diagnosis and thyroid status
prior to treatment. Where 72.6% of the Graves’ patients were rendered hypothyroid,
while 62.5% and 64.3% of the TMNG and TA patients, respectively, were euthyroid
after one year. Also, thyroid status before 13! treatment seemed to affect the outcome.
Ordinal logistic regressions are listed in Tables 3.3 and 3.4. They show the p-value of
the null hypothesis that all slopes equal zero, with a p < 0.05 indicating that the null
hypothesis is rejected and that the relationship between the outcome variable and the
predictors (investigated parameters) is statistically significant. Two parameters show
a significant result in continuous variables and three in categorical variables. These

parameters’ results are further detailed in Table 3.5.
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Table 3.3: Descriptive statistics of the continuous collected variables as divided by the 1-year
thyroid status. The table display the sample size of each status (N), the mean + standard
deviation of the variable, the range (minimum — maximum) and the p-value of an ANOVA test
and ordinal logistic regression. Significant difference < 0.05 are in bold.

Continous variables N Mean + StDev Range p-value

ANOVA Logistic Reg.!

Age (years)

Euthyroid 26 59.42 +14.11 26-77 0.004 0.060
Hypothyroid 53 48.09 + 13.64 26 - 86
Hyperthyroid 13 55.15 + 15.49 30-83

24h thyroid uptake (%)
Euthyroid 23 38.72 £10.96 18 - 64.61 0.118 0.033
Hypothyroid 51 4438 £13.16 15-80
Hyperthyroid 11 47.96 £+ 18.19 17.14-76

size of gland (cc)
Euthyroid 20 23.26 £ 18.65 0.79-57.2 0.049 0.859
Hypothyroid 38 17.29 £ 7.52 6.11 -34.43
Hyperthyroid 7 29.26 £17.77  10.09 -59.61

TSH prior treatment (mU/L)
Euthyroid 26 0.33 +0.44 0.01-1.64 0.012 0.432
Hypothyroid 52 1.22 +1.80 0.01-10.8
Hyperthyroid 12 0.26 = 0.49 0.01-1.66

f Ty prior treatment (nmol/L)
Euthyroid 26 17.74 £ 2.37 12.04 - 23 0.003 0.016
Hypothyroid 52 17.77 + 6.74 10.4 - 48
Hyperthyroid 12 26.64 +17.42 11.17 - 62

Activity (MBq)
Euthyroid 21 279.70 £ 125.60 51 - 440 0.494 0.423
Hypothyroid 39 244.10 £ 105.60 89 — 434
Hyperthyroid 6 276.50 £ 15520 116 441

TRAb (IU/L)?
Euthyroid 5 470 +£7.35 0.8-17.7 0.635 0.696
Hypothyroid 42 6.39 £ 6.71 0.3-31
Hyperthyroid 10 443 +4.99 03-12.3

! Ordinal logistic regression, where the outcome is ordered with euthyroid,
hypothyroid, then hyperthyroid.
2 For Graves’ patients only
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Tukey Simultaneous 95% Cls
Differences of Means for Age

Hypothyroid - Euthyroid

L

Hyperthyroid - Euthyroid ‘

Hyperthyroid - Hypothyroid

If an interval does not contain zero, the corresponding means are significantly different.

Tukey Simultaneous 95% Cls
Differences of Means for size of gland (cc)

Hypothyroid - Euthyroid

L ]

Hyperthyroid - Euthyroid

Hyperthyroid - Hypothyroid

20 30

If an interval does not contain zero, the corresponding means are significantly different.

Figure 3.2: Tukey simultaneous 95% confidence interval for patients” age and size of the gland,
the parameters with p < 0.05 in ANOVA test.
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Tukey Simultaneous 95% Cls

Differences of Means for TSH prior treatment

Hypothyroid - Euthyroid *
Hyperthyroid - Euthyroid [ °
Hyperthyroid - Hypothyroid t *
-2 -1 0 1 2

If an interval does not contain zero, the corresponding means are significantly different.

Tukey Simultaneous 95% Cls

Differences of Means for FT4 prior treatment

Hypothyroid - Euthyroid *
Hyperthyroid - Euthyroid ! °
Hyperthyroid - Hypothyroid r , *
-5 0 5 10 15

If an interval does not contain zero, the corresponding means are significantly different.

Figure 3.3: Tukey simultaneous 95% confidence interval for the TSH and fTy prior 31 treatment,
the parameters with p < 0.05 in ANOVA test.
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Table 3.4: Count and row percentage (%) of categorical variables as divided by the 1-year thyroid
status. The table display the p-value of a Pearson x? test and an ordinal logistic regression.
Significant difference < 0.05 are in bold.

Categorical . . . P - value
variables Euthyroid Hypothyroid Hyperthyroid Pearson Logistic
x> Reg.!
Gender
F 24 (32.4%) 42 (56.8%) 8 (10.8%) 0.070 0.021
M 2(11.1%) 11 (61.1%) 5 (27.8%)
Diagnosis
Graves’ disease 7 (11.3%) 45 (72.6%) 10 (16.1%) < 0.001 < 0.001
TMNG 10 (62.5%) 4 (25.0%) 2 (12.5%)
TA 9 (64.3%) 4 (28.6%) 1(7.1%)
Thyroid status prior treatment
Euthyroid 10 (21.3%) 34 (72.3%) 3 (6.4%) < 0.001 0.002
Hyperthyroid 0 4 (50.0%) 4 (50.0%)
Subclinical hyper. 16 (45.7%) 14 (40.0%) 5 (14.3%)
Type of 13'I treatment
Dosimetry 20 (31.8%) 36 (57.1%) 7 (11.1%) 0.340 0.150
Fixed 6 (20.7%) 17 (58.6%) 6 (20.7%)
TRAD value?
negative 1 (10.0%) 8 (80.0%) 1 (10.0%) Invalid® 0.672
positive 2 (5.0%) 33 (82.5%) 5 (12.5%)
Steroids’ use?
No 3 (8.1%) 28 (75.7%) 6 (16.2%) Invalid® 0.614
Yes 1 (12.5%) 6 (75.0%) 1 (12.5%)

! Ordinal logistic regression, where the outcome is ordered with euthyroid,
hypothyroid, then hyperthyroid.

2 For Graves’ patients only

3 The x? approximation is invalid due to small sample number is some cells.
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Table 3.5 shows the results of the logistic regression. A positive coefficient suggests
there is a proportional relationship. The p-value test for the null hypothesis states that
the regression coefficient = 0. The odd ratio is the increase or decrease of one unit of the
investigated parameter which will result in a change in probability of moving above
the status table by the odd ratio factor. The goodness-of-fit indicates whether to reject

or fail to reject the logistic model. The Table results conclude the following;:

e An increase of one unit of 131TU,,;, will decrease the probability of moving above

the favoured 1-year thyroid status by a factor of x0.97.

* An increase of fT4 of one unit will decrease the probability of moving above the

favoured 1-year thyroid status by a factor of x0.94.

¢ For gender, the odd ratio of 0.29 indicates that females have a x3.4 chance of

moving up the favoured status table than the males.

¢ For the diagnosis, although the results show that having TMNG or TA increases
the chance of getting a better outcome by a factor up to x9.8, a p-value for the

goodness-of-fit states that the logistic model is not adequate.

* The thyroid status before treatment shows similar results to diagnosis, with the
results showing that being euthyroid relative to hyperthyroid decreases the chance
of getting a better outcome by a factor of up to x8.3. However, a p-value for
goodness-of-fit states reject the hypothesis that the logistic model is adequate. The

subclinical hyperthyroidism had an insignificant coefficient ( p > 0.05).

Investigating the difference of the investigated parameters across genders shows that
there is no parameter displaying a statistical significant difference (p > 0.05), except
for the thyroid status prior to treatment, where more females were euthyroid and or
had subclinical hyperthyroidism than males (p = 0.020, x? test). While investigating the

parameters across diagnosis, the following showed significant difference:

* For age, Graves’ patients were significantly younger than TMNG and TA (p =
0.002, one-way ANOVA)
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Table 3.5: Ordinal logistic regression results includes: the regression coefficient + its standard
error (coef + SE(coef)), its p-value and the odd ratio of moving up the 1-year thyroid status;
starting with euthyroid, then hypothyroid and last hyperthyroid, also displayed the Pearson
goodness-of-fit p-value.

Logistic regression result Goodness-of-fit
Variable coef + SE(coef) p-value odd ratio Pearson p-value!
24h thyroid uptake (%) -0.036 + 0.017 0.033 0.97 0.250
f Ty prior treatment (nmol/L) -0.060 + 0.026 0.018 0.94 0.599
Gender
M -1.228 £+ 0.544 0.024 0.29 0.832
Diagnosis
TMNG 2.114 £ 0.606 < 0.001 8.29 0.011
TA 2287 £0.646 < 0.001 9.84
Thyroid status prior treatment
Hyperthyroid -2.121 £ 0.796 0.008 0.12 0.022
Subclinical hyperthyroidism  0.686 + 0.449 0.127 1.99

1 High p-values do not provide evidence that the model is inadequate.

o The ¥11U,y;, in Graves patients was significantly higher than TA (p = 0.011, Tukey
method)

e TSH prior to 3] treatment was significantly higher in Graves (p = 0.007, one-way

ANOVA)

¢ The TMNG cohort had larger thyroid glands than both Graves” and TA (p < 0.001,
one-way ANOVA)

* The activity administered was significantly higher in TMNG (p < 0.001, one-way
ANOVA)

The cohort of this study included 63 patients administered personalised activity and
29 administered fixed activities. At SJH, the fixed activities administered for Graves’
disease is 200 MBq while for TMNG it is 400 MBq. In the dosimetry group for Graves’
disease, the personalised activities administered were 227.8 & 105.6 MBq (n=40), which
is slightly higher than the fixed activities (Figure 3.4a). Table 3.6 shows that out of 40
patients, 18 received an activity significantly < 200 MBq (p < 0.001, 1-sample t-test)
and had a 83.3% success rate while 11.1% ended up euthyroid (among the 18 patients).
For TMNG, the average personalised activity administered was 337.4 £ 71.1 MBq
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(n=13).

Table 3.6: The patient number (row percentage) for the 1-year thyroid status versus the
administered activity for the patient received personalised I treatment. The patients activities
were divided by the conventional fixed activity of 200 MBq and 400 MBq for Graves’ disease
and TMNG, respectively.

1-year thyroid status

Diagnosis Euthyroid Hypothyroid Hyperthyroid

Graves’ disease 5 (12.5%) 30 (75.0%) 5 (12.5%)
> 200 MBq 3 (13.6%) 17 (77.3%) 2(9.1%)
< 200 MBq 2 (11.1%) 13 (72.2%) 3 (16.7%)
TMNG 9 (69.2%) 3(23.1%) 1(7.7%)
> 400 MBq 2 (66.7%) 0 1 (33.3%)
< 400 MBq 7 (70.0%) 3 (30.0%) 0

TA 9 (64.3%) 4 (28.6%) 1(7.1%)

Figure 3.4b shows 10 out of 13 of the samples receiving significantly less than 400 MBq (p
= 0.002, 1-sample t-test). The success rate for this group was 100%, with 70% euthyroid
at 1-year post treatment. TA patients were not administered a fixed activity with all
patients having personalised activities of 252.4 £ 156.1 MBq (n = 14). For TA, there was
a 92.9% success rate with 64.3% having an euthyroid outcome at 1 year. Figure 3.5 shows
a histogram of the difference between the personalised administered as subtracted from
the fixed activities for Graves’ disease and TMNG, where a difference of up to 100 MBq

lower can be seen in Graves and 200 MBq in TMNG, respectively.
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Figure 3.4: Box plots of the administered activities (MBq) for (a) Graves, (b) TMNG and (c)
TA. The plot includes median, interquartile range box and range. Also displayed individual
activities as small circles and line for the fixed activity for each diagnosis.

72



Chapter 3. Benign Thyroid Disease Outcome Analysis

Percent

-100 -50 0 50 100 150 200 250
Difference from fixed activity (MBq)

(a) Graves’ disease

25

15

Percent

10

e ——————————————— )

w

-200 -160 120 -80 -40 0 40
Difference from fixed activity (MBq)

(b) TMNG

Figure 3.5: Histogram of the frequency percentage of personalised activity subtracted from the
fixed activity in conventional treatment. (a) Graves’ disease personalised activities as subtracted
from fixed activity value of 200 MBq. (b) TMNG personalised activities as subtracted from fixed
activity value of 400 MBgq.
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In the EANM guidelines for benign thyroid disease [90], the recommended 3! absorbed
doses for Graves’ disease is 150 Gy if aiming for euthyroidism and 200 — 300 Gy to
achieve a complete ablation. For TMNG the range for achieving euthyroidism is 100 —
150 Gy and it is 300 — 400 Gy for TA. The thyroid absorbed dose of this sample were
estimated for the personalised approach and for a possible thyroid dose if the same
patients were to receive a fixed activity. A box plot for the range of thyroid doses is
displayed in Figure 3.6 where the ranges of estimated doses are divided by the 1-year
thyroid status. For the Graves’ disease cohort, the personalised activity approach led
to a lower range of thyroid doses with most patients receiving lower than 150 Gy
target dose. For the fixed activity approach, there was a much wider range above 300
Gy, which is regarded as higher than the ablation prescribed dose. For TMNG, the
average estimated thyroid doses was less in dosimetry group for both euthyroid and
hypothyroid outcome, with fixed activities doses exceeding the prescribed range in
euthyroid and most of the group in hypothyroid group. The failed patients received
doses below the recommended dose. Additionally for TA, the euthyroid group received
an average dose higher than the 300 — 400 Gy prescribed range while the hypothyroid

group received within or lower than the range.
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Figure 3.6: Box plots of the estimated thyroid doses (Gy) for (a) Graves, (b) TMNG and (c) TA
versus dosimetry or fixed activity and the 1-year thyroid outcome. The plot includes median,
interquartile range box and range. Also displayed lines for the target absorbed dose (or dose
range) for each diagnosis.
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3.5 Discussion

Personalising !l treatment for benign thyroid disease is achieved by calculating
the minimum administered activity that leads to a successful therapeutic outcome.
The EANM dosimetry committee published a SOP [3] for implementing a dosimetry
protocol by the pretherapeutic evaluation of 3!I biokinetics in the thyroid gland in
conjunction with thyroid volume measurement using ultrasound. There have been
several attempts in literature to predict 3 therapy outcome [167-172], with several
parameters investigated. These studies mainly investigated reaching a successful
(hypothyroid/euthyroid) or failed outcome (hyperthyroid), with less focus on the
thyroid status [169, 171].

Our study investigated the clinical factors collected in routine evaluation prior to 3'I

treatment at SJH and TAL, and examined their effect on thyroid status at 1-year post
therapy. Patients who had become hypothyroid had a significant difference in several
parameters: lower age, small gland size and higher TSH level before treatment. The
impact of age supports the published significance of this factor in several studies. The
probability is higher that younger patients will experience treatment failure [167, 169].
Furthermore, younger patients have been shown, both in our study and in the literature,
to have more severe hyperthyroidism; as determined by a higher T, concentration.
Severe hyperthyroidism is also linked to a significantly higher rate of hypothyroid
outcome compared to euthyroid. Many studies reported a correlation of severe
hyperthyroidism and likelihood of failure [169, 178], and our study shows, patient
with higher fT before treatment were also more likely to have a failed '3!I treatment
and sustain hyperthyroidism 1-year post treatment. While patient’s presenting with
high TSH before treatment were more likely to become hypothyroid after 1 year. Thyroid
gland size was significantly correlated with 1-year thyroid status, with results showing
that the hyperthyroid group had higher thyroid volume. The hypothyroid group had the
smallest volumes, however, our study failed to demonstrated a statistically significant

difference in thyroid volume between the three outcomes (p > 0.05). The thyroid volume

76



Chapter 3. Benign Thyroid Disease Outcome Analysis

is the factor that is repeatedly linked to thyroid outcome in the literature [173, 178], as

larger glands have been linked to treatment failure [169].

Performing an ordinal logistic regression showed 13'TU,,, and fT; as the only significant
parameters, however, these two parameters are correlated with each other (p < 0.001,
Pearson correlation). A decrease in both of these parameters is correlated with having a
more favourable outcome, where the lower the value the increased chance of achieving
a euthyroid state after 1-year. Also, both parameters had a significant goodness-of-fit
to the logistical model. Investigating the parameters across diagnoses showed that
Graves’ patients were younger and with higher 13'1U,,;,. Graves patient were also
more likely to become hypothyroid after 1-year, unlike TMNG and TA, where >64%
of the group were euthyroid after one-year. It is a combination of Graves’ disease,
young age, higher TSH concentration and possibly a smaller thyroid size which are
more likely to result in hypothyroidism. We also report gender and thyroid status
before treatment as significant indicative parameters in this study, where being male
reduces the probability of achieving a more favourable outcome of euthyroidism.
Gender difference was seen as a significant factor in benign thyroid disease treatment
management [4] (Chapter 2). Thyroid status prior to the treatment and diagnosis were
shown to be significant parameters in the logistic regression, but both failed to provide

evidence of goodness-of-fit to the model.

The patients in this cohort were made up of both fixed and personalised activity groups,
but the cohort failed to demonstrate a difference between the fixed and the personalised
activity group, whether a successful or failed outcome at the 1-year time-point post
treatment. Hence both dosimetric and fixed activity patients were combined in the
statistical analysis, to increase the sample size and provide a higher chance to present
a significant difference. Looking at the administered activity, a Pearson correlation
shows a significant correlation with age. Higher activities were administered to older
patients. 45% of Graves’ cohort and 77% of TMNG, were administered an activity
using the personalised approach which is significantly less than the conventional fixed

activities, and most patients end up with a successful outcome. The personalised activity
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approach offers the chance of lowering the therapy dose with successful outcome.
Additionally, the absorbed doses to the thyroid were estimated to be closer to the
prescribed target dose, unlike the fixed activities which tend to overdose the gland
leading to a hypothyroid outcome, or under-dosing leading to a hyperthyroid outcome.
Although it is expected that the absorbed doses to be similar to the prescribed dose in
the dosimetry group, however, a difference arise due to the limitation of the applied
equation, where the effective half-life is unknown and an estimated value was used
and only 24 hour 3'TU was used, while the protocol for most patients had more than
one uptake measurement [3]. Additionally, a capped value of 400 MBq was imposed in

Graves’ patients, for radiation protection purposes.

This analysis fails to demonstrate a significant difference or a significant correlation in
the administered activity between dosimetry and fixed approach, or in the absorbed

doses between the two approaches, possibly due to small sample in each subset.

The limitation of the current study includes that we have used a small patient cohort
which have not provided adequate numbers for further subdivision and analysis. The
data collected did not include details of the patients’” referring hospital. Thus, there may

been patient clinical data collected and measured by difference devices.

In conclusion, this study failed to demonstrate a difference between dosimetry and fixed
activity in terms of outcome following '*!I treatment and did not identify parameters
that reliably predicted treatment outcomes. However, 13!I treatment outcome should
not be the only endpoints to be considered when considering dosimetry. The possibility
of reducing the absorbed dose with successful outcome or eliminating unnecessary
repeated treatments should also be considered [5]. A combination of several clinical
parameters which were strongly correlated to hypothyroidism in this study included:
young age, gender, higher TSH and 3'TU,4;,, which is also reported in literature.
Diagnosis, thyroid status before treatment and thyroid size seemed to have a significant
correlation with outcome, but the cohort of this study were not adequate to provide

a statistical significance difference between outcomes. A multi-centre collaboration
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would be preferable to achieve larger samples and, hence, increase the significance of

the results in subsets analysis.
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4 | Predictive Pretherapy in

Differentiated Thyroid Cancer

41 Introduction

When radioiodine 13! therapy was originally introduced for thyroid cancer in the
1940s, it was recommended that the administered activity should be personalised.
As time went on, this approach was generally discontinued and fixed activities,
sometimes modified by patient weight or body surface area, have been standard
practice for therapeutic administrations since. There has been a lack of optimisation and
development in the use of 1317 in clinical practice, and for molecular radiotherapy (MRT)
in general [72, 179], and several factors have contributed to this neglect including: the
high success rate with minimum toxicity of the fixed activity approach, lack of research
interest by physicians in MRT and more focus on chemotherapy and external beam

radiotherapy and the complexity of developing innovative MRT procedures.

The administered activities for remnant ablation of differentiated thyroid cancer (DTC)
typically range between 1.1 — 3.7 GBq for the first treatment, with higher activities
prescribed for repeated treatments, with a limiting activity of 7.4 GBq [180]. High
activities, of the order of 9 GBq, for treatment of advanced stages of metastatic DTC
have been reported by Haq et al. [181] and 11 GBq for fractionated regimes over
3-month periods have been reported by Menzel et al. [182]. It has been suggested

that an approach for optimising the administered activity would be therapeutically
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advantageous [5, 6]. It has been shown that tumour bio-kinetics may alter with time
or with repeated treatments and can become radio-resistant [7]. In DTC, recurrence
rates of 30% have been quoted [183, 184] and, therefore, maximising the dose at the first
treatment is desirable [6]. The limiting factor is the resultant dose to the bone marrow
or to lung metastases [20]. Toxicity caused by 13!1 leads to bone marrow suppression,
increased risk of leukaemia and lung fibrosis [92]. Where a fixed activity protocol is used,
the doses to the critical organs are unknown as there is no assessment of radio-toxicity
or of the organs’ absorbed doses, and, in rare cases, the safe dose to critical organs can
be exceeded [185]. Hence, blood and bone marrow dosimetry have been recommended
in order to identify the safe administrable therapeutic activities while eliminating the

risk of inducing toxicity [8].

The optimum pathway is for dosimetry to be performed in advance of therapy, such that
the ¥ biokinetics can be understood and the therapeutic activity calculated based on
the pretherapeutic assessment [108]. In DTC, the administration of *'T occurs after high
Thyroid Stimulating Hormone (TSH) levels are achieved either by hormone withdrawal
or by intramuscular injection of recombinant human TSH (rhTSH). The patient will
be hypothyroid at the time of the treatment in the first instance and euthyroid in the

second instance.

Hormone withdrawal requires the patient to cease thyroid replacement medication for
typically four to six weeks before therapy, to enable increased uptake of radioactive
iodine during therapy. However, some patients are unable to tolerate this method of
preparation since it leads to acute hypothyroidism [186], especially in older patients
or patients with underlying cardiac conditions. Administration of rthTSH at 24 and
48 hours before the therapy has been shown to have equivalent results to hormone
withdrawal [105] and significantly reduces morbidity and patient suffering [187].
Most commonly, patients are prepared by withdrawal of hormone therapy. There
is inadequate evidence on the application of '3!'I dosimetry in patients prepared
with thTSH stimulation and there is no strong evidence for the predictive power of

pre-therapy (PT) measurements for patients who have not been withdrawn from thyroid
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hormones and have received rhTSH instead. Major differences have been reported in the
BT biokinetics in hypothyroid versus euthyroid patients [106], since hypothyroidism
caused by hormone withdrawal leads to a decrease in renal clearance and, hence, an
increase of 3 retention in the body. The European Association of Nuclear Medicine
(EANM) has published a standard operational procedure (SOP) for PT blood and bone
marrow dosimetry for DTC, to tailor the therapeutic administered activity of 131, by
maximising the resultant remnant dose while ensuring the safe limit to the critical
organs is not exceeded [8]. The protocol can be applied either as a pre-therapy or
during therapy (DT) procedure, with DT dosimetry regarded as the true measure of the

delivered dose to the critical organs.

This chapter describes a clinical research project, applying an adaptation of the EANM
SOP for thyroid cancer patients [8] at SJH. The aim of the implementation was to
evaluate the predictive power of pre-therapeutic dosimetry in patients prepared with
rhTSH injection. This aim was based on the hypothesis that patients are euthyroid
before and during their therapy when prepared with rhTSH, and that the change in

overall systemic !3'I biokinetics is minimal.

4.2 Dosimetry in thyroid cancer

4.2.1 Background

The blood and bone marrow dosimetry protocol in DTC aims to optimise the dose
where the bone-marrow absorbed dose is the limiting factor [8], since the bone-marrow
is regarded as the most radiosensitive organ in the absence of lung metastases [20, 188].
The effective radiation dose to the bone marrow is estimated by measuring the blood
activity level as a surrogate [189]. According to the MIRD formalism [69], after 1311

administration the blood is irradiated by:

(1) Beta particles emitted from activity in the blood itself usually amount to 75 — 80% of

the deposited radiation absorbed dose.
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(2) Gamma radiation originating from the whole body typically contributes 20 — 25% to
the blood-absorbed dose. [8]

To calculate the total blood-absorbed dose, both blood and whole body contributions
are measured. The protocol recommends 2 ml blood samples and whole body count
measurements collected over a specified time schedule with the '3!I residence time in
blood and whole body deduced. Using these measurements, the maximum therapeutic
activity may be calculated, referred to as the maximum tolerable activity (MTA), such
that the absorbed dose to the blood, and consequently the bone marrow, does not exceed

2 Gy which is the established bone marrow toxicity limit [20].

The predictive power of PT were previously investigated [6, 108]. A Bianchi et al [6]
study included 17 metastatic DTC patients with a total of 27 treatments. 11 patients
were in the rhTSH group and the rest underwent hormone withdrawal. They received
131 therapeutic activities of 6.2 — 24.1 GBq based on the EANM SOP and the Italian
Association of Physics in Medicine (AIFM) protocol [18]. They reported good tolerance
of the treatments, despite the RM absorbed dose reaching up to 6.67 Gy. Their study
reported a -7% to 40% difference in PT to DT absorbed doses. They reported two
outliers with a 105% and 284% difference in the thTSH group. The authors attributed
this difference to the change of measurement distance for WB, where it was 1 m in PT
and 3 m in DT. The authors believed that their outliers were caused by their instrument

limitation and not due to poor predictability in PT dosimetry.

The blood-based dosimetry model was originally developed by Benua et al [20], and
then was refined after a series of multi-centre trials, during which new diagnostic and
therapeutic tools for DTC were introduced. Other models include the EANM model
[8], which is a blood based model, and the AIFM model [18] and the model proposed
by Traino et al. [19], which are red marrow (RM) based. The four models relied on the
collection of blood samples and whole body '*'I measurements. The key differences
between them are in the model calculations, and the dependence of each formula on

patient’s mass, 1311 retention in the WB and blood kinetics [17]. The four models were
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compared by Miranti et al. [17]. Their results are displayed in Figure 4.1 and 4.2,
where a statistically significant difference between absorbed doses for each approach
was reported (Wilcoxon paired t-test, p < 0.0001). The EANM approach reported the
closest value of a 6% difference relative to the Benua’s calculation, while the AIFM
and Triano models gave 30% lower absorbed doses to the Benua model but reported
linear correlations. The AIFM and Traino models were closer to each other, with a mean
difference of approximately 3%, yet there was still a statistical significant difference
reported between the two. Due to the linear correlation, the authors suggested the
possibility of linearly scaling the result of the EANM, AIFM and Traino models to the
Benua model. All the three models; the EANM [8], the AIFM [18] and Traino model [19]

were compared in the study of this thesis.
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Figure 4.1: Results of Miranti et al. [17] from the before therapy dosimetry. The plot displays
EANM [8], AIFM [18] and Traino [19] absorbed dose results as plotted against the Benua [20]
absorbed dose results. The dotted line is the bisector of the graph.

85



Chapter 4. Predictive Pretherapy in Differentiated Thyroid Cancer

45000 |
;'v 40000
= p——
=
= 35000
2
o] "
&£ 30000
<
by —_—
E | —1
= 25000 — v
=1
E Y
g 20000
= 1 e
15000 |— | i | [
Benua EANM AIFM Traino
Formulae

Figure 4.2: Results of Miranti et al. [17] where the maximum tolerable activity (MTA) resulted
by using four difference formulas: Benua [20], EANM [8], AIFM [18] and Traino [19]. The datum
is the median value while the bars represent the 25th-75th percentiles

4.2.2 Protocol implemented in St James’s hospital, Ireland

For thyroid cancer therapy, the protocol implemented at SJH required the measurement
of radioactivity from two compartments, the blood and whole-body (WB) compartments,
where the 13! biokinetics were monitored at a series of time points (see timeline in Table
4.1). 31T was administered at time t = 0, and measurements were performed at 2, 6,
24, 48 and 120 hours post administration, a slight deviation from the SOP [8] where
the recommended measurements are at 2, 6, 24, 96 and 144 hours post administration.
The timing of the SJH protocol was adjusted to accommodate the workflow of the
department while ensuring that at the last data point, the uncorrected WB retention
did not exceed 5%, which is a requirement of the SOP. Patients were advised to empty
their bladder before the administration of the 3!I capsule. It is suggested that the
first measurement be taken 10 minutes post administration if the 3T is administered
intravenously [8]. All patients in SJH were administered '3 orally and, hence, the first
measurement was acquired 2 hours post administration, where patients were asked
to wait until after the first WB probe measurement before any micturition was carried
out. Patients were advised to empty their bladder before administering the capsule.

If the patient couldn’t wait for 2 hours, then the WB measurements were performed
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earlier. The EANM SOP recommends 2 ml of blood to be withdrawn [8]. Where
possible two vials of 2 ml were collected from each patient (a total of 4 ml) in order to
measure the variation that might arise between venous blood samples, as detailed in
Chapter 5. All dates and times of administration, measurement, blood withdrawal were

documented.

Table 4.1: Time line of measurements as implemented in St James’s hospital

Time (hours) Measurement

0 Administration of 131

Avoid micturition or defecation

2 Whole-body activity measurement, blood sampling (2 ml)

6 Micturition, whole-body activity measurement, blood sampling (2 ml)
24 Micturition, whole-body activity measurement, blood sampling (2 ml)
48 Micturition, whole-body activity measurement, blood sampling (2 ml)
120 Micturition, whole-body activity measurement, blood sampling (2 ml)

> 120 If uncorrected whole-body retention at 120 hours exceeds 5%,
then: micturition, whole-body activity measurement, blood
sampling (2 ml)

For WB measurements, count rates (WBcg) were collected at anterior and posterior
positions and corrected for the background count rates. The geometrical mean of the

WB(cr for conjugate views was calculated using equation 1.

WBcr = \/ WB net anterior X WB net posterior 1)

All the WBcr measurements were normalised to the first WBcr data point, where the
2 hour WBcr was regarded as 100%, to calculate the activity retention in the WB as a
function of time (R(#)wp). For the blood analysis, blood activities in each sample were
normalised to the administered activities, to estimate the activity retention per millilitre

of blood R(t)BLOOD-

The activity curves of R(t)wp and R(t)proop as a function of time can be described by

a bi-exponential fit, as per equation 2.

R(t) = =L = Ay x e MXEp Ay x g7t )
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where R(#) is the fraction of administered activity at a specific time ¢ relative to the
administered activity Ag. A, Az, Ay and A, are the fitting constants. The fitting
constants were used to calculate the residence time (7) of WB (1) and blood (tg1.00D)-
T is calculated by integrating the retention function, R(t), from 0 to infinity, as indicated
in equation 3.

* Al Ap
= [ R(t)dt="21422 3
T /0 (t)dr =51 4+ 5 3)

The MIRD formalism [69], which is the basis of personalising 13'1 treatment as published
by EANM [8], states that the blood absorbed dose is composed of a contribution from
blood self-irradiation and WB radiation (equation 4). The MIRD formalism described

as:

5blood
A Shiood«blood * TBLOOD + Sbiood«WB * TWB (4)

where Syjo0d4blood 1 the blood contribution and S04 wa is the y contribution from
the WB to the 7, calculated according to the method described by Akabani et al. [190].
Hence, the mean absorbed dose per unit of administered activity (Dyjo04/ Ao) can be

calculated by equation 5.

0.0188

W - Twa[H] )

Dhlood { Gy

Ag GBq} =108 - Tar00D[N] +

The EANM SOP recommends using equation 5 for calculating the MTA, however, this
is under the conservative assumption that the dose to the blood is identical to the
haematopoietic tissues [189]. The AIFM and Traino models for RM absorbed dose, as
published by Stabin and Siegel [18], and Traino et al [19], respectively, were also used
for calculating RM absorbed doses per administered activity. Equation 6 and 7 were
used to calculate the RM absorbed doses per activity using the AIFM models [18] for

female and male, respectively .

} = 65 - Tproop [h] + (Su?[—?j;]) - T[] (6)

ERM Gy
Ay |GBg
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Dra [ﬂ — )

A GBq} = 61 - 100D ] +

Equations 8 and 9 were used to calculate the RM absorbed doses per activity using the

Traino models [19] for female and male patients, respectively.

DRM |:GG_1;;/(]:| =58.97 - TBLOOD[h] . wt[kg]0.0ZS + (TWB [l’l] —228- TBLOOD [h] . wt[kg])
{ 0.5427 3.4074

(wt[kg]1302) o (wt[kg]194%)

(8)

D G
[ | =589 aoonli] - wtlkg)* ™ + (twalh] — 152+ ool wtlkg)

{ 0.6967 4.1683

(wikg]730)  (wt[kg]L9%)
)

Using Dyjooq/ Ao[Gy/GBq], the MTA[GBg] can be calculated using equation 10

below.
2
MTA|GBg| = = (10)
[ q] Dblood/AO[Gy/GBq]

Drum/ Aog[Gy/GBg| can also be used for calculating MTA, but the EANM SOP [8]
recommends using the blood absorbed dose as a conservative approach. Both blood
and RM absorbed dose values were reported in this study, which corresponds to the

EANM (blood), AIFM and Traino (RM) approaches, respectively.

4.3 Methodology

4.3.1 Study design

This study was a clinical cohort study for patients diagnosed with thyroid cancer at the

Endocrinology department at SJH, and referred to the Nuclear Medicine department
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for remnant ablation by radioactive iodine after thyroidectomy. Recruitment for this
study occurred according to the flow chart in Figure 4.3. The patients underwent the
same regular treatment plan with fixed activity approach, but when recruited for this
study, a pre-therapeutic dose was administered 1 week before therapy and the SOP [8]

dosimetry measurements (Table 4.1) were collected.
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Patient referral for 13'1 therapy
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Exclude —<— No yes

|

Patients offered participation

N

Agrees Disagrees ——  Exclude

|

Sign consent form

A\

PT dosimetry
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Patient follow-up
DT dosimetry —— at Endocrinology
Department

Y

Sample analysis and dose calculation
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Patient blood and RM absorbed dose per administered activity

Y

Calculation of patient-specified safe MTA

Figure 4.3: Flow chart demonstrating the patient recruitment for this study. The flow chart starts from
patient referral for 13! and then, once agree to participate, pretherapy and during therapy dosimetry
will be performed (PT and DT respectively). The data collected for the aim of calculating blood and
red-marrow (RM) absorbed dose per administered activity and Maximum tolerable activity (MTA) is
calculated.
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Dosimetry was implemented at two stages: pre-therapy (PT) and during therapy (DT).
PT was performed using a tracer of 2 — 10 MBq 3!1. After oral administration of the
tracer activity, the blood samples were taken at 2, 6, 24, 48 and 120 hours. Figure 4.4
summarises the time line of intended data collection, where it shows the 13T tracer
capsule administered at time 0, followed by blood collection and WB measurements
performed at five time points. One week after the '*!T administration, the 13 therapeutic
activity was administered followed by the same time points as the previous week used
for blood collection. For DT, whole body measurements were taken more frequently,

where possible, in order to gather more time points to achieve a better fit to the model.

Pretherapy Dosimetry During Dosimetry
N —
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
PT 2 6 24 48 120 DT 2 6 24 48 120  hours

Figure 4.4: Time line (in hours) of patients participation for this study, where pretherapy (PT) dosimetry
start at time administering tracer capsule of 13!T at time PT, followed by blood sampling and whole body
measurement at 2, 6, 24, 48 and 120 hours post administration. While during therapy (DT) dosimetry,
blood samples are taken at similar time points while whole body is measured at more frequent time
points.

Inclusion and exclusion criteria

Adult patients aged over 18 years with sufficient understanding to enable them to
comprehend the nature of the study were included. Also, patients were required to
be legally competent to consent for inclusion. Those excluded were children under 18
years old and patients who were unable to understand the study information and make
an informed decision. Another exclusion criterion was where patients were living at a
distance from the study centre, and where attending on three consecutive days would
be difficult. Additionally, patients with extreme needle phobia were excluded. All
patients who were willing to commit to all measurements, and met the other inclusion
criteria, were included in the study. Patients who were interested in participating in
the study but found it difficult to commit to all data points, were offered to partake

in a parallel study which is described in Chapter 5: Blood Microsampling. A consent
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form was signed by the patient before administration of the pre-therapeutic dose. The
patients were informed of their right to refuse to participate and their right to withdraw

from the research study at any time.

Study sample

The initial plan was to perform a pilot study since a calculation of the optimal study
sample size was not possible due to a lack of information from literature of cohort
undergoing similar measurements. In 2018, there were 35 differentiated thyroid cancer
patients treated at SJH. If it was assumed that half of the patients were to agree to
participate in the study, it would have been expected that the first year would have
provided with data from approximately 17 & 2 patients. Results of those patients
would have been used to provide initial estimates of our patient standard deviation
and minimum difference between the two dosimetry results (PT vs DT) and used to
calculate the total study sample necessary to provide results with sufficient power.
Patient recruitment was planned to continue into year 2 to give a primary answer of the
research questions. The study could not go beyond two years even if the total sample
size was not achieved, due to time restriction since this study was undertaken as part of
academic qualification of doctoral degree by Trinity College Dublin. However, due to
lockdowns that occurred in Ireland in 2019-2021, due to the Covid-19 pandemic, the
DTC treatments at SJH were considered as non-urgent treatments and were stopped for
a number of months. During the period from November 2019 to November 2021, a total

of only 12 months of patient treatments occurred.
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4.3.2 Ethical approval and clinical research requirements

An application for ethical approval was submitted for this clinical cohort study. The
application included a study proposal, the patient information leaflet and the consent
form (see Appendices Al.2). Ethical approval was granted by Tallaght University
Hospital/ St James’s Hospital Joint Research Ethical committee on the 29th August
2019 (REC: 2019-08 List 31 (04)). Additionally, a research application was submitted
to the Research and Innovation office at SJH including the study proposal and a Data
Protection Impact Assessment. After approval was granted from the Research and
Innovation office, a radiation risk assessment was performed by the Medical Physics
Expert (detailed in Appendix Al.4) to assess the safety of the blood withdrawal for

staff.

4.3.3 Equipment calibration and quality control

Quality assurance (QA) and quality control (QC) of the equipment used in this
study were regularly performed in compliance in the specification of the SOP [8]
and published outline routine testing required for nuclear medicine instruments [191].
The instrumentation required for this study was a dose calibrator for assaying the
131 capsules, a probe or gamma camera and well counter for measuring the radiation
retention in WB and blood, respectively, and electronic personal dosimeter (EPD) for

radiation protection assessment.

Capsule activity assessment

Administered activities were measured using dose calibrators, using an '?!I calibration
factor. Due to the risk of stunning (alteration in iodine kinetics in the remnant by
administration of a diagnostic activity of 3T as low as 74 MBq [7]) it was decided to
administer for PT dosimetry, the lowest activity needed to achieve an acceptable count
rate at the last data point of 120 hours post administration. Activities lower than 10

MBq were sufficient.
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Whole-body measurements

The EANM SOP [8] recommends the use of dual-headed gamma camera systems
with high-energy collimators or a spectroscopic probe for WB measurements. In this
study, the WB assessment was required after PT dosimetry following a tracer capsule
administration and also assessment after DT dosimetry after therapeutic administration
of B For PT dosimetry, both a gamma-camera system (Philips’ Brightview XCT)
and a partially shielded thyroid uptake probe (Biodex Atomlab’) were available at
the department for the assessment. The sensitivity of both detectors was measured
using a 0.5 MBq 13!1 capsule placed dissolved within the neck phantom (Biodex™™
thyroid neck phantom, model 043-365). Results showed that the uptake probe was more
sensitive and provided higher count rates for the tested activity of 0.5 MBq, relative to
the dual-headed gamma camera (the measured count rate was 7.8 cpm in the gamma
camera relative to 331.8 cpm in the uptake probe). The thyroid uptake probe was more
accessible, and the measurements were easier to collect and analyse compared to those
of the gamma camera [8]. Since the probe is a partially shielded probe, the distance
required to cover the full patient body was calculated by measuring the shielding and
detector dimensions (Figure 4.5). It was calculated that the patient must be placed 2.50
m from the uptake probe for patients up to 2 m in height. Due to the duration of the
measurement (10 minutes anterior and 10 minutes posterior) it was the decided that
the patient would sit on a stool chair for the measurements, for their comfort and avoid
standing in one position for a considerable length of time, thus reducing the patient’s
height. It was assumed therefore that the patient’s height was 1.5 m from leg to head
while sitting, and the probe-to-patient distance reduced to 1.87 m. It was decided that
this should increase to 2 m distance to avoid variation in the sensitivity of the count rate
due to distance variations [8]. Markings were placed on the floor for positioning the
probe and patient chair to ensure reproducible repeated measurements for the same

patient and for all the contributing patients.

A Nal count rate meter (Gamma Probe, FHZ 621 G-L4-10, Thermo Fisher Scientific
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Figure 4.5: Chart showing the shielding and detector dimension to be used to probe-to-patient
distance calculation. An angle of 43.67° was estimated to cover a seated patient from 2 meter
distance.

Messtechnik GmbH) fixed to the wall of the patient isolation suite was used for
patient radiation monitoring post therapy. The probe has a measuring range of
0.1 uSv/h to 100 mSv/h. The probe is not shielded, and the distance was chosen
to match the PT dosimetry of 2 m from probe-to-patient. Markings were labelled
on the floor for the patient. The wall-mounted detector reads continuously, so the
patients were asked to stand at the 2 m mark for 2 minutes for anterior and posterior
measurements, respectively, and another two minutes in the foyer for acquiring
background measurements. It was confirmed experimentally that when the patient is in

the foyer, the dose rate contribution to the background measurement is negligible.

The WB measurements were relative measurements compared to the first data point, so
using different devices for PT and DT was not expected to cause variation in the PT vs
DT comparison, as long as the same probe was used for all data points and reproducible
positioning of the patient was ensured. Both tools were regularly checked against the

required standard QC/QA.
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Blood radioactivity assessment

The EANM SOP [8] requires the collection of blood samples at 5 time points, and
counting the activity of 1 ml aliquots for each blood sample in a well counter (ORTEC
Nal well detector and PMT) using a calibration factor. The well counter calibration
factor was calculated using a 2.74 MBq '3 capsule dissolved in water inside a 30 ml
capacity container. The precise water volume was calculated. After 24 hours, volumes
of liquid 3T were withdrawn from the container and placed in 20 sampling tubes (the
same type of tubes will be used in blood counting). The volume of the liquid in each
volume was increased to reach 1.0 & 0.02 ml of liquid '3!1. The total activity within the
sampling tubes was deduced based on the calculated activity and water volume. The
measurements was conducted over several days where the tube were left to decay to
cover a range of 0.51 —29.9 kBq. An activity above 29.9 kBq resulted in a dead-time
> 6%, which is recommended to be avoided in the blood assessment. Each tube was
counted for 5 minutes and each measurement was repeated 3 times. The average values
of the count rate were divided by the tube calculated activity. The sensitivity of the
well counter was deduced to be 17.42 £ 0.46 cpm/Bq. The well counter was regularly
checked to the required QC/QA testing.

4.3.4 Data collection

Use of blood as a surrogate for bone marrow dose measurements requires monitoring
the radioactivity of two compartments: the blood and the WB from administration
of the radiotherapeutic isotope through to excretion to almost background. The time
line in Figure 4.6 shows the 6 day period to complete PT dosimetry and 6 day for DT
dosimetry. The blood samples for PT were analysed at the last data point in the 6th day.

The DT samples were left to decay for 2 — 3 weeks (day 34), due to high dead time.

Pretherapy (PT) dosimetry

In PT dosimetry, the patients were asked to sign the consent form and then administered

2 - 10 MBq 13!'I-Nal. They were asked to avoid micturition for 2 hours, until the first WB
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Pretherapy Dosimetry During Dosimetry
I —
Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
PT 2 4 6 DT 10 12 14 34 days
~ ~
Pretherapy blood analysis During therapy blood analysis

Figure 4.6: Time line (in days) of patients participation and blood analysis for this study. The pretherapy
(PT) administration of tracer capsule of I is at day 0, therapeutic (DT) administration of '°!T at day 8.
Also labelled the duration of dosimetry and blood analysis, where PT blood analysis is done at the end of
the 1st weeks while for DT it is left to decay until the end of 5th week.

probe measurement was performed. Patient details were recorded including: patient
name, medical reference number (MRN), gender, date of birth (DOB), local DTC or
metastasis thyroid cancer (MTC), whether this was their first 1317 treatment, weight
(kg), height (cm), date and time of tracer capsule administration and administered
activity (MBq). The patients were asked to come at the defined appointment times post

administration for blood and WB probe measurements.

The blood samples were withdrawn by an experienced member of the radiography or
nursing staff. Two 2-ml samples of venous blood were collected in LH Lithium Heparin
vials (VACUETTE®), 3.5 ml). The vials were labelled with the patient’s name, date and
time of collection and placed in storage in the radiopharmacy. After the last data point at
120 hours was collected, 1.00 ml samples were withdrawn from each vial using a syringe.
An accurate blood volume was calculated by weighing the counting vials before and
after addition of the measurement aliquot. The samples were counted in the well
counter during the same session and each sample counting time was recorded. Each
sample was counted for 15 minutes and the time was increased when the percentage
error in counts was observed to be higher than 5%. The region of interest (ROI) was set
to 20% of the peak energy around 336 + 85 keV, due to fluctuation of the peak energy
in the well counter. It was recalculated for every peak separately to avoid variation
that might occur in peak location. The dead-time was examined and the counting
session was repeated if the dead time was greater than 5%. The resulting counts per
minute (cpm) were corrected for volume and decay since the collection time using the
gross counts. The background (Bkg) was measured for the same counting time and

subtracted. The net count rate (cpm) and 95%-error were calculated using equations 11
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and 12 below.

Net count rate (cpm) = [volume correction] x [Bkg correction] x [decay correction]

_ blood volume (ml)
| measured blood volume (ml)

. | 8ross counts — background counts
counting time (minutes)

> [etime (minutes)xIn(2)/T; /2]
(11)

t
95% Error (%) = 1.96 x 100 x Y8100 O (12)
gross count

where the time is the time difference between counting and sample collection, and T/,
is the 13T half-life of 8.02 days. The well counter calibration factor = 17.42 cpm/Bg,
as measured in section 4.3.3. The uncertainty in cpm (Acpm) was calculated using

equation 13 below.

ANet count rate (cpm) = y/Net count rate (cpm) (13)

The cpm £ Acpm was inserted in equation 14 below, where the activity concentration

as corrected for decay and volume was deduced.

Net count rate (cpm)
Well counter calibration factor (cpm/Bq) x 10°
(14)

Activity concentration (MBq/ml) =

And then R(#)proop is calculated using equation 15.

Activity concentration(t)proop (MBq/ml)
Administered Activity(MBq)

R(t)pLoop = (15)

For each blood sample, a corresponding WB probe measurement was performed at

the same time point using the thyroid uptake probe (Biodex Atomlab’™). The probe
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was placed at a 2 m distance from the patient and counts were acquired in anterior
and posterior positioning for 10 minutes each. A ten minute background measurement
was made once the room was empty. The geometrical mean of the WBcr for conjugate
views was calculated using equation 1. All the WBcr were normalised to the first data
point, equation 16, where the 2 hour WBy;,cr is 100%, to calculate the activity versus
time for WB (R(t)wp).

WB(t)cr

R(t)wp = WBayer (16)

The R(t)proop and R(t)wp were plotted versus time where a bi-exponential fit is
performed for each, and then, equation 2 to equation 10 are applied to calculate the

blood absorbed dose per administered activity and MTA (MTApr).

During therapy (DT) dosimetry

For DT dosimetry, patients were administered a therapeutic capsule based on their
endocrinologist prescription, which was 3.7 GBq '*'I-Nal and, as per the PT procedure,
were asked to avoid micturition for 2 hours, until the first WB probe measurement was
performed. DT specific data included: date, time of tracer capsule administration and
the administered activity (GBq). Details of the staff member withdrawing the blood
samples were recorded, for monitoring of their dose rates. An EPD was worn by the
staff member on their chest or torso position. Staff doses rates are discussed Chapter

6.

The WB measurements were performed more frequently due to the continuous
availability of the patients in the room and to increase the accuracy of the fitting.
All WB measurements were taken by the patients themselves using an unshielded Nal
probe fitted to the wall in the room and a label on the floor marking a 2 m distance to
match the PT WB measurement distance. The patients were given a sheet with a table
containing suggested scheduled times for WB measurements (WB scan), a space for
recording the actual time of measurement, start and end of their probe measurement

and a measurement check list as demonstrated in Figure 4.7.
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Patient Whole-Body Scans

Time Real time S_can _ Scan Check list _ Cor_nplete Notes
(hours) time | Toilet | Front | Back | Outside| time
0 9:00 am
2 11:00 am X
ny 4 | 1:00 pm
6 3:00 pm
8 5:00 pm
24 9:00 am
26 11:00 am
Dgy 28 | 1:00 pm
30 3:00 pm
32 5:00 pm
48 9:00 am
50 11:00 am
D;‘y 52 | 1:00 pm
54 3:00 pm
56 5:00 pm
120 | 9:00 am
Day
5

Figure 4.7: Patient Whole-Body probe measurements sheet, given to the patient to keep a record
of their whole-body measurements which is saved by the probe panel. The staff performing the
dosimetry will later download the saved measurements. The grey rows correspond to the blood
withdrawal data point.
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The probe in the patient 1 suite is capable of recording measurement values according
to an adjustable frequency. For this study, it was programmed to save a reading every
30 seconds. The patients were asked to perform a probe measurement according to the
table in Figure 4.7, starting 2 hours post administration (typically around 11:00 am of
day 1). The column titled "toilet” were marked with X to remind the patient to avoid
micturition for the first 2 hours and to remind them to empty their bladder before the
remaining WB measurements and tick the box once complete. The patient wrote the
actual start of their WB measurement in the ’scan time” column, and tick for 'Toilet’,
"Front’, ‘Back” and "Outside’, where it corresponds to emptying the bladder or not,

anterior measurement, posterior measurement and background measurement.

The patients were provided with a stop watch for counting the time and asked to
stand facing the detector for 2 minutes and facing the other direction for 2 minutes.
Then, they were instructed to stand outside the room for 2 minutes (the foyer of
their radionuclide therapy suite). Once all WB measurements were completed which
usually took approximately 6 minutes, the check list was completed and the completion
time recorded. Since the probe saves a measurement every 30 seconds and is always
operating, and as it has limited measurement capacity, the last 12 hours of measurements
were downloaded and saved before they were overwritten. Each time point recorded
by the patient was extracted using the filled sheet of Figure 4.7. Every time point had
3 — 4 dose rate values in uSv/h, with their average value and standard error used as
the WB dose rate & uncertainty. All the data points were normalised to the first 2 hour

measurement, as per equation 16, and hence the R(t)yp was determined.
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The R(t)proop and R(t)wp were plotted against time and the bi-exponential model
fitted to each curve using Microsoft Excel "Data Solver". Then, equation 2 to equation
10 were followed to calculate the blood absorbed dose per administered activity and

MTA (MTApr).

The percentage difference between any two variables was calculated using equation

17.
variable 1 — variable 2

% difference = 100 X - .
> (variable 1 + variable 2)

(17)

where variable 1 was the PT result and variable 2 was the DT result. The differences

investigated in this study were:

The difference in Ty 5 between PT and DT (referred to as Atyp)

The difference in 131 00p between PT and DT (referred to as Atg;oop)

The difference between the blood-based MTApr and MTApt (referred to as
AMTAEANM)

The difference between the RM-based MTApr and MTApr (referred to as
AMTAAH:M and AMTATmino)~

Microsoft Excel was used for all the patients” data recording, parameter fitting and
for calculating MTA. Microsoft Excel is widely suggested to be used for nonlinear
parameters estimation [192, 193]. It is widely available, easy to implement and doesn’t
require a programming background. The "Solver" function in Microsoft Excel does not
provide uncertainty calculation, but there are methods to estimate the uncertainty of the
titting parameters in Excel using a Monte Carlo approach, Bootstrapping method [194]
and other methods [195, 196]. However, some of these methods are time consuming
and, hence, the uncertainty of the fitting parameters was estimated using MATLAB code
by applying a non-linear fitting function fitnlm. The iteration limit to extract fitting
parameters was limited in fitnlm in some of the patients, and resulted in derivative
matrices defined as "ill-conditioned". The parameters could not be accurately estimated

in this instance and would not be recommended to be used for predictions. Additionally,
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when the patient had 4 data points the model was over-parameterized and computing
confidence intervals was not possible. It should be noted that the calculated MTA was
not administered in this work. The MATLAB uncertainty evaluation, presented in
Appendix A1.3, offered insight into the estimated uncertainty on the dosimetry and in
some parameters the uncertainty estimate was not achievable. They were presented as

an example, but a comparison of the different fitting methods was not investigated.

All the results and analysis of this chapter were based on Microsoft Excel calculations.
The measurement uncertainty was calculated using a propagation of errors approach
[197], where this scheme was detailed in the EANM practical guidlines on uncertainty
analysis on MRT [198]. In Microsoft Excel, the uncertainty in R(t) was estimated
using the "Solver" function by minimising the weighted sum of squares residual (SSE)
[195]. For this, a weight was applied to each time point, where an R(f) with more
certain values (less uncertainty) having a greater weight to the fit; weight = 1/AR(t)2.
The weighted SSE = (R(t)pserved — R(t)predicted)z/AR(t)z), where R(f)pserved Was the
measured fraction of estimated activity and R(t)predicted was the calculated fraction

based on fitting parameters.

4.3.5 Statistical analysis

The statistical analysis was completed using the web-based Minitab®2021. An
Anderson-Darling Normality test was used to test the normality assumption of the
differences Atyg, Atsroop, AMTAEANM, AMTA s1ppm and AMTA 14in0, Where the null
hypothesis was that the percentage differences were normally distributed. A Grubb’s
test was also applied to these percentage differences to detect for possible outliers
in the data, where the null hypothesis assumed all data values came from the same
normal population. Any detected outliers were discussed and removed. A paired
sample t-test was used to compare the PT vs DT variables. Pearson correlation was
calculated across all the collected parameters. Any significant correlation found was
further investigated using linear regression. Additionally, linear regression analysis was

performed to estimate the DT residence times (Tyyp and Tpr00p) using the PT dosimetry
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results. Bland-Altman analysis was conducted on the PT and DT results, residence
times and MTAs. The analysis plots included the difference between PT and DT results,
compared to their average, the mean differences and their 95% confidence interval (95%
limit of agreements). Additionally, the differences were tested for their dependence on
the averages using linear-regression analysis to investigate the presence of proportional
bias between the investigated values. A significance level (p-value) of 0.05 was used in
all the analysis. A Power calculation was performed to calculate the sample needed to

achieve 80% power. The statistical analysis tests are defined in Appendix Al.1.
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4.4 Results

17 patients were recruited for this study, between November 2019 and November 2021,
over a total recruiting period of just 12 months due to gaps in recruitment caused by

lockdown in Ireland due to the Covid-19 pandemic. Out of the 17 patients:

For one patient it proved difficult to withdraw blood samples and the patient was

removed from the study

* One patient completed the PT dosimetry but for medical reasons the therapeutic
administration of 3! was cancelled, and therefore no DT dosimetry was

performed.

* For two patients, the WB measurements were lost due to technical issues with the

measurement device/computer interface
* 13 patients had complete PT and DT measurements

Therefore, 13 patients have complete data sets and contributed to the analysis of this
study. Table Al.1 in appendix A1.3 displays the collected parameters and the resulted
calculations, where P1 referred to patient number 1, P2 to patient number 2 and so on,
to maintain the participants” anonymity. The table itemises patient number, age in years,
gender, if the patient has MTC, repeated treatment with 1317 the body mass index (BMI),
the administered activities during PT and DT, the resultant dosimetry results including
residence time (7) and MTA. The cohort was comprised of 8 females and 5 males, five
patients having metastasis and four patients undergoing multiple '3!I treatments. The
% differences between PT vs DT parameters are displayed in Table A1.3 and Figure
4.8. Before any further analysis, the results in Table A1.3 were checked for normality

assumption and for possible outliers using Grubb’s test, Table 4.2.
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Table 4.2: Normality test as performed in percentage difference between pretherapy vs during
therapy for the parameters: whole-body and blood residence times (Atwg and At 00op), EANM,
AIFM and Traino maximum tolerable activities (AMTAgaNnMm, AMTA a1pm and AMTA Tr4in0,
respectively. An outlier test (Grubb’s test) where identified outliers were omitted from the
sample.

Anderson-Darling Normality test

Parameter (%) p-value
Atwp 0.334
ATB LOOD 0.008
AMTAEANM < 0.005
AMTA s1rm 0.028
AMTA Trhino 0.028

Grubb’s test or maximum normalised residual test

Patient no. Outlier identified p-value
P7 ATBLOOD =-40.61 0.001
pP7 AMTAEANM = 36.28 < 0.001
pP7 AMTA p1rm = 32.84 0.003
pP7 AMTA Trgino = 32.74 0.003

Anderson-Darling Normality test after omitting outlier

Parameter (%) p-value
ATW B 0.458
ATgroop 0.782
AMTAEANM 0.837
AMTA ArEMm 0.788
AMTATy4in0 0.717
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Figure 4.8: Box plot of the percentage differences (A) between the pre-therapy and during
therapy parameters: whole-body (WB) and blood residence times, EANM, AIFM and Traino
maximum tolerable activities (MTA). Each box shows the interquartile range box, range lines
and the outliers displayed with numbers.

In testing the normality assumption (Table 4.2), Atgroop, AMTAEgANM, AMTA A1rMm
and AMTATyin, rejected the normality assumption with p < 0.05. In testing for outliers
in these parameters, the parameters of P7 were considered as outliers and this patient
was omitted from the study. Repeating the normality test, all the parameters passes the
significance level of 0.05 and the normality assumption was then considered valid. After
omitting P7 from Table A1.3, the remaining sample was used for subsequent analysis.
Most Aty p were negative which indicated higher PT values than DT. For the AMTA,
most values were positive, which indicates that higher MTAs were calculated in DT
as compared to PT. Figure 4.8 displays the interquartile range and identified outliers,
with the Aty p showing a wider spread than the blood results, and the EANM approach
having a narrower range in AMTA as compared to AIFM and Traino approaches. The
EANM SOP [8] suggests integrating T from 0 to the last data point, which is usually
considered to be 120 h, and physical decay is only assumed after that. This is known
as the limited residence time 77 p1r7. For the cohort of this study, the 77107 did not

accurately predict the DT residence time, and integrating 7 from 0 to infinity led to
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lower percentage differences and the pre-therapeutic T had a better estimation of the
DT 13! biokinetics (Table A1.4 in appendix A1.3 shows the AMTA calculated based on
T imrT for blood and WB).

Patient P7 had the longest residence time for both WB and blood which resulted
in the lowest calculated MTA. This patient was a 66 years old male with stage
IV chronic kidney disease, and also had metastatic thyroid cancer, secondary
ANCA (Anti-Neutrophilic Cytoplasmic Autoantibodies) vasculitis and pre-existing
Glomerulonephritis. There was uncertainty regarding the safety of 13! treatment for his
case, due to reduced kidney function and, hence, slower clearance of the radioisotope,
with an increase severity of MTC probable. Dosimetry was performed at the request
of the endocrinologist to assess if the standard '3'I treatment activity of 3.7 GBq was
safe for this case. His eGFR fluctuated between 22 — 28 ml/min/1.73m? in PT to DT
period, with Creatine reported as 210 — 257 umol /L and Urea as 11.6 — 15.5 mmol /L
(reference ranges for adult male is 53 — 106 umol /L for Creatinine and 1.8 — 7.1 mmol /L
for Urea [199]). The patient eGFR changed between the PT and DT period due to his
compliance with a special renal diet as advised by the renal medicine consultant, which
led to a large difference in PT values when compared to DT, AMTAE snm Was -36.8%
(AMTA pgrrp and AMTAT, 55,0 Was = 32%). The absorbed dose per administered activity
was estimated to be 0.30 Gy/GBq in the PT dosimetry, which would have resulted in a
1.1 Gy absorbed dose to RM if a 3.7 GBq therapeutic capsule was administered. This
was still lower than the 2 Gy RM limit and, hence, 1317 was considered safe for this case.
However, the patient administered activity was 2.64 GBq, which resulted in an absorbed
dose to the bone marrow of 0.51 Gy. A Aty of -22.28% and Atgrpop of -40.61% was
estimated. P7 was considered an outlier and hence omitted from the sample. Apart

from P7, there were no other outliers within a 5% significance level.

The P9 Atg1poop was not considered to be an outlier but displayed relatively high
percentage differences for typ and g poop. P9 suffered from co-morbidities and had
low testosterone levels which affected his venous access. While in the iodine suite and

with minimum water uptake for the first 3 hours post therapy, an expert nurse could
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not withdraw the 2 hour blood sample required. The patient was advised to drink more
water and the blood sample was taken at 3.7 hours post administration. The P9 DT
TaLooD residence time was measured to be 11.7% higher than the PT value. This may
be attributed to the late first point sampling and, hence, an overestimated residence
time in DT relative to PT. Additionally, the WB residence time of P9 was 24.28% higher

in PT relative than DT.

P4 had a high Aty (-14%), with his results showing the 6 hours WB and blood retention
to be higher than the 2 hour values. This patient misunderstood the instruction during
his DT dosimetry and emptied his bladder before the first 2h WB measurement, which
likely contributed to a higher apparent retention in WB at 6h relative to the 2h, which
should have been the maximum value. For the blood, this might be an indication of
unusual 3! clearance, as was seen in P7 blood retention of 13!, where a slower spread
of the source in the body led to the 6h blood sample containing higher activity retention
relative to the 2h sample. While P4 had normal eGFR and creatinine levels, the patient
pointed out that he found it difficult to wait 2 hours without micturition. P4 had been
shown to have kidney cysts in previous measurements. It is unclear if this is the reason

for his delayed iodine distribution within the body compared to other patients.

P5, P8 and P11 were MTC patients, where they had repeated treatments several times.
P5 was a 66 year old male that had been diagnosed with sternal MTC and had received
two 13!1 treatments with 3.7 and 3.9 GBq in 2018 and 2019, respectively. During his
participation in this study in 2020, he received 4.0 GBq, and had another recurrence
and received another 13'1 treatment with 5.9 GBq administered 7 months later. His
MTAEanMm and MTA 1) were 38.3 and 54.1 GBq, respectively, with 1.9% and 0.9%
difference between PT and DT dosimetry. The received dose was much less than the
safe limits. Due to his age there was less concern of future secondary malignancies and
he was at high risk due to his metastasis. In this case, empirical activities may have
under-dosed his iodine-avid metastasis, while higher activities would be considered
more beneficial and safe for his case. Similarly, P8 was a 69 years old patient with

lung metastasis, having three previous treatments in 2011, 2015, 2018 with doses in the
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range 3.8 — 4.1 GBq administered. His participation in 2021 resulted in MTAE sy and
MTA 41y of 25.4 and 31.5 GBq, respectively, with 0.2% and 5.38% difference between
the PT and DT dosimetry. A higher activity was considered safe for his condition and
potentially preventing of recurrence. P11 was an elderly patient aged 72.8 years old with
metastatic thyroid cancer and had three repeated treatments. Her MTA was estimated
to be 23.5 and 31.4 GBq using the EANM and AIFM approaches, respectively. Her DT

measurements were within +5% of her PT.

The calculated MTA values of this study were computed using Microsoft Excel, Table
Al.1. For each patient, the fitting functions were applied in MATLAB also in order
to provide an estimate of the uncertainties of the calculated MTAs (Table Al1.2 in
Appendix Al1.3). The MTApr provided less uncertainty with an average of 23% error
for the EANM approach and 25% for the AIFM and Traino models, respectively, while
it indicated a 40-41% error in MTApr uncertainties. There was a wide range in the

resulting uncertainties ( 2% — 154%).

Summary statistics are reported for the 12 patient sample in Table 4.3. For each
parameter, the average, the standard deviation, the range (minimum and maximum) and
p-value for paired sample t-test were calculated. In order for a paired t-test to be valid,
several assumptions were made. Those included: each participant was independent
from the other, the paired results were made from one participant and the measured

differences were normally distributed. All the assumptions were valid.

For the normality assumption, Table 4.2 shows the normality test for the % differences
in parameter while the paired t-test assumption assumed normality in the differences’
values. Hence, twg, Tsroop, MTAEaANM, MTA s1ppm and MTA4in, Values in DT were
subtracted from PT values. The differences were tested for normality and the resultant
p-values were < 0.005, 0.531, 0.917, 0.847 and 0.831, respectively. This indicated that
all the differences were normally distributed except for the Ty, since p < 0.05 which

rejected the normality assumption and, hence, the paired t-test would not be considered

the most powerful test for this parameter. A non-parametric 1-sample sign test was
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used as an alternative, since it doesn’t assume normality of differences. A p = 0.039

resulted from the test, which has a similar conclusion to the paired t-test.

Summary statistics in Table 4.3 show that the patients were 50.08 £ 16.43 years old with
a BMI of 27.44 4 6.24 kg/m?. The patients were administered an 3! tracer capsule
activity of 6.07 + 2.46 MBq for PT dosimetry and '3 therapeutic activities of 3.88 +
0.16 GBq for therapeutic activities of 13'I. Comparing the dosimetry results, only Tyyp
showed a significant difference between PT and DT (p = 0.027), and it might have been
caused by the fact that there were 5 WB measurements in the PT dosimetry period while
there was 15 measurements in the DT dosimetry period. Thus, the curves contained
more sampled data. Table 4.3 showed that Tyyp values were higher in PT. However, the
values were not significantly different between PT and DT in t5;00p. The percentage
differences between the PT vs DT value was again significantly different from 0 in
Atyp (p = 0.007), while it wasn't significantly different for Atz oop, AMTAEANM,
AMTA a1em and AMTA Ty aim0-

Comparing the absorbed dose using the blood based model versus a RM based model,
the EANM versus AIFM were used since both AIFM vs Traino models reported results
that were not significantly different from each other (comparing MTA 41y vs MTA 1410
using two-sample t-test reports p = 0.834 for PT and p = 0.821 for DT). The MTAganm
consistently reported a lower value than the MTA 4;rp model. The DT Dp; oop reported
values were higher than DT Dy (p = 0.011, two sample t-test). There was no reported
potential toxicity in this cohort with a maximum blood absorbed dose of 0.51 Gy and a

RM absorbed dose of 0.38 Gy estimated.
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Table 4.3: Summary of the collected parameters for a sample of 12 patients. Displayed mean +
standard deviation, minimum, maximum and a p-value for pair t-test between pretherapy (PT)
vs during therapy (DT).

Parameter Mean + StDev Minimum Maximum p-value
Patient data
Age (years) 50.08 4+ 16.43 30.30 72.79
BMI (kg/m?) 27.44 + 6.24 15.44 40.43
PT activity (MBq) 6.07 + 2.46 2.00 9.02
DT activity (GBq) 3.88 £ 0.16 3.67 411
Dosimetry Results

PT twp (h) 20.15 +7.95 12.63 37.46 0.027
DT twp (h) 18.29 + 5.77 11.92 29.35
PT t5100p % 107% (h) 5.75 + 1.90 3.62 9.92 0.798
DT 1g100p X 107% (h) 5.77 +1.77 3.75 9.69
PT MTAganm (GBq) 2547 4+ 6.37 14.55 38.25 0.346
DT MTAEganm (GBq)] 25.84 + 6.01 14.91 37.54
PT MTA a1rm (GBq) 33.48 + 8.98 19.44 54.11 0.081
DT MTA a1rm (GBQq) 34.47 £+ 8.36 19.96 53.65
PT MTA74in, (GBQq) 34.26 £+ 8.96 20.19 53.68 0.086
DT MTA T14in0 (GBq) 35.25 £ 8.29 20.72 53.22
PT QBLOOD /Ao (Gy/GBq) 0.09 4+ 0.03 0.05 0.15 0.945
DT Dgroop/ Ao (Gy/GBq) 0.09 £+ 0.03 0.06 0.14
PT Dry/ Ao (Gy/GBq)! 0.07 £ 0.02 0.04 0.11 0.395
DT Dgru/ Ao (Gy/GBq) 0.06 £ 0.02 0.04 0.10
DT Dgroop (Gy) 0.33 £+ 0.07 0.24 0.51 0.0112
DT Dry (Gy)? 0.25 + 0.06 0.17 0.38

percentage difference between PT and DT dosimetry
Atyg (%) -7.72 + 8.13 -24.28 3.53 0.007
Atgroop (%) 1.13 4+ 6.49 -8.94 11.72 0.559
AMTAEanMm (%) 1.73 +4.83 -4.99 10.90 0.241
AMTA a1rm (%) 3.35 £5.29 -4.71 12.03 0.051
AMTA T 5510 (%) 3.31 £5.33 -4.73 12.05 0.055

I The Red marrow absorbed doses (RM) is based on the AIFM approach [18]
2 This p-value corresponds to two sample t-test between DT Dprpop and

DT Dxu
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A Pearson correlation test was performed across the collected parameters, and the
p-values are displayed in Table A1.5 in Appendix A1.3. The correlations which were

reported to be significant included:

(1) Gender with both BMI and Aty p

(2) Metastatic disease with repeated treatment
(3) Repeated treatment with age

(4) Between the % difference of T and MTA, which was expected since these are

dependent on each other

It is not unusual that metastatic disease is related to repeated treatment and then later
correlated with age. The gender correlation showed that males had a higher Atyyp of
-15.26% =+ 8.86% relative to the females of -3.95% =+ 4.65%, however, this difference
was not significant with p = 0.096. It is unclear whether the male gender had a higher
difference of Aty or whether it was caused by the BMI, since the males had a higher
BMI ( 32.41 =+ 5.65 kg /m? for males verses 24.96 + 5.14 kg /m? for females, p = 0.078). A

larger sample would be needed to investigate these correlations further.

A linear regression model was applied for the PT and DT 7, to examine the accuracy
of estimating the therapeutic results based on PT dosimetry. Table 4.4 shows high
values of R? and R%r .4 which indicates that a high percentage of data points can be
explained by the linear model. 96.44% of DT tyyp can be explained by PT 1y with
94.01% predictability. The blood reported higher predictability of 96.21% between DT
and PT residence time. Also, Figure 4.9 displays a scatter plot of DT versus PT residence
time. The points were seen to be close to the bisector line. For the WB measurements,

most points fell below the bisector line. This is not seen in the blood residence time plot

below.
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Figure 4.9: Scatter plot of the therapeutic (DT) residence time and pretherapy results (PT) for
both WB (above) and blood (below). Also displayed is a linear fit for the point, regression model
with coefficient of determination (R?) and bisector of the graph.
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Table 4.4: Linear regression model for the therapeutic residence time (DT 7) and pretherapy
residence time (PT 7) for WB and blood, with p-value < 0.001 for the slope but non-significant
constant (p = 0.861 for WB and 0.578 for blood). The table display the sample size (N), correlation
coefficient (r), the coefficient of determination (R?) and its predictive value (R% ved)"

Regression model N r R? R%re i
DT twp = 3.927 4+ 0.7125 PT w3 12 0982 96.44% 94.01%

DT T5100p = 5.2 X 1075 +0.9144 PT 13100p 12 0986 97.13% 96.21%

Bland-Altman analysis was computed of the differences between PT and DT results in
At(h) and AMTA(GBgq) as compared to the averages. Figure 4.10 and 4.11 shows the
Bland-Altman plot of the differences versus averages of the plotted parameters, also
displayed the mean of differences and the +95% limit of agreement. Also displayed is
a p-value for the one-sample t-test for the differences which were all shown to have
non-significant differences from zero except for tyyg. The plots show a spread of most
data points within the 95% limit of agreement. Testing for linear regressions to check for
a proportional bias between the differences and averages in the investigated parameters
resulted in significant values of p < 0.001 between the differences and the averages in

the Ty, which caused the trends shown in Figure 4.10.

Finally, power calculations were performed to calculate the sample size needed for a
pair-sample t-test, where the investigated parameters of residence time and MTA were
used (Table 4.5) . The sample size needed to achieve 80% power were the highest for
blood T due to its high standard deviation relative to its mean, while it was 11 patients
for the WB 7. For MTA, a sample size of 64 patients would be required for the EANM
model [8] and 23 patients for AIFM and Traino models [18, 19].

Table 4.5: The sample size needed to achieve 80% power in the investigated parameters.

Parameter Mean + StDev Sample size to achieve 80% power
Atwp(%) -7.72 +£8.13 11
ATBLOOD(O/O) 1.13 £+ 6.49 261
AMTAEaNMm(%) 1.73 £4.83 64
AMTA p1pm(%)  3.35£5.29 23
AMTATy0in0(%)  3.31 £5.33 23
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Figure 4.10: Bland-Altman plots for differences versus averages in activity for WB and Blood
residence time. Also displayed are three reference lines representing the mean, +95% limits of
agreement and p-value for the normality assumption for the differences. A linear regression
model was fitted to the WB plot.
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Figure 4.11: Bland-Altman plots for differences versus averages in activity for EANM [8], AIFM
[18] and Traino [19] maximum tolerable activities (MTA). Also displayed are three reference
lines representing the mean, £95% limits of agreement and p-value for the normality assumption
for the differences.

118



Chapter 4. Predictive Pretherapy in Differentiated Thyroid Cancer

4.5 Discussion

There are two dosimetry approaches for DTC using *!I: bone-marrow dose limiting
dosimetry and lesion-based dosimetry. The first is the main focus of this study and
considers the safety of the administered activity, limiting the absorbed dose to the most
critical organ which is the bone-marrow. Both approaches rely on a pretherapy (PT)
dosimetry approach to calculate patient-specific treatments and it has been shown that
the 13!1 biokinetics in PT and during therapy (DT) are analogous [6, 108]. However,
this assumption is in need of validation in the case of patients prepared for 13! using

rhTSH.

The collected dosimetry data were used to measure WB and blood residence time
(twp and Tgroop, respectively), then comparing PT data with DT dosimetry, with
the percentage difference between the two calculated. The result reported high
values of percentage difference between PT Ty p relative to DT, while for the blood
there was no significant difference between PT and DT. The blood measurements in
both PT and DT were measured using the same well counter, considering dead-time
values and statistical variation across different days. Additionally, similar sampling
regimes were carried out. For the WB in DT, there was a mismatch in the sampling
frequency. Other factors that might have contributed to this difference included
that the measurements were performed on different devices. Although the absolute
measurements on each may have varied, it was assumed that the relative measurements
were consistent. While measurements were performed on different days, the QC
testing carried out on the device did not indicate any differences in performance.
However, dead-time measurements were not available for high activities of 31 in the

DT measurements.

Despite the significant differences in Ty, there was no significant difference detected
in MTA for the models. The EANM model had a lower % difference between PT vs DT
while the AIFM and Traino models returned p-values close to the set significant level of

0.05 (p = 0.051 and 0.055, respectively). This is likely caused by the differing weighting
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of the blood absorbed dose contribution in each model. The EANM model considers a
75% contribution from the blood absorbed dose while it is 55% in the RM models [108].
In all of the patients, the MTA 41rp and MTATy,i,, values were higher values than the
MTAEsnm- This would be expected, since the EANM model is regarded as a more
conservative approach. The blood absorbed dose after therapeutic administration of
1311 was statistically higher in the EANM model than the red-marrow absorbed doses
of the AIFM and Traino models. The average blood absorbed doses were 0.33 & 0.07
Gy for the blood based approach and 0.25 £ 0.06 Gy for the RM approach (p = 0.011),
a difference which has already been observed and documented [8, 17]. There was no
reported potential toxicity in the sample with maximum bone-marrow absorbed doses

of 0.51 Gy estimated.

Fluctuation in kidney function results in a big difference in 3!I retention and, in one
patient, led to the PT being poorly correlated with DT results. Patients with similar
diagnosis require safe limit assessments before administering therapeutic 3! and
dosimetry should be applied with continuous monitoring of eGFR and creatinine level,

as changes in kidney function will alter the accuracy of the estimated results.

Three patients from our sample were aged >66 year with MTC and multiple failed
treatments of 13!1. Repeated treatment has been linked to the change in iodine biokinetics
and the remnant becoming more radio-resistant [7]. This can be prevented by
administered higher MTA [200] where dosimetry can estimate this within safe limits
to the critical organs. Calculated MTA values were reported to be safe and tolerable in

DTC and MTC patients [201].

The uncertainty in the MTAs was calculated using MATLAB, with a wide range of
uncertainties arising. This might be caused by the limitations of the fitting function
used. The MATLAB fitting function depends to a large degree on the initial parameters
supplied, and the result showed unacceptable differences between results from Excel
compared to MATLAB code. Administering a personalised activity would require

the use of a robust programming tool with less dependence on initial conditions. An

120



Chapter 4. Predictive Pretherapy in Differentiated Thyroid Cancer

investigation into clinical parameters which result in high uncertainty in personalising

MTA is needed.

Giostra et al. [108] compared PT vs DT dosimetry results using three dosimetric
approaches, the EANM SOP [8], AIFM [18] and Traino models [19], using the two
compartment model of blood and WB measurements. Their study demonstrated
similarities to this study, even with differences in patient preparation. Their study
sample included 50 MTC patients (62 total treatments) administered 15 + 3 MBq tracer
capsule (7 — 33 MBq) and therapeutic empirical activities 7.2 + 0.7 GBq of 3'I. Their
patient cohort were prepared with 4 weeks of hormone withdrawal. Their results
showed that PT tiyp overestimated the residence time compared to DT, which was
also observed in the study presented in this work. Their resultant residence time,
absorbed dose per administered activity and MTA were not significantly different from
our data, except with the DT tyyp, where our study values were significantly lower
(approximately 19% lower). It was expected that the hormone withdrawal patients
would have slower clearance of '3!1 since hypothyroidism affects the renal function, as
reported by Remy et al. [22], where the effective half-life was reported to be 31% shorter
in rhTSH patients (p < 0.001). The Giostra study displayed a much larger range with
differences of up to -48% in Atgrpop while the maximum difference we observed was
24.28% in P9’s Atgpop and our AMTA range was much lower than the residence time,
with maximum % difference of 12.05% in P4’s AMTAT,i,,. However, the sample of

Giostra et al. [108] is significantly larger than ours.

The predictive power of PT can be largely affected by the instruments used. A reported
high percentage differences between PT and DT due to differences in measurement
setup were previously reported [6]. This cause of outliers was minimised in our study

by replicating measurements setup in both PT and DT.

One of our study limitations is that the sample size is small. The commitment required
by the patients for the PT dosimetry is one of the main factors contributing to the

patients being unable to join the study, since it requires hospital visits 3 days in a row
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and a stay of 6 hours on the first day. Collecting 5 blood samples should be done with
care by experienced staff, as poor venepuncture will damage the patient’s veins and
make the subsequent withdrawal more difficult. Bruising of a small number of patients’

arms was evident by the end of the study. Alternative blood sampling by finger prick

was investigated in Chapter 5.

The monitor used in DT WB measurement malfunctioned at one point leading to a loss

of patient data, despite regular prechecks being carried out on the equipment.

Coexisting medical conditions can affect the data collection and, hence, the predictive
power of PT in patients with known co-morbidities that impact their clearance. Slower
renal clearance will require sampling after 120 hours, and so a longer gap between PT

and DT should be planned.

In conclusion, the results of this study show a strong predictability of the PT dosimetry in
absorbed dose calculation for DTC and MTC using thTSH preparation, where acceptable
differences were found in PT vs DT results. Implementing high activities has been
demonstrated to be safe by several centres [6, 201], but more caution should be exercised
for patients with co-existing illnesses. The protocol implemented in this study shows
the potential to perform dosimetry with minimum staff involvement in data collection,
since WB measurements were conducted easily by the patient. Additionally, Chapter 5
suggested a method of possible patient blood collection by blood microsampling, which
would allow all DT dosimetry measurements to be performed by the patient where the

staff would be involved solely in data analysis.
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5 | Blood Microsampling: an
Alternative Blood Collection

Method

5.1 Introduction and literature

The European Association of Nuclear Medicine (EANM) standard operational
procedure (SOP) [8] requires multiple 2.0 ml venous blood samples and whole body
measurements, in order to carry out dosimetry for differentiated thyroid cancer
(DTC). In the MIRD formalism [69], the blood absorbed dose arises from both blood
self-irradiation (beta particles) and penetrating gamma radiation from the whole body;,
as detailed in Chapter 4. After administration of 31, the beta particles contribute 75% —
80% to the blood absorbed dose, while whole body irradiation accounts for 20 — 25% and
usually suffers from high inaccuracy at later time points [8]. Therefore, measurements
of activity in the blood provide a more accurate and reliable assessment of the dose

delivered to the hematopoietic system.

Chapter 4 discussed the predictive power of pretherapy (PT) dosimetry, where the
patient 13!1 therapy activity is tailored based on an administered tracer capsule and
subsequent uptake measurements over a number of days prior to therapy. There
is little evidence in the literature for the predictive power of pretherapy dosimetry

for DTC under a euthyroid regime, where prior to therapy the patients are prepared
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using recombinant human TSH injection 24 and 48 hours prior of '*'T administration.
If pretherapy dosimetry was not performed by the centre, blood and bone marrow
absorbed doses can still be measured by DT dosimetry [8]. Further, several studies
have reported bone-marrow toxicity for empirical 3!I activities as the bone-marrow
safe limit of 2-Gy [20] was exceeded [185, 202, 203]. 2013/59/Euratom [204], besides
recommending individual patient treatment planning, mandates that absorbed doses
are reported post therapeutic administration of a radioactive substance [205]. Hence,
performing during therapy dosimetry adds the value of quantifying critical organ

absorbed dose in centres not aiming to personalise '3!1 treatment.

For various laboratory measurements, capillary (finger-prick) blood collection is
proven to be a less invasive and less stressful alternative to venous or arterial blood
collection. The finger-prick method offers some other advantages, such as reducing the
collection time, offering increased repeatability, not requiring post-collection processing,
facilitating easier transport and storage, and lowering the biohazard risk [206]. The
use of finger-prick blood sampling to collect blood samples post administration of a
therapeutic activity of 13'T would result in less radiation exposure to staff and could
potentially be carried out by the patient themselves. There is no publication to date
that compares the use of finger-prick blood testing with venous blood sampling for
the purpose of measuring the radioactivity concentration; however, there is evidence
that there is no significant difference between the two collection methods for other
blood measurements [207-209]. Chavan et al. [210] compared capillary blood with
venous blood in 219 adult cancer patients, where the patients cohort were a randomly
selected outpatient group at a range of treatment stages. The study examined different
blood counts such as haemoglobin, in addition to other blood parameters, such as red
blood cell and platelet parameters. Their results reported there to be a good correlation
between the methods and no clinically significant differences between the finger-prick
and venous blood samples for 14 out of the 16 studied parameters. Another study
has shown for an orally administered pharmaceutical, such as paracetamol [211], that

concentrations in venous blood and that collected from the fingertip may vary with
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time. While finger prick blood sampling is standard for blood glucose estimation and
is widely practiced by capillary blood measurements, Kumar et al. [212] has pointed
out that inaccurate results may arise at lower glucose levels and in patients with poor
peripheral circulation. In addition, it has been shown that an overestimation of glucose
levels may arise if venous blood is measured by a glucometer, which is specifically
designed for testing capillary blood measurements. Boyd et al. [213] also argue against
the use of finger-prick glucose estimation when glucose range are extreme, since a high
level of measurement confidence can be achieved in the mid ranges of blood glucose
only. In addition, Bond et al. [214] suggested that drop to drop variability needs to be
considered when finger-prick blood analysis is used. Their study reported the blood
counts of successive drops of finger-prick and reported a difference in counts of up
to a factor of 7.7 using a haematology analyser. Sadones et al. [215] investigated the
difference in concentration between dried blood-spot sampling from finger-tip and
venous blood for a Gamma-hydroxybutyric acid drug, and showed there to be an
equivalent concentration and acceptable reproducibility in their study group and, hence,
recommended the validity of the sampling method. This was also validated in a study
by Patteet et al. [216] where anti-psychotic drugs were tested. As a counterpoint, a study
by Ashley et al. [217], using Piperaquine drugs, showed that capillary sampled blood
may result in a 1.7-fold increased concentration than that of venous blood. In general,
results may vary among different tested parameters and pharmaceuticals in question.
Thus, validation is needed to determine the agreement between capillary and venous
blood concentration before implementation. Several factors may affect the results and
must be considered when designing a study of this nature. These include: the time
since administration of 13!1, the expected parameters range, any medical conditions
which may affect the peripheral circulation, the device used in the blood analysis and

the uniformity of the investigated parameter in the blood.

This chapter proposes to establish whether venous blood withdrawal as suggested
by the EANM SOP may be replaced by a finger-prick blood sampling method, while

maintaining the 5% acceptable uncertainty of counts required by the protocol [8].
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5.2 Methodology

5.2.1 Study design

In order to compare the two blood sampling methods, blood samples were
collected using both the finger-prick and venepuncture blood sampling methods after
administration of 3T for a cohort of thyroid cancer patients. There were several factors
that needed to be considered in this study which may have been a possible cause of
variations in the percentage differences (%D) between the capillary blood and venous
blood sampling methods. These factors are outlined in Table 5.1 together with the

proposed means of addressing them in the study design.

All the recruited participants were diagnosed with DTC, since the aim of this study
was to provide a safer, easier method of performing '3'T dosimetry for patients with

therapeutic activities.

This study was approved and included in the ethical application submitted (section
4.3.2). The patients who contributed to this element of the study were not part of
the dosimetry study of Chapter 4. The study background, aims and details of each
participant’s contribution was explained and a patient information leaflet was given in
advance (Appendix A1.2). Every participant signed a consent form prior to the blood
collection (Appendix Al.2) and the option of withdrawal from the study was offered to

patients who contributed samples at more than one time point.
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Table 5.1: Collected parameters for the study investigating the percentage difference in activity
concentration between capillary blood and venous blood in differentiated thyroid cancer patients.
The table displays the proposed variables and the way they were addressed in the study design.

Solution

Investigated factors

Blood type: capillary vs Sampling site: finger or arm, respectively.
venous blood
Administered activity (MBq) | Administered activity was either diagnostic or therapeutic,
also, collecting at various time-points since administration
resulted in blood with a range of activities.

Time since administration Various time points since administration. The time-points
(hours) considered were close to the time points suggested by
SOP for DTC, which are 2, 6, 24, 48 and 120 hours post
administration. (Chapter 4)

Uniformity of blood in one Several sub-samples were taken from a single blood vial to
sample ensure uniformity of 13T within the blood.
Drop to Drop variability Two capillary samples were taken from different fingers, and

two venous blood were taken from the arm; the two-sample
difference in activity concentration was calculated.
Geometry of blood during Due to the large difference in sample volume taken from
counting the finger-prick and 1 ml of venous blood, a difference in
geometry would arise which would affect the measured
counts. The same tool used for holding the finger-prick
blood was used for a small sample from the vial with venous
blood.

Dead time (%) Blood collected at 2 hours and 6 hours post administration
resulted in high dead time in the 1 ml sample. These samples
were left for 3 weeks to decay to achieve a dead time of <
50/0.

Gender, Age (years), local or | Possible confounding factor.

metastasise DTC, any
previous %I treatment
Duration of blood collection | To compare the safety of the collection method for staff
(minutes), staff absorbed dose | members.

(uSv/h)
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5.2.2 Data collection

This study involved patients referred to the Nuclear Medicine department at St James’s
hospital for thyroid cancer surveillance scanning, or admitted to the hospital for
therapeutic ablation treatment. The patients were administered a therapeutic activity of
3.7 GBq 1¥!'1-Nal with the inclusion criteria described in section 4.3.1, or a diagnostic
activity of 200 MBq '*'I-Nal for surveillance, investigating a possible recurrence, where
the patient undergoes '*'T whole body probe measurement and stimulated serum

thyroglobulin measurement [29].

There was no specific alteration to the routine treatment discussed in section 4.2.2 for
the purposes of this study. Any patient not included in the main study (section 4.3.1)
was offered the opportunity to participate in this investigation by providing 1-5 blood
samples, based on the patient choice and availability of staff for venous withdrawal.
The finger-prick blood was collected from the patient thumb or index finger by using
a single-use lancet (Unistik® 3 comfort, depth 1.8 mm) and following disinfection of
the entry site with an alcohol swab (Alcowipe). Pressure was applied to the site to fill
half a capillary tube (Micro-haematocrit tubes with length 75.00 4= 1.00 mm and inner
diameter of 1.15 &£ 0.05 mm) to collect approximately 0.03 ml of blood. One or both ends
of the tube were then sealed with sealant clay. The blood volume was calculated by
weighing the tubes and sealant clay before and after blood collection, with a calibrated
laboratory scale (OHAUS® with readability of 0.001 g). 2 ml samples of venous blood
were collected by a nurse or radiographer in LH Lithium Heparin vials (VACUETTE®,
3.5 ml). From every vial, 2 samples were taken with 0.03 ml of blood collected by
a capillary tube using the same tools as the finger-prick blood. A 1 ml sample was
acquired from the vial using a syringe. Again, the actual blood volume was calculated

by weighing before and after blood collection.

The samples were measured in a well counter (ORTEC Nal well detector and PMT)
at the same session for each time point to avoid statistical variation that might arise

from counting on different days. Each sample was counted for 15 minutes and the time
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was increased when the percentage error in counts was observed to be higher than 5%
at the lower activities. The region of interest (ROI) was set to 20% of the peak energy
of around 336 + 85 keV. The ROI was recalculated for every peak separately to avoid
variations that might occur in peak location. The dead-time was examined and the
counting session was repeated if the dead time was greater than 5%. The resulting
counts per minute (cpm) were corrected for volume and decay since the collection time
using the gross counts. The background (Bkg) was measured for the same counting
time and subtracted. The net count rate (cpm), activity concentration in the sample (Bq)

and 95%-error were calculated using equations 1 to 3 below.

Net count rate (cpm) = [volume correction] x [Bkg correction] x [decay correction]

B blood volume (ml)
| measured blood volume (ml)

. | Bross counts — background counts
counting time (minutes)

> [etime (minutes) x[n(2) /Tl/z]
(1)
.. . Net count rate (cpm)
A Bq) = 2
ctivity concentration (Bq) Well counter calibration factor (cpm/Bq) )
/ t
95% Error (%) = 1.96 x 100 x Y8100 COU 3)

gross count

where the time is the time difference between counting and sample collection, and T,
is the 1311 half-life of 8.02 days. The well counter calibration factor was 17.42 cpm/Bq,

as measured in Chapter 4.

To address the uniformity question of 13! in the venous blood, two vials were filled
with 2 ml of blood from one site, with aliquots of 1 ml taken from each vial and the cpm

counted and converted to activity concentration using equation 2.
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To examine the blood uniformity, 10 blood sub-samples of 0.03-ml volume were taken
from a single vial of venous blood, using capillary tubes, their activity variation from

3% of 1.0-ml sample and from the average of the 10 sub-samples were calculated.

To examine drop-to-drop variability in the capillary sampled blood, two finger-prick
samples were collected from different fingers using capillary tubes, with the percentage
difference between the two collected samples calculated. The blood radioactivity was

measured in a well counter and the activity concentration used for the comparison.

Two main causes of divergence would be expected. The first was expected to arise
from the different collection site (a finger or vein) and hence, capillary or venous blood
(referred to as blood source % difference). Secondly, the sample geometry was expected
to contribute to the measurement error, with different self-absorption coefficients
resulting from the use of different containers for the 0.03 ml and 1.00 ml samples
(referred to as the geometry % difference). To address these factors, three differences

(%D) between the sampling methods were calculated using activity concentration:

(1) 0.03-ml finger-tip blood with 0.03-ml venous blood, for blood source % difference in

activity concentration between the site of sampling (%DsourcE)-

(2) 0.03-ml venous blood with 3% of 1.00-ml venous blood, for geometry % difference

in activity concentration between sample volume 0.03 and 1.0 ml (%Dggom).

(3) Activity in 0.03-ml finger-tip blood with 3% of 1.00-ml venous blood, for
combination of both blood source and geometry effects, also to compare the new
suggested method with SOP recommended protocol, referred as combination %

difference in activity concentration (%DcopB).

The %D was calculated using equation 4 below [218].

o difference — 100 x variable 1 — variable 2 )

%(Variable 1 + variable 2)

where variable 1 and 2 were the activity concentration of the investigated %D.
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The time required for blood collection by both methods was recorded. One of the key
drivers for this element of the study was to reduce staff radiation exposure arising from
venous blood sampling from radioactive patients and to that end an Electronic Personal
Dosimeter (EPD) was worn by the staff member at chest or torso position. The EPD
provided two readings: a reading equivalent to skin dose (Hp(0.07)), representing the
dose received at 0.07 mm depth in tissue, and an effective dose equivalent to deep dose
(Hp(10)), representing the dose received at a depth of 10 mm within tissue and, hence,

representative of the absorbed dose to the internal organs [219].

5.2.3 Statistical analysis

The statistical analysis was completed using Minitab 2020 (v. 19.2020.2.0). An
Anderson-Darling Normality test was used to test the normality assumption of the three
% differences, %Dsource, %Dgrom and %Dcopip, where the null hypothesis is that the
data are normally distributed. A Grubb’s test was used in the three % differences to
detect for possible outliers in the data, where the null hypothesis assumes all data values
come from the same normal population. Any detected outliers were removed. A paired
sample t-test between the variables was calculated. Pearson correlation was calculated
across the variables and with sample differences versus the possible confounding
factors. A linear regression analysis was performed to estimate 1.0 ml of blood count
rate using finger-prick blood sample. Bland-Altman analysis was conducted between
the sampling methods. The analysis plot includes %Dsorce, %Dgrom and %Dcoms
versus their average, the mean differences and their 95% confidence interval (95% limits
of agreement). Additionally, the differences were tested for their dependence on the
averages using linear-regression analysis. A significance level of 0.05 was used in all the
analysis. A Power calculation was performed to calculate the sample needed to achieve

80% power. The statistical analysis tests are defined in Appendix A1.1.
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5.3 Results

16 patients were recruited for this study, between October 2020 and July 2021, with a
total number of samples providing over 34 time points. Eight patients contributed 2
— 5 time points each. Each data point comprised two blood samples : venous blood
and capillary blood, collected by venepuncture and finger-prick sampling, respectively.
Table 5.2 displays a subset of the collected parameters, where P1 referred to patient
number 1, P2 to patient number 2 and so on, to maintain the participant anonymity. The
table displays patient number, age in years, time since administration in hours, patient
gender, the administered activity in MBq and the %D as calculated based equation 4.
The %D are divided into activity difference caused by the source of the blood (capillary
vs venous blood), %DsoyrcE, or geometry (0.03 ml sample in a capillary tube vs 1.0
ml sample in a vial), %Dgronm, or combination of both (0.03 ml capillary blood vs 3%
of 1.00 venous blood), %Dcomp. All patients were administered 1317 for therapeutic
intent of DTC post thyroidectomy, except P4 and P7, where the administration was for

diagnostic imaging purposes.
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Table 5.2: Part of the collected parameters in the study including: patient number, patient
age (years), time point since administration (hours), gender, administered activity (MBq) and
percentage differences arising from source effect (%Dsource), geometry effect (%Dgroam) and
combination effect (%Dcoma)-

Percentage diff in activity (%)?

Patient  Age Activity Time

Gender

no.  (years) (GBq) point (W'  %Dsource %Dgrom  %Dcoms
P1 54.59 M 3.98 53.98 0.36 -0.10 -0.46
P2 56.88 M 3.93 53.50 -0.21 3.88 4.09
P3 36.08 M 4.01 54.47 0.83 3.62 2.79
P4 28.91 F 0.20 52.77 0.08 12.38 12.30
P5 71.81 F 4.01 54.08 3.23 942 6.20
P6 73.11 M 3.97 54.40 27.51 26.50 -1.03
P7 43.99 F 0.20 53.05 3.43 3.30 -0.13
P8 52.15 M 3.92 2.00 -3.98 -17.36 -13.40
5.58 7.21 -13.31 -20.47

24.45 -7.38 -4.43 2.96

53.07 -3.61 -1.89 9.37

121.93 3.62 -3.22 0.38

P9 27.45 F 3.90 48.47 -6.37 -12.57 -6.22
P10 39.06 F 3.88 2.38 0.54 19.24 18.70
6.20 -2.73 -16.87 -14.16

27.63 -0.72 -3.52 -2.80

53.03 4.05 -0.49 -4.54

P11 60.98 M 3.95 2.35 -26.62 -12.76 13.98
7.52 -3.77 -15.42 -11.67

54.10 -11.10 -18.66 -7.60

P12 53.85 M 411 2.02 1.34 0.55 -0.79

6.07 -5.62 -2.92 2.70

26.13 -19.53 -15.62 3.93

P13 46.27 F 4.02 2.50 -5.74 -9.79 -4.06
6.48 -23.79 -34.02 -10.44

P14 39.22 F 3.80 2.68 -3.71 -13.25 -9.55
6.97 1.45 -11.98 -13.42

26.12 5.30 -2.16 -7.46

53.82 -2.80 -0.23 2.57

P15 86.17 M 3.79 2.25 2.95 13.07 10.14
25.62 -7.31 -14.06 -6.76
54.22 -1.53 -11.66 -10.13

P16 67.35 F 4.06 2.90 3.17 5.95 2.78

77.67 -0.47 5.24 5.71

! Time point represent the time since administration of therapeutic capsule.
2 The percentage difference includes: blood source effect, geometry effect and
combination of both blood source and geometry
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The %D were tested for normality assumption using Anderson-Darling normality test,
Table 5.3 and Figure 5.1. The test returns non-significant p-values for %Dggopm and
%Dcomp, but it was < 0.005 for %Dsource, which reject the normality assumption for
%Dsource and assert that the sample is not normally distributed. Both %Dgrop and
%Dcopp were normally distributed. An outlier test was performed using Grubb’s test
where the null hypothesis assumes all data comes from the same normal distribution
with a significance level of 0.05. The Grubb’s test detected four outliers, which
can be seen in Fig. 5.1 (circled red), with the outliers returning p < 0.05. The
data points corresponding to the outliers were removed. Following a repeat of the
Anderson-Darling test on the new subset of 15 patients and 30 data points, all three %D
were normally distributed (Table 5.3 and Figure 5.2) with p-values > 0.05 and no further
outliers detected. P6 results may have been caused by poor peripheral circulation
affected by poor kidney function [30]; the patient’s estimated glomerular filtration rate
(eGFR) was measured to be 28 ml/min BSA (body surface area) corrected, one month
prior to his 1317 treatment. Patients P11, P12 and P13 did not have eGFR measurements

available.
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Table 5.3: Statistical analysis performed in source % difference (%Dsource), geometry %
difference (%Dgrom) and Combination % difference (%Dcoamg), to test for normality using
Anderson-Anderson-Darling test and detecting outliers using Grubb’s test, Normality test was
repeated after detected outliers removed

Anderson-Darling Normality test

Parameter p-value
%DsourcE < 0.005
%Dgrom 0.304
%Dcoms 0.900

Grubb’s test or maximum normalised residual test

Patient no. Outlier identified p-value
P6 27.51 0.017
P11 -26.62 0.033
P12 -19.53 0.007
P13 -23.79 0.010

Anderson-Darling Normality test after omitting outliers

Parameter p-value
7% Dsource 0.923
%DcEoMm 0.298
%Dcoms 0.923

Table 5.2 displays the patients with 30 data points and the 4 omitted outliers. The
30 data points are summarised statistically in Table 5.4. The table displays the
descriptive statistics of the collected data including the sample size (N), the mean
+ standard deviation, the range and p-values. The table summarises the time of
sampling following administration of 3. These time points were similar to the
intended post-'3!I-administration blood collection times required by the EANM SOP for
DTC [8], since the aim of this study was to provide a safer, easier method of collecting
blood samples while performing 3T dosimetry for patients with high activities. The
p-value presented in the last column is for a paired sample t-test for the percentage
difference, since both blood samples were collected from the same patient, and for
two-sample t-test for the sampling time and cumulative dose, since the collection were

performed by different staff.
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Table 5.4: Descriptive statistics including the sample size (N), mean value, standard deviation
(St Dev), range (minimum to maximum) and p-value for a paired-sample and two-sample
t-test. The collected parameters include the age (years), therapeutic and diagnostic activities
(GBq), Time point (h), the three percentage differences of blood source (%DsoircE), geometry
(%D¢cEom) and a combination of both effects (%Dcoag), Time needed for withdrawal capillary
blood and venous blood (minutes), and finally the cumulative effective doses during collection
time for capillary and venous blood sampling (uSv).

Parameter N Mean +£ St Dev Range p-value!

Age (yrs) 15 50.98 +16.28 27.45-86.17
Therapy Activity (GBq) 13 3.95+0.10 3.79-4.11
Diagnostic Activity (GBq) 2 0240.00
Time point (h) 7 239+£033 2.00-2.90

5 647+0.77 5.58 - 7.52

4 2595+1.32 24.45-27.63

13 55.09 + 6.95 48.47 - 77.67

1 12193
%Dsource 30 -0.98 +4.31 -11.10-7.21 0.223
%Dcrom 30 -3.42+9.97 -18.66-19.24  0.070
%Dcoma 30 -1.76 £+ 8.86 -20.47-18.70  0.286
Finger-prick sampling time (min) 29 1.86 £ 0.64 1.00 - 3.00 < 0.001
Venepuncture sampling time (min) 29 3.72 £2.09 2.00-10.00
Finger-prick Cum. Hp(10)? (uSv) 20 0.69 £ 0.55 0.08 —2.50 0.023
Venepuncture Cum. Hp(10) (uSv) 26 1.45+1.49 0.19 - 6.55
Finger-prick Cum. Hp(0.07)° (uSv) 20 0.77 £ 0.55 0.06 -1.91 0.061
Venepuncture Cum. Hp(0.07) (xSv) 26 1.63 +2.17 0.00-9.47

1 p-value for a either a paired-sample t-test for the %D in activity or two-sample
t-test for difference in sampling time and effective doses.

2 Deep dose equivalent, representing the dose received at a depth of 10 mm
within tissue.

3 Skin dose equivalent, representing the dose received at 0.07 mm depth in tissue.

The average age of the sampled population was 50.98 £ 16.28 years. The majority
of patients were administered a therapeutic activity of 3.95 4= 0.10 GBq, while two
patients were administered 200 MBq for diagnostic surveillance post 3!I therapy, which
is typically performed one year after their initial 3! treatment. The blood collection
was performed at various time point from 2.00 — 121.93 hours post administration, with
the most frequent time point at 50 hours post administration. The results showed there
to be low percentage differences with no statistical significance difference in %DsoircE,
%DgEom or %Dcoamp, with respective p-values of 0.223, 0.070 and 0.286. The results
showed a lower %D caused by the blood source effect where %Dgoyrce was -0.98% +

4.31% with the maximum difference reported to be approximately -11%. On the other
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hand, there was a larger variability in %Dgroym with the calculated mean and standard
deviations at -3.42% =+ 9.97% and a difference of 19% arising in one case. While %Dcoump
was within -1.76% =+ 8.86%. Also, Figure 5.3 shows a box plot as separated by gender
for the three %D. The figure clearly demonstrates the narrower spread of %DsourcE
relative to %Dgrom and %Dcopmp. There was no significant difference seen between the
genders, with p-values = 0.262, 0.229 and 0.618 for %Dsource, %Dcrom and %Dcons,
respectively. These results were anticipated as many factors may contribute to %Dgrom
and %Dcopmp, including the different blood sample size, shape and the geometry of
the tools used. In particular, the blood in the capillary tubes placed in the 0.03 sample
volume reached an approximate height of 35 mm which brings the volume close to the
top of the sensitive well counter detector area, which has a 39.4 mm depth, while the 1
ml venous blood was placed in a wider tube with the resultant height reaching only
approximately 17 mm. As the radiation emission is isotropic in nature, it would be

anticipated that the 1 ml samples would have a better detection rate in the well counter
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Figure 5.3: Box plot of % differences in activity (y-axis) for source (%Dsource), geometry
(%Dgeom) and their combination (%Dcoap) as separated by gender. The mean of each %
difference is labelled and displayed.
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due to their lower depth within the well.

The finger-prick blood sampling required less time than the venepuncture blood
withdrawal time, at 1 — 3 minutes, whereas the venous blood withdrawal took up
to 10 minutes in our study sample (p < 0.001). Similarly, the deep cumulative absorbed
dose (Hp(10)) was significantly higher for the venepuncture blood withdrawal method,
with an average of 1.45 + 2.09 uSv compared to 0.69 £ 0.55 uSv for the finger-prick
blood withdrawal (p = 0.023). Interestingly, there was no significant difference between

the cumulative skin doses, with a p-value of 0.061.

Further calculation was performed for the cumulative doses (#Sv), where the measured
dose was converted from uSv to dose rate per minutes (xSv/min) and then an estimated
dose rate with no shielding (in #Sv/min) was calculated. The values were dependent
on the collection time, with a longer time duration spent near the patient leading
to a higher dose, as would be expected. Table 5.5 shows the calculated dose rates in
1Sv /min, calculated by dividing the cumulative doses for each time point by the time, in
minutes, spent carrying out the sampling. The resultant dose rates were not significantly
different between the two blood collection methods. The blood collection method was
performed while the patient sat behind a mobile screen (Figure 6.1 in Chapter 6), and
the percentage of radiation penetrating the shielding used was measured as part of the
initial risk assessment performed before starting the blood withdrawal (detailed later
in Chapter 6). These values were used to estimate the possible dose rate a member of
staff would be exposed to if the blood collection were performed without shielding.
The range of estimated dose rate was between 1.46 — 38.13 uSv/min for deep dose
and 0.99 — 26.04 uSv/min for skin dose for venepuncture blood collection and 0.93 —
29.11 uSv/min for deep dose and 0.48 — 19.56 uSv/min for skin dose for finger-prick
blood collection, where these values are for one data point. The significant difference
between the collection method was no longer evident once the exposed dose rates were
calculated per minute (p = 0.610). In conclusion, there was no difference in exposed
dose rate but the important factor here is the time spent near the patient, where Table

5.4 showed that the capillary sampling duration was significantly lower than that of the
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venous sampling (p < 0.001).

Table 5.5: Dose exposure to the staff during blood collection by venepuncture for venous blood
and finger-prick for capillary blood. The table display cumulative dose (1Sv), exposed dose
rates per minutes (#Sv/min) and finally estimated dose rate if the collection method were
performed without the shielding screen. For each parameter, Mean, Standard deviation (St Dev),
range (minimum - maximum) and p-value for the two-sample t-test between the two collection
method.

Deep dose (Hp(10)) Skin dose (Hp(0.07))

Collected blood type venepuncture Finger-prick venepuncture Finger-prick

Cumulative dose (xSv)
Mean =+ St Dev 1.45 +1.49 0.69 + 0.55 1.63 +£2.17 0.77 £ 0.55
Range 0.19-6.55 0.08-2.5 0.00-9.47 0.06 -1.91
p-value 0.023 0.061

Exposed dose rate (4Sv/min)
Mean £ St Dev 0.44 +0.42 0.38 £ 0.31 0.44 +0.42 0.44 +0.35
Range 0.06 —1.64 0.04-1.25 0.06 - 1.64 0.03-1.23
p-value 0.610 0.969

No shielding estimated dose rate (1Sv/min)
Mean £ St Dev 1024 +9.80  8.96 +£7.12 7.00 £ 6.70 6.93 + 5.62
Range 1.46 —-38.13 0.93-29.11 0.99 —26.04 0.48 - 19.56
p-value 0.610 0.969
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A Pearson correlation test was used for correlating the %D and the collected parameters
to examine any possible factor that might affect the calculated differences (Table 5.6).
The presented p-values showed non-significant correlations among the %differences
and all the collected parameters. Therefore, there was no correlation between the

collected parameters and the three %D.

Table 5.6: P-values of Pearson correlation between the percentage differences (%D) and collected
parameters. All the values indicate no significant correlation between the %D and the collected
parameters since they are > 0.05, the assigned significance level.

P-values of Pearson correlation

Collected parameter

“%Dsource %DGEoM %Dcoms
Age 0.779 0.995 0.885
Time post-admin. 0.584 0.334 0.165
Gender 0.261 0.229 0.618
Treatment type 0.361 0.105 0.200
Metastasis 0.846 0.991 0.992
Previous treatment 0.308 0.182 0.435
Administered activity 0.403 0.391 0.445
Net count rate 0.994 0.757 0.219
Activity in the sample 0.994 0.757 0.635

The uniformity of the count rate within the blood sample was investigated by taking
10 samples from a single 2 ml blood vial, using the capillary tube. The count rate was
corrected for background, volume and decay-corrected using equation 1. The resultant
activity concentration deviation of the 10 samples from 3% of the 1.0 ml count rate and
from their average was summarised in Table 5.7. The results varied around zero, with
a paired sample t-test showing a non-significant p-value, which fails to reject the null

hypothesis of mean error = 0%.
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Table 5.7: Uniformity within a venous blood sample, the displayed average + standard deviation
(% error) relative to the 3% of 1.0 ml blood and relative to the average of 10 samples taken from
one vial, also displayed the range and p-value of paired-test where the null hypothesis of %
error = 0.

% error from 3% of 1 ml sample

Patient no Time point(h) ‘ Avg £ St Dev Range p-value
P6 54.40 -0.76 £3.18 -521-293  0.469

P14 2.75 -1.16 £6.12  -951-835  0.564

% error from average of 10 samples

Patientno Time point(h) ‘ Avg + St Dev Range p-value

P6 54.40 0.00£3.15 -521-293 1.000
P14 2.75 0.00 £ 6.06 -825-9.41  1.000

1.0 ml venous blood homogeneity was addressed as part of blood sample collection
in Chapter 4. Where an adaptive version of the EANM SOP was implemented
[8], the protocol requires blood sample withdrawal at 2, 6, 24, 48 and 120 hours
post administration of a tracer capsule 1 week before therapy (pretherapy) and after
therapeutic administration of 13'I. At each time point, two 2.0 ml blood samples were
collected and 1.0 ml was pipette from each sample, with the % difference in activity
between the net count rate between those two samples calculated. The results are
summarised in Table 5.8. All the % differences in activity were not significantly different
from 0 as their p-value is > 0.05, except for the 2 hours post administration where the
difference was -2.21% =+ 4.11% with a range between -8.58% — 5.05% ( p = 0.048). While
the p-value is significant it is very close to the significance level of 0.05 and the range of

error is considered acceptable.
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Table 5.8: Variation in two 1.0 ml venous blood as withdrawn from 2 vials, the table displays age
(years), administered activity which is either pretherapy tracer capsule or therapeutic activity,
time point in hours post administering *'I and finally p-value for a paired-sample t-test where
the difference is assumed to be 0.

Parameter N Avg £ StDev Range

Age (years) 9 51 +£13.41 31-67

Administered activity
pretherapy (MBq) 7 5.00 £1.92 2.00-38.00
Therapeutic (GBq) 9 3.85 £ 0.56 2.64-4.40

difference between two 1.0 venous blood samples

Time point (h) N Avg + StDev (%) Range (%) p-value
2 16 -221 £4.11 -8.58 —5.05 0.048
6 15 -0.85 £ 3.50 -10.13-4.18 0.363
24 16 0.40 £ 4.61 -8.38 -12.97 0.733
48 14 0.90 +4.78 -11.66 — 7.69 0.494
120 8 1.82 £5.57 -3.11 -14.04 0.386

Capillary blood drop-to-drop variability was examined by taking two finger-prick
samples from different fingers at the same sampling time. The difference in net count
rate was calculated using equation 4. The results for the capillary are displayed in Table
5.9. The percentage difference between the two 0.03 capillary blood samples is within
5% with a p-value > 0.05 which fails to reject the null hypothesis of % difference =
0.

Table 5.9: Drop to Drop variability investigation for capillary blood, where the table displayed
the patient number, age (years), gender, administered activity (GBq), time since administration
(h), the % difference in activity between the two finger-prick blood samples and finally p-value
for a paired-sample t-test investigating if the difference between the two sample is = 0.

Patient Age Activity =~ Time  Difference

no  (years) C°"9T (GBq) point (h) (%) p-value
P11 60.98 M 3.95 27.20 5.03 0.684
P17 3543 F 3.99 29.17 -0.61

53.92 -2.97
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Table 5.1 listed various factors which were to be investigated to validate finger-prick
blood collection as an alternative method to venepuncture method. Table 5.10
summarised the results of each factor.

Table 5.10: The table display the investigated parameters and the results of their investigation in
this study.

Investigated factors ‘ Results

Blood type:
venous blood

capillary vs

O/ODSOURCE 15 -0.98% =+ 4.31%

Administered activity (MBq)

a range of 0.2 — 4.11 GBq were included, with no significant
correlation found between the %D in activity and the
administered activities (p > 0.05)

Time since administration
(hours)

2.00 - 121.93 hours post administration were included, with
no significant correlation found between the %D in activity
and the time post-administration activities (p > 0.05)

Uniformity of blood in one
sample

uniformity of 0.03-ml of venous blood is -0.96% =+ 3.45%'
and uniformity of 1.0-ml of venous blood is 0.012% = 2.04%?

Drop to Drop variability

capillary blood variability between two finger-prick samples
was not significantly different from zero, with an average
0.48% =+ 4.11%3

Geometry of the blood during
counting

O/ODGEOM is -3.42% =+ 9.97%

Dead time (%)

For all samples the dead time was < 5%

Gender, Age (years), local
or metastasise DTC, any
previous T treatment

No significant correlation was found with these parameters
(p>0.05)

Duration of blood collection
(minutes), staff absorbed dose
(uSv/min)

The finger-prick method time (1.86 £ 0.64 min) was
significantly less than venous blood collection (3.72 £ 2.09
min), p < 0.001. Deep doses were found to be 0.38 £ 0.31
uSv /min for finger-pick sampling and 0.44 &= 0.41 uSv/min
for venepuncture.

! Average =+ standard deviation of % errors from 3% of 1 ml sample of P6 and P14,

Table 5.7

2 Average =+ standard deviation of % difference in activity from all the time points of

N = 9 patients, Table 5.8

3 Average + standard deviation of % difference in activity of P11 and P17, Table 5.9
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A linear regression model was created between the 0.03 ml capillary blood and 3%
of 1.0 ml venous blood, to examine the predictability of the 1.0 ml sample using the
finger-prick blood. Table 5.11 shows a model with 96.27% of data explained by the
model and with a 94.49% predictability. The regression model gives the result in net
count rate (cpm) where it can be converted to activity unit in Bq by dividing by the well
counter calibration factor (cpm/Bq). The regression line is also seen in Figure 5.4. The
figure shows more deviation of the data points from the regression line at higher count
rates. The higher dead-time might be a possible source of high differences at higher
activities despite the dead-time being kept below 5% in all the analysis, with later time

points having a dead-time of < 1%.

Table 5.11: Regression model for estimating the count rate (CR) of 1.0 ml blood using 0.03 of
finger-prick blood, with p-value < 0.001 for the slope and 0.381 for the constant.

Regression model N R? R%red

1 ml-venous CR (cpm) = 1187 + 33.14 x 0.03-finger CR (cpm) 30 96.27% 94.48%
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Figure 5.4: Scatter plot between the 1.0 ml venous blood count rate (CR) versus 0.03 ml capillary
blood count rate. Also displayed a linear fit with the linear model and R?.
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Bland-Altman analysis was computed between the %D versus the average in activity
tor %Dsource, %Dgrom and %Dcomp. Figure 5.5 shows a scatter plot of the %D
versus their averages and the three lines representing the mean of differences (Bq) and
+95% confidence intervals. The p-value for the one-sample t-test for the differences
all showed non-significant differences from zero. The plots shows a distribution with
the majority of the data points falling within the 95% limits of agreement. A check for
the proportional bias between the % differences and averages in activities showed a

non-significant values of p > 0.05 in the three plots.

Finally, a power calculation was performed to calculate the sample size needed for a
paired-sample t-test, where a %Dsoyrce was used with a mean and standard deviation
of -0.98% and 4.31% respectively. The sample size needed was calculated to be 154

blood samples to achieve an 80% power.
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5.4 Discussion

The EANM protocol [8] requires the collection of 2 ml blood samples at specified time
points following therapeutic '3!'T administration, starting at 2 hours post administration.
The blood samples provides a more accurate and reliable assessment compared to
whole-body measurements, where the latter suffer from high inaccuracy at later time
points [8]. Collecting blood samples from patients administered with high activities
carries a risk of radiation exposure for staff collecting blood, especially in busy centres.
Venous blood collection in some cases takes longer than expected, depending on the
accessibility of patient veins and the expertise of the staff. Another inconvenience of
venous blood sampling is that the collected blood samples must be left to decay in order
to achieve an acceptable dead time. This was typically for 2 — 3 weeks in our case and,
therefore, there is a requirement for blood storage for all five time-point samples for

every patient.

Another method of blood collection is the finger-prick technique, which is a valid
method of blood collection for various laboratory tests. It has many advantages over
other collection methods since it is faster, reproducible and causes less pain to the patient.
The withdrawal is also easier to perform, transport and store and has a lower biohazard
risk [220]. Venepuncture blood withdrawal from a radioactive patient requires an
additional risk assessment compared to the standard treatment, as there are radiation
exposure aspects to consider. Finger-prick blood sampling takes less time and can
potentially be performed by the patient themselves, if suitable tools are used. This
chapter investigated the possibility of replacing the blood collection method required
by the EANM SOP [8] with a finger-prick blood sampling technique. There has been no
study of this type performed in literature for the purpose of quantifying radioactivity in
blood, but finger-prick studies of other laboratory testing have pointed out the factors
that would need to be addressed to validate the method. Several studies have confirmed
that there is no significant difference between capillary and venous blood [207-209],

which is also validated by our study for 15 patients contributing 30 blood samples. The
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results of this study shows that %Dsoyrce suffers from less extreme values, with a
maximum of -11% achieved, relative to %Dgrom and %Dcopp. However, these values
might be caused by the errors that may arise due to the statistical nature of measuring
radioactivity, an error caused by difference in volume, the dead-time of a sample at
high activities and the difficulty of reproducing a volume with the tools used. One of
the advantages of using the finger-prick sampling is that less time is required, which is
validated in this study ( p < 0.001). Few cases of venepuncture required more than 10
minutes but for those which did, the withdrawal was stopped and repeated at another
time to avoid increased radiation exposure to the staff member. Of note, one dose rate
was estimated to be 38.13 ySv/min from one patient if no shielding was used, which
would equate to 40% of the 1 mSv annual limit for non-radiation workers, assuming
a sampling duration of 1 minute. As venous blood sampling typically takes longer
to withdraw, the importance of using appropriate shielding is highlighted, especially

within the first 2 days of administering therapeutic activities of 13'1.

Mohammed et al. [211] pointed out that after oral administration of paracetamol, the
concentration in the capillary finger-tip blood might vary over time, with the shortest
times after administration showing the highest degree of variation. However, the
study examined times after administration of as short as 10 minutes. The current
study examined times ranges of 2.00 - 121.93 hours post administration, which is the
range of the time point required for blood collection in the dosimetry protocol [8], and
the correlation between the %D and time post-administration showed no significant
correlation. Additionally, this study examined a range of activities from diagnostic to
therapeutic activities (200 MBq and 3.97 — 4.11 GBq). No patients treated with 1.1 or 5.5
GBq were included in the study, due to the rare use of these activities at in our centre.
Time-point and activities outside the range of our study need to be investigated, since
Kumar et al. [212] and Boyd et al. [213] reported higher uncertainties between capillary
and venous blood at extreme values of glucose, and that a high level of confidence was
achieved in the mid-range of glucose values only. This was especially true in patients

with poor peripheral circulation which was seen in one case in this study, where a
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difference of 27% was resulted in the %DgorcE-

Other factors investigated in this study were: the blood uniformity within a single vial
using 0.03-ml sub-samples, the difference between two vials of venous blood and two
finger-prick samples which were examined to address concerns raised by the Bond
et al. [214] study. The uniformity in one vial showed a non-significant difference
of the average from zero. Variation between two 1.0-ml venous blood samples was
investigated as part of Chapter 4, where it covers a tracer capsules of 5.00 + 1.92 MBq
and therapeutic activity of 3.85 + 0.56 GBq of oral administration of 3'I. All p-values
showed non-significant difference from 0, except the 2 hour time point where a p < 0.05
was resulted. However, the p-value returned was close to the significance level and a
larger sample might lead to different results. Additionally, drop-to-drop variation was

examined by collecting two finger-prick samples with the differences within 5%.

Additionally, a linear regression between the finger-prick blood and the 1.0-ml blood
showed a significant slope of 33.14, which amounts to approximately 3% of 0.994.
96.27% of the sample can be explained by the model and with 94.48% predictability.
The slope value is very close to 1 which means that 1.0-ml venous blood samples can be
estimated by finger-prick blood sampling with a high degree of certainty, once corrected
for volume. Furthermore, it is worth noting that a finger-prick volume as small as
approximately 0.01-ml was used in this study and successfully corrected to compare
with the 0.03-ml volumes. Hence, once there exists acceptable uncertainty in the counts,
a volume correction is applicable allowing for the samples to be representable to a

1.0-ml volume.

Finally, Bland-Altman analysis [166] was used to test the agreement between the two
collection methods. The plots show uniform scatter around the plot with a small cluster
at lower activities. This cluster caused by the high number of blood samples taken at 50
hours post-administration which have lower activities relative to the remaining data

points.

There are a number of limitations in this study. It was difficult to achieve reproducible
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volumes for the blood sampling techniques. Although the volume of the samples were
corrected for using a high precision weighing scale, variation between blood volumes
might still contribute to the total error. A different tool with better reproducibility
might be more reliable. Additionally, the applied calibration factor was calculated
for 1.0 ml volume (as measured in Chapter 4) rather than the 0.03 ml in the capillary
tube, due to difficulty of handling the capillary tube for liquids other than blood,
which might contribute the %Dgroym and %Dcopp. A larger sample is needed for
this research question to achieve the outlined 80% power. The sample number for
the uniformity investigation was small, with a larger sample needed to ensure the
uniformity assumption. There was a high %Dsoirce between venous and capillary
blood reported for one particular patient with a low GFR. In this patient, poor
capillary-blood circulation was noticed during blood collection. More patients with low
GEFR values would need to be included in a similar study to validate the effect of low
GEFR on finger-prick blood testing. In this study, four outliers were detected and omitted
from the sample, these outliers were caused by error during sample collection and /or
measurements. As only one finger-prick sample was taken from each patient, handling
errors could not be detected, hence, a tool which could collect multiple samples would
prove beneficial and may negate some of the risk of sampling errors. The 1.0-ml venous
blood collected in the first day after administering '3'1 had a high dead-time and needed
to be left for 3 weeks to decay. It is suggested that the patient may be able to collect their
own blood sample using the finger-prick technique; however, the feasibility of this was

not investigated as part of this study.

In conclusion, the ALARA principle states that less time should be spent near a source
to reduce the exposed dose. As such, the finger-prick blood sampling method requires
significantly less time while maintaining the acceptable uncertainty of less than 5%
required by the EANM protocol. In addition, the need for leaving the samples to decay
to achieve an acceptable dead-time would not be necessary. Hence, employing the
tinger prick sampling method would negate the need for the storage of blood samples,

which would delay dosimetry calculations by one month post administration of the
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therapy capsule. Furthermore, it may be possible for the patients themselves to perform
the blood sampling if a more suitable sampling tool was available. If the patients
performed both the whole-body measurement and blood sample collection themselves,
once validated and assessed, this would decrease the work load of the staff and reduce
staff dose. Finger-prick blood sampling could have wider application where blood

radioactivity quantification is required.
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6 | Occupational Exposure During
Blood and Bone-marrow

Dosimetry

6.1 Introduction

Routine utilisation of '3!T in nuclear medicine for medical use is the largest contributor to
radiation exposure [119] for health workers, the environment, patient’s family members
and members of the public. Hence, precautions and protective measures are put in
place to ensure exposed individuals do not exceed their regulatory dose limits [118].
For therapeutic administration of 13!, the radiation protection measures applied will
depend on the patients administered activity, the amount of iodine retained in the
patient’s organs and the expected dose rates from the patient [119]. Benign thyroid
patients can receive therapeutic 13!1 activities as outpatients, provided administered
activities do not exceed specific thresholds, as described in the local rules of the
institution. Outpatients are given instructions to ensure that the exposures to their
family members are kept below a dose constraint set at approximately one-third the
annual dose limits of 1 mSv (0.3 mSv/year), based on the recommendation by the
International Commission on Radiological Protection (ICRP) [82]. 1311 therapies for
thyroid cancer, which would typically involve the delivery of much higher radiation
activities than those of benign therapies, require that patients are treated as inpatients

in order that they are kept in a controlled environment for the first number of days post
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therapy when most of the radioactivity clearance from their body occurs. The potential
sources of radiation exposure pathways from a patient post 1> administration include:
exhaled breath, perspiration, urine, saliva and direct irradiation [221, 222]. 1311 emits
high energy gamma photons (364 keV, 81% abundance), in addition to the therapeutic
beta particles (maximal energy of 606 keV, 89% abundance), with a physical half-life
of 8.02 days. The administered activities of '3!I for ablation therapy vary depending
on the patient risk group and the suspected or documented residuals of the disease or
tumour histology [29], with a typical activity range of 1-11 GBq administered [223]. The
dose rates from thyroid cancer patients are monitored post administration, with the
dose measurement usually taken at a distance of 1 meter, as this is the distance at which
discharge dose rates are defined [224]. Some centres employ remote monitoring system
which do not necessitate that staff enter the treatment suite. The dose rate monitoring
usually begins 24 hours post administration or at the time of patient discharge, when
the remaining activity within the patients’ body has reduced to a threshold dose rate,
as specified by the treating institution’s local rules. Most patients that receive 31
are self-caring with little or no nursing care required. The European Association of
Nuclear Medicine (EANM) [8] has published guidelines for pre-therapy dosimetry for
tailoring personalised treatment for thyroid cancer patients, as mentioned in previous
chapters, where pre-therapy dosimetry is not possible, during therapy dosimetry can
be performed to retrospectively assess critical organ absorbed doses. The protocol
requires a whole body measurement and blood withdrawal. While remote whole-body
dose-rate measurements can be possible through the use of in-room dose rate meters,
blood samples can only be collected by staff in close proximity to the patients. In this
case, there is a potential for healthcare workers to receive increased radiation dose given
their close distance to the patient. To date, there have been very few studies in the
literature reviewing radiation protection aspects while performing the EANM standard
operational procedure (SOP) [8] post administration of therapeutic activities of 13!,
particularly during the blood sampling. This chapter aims to examine the radiation

dose rates to staff members performing blood sampling procedures for thyroid cancer
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patients during their therapeutic 3'I procedure. This chapter also explores whether
there is a need for implementing extra protective measures to ensure that the doses
to non-radiation worker does not exceed the dose constraint of 0.3 mSv/year, which
would potentially necessitate the amendment of the local rules for those dealing directly

with 311 patients.

6.1.1 Radiation exposure post administration of Iodine-131

Occupational exposures received from patients post administered therapeutic activities
of 13T have been assessed by several studies [119, 225, 226]. The radiation exposure at
1 meter distance from differentiated thyroid cancer (DTC) patients in the first 3 days
post administration of 3.7, 5.5 or 7.4 GBq of 13T have been reported to be of 30, 50
and 70 uSv/h, respectively [225]. Nursing staff, while caring for DTC patients after
therapeutic administration of 3.7 GBq !3'I during a 7-day working shift, were estimated
to receive cumulative doses of 0.18 mSv to 12.3 mSy, for self-caring to totally helpless
patients, as collated from 86 thyroid cancer patients [119]. This provided an estimate of
dose rates in close proximity to the patients. Higher values were reported for higher
administered activities and the cumulative dose depended on patient mobility and
the time spent near the patients [119]. Additionally, external dose rates following
therapeutic administration of 4 — 8 GBq !3!I were quoted to be 40 &= 9 uSv/h at 1.0 meter
and 150 £ 63 uSv/h at 0.3 meters, as measured from 27 DTC patients on the day of their
hospital discharge [226]. The SOP [8] for DTC requires that a number of venous blood
samples are withdrawn post therapy where the expected withdrawal time usually takes
a number of minutes. However, there is currently no published data as to the expected
dose rates from the blood sampling or from performing dosimetry after therapeutic
administration of 13!1. The radioactivity of blood samples taken from DTC patients post
administration of therapeutic activities of 131 has been estimated in a study by Larkin
et al. [124]. Their results reported the percentage of the administered activity present
in 1 ml volumes of blood at 1, 4, 24, 48, 72 and 96 hours post oral administration of

any 13T activity. Their results were based on blood samples collected from up to 377
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patients in receipt of a range of activities with the study showing that exposure rate at
20 cm could be computed for any administered activity. The study concluded that there
was low staff radiation exposure from the blood sample. They did not report on the
direct irradiation while taking the blood sample, which is the main investigation of this

chapter.

The work of this chapter aims to establish and measure the exposure to staff members
as a result of blood sampling of DTC patients post therapeutic administration of 3!I.
A combined approach of experimental, staff monitoring and Monte Carlo simulation
was taken. The study also quantified the amount of radioactivity in the blood samples
and assessed the need for protective measures while withdrawing and transferring the
blood samples to ensure that the doses to staff do not exceed 0.3 mSv/year, potentially
necessitating amendment to the local rules while dealing with 13 patients. The effect

of different scenarios in the patient room on staff exposure were considered, and it was

explored whether there is a need for implementing extra protective measures.

6.2 Methodology

6.2.1 Study design

The local implementation of the EANM SOP [8] at St James’s Hospital (SJH) required
patient blood samples to be withdrawn at 2, 6, 24, 48 and 120 hours post administration
of an 13! tracer capsule and after therapeutic administration of I for the treatment
of thyroid cancer, as detailed in the clinical cohort study of Chapter 4. The tracer
capsules employed for assessing uptake were approximately 2 — 10 MBq in activity,
which is considered to be low activity, and hence, no radiation protection measures
were required. However, with the administration of 3.7 or 5.5 GBq therapeutic activities,
there is a need for examining whether any potential radiation protection measures are
necessary before implementing dosimetry protocols. Before proceeding with the SOP [8]
adaptation at SJH, a risk assessment was performed for withdrawing the blood samples

post 131 therapy, as detailed in Appendix Al.4. This study aimed to estimate the
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direct irradiation from the DTC patient while collecting blood samples post therapeutic
administration of 3! with and without protective shielding. The methodology used

was the following:

 Experimental measurements were carried out, where the dose rate from an 31

capsule of known activity was measured with and without shielding, at a distance
of 40 cm. The dose rate values were then extrapolated to '3!T activities of 3.7 and

5.5 GBq.

* Staff monitoring measurements of the health workers cumulative doses was
recorded while taking the blood sample behind shielding for each time point on
the first 3 days, while dose rates were estimated with no shielding in place. The

dose rate values were then extrapolated to 3T activity of 5.5 GBq.

¢ A Monte Carlo (MCS) simulation (using EGSnrc software) was employed to create
an adaptable model simulating the patient and staff member 40 cm apart in the
room, with and without a mobile screen. Other possible scenarios, variables and

their effect on the exposed dose rate were examined.

The equipment used in this study are tabulated in Table 6.1.

Table 6.1: Equipment used and their specification

Equipment Specification
Shielding screen WARDRAY PREMISE panoramic mobile screen (PMS800/200)
with specifications: 200 x 85 cm dimensions, 5.00 mm

minimum lead (Pb) equivalent at 150kV—x-ray and 80 x 80 cm
window (Figure 6.1).

Lead transport For carrying radioactive blood samples for radiation protection
container purposes.

Electronic Personnel Thermo scientific EPD MK2+, 0.015 — 10 MeV photon range,
Dosimeters (EPD) 0.25-1.5 MeV mean beta range and 1 — 16 uSv stored dose.

EGSnrc software The EGSnrc simulation code was computed on a Sun’s
Microsystems Inc. High Performance Computing at College
of Science, Sultan Qaboos University, Oman.
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Figure 6.1: WARDRAY PREMISE panoramic mobile screen (PMS800/200) used to shield the
patient irradiation from health worker while withdrawing the blood sample [21].

6.2.2 Experimental measurements

Direction irradiation estimation

The dose rates from close proximity to the patient at each time-point post administration
of 13T were estimated using experimental measurements and published values [22]. The
experimental set-up was similar to that of the typical staff monitoring measurements
and was used for the MCS set-up as demonstrated in Figure 6.2, where an '3!I capsule
represented the patient and two EPDs represented the healthcare workers collecting
blood samples with and without a mobile screen (Figure 6.1). An 1317 capsule with an
activity of 1.069 GBq !3'I was used for this experiment, with the capsule placed in an
unshielded holder at a height of 110 cm. The EPDs were placed at the height of 110

cm, as well, and at a range of distances from the source (40 — 100 cm) for 10 minutes.
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The height of 110 cm was approximated to be at the centre of the mobile screen, where
the patients neck would be expected to be. One EPD was placed behind the mobile
screen while the 2"¢ EPD was positioned at a similar distance from the source such that
it was not shielded, representing staff in close proximity to the patient with and without
protected shielding, respectively. Each EPD provided two readings: a reading equivalent
to skin dose (Hp(0.07)), representing the dose received at a depth in tissue of 0.07 mm,
and an effective dose equivalent to deep dose (Hp(10)), representing the dose received
at a depth of 10 mm within tissue and, hence, representative of the absorbed dose to
the internal organs [227]. The percentage attenuation with and without the shield was
deduced and the dose rate per MBq was calculated (#Sv/h.MBq). These two values
were considered to be the value at the 2 h post-administration time since in the SOP [8]
(detailed in section 4.3.1), assumed to represent 100% of the administered activity. The
resultant dose rates were used to estimate the dose rate after 2h post-administration of
3.7 and 5.5 GBq (DTC and occasional MTC therapeutic activities at SJH) at a distance
of 40 cm from the patient, considered to be the closest distance to a staff member with
and without lead shielding employed. The later estimated time point (6, 24, 48 and
120) dose rates were estimated by decay-corrected the 2h-dose-rate using a published
effective half-life value (T.ff1,2) of 10.5 + 1.5 h in DTC patients prepared for therapy

with ThyrogenTM injections [22].

A patient self-attenuation factor of 0.55 £ 0.17 [228] was applied to all the resultant dose
rates. The results with and without lead shield were assessed relative to the radiation

dose constraints of 0.3 mSv/year [118].

Attenuation of the mobile shield

The mobile screen shown in Figure 6.1 was used during blood sample collection. The
screen was composed of two parts, lead glass and thick lead, with different thicknesses.
The Pb equivalent thickness for I of each part was measured experimentally by
conducting transmission measurements using a 4.792 GBq '3!1 capsule for each part.

The capsule was left in its lead container which was placed horizontally to create a
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Figure 6.2: Geometry schematic top and side view as produced by EGSnrc and displayed by
EGS_view, showing the set-up used in the experimental, staff monitoring measurement and
the Monte Carlo simulation, where a patient (dark blue) is placed at specific distance, d (cm),
from two spheres representing health workers (light blue) withdrawing blood with and without
mobile screen. The two colours of the mobile screen represent the thick lead and lead glass of
the mobile screen used.
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pencil beam effect directed towards the lead shield. At a distance of 50 cm, an EPD was
placed facing the pencil beam for an hour. The dose rate value with the shield (DR) in
place was compared to the value without the shield (DRy) and used to calculate each

parts thickness (d) using equation 1.

DR = DRy - e #* (1)

Where y is the attenuation coefficient. These deduced thicknesses were used to model

the mobile screen in the MCS.

Another 60 minute measurement was taken with the EPD and the source, this time
placed at a height of the border between the base shield and lead glass, to give an
estimation of a percentage attenuation from a combination of both glass and the lead.
The percentage attenuation value was used to estimate a non-shielding dose rate from

the staff monitoring measurements of the next section.

6.2.3 Staff monitoring measurements

Direct irradiation

For this sub study, the dose rates of healthcare workers (a nurse or a radiographer)
while withdrawing blood at 2, 6, 24 and 48 h post-administration were measured
for the inpatient sample recruited for the clinical research study in Chapter 4. The
measurements included 14 patients for whom blood was collected by 14 members of
staff. Four blood samples were collected during the first 3 days of a patients in-hospital
stay. For the last measurement at 120 h, the dose rate was considered to be negligible as
the patient would usually be discharged on either day 3 or day 4. The time required for
blood collection at each time point was recorded as the time the health worker entered
the room to the time that they left the room. The staff member wore an EPD on their
torso during this time. A total dose rate of a 5-minute withdrawal was calculated per

patient by summing the dose rates from 2, 6, 24 and 48 h irradiation, to compare the

163



Chapter 6. Occupational Exposure During Blood and Bone-marrow Dosimetry

dose rates to the experimental and MCS results, if one staff member collected the 5 data
points. The dose rates exposure from staff spending a similar amount of time but with
no shielding was deduced by using the % attenuation of the mobile screen as calculated

in section 6.2.2.

Blood sample dose rates

For each time point, a 4.0 - 7.0 ml blood sample was collected in two vials (VACUETTE®,
LH Lithium Heparin vials). Using the measured radioactivity per 1 ml of blood, the
dose rate from handling the 4.0 — 7.0 ml of blood samples were calculated. A total dose
rate was calculated per patients by summing the dose rate from all time-points post

administering therapeutic activities of 3.7 GBq of 3'I.

6.2.4 Monte Carlo simulation for Iodine-131 suite at St James’s
hospital

MCS was used to model the direct irradiation dose rates from inpatients
post-administration of therapeutic activity of 13'1. The simulation results were compared
with the experimental and staff monitoring measurements. Furthermore, a number
of different scenarios were investigated to examine their effect on the exposure of the
healthcare workers. Figures 6.4a and 6.4b show the geometries simulated in the code

that represent a close representation to the actual scenario, which includes:

¢ The "Standard scenario” with the room dimensions of 437 x 437 cm rectangle with
a height of 236 cm, simulated using a 437 x 437 x 236 cm air box, while small

geometrical details in the room were not included.

e The walls, floor and roof were constructed with a mix of different materials, the
exact materials were not known since building plans were unavailable. For the

MSC, it was simulated as 20 cm of concrete.

¢ The mobile screen (200 x80 cm) with a lead thickness as measured in section 6.2.2

was used in the model for the shielding, the glass slab was placed on top of the
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lead slab to form a shield similar to the mobile screen used and then placed close

to one side of the room, the mobile screen is located 100 cm from one wall.

* Phantoms representing the patient and staff: According to ICRU publications
[219], a human body can be simulated with a 15 cm radius sphere, which was
feasible to implement in EGSnrc. The spheres were included in the MCS, where
the patient was considered as a radioactive source of 13T located inside the patient
phantom, and two staff phantoms located at 40 cm from patient, with one placed
behind the mobile screen and the other one without any shielding. The staff
phantoms contain two scoring regions, 10 um shell at 70 ym depth representing
the skin dose and 1 mm shell at 10 mm depth representing the deep dose [229].
The staff sphere phantom with its scoring region was sliced into half, with one
direction facing the source and the other direction away from the source, labelled

as front and back (Figure 6.3a).

* The room furniture, window, door were ignored in the MCS, due to their low Z

number which was unlikely to affect the dose rate values.

Other codes were written with different possible scenarios, to investigate their effect on

the exposed dose rates. These included:

e A similar room dimension of 437 x 437 x 236 cm air box with 20 cm concrete in
all directions, with the mobile screen located in the middle of the room. The staff

and patient remained 40 cm apart, as displayed in Figures 6.4c and 6.4d.

* A similar setting to the standard scenario but with a smaller room, an air box of
dimension 237 x 237 x 236 cm air box with 20 cm concrete around the periphery,

displayed in Figures 6.4e and 6.4f.

* A similar room setting to the standard scenario but with thicker walls, a dimension

of 437 x 437 x 236 cm air box with 30 cm concrete was used.

The MCS was conducted using EGSnrc with 1 x 10° simulation histories to achieve an

acceptable uncertainty value, within £5%, since fewer histories lead to uncertainties
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Deep_dose_back Deep_dose_front

Skin_dose_back Skin_dose_front

(a) Health worker phantom

(b) Simulated standard room, walls and roof are not displayed

Figure 6.3: Geometric representation of the health worker phantom used in EGSnrc and viewed
by EGS_view (a), showing two scoring regions representing skin dose and deep dose. The
phantom is sliced in half, front and back, where front is facing the patient. The displayed
thickness of skin and deep shells are not the actual simulation thickness, but increased in this
image for better representation only. (b) displays the two health worker phantoms in the room
setting, from a side view, with patient phantom emitting radiation tracks. Radiation tracks are
displayed with yellow lines for photons (-rays) and red scatter for electrons (B-particles). The
walls and roof are transparent for better viewing.
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(a) Standard scenario, top view. (b) Standard scenario, side view.

(c) Middle of the room, top view. (d) Middle of the room, side view

(e) Small room, top view (f) Small room, side view

Figure 6.4: The scenarios implemented in the EGSnrc as displayed in EGS_view, where (a) is
the top view of the standard scenario for a room with 437 x437 %236 cm dimension, mobile
screen (green and red) is located at 100 cm from one wall with patient and two staff phantoms
located 40 cm apart, (b) presenting the side view. The mobile-screen, patients and staff were
moved to the middle of the room in (c) and (d). A smaller room in (e) and (f) with 237 x237x236
cm dimension is implemented. Radiation tracks are displayed with yellow lines for photons
(y-rays) and red scatter for electrons (B-particles). The concrete-box transparency (light grey)
was reduced to a level for better viewing inside the room.
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> 50%, especially for the skin dose calculations, due to the small dose scoring volume
simulated. Hence, there was a need for a High Performance Computing (HPC) facility
to keep the simulation time to an acceptable duration. Increasing the simulation history
number decreases the uncertainty value, however it will increases the simulation time

to over 48 hours for a standard PC or laptop processor.

The code used contained the structure displayed in Table 6.2.
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Table 6.2: The details of the EGSnrc codes simulated the standard scenario.

Region Simulated Description

Room 437 %437 %236 air box with 20 cm concrete in
all direction.

Geometry Shield Two slabs with 115x80x 1.6 cm thick lead and
definition 80x80x0.6 cm glass lead.

Patient 15 cm radius sphere of soft tissue.

Staff Two spheres with 15 cm radius and 2 shell of
scoring region, all layers are soft tissue.

Scoring regions Inside the staff sphere, 10 um shell at 70 um
depth representing the skin dose and 1 mm
shell at 10 mm depth representing the dose
tissue dose.

Plane Invisible plane divides the staff phantom and
its scoring regions into front and back, where
the front is facing the patient phantom.

Cut-off energies 0.521 - 50.551 MeV for electrons and 0.01 - 50
MeV for photons.

Media Air 0 ¢/cm® density! for the room box.
definitions Lead 11.35 ¢/cm3 density, for the thick half of the
shield.

Lead glass 6.33 g/cm® density, for the glass half of the
shield.

Soft tissue 1 g/cm® density, for the patient and staff
sphere phantoms.

Concrete 23g/ cm3, for the walls, floor and roof of the
room.

Radionuclide Iodine-131

Source Activity 3.7 GBq or 5.5 GBq.
definition Source type Isotropic.

Geometry Placed inside the patient sphere phantom.

Shape The whole room box.

Ausgab Radiation tacks Simulate a line track for every particle,
definition including photons (for y-rays), electrons (for

Dose scoring

B-particle) and positrons.

Report the dose deposited in each region
divided the source normalisation, which is the
number of particles emitted.

Run control

ncase

The number of histories to simulate which
represent the number of incident particles,
1x10° simulations were used in all scenarios.

! The density values are assigned by the EGSnrc to the specified material.

From the resulting simulation output, deposited energy in MeV.cm? and dose in Gy.cm?

with their % uncertainties were extracted. The dose rate (DR) in uSv/MBq - h was
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calculated using the equation below.
DR[uSv/MBq - h] = D[Gy - cm?] x 3600[}] x 10°[MBg] x 10°[uSv] 2)

And the simulated dose rate was calculated by multiplying DR [uSv/MBq - h] by 3.7
GBq and 5.5 GBq. The simulated dose rates were compared to the staff monitoring dose

rates and experimental values.
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6.3 Results

6.3.1 Experimental results

Direction irradiation estimation

The dose rates representing the skin dose and deep dose, Hp(0.07) and Hp(10),
respectively, are displayed in Table 6.3 and the dose rates in ySv/h are plotted against
distance in Figure 6.5. The results show the high attenuation properties of the mobile
screen provided a much safer method of blood withdrawal where there is a need for
close proximity to the patient. Staff collecting blood samples were estimated to be
at a distance of between 40 — 60 cm from the patients” body. The mobile screen was
shown to absorb 95% — 97% of the radiation in deep dose measurement and 92% —
96% for the skin dose measurement. At therapeutic activities of 13!1, being close to the
patient without protected shielding might expose the health worker up to and above 600
1Sv /h for administered activities of 3.7 GBq and approximately 1 mSv /h post 5.5 GBq
administrations. However, healthcare workers do not spend an hour near the patient
and the blood withdrawal by experienced staff would take much less than that. Hence,
the dose was calculated for 5 minutes, since it is expected that blood collection would
take on average 5 minutes, giving a reasonable estimation of the expected cumulative
dose for an exposed health worker in a clinical setting. The resultant dose rate per hour
at each time point is displayed in Table 6.4. The total dose rate from the 5 data points
was collected and corrected to a 5 minute dose rate. For the 3.7 GBq '3!1 capsule, the
total dose for deep dose was 115£37 uSv/5minutes without using the mobile screen
and 612 uSv/5minutes with the screen. The skin dose was estimated to be 114450
and 10£4 uSv/5minutes without and with the mobile screen, respectively. For the
occasionally used 5.5 GBq activity capsule, the dose rate was estimated to be 17156
uSv/5minutes for deep dose and 170£74 uSv/5minutes for skin dose without the
screen, while with shielding it was 943 and 1446 uSv/5minutes for deep and skin

doses, respectively. Compared to the annual constraint for non-radiation worker of 0.3
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mSv [82], if no shielding were used, 38% of the limit might be achieved from spending
5 minutes from 1 patient administered 3.7 GBq and 57% from 5.5 GBq therapy capsule.
While, when using the mobile screen, it would be expected to be at 2% — 3% the annual

constraint for 3.7 GBq capsule and 3% — 5% for the 5.5 GBq capsule.
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Table 6.3: Experimentally measured and calculated/extrapolated dose rates for 3.7 and 5.5
GBq isotopic source of '3!1 placed at variable distances with and without protected mobile
screen, a self-attenuation factor of 0.55 £ 0.17 is applied to the measured values. The percentage
attenuation of the used shielding is also displayed, for skin and deep dose.

Distance (cm)

40 60 80 100

Dose rates

Experimentally measured dose rates for 1.1 GBq

Direct exposure
Deep dose Hp(10) (1#Sv/h) 194 119 66 43
Skin dose Hp(0.07) (#Sv/h) 193 133 69 42
With mobile screen
Deep dose Hp(10) (#Sv/h) 10 5 21 24
Skin dose Hp(0.07) (#Sv/h) 16 5 3 4

Extrapolated dose rates for 3.7 GBq

Direct exposure
Deep dose Hp(10) (uSv/h) 673 412 228 150
Skin dose Hp(0.07) (uSv/h) 668 460 239 145
With mobile screen
Deep dose Hp(10) (1Sv/h) 34 19 7 8
Skin dose Hp(0.07) (#Sv/h) 56 19 11 15

Extrapolated dose rates for 5.5 GBq

Direct exposure
Deep dose Hp(10) (#Sv/h) 1000 613 338 223
Skin dose Hp(0.07) (#Sv/h) 993 683 355 216
With mobile screen
Deep dose Hp(10) (#Sv/h) 50 28 11 12
Skin dose Hp(0.07) (#Sv/h) 84 28 16 22

Percentage attenuation of the mobile screen

Deep dose Hp(10) (#Sv/h) 95% 95% 97% 95%
Skin dose Hp(0.07) (#Sv/h) 92% 96% 95% 90%
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Figure 6.5: Experimentally measured and calculated /extrapolated dose rates for 1.1, 3.7 and
5.5 GBq isotopic source of 13! placed at variable distances with and without protected mobile

screen, referred as shielding in the legend. Where Hp(10) represent the deep dose and Hp(0.07)
is the skin dose in pSv/h.
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Table 6.4: Estimated dose rates at various time point post administration of 13!I capsule for the
activities 1.1, 3.7 and 5.5 GBq with and without the use of protected shielding. The last column is
the total dose rate if it was collected by one health worker who spent 5 minutes near the patient.

Time post administration (hours)

Dose rates Total dose
at 40 cm distance 2 6 24 48 120  rate (xSv/5min)

Estimated dose rates for 1.1 GBq

Direct exposure

Deep dose Hp(10) (#Sv/h) 194 149 45 9 0.08 33+11

Skin dose Hp(0.07) (uSv/h) 193 148 45 9 0.08 33+15

With mobile screen

Deep dose Hp(10) (uSv/h) 10 7 2 0.5 0.004 1.7+0.5

Skin dose Hp(0.07) (uSv/h) 16 13 4 0.8 0.01 3+1
Estimated dose rates for 3.7 GBq

Direct exposure

Deep dose Hp(10) (#Sv/h) 673 517 157 32 0.3 115+37

Skin dose Hp(0.07) (uSv/h) 668 513 156 32 0.3 114450

With mobile screen

Deep dose Hp(10) (#Sv/h) 34 26 8 1.6 0.01 6+2

Skin dose Hp(0.07) (uSv/h) 56 43 13 2.7 0.02 10+4
Estimated dose rates for 5.5 GBq

Direct exposure

Deep dose Hp(10) (uSv/h) 1000 768 234 48 0.4 171+56

Skin dose Hp(0.07) (uSv/h) 993 762 232 48 04 170+74

With mobile screen

Deep dose Hp(10) (uSv/h)) 50 38 12 24 0.02 9+3

Skin dose Hp(0.07) (uSv/h) 84 64 20 4.0 0.03 14+6
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Attenuation of the mobile shield

Table 6.5 shows that most of the radiation was attenuated by the thick part of the shield
(96% and 97%) while there was a decrease in the attenuated dose by the glass shield, to
76% and 79% for deep and skin dose, respectively. However, most of the patient’s body
would be expected to be shielded by the thicker part of the shield with only the head
shielded by the lead glass shield. Placing the source at the border of the two shields
returned a 96% and 94% reduction in the dose rates. The effective thickness of the
shielding was calculated to be 14 mm and 6 mm lead equivalence for the thicker lead

and glass lead parts, respectively, while using the T source.

Table 6.5: The shielding thickness of the two parts of the mobile screen used during blood
collection as measured for the thick part, glass part and at middle level of the screen.

Dose rate (#Sv/h) Shielding attenuation Shielding (mm)

Height g} elding part
(cm) 8P Hp(10) Hp0.07 Hp(10)  Hp(0.07) Hp(10)
67 No shielding 21 28
67  Thickshield 08 0.9 96% 97% 14
127 Glass shield 5 6 76% 79% 6
109  Noshielding 1408 1511
109  Middlelevel 60 95 96% 94% 14
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6.3.2 Staff monitoring results

The staff monitoring approach included dose rates measured directly while taking
blood samples from the patients, and calculated dose rates expected from the collected

blood once its radioactivity was quantified.

Direct irradiation

Table 6.6 displays the resultant dose rate as averaged over the patient sample (N) for
each time point. The actual measurements collected using the EPD for deep and skin
doses and the estimated measurements without shielding were calculated by using
the middle level attenuation percentages of 96% and 94% for deep and skin doses,
respectively (Table 6.5). The table shows a total dose rate of 9.5 & 3.5 ySv/5min deep
dose and 12.1 £ 6.3 uSv/5min skin dose would result to one health worker from
collecting 5 blood samples from one patient, using shielding at the 2, 6 and 24 hour time
points. If no mobile screen was used and the health worker was at 40 cm distance from
the patient, then the collection of five blood samples could lead to a dose rate of 159.3 &
66.1 uSv/5min for deep dose and 128.1 + 71.5 uSv/5min for skin dose. Table 6.6 also
displays the dose rate in ySv/h in order that the dose rate for any duration of blood
collection may be estimated. The Table also shows dose rates at 6h post administration
to be higher than 2h values, which might be caused by the different distribution of 3!1

in the patient body between 2h and 6h time point.
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Table 6.6: The measured dose rates from the EPD as worn by the health worker collecting a
blood sample were averaged. The table display the actual measurement as read by the EPD
and estimated value if no shielding were used during the first 3 data points. Also displayed are
time since administration, the number of samples collected (N), cumulative dose received by
the health worker, hourly dose rate (1Sv/h) and 5 minutes dose rate (#Sv/5min). Total dose
rate for 5 samples is the expected dose rate if one health worker collected the 5 blood samples.

Time Average dose Dose rate Dose rate
Dose rate since N (uSv) (uSv/h) (#Sv/5min)
admin (h)! Mean + StDev Mean + StDev Mean =+ StDev
2 13 1.6 = 0.7 37.6 £ 23.8 3.1+20
Actual 6 14 24414 44.5 + 283 37424
measurement 24 12 0.7 £ 0.6 16.5 £+ 19.1 14+1.6
for deep dose 48 11 0.6 + 0.6 10.9 £ 6.6 0.9+ 0.6
Hp(10) (4Sv) 120 4 04+ 04 4.6+37 04+03
Total for 5 samples 58+ 1.8 114.1 +-42.3 9.5+35
2 13 2.0+1.7 48.5 £ 51.6 40+43
Actual 6 14 3.2+20 54.3 £+ 32.5 454+27
measu.rement 24 12 1.2+14 28.3 +42.9 24+ 3.6
for skin dose 48 11 054 0.6 7.1+ 6.0 0.6+ 0.5
Hp(0.07) (#Sv) 120 4 0.5+ 0.3 7.0 + 5.0 0.6 + 0.4
Total for 5 samples 73 £3.1 145.1 £75.0 121+ 6.3
Estimated 2 13 30.8+14.1 714 + 45 59.5 + 37.6
measurement 6 14 461+263 846 + 538 70.5 + 44.9
without shielding 24 12 1344108 313 + 362 26.1 +30.2
for deep dose 48 11 15+21 33.8 £ 61.9 28+52
Hp(10) (4Sv) 120 4 04+04 4.6 + 3.7 04 +03
Total for 5 samples 92.1 £31.9 1911.4 £792.3 159.3 £ 66.1
Estimated 2 13 226+198 557 + 593 464 +49.4
measurement 6 14 366+228 625 + 374 52.0 +31.2
without shielding 24 12 1334160 325 + 493 27.1 +41.1
for skin dose 48 11 13420 23.7 +38.7 2.0+ 32
Hp(0.07) (4Sv) 120 4 05+03 7.0 + 5.0 0.6 + 0.4
Total for 5 samples 74.3 +34.2 1537.7 + 858.0 128.1 £71.5

! Presented time point are an approximate, real blood collection occur within =+ 2
hours of displayed time.
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Table 6.7 shows the staff involved in blood collection, the number of times they collected
blood (N), time duration spent taking the sample and the cumulative dose by SJH
healthcare workers while collecting blood for this study. 14 patients were involved in
these measurements and 14 health workers collected 54 blood samples, labelled as Staff
1, Staff 2, ..., Staff 10 in the table, where 'Others’ are 4 health worker each one of whom
collected one blood sample. Since most blood were collected by Staff 1 and Staff 3, the
total time spent near the patient during the whole study period was 45 and 28 minutes,
respectively. The annual doses were 29.9 and 32.8 uSv/year for deep and skin dose for
Staff member 1, and 12.0 and 17.7 uSv/year for deep and skin dose, respectively, for
Staff member 3. If no shielding was used in this study then Staff 1 would have exceeded
the annual dose constraint of 0.3 mSv for a non-radiation worker for deep dose and
Staff member 3 would have been exposed to 76% of the dose constraint. Although Staff
member 7 spent 35 minutes per year collecting blood samples, their involvement was at
time points >48 hours post administration which resulted in a low total dose rate of 4.8

and 2.7 uSv/year for deep dose and skin dose, respectively.
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Table 6.7: The exposed total dose rate to the health workers involved in blood collection (Staff).
The table includes: the number of blood samples collected (N), the average + standard deviation
and the total sum of the duration the health worker spend near the patient in minutes, the
annual dose rate of the staff exposed through the total duration of this study and the estimated
annual dose rate without shielding, for deep dose (Hp(10)) and skin dose (Hp(0.07)). Also
displayed in the last column is the % of the deep dose without shielding from the non-radiation
worker would be exposed to of the dose limit of 0.3 mSv/year.

Estimated no

Duration Total shielding

. dose rate total % from

Staff number N (min) uSvlyear dose rate dose
jSvlyear limit!
Mean  Sum Hp(10) Hp(0.07) Hp(10) Hp(0.07)

In-patient
Staff 1 16 28412 45 29.9 32.8 568.3 377.0 189.4%
Staff 2 6 42+22 25 6.8 10.2 128.4 117.0 42.8%
Staff 3 9 31&£13 28 12.0 17.7 227.0 204.0 75.7%
Staff 4 3 53406 16 3.8 7.3 71.8 84.2 23.9%
Staff 5 3 40&£1.0 12 3.4 54 65.2 61.6 21.7%
Staff 6 2 20400 4 1.7 0.8 31.9 8.6 10.6%
Others 4 45430 18 5.7 1.0 108.3 114.8 36.1%
Out-patient?
Staff 7 11 32413 35 4.8 2.7
Staff 8 4 38413 15 3.0 3.0
Staff 9 5 40414 8 0.86 0.08
Staff 10 2 10.0£42 20 0.9 1.8

! The percentage of the deep dose (Hp(10)) without shielding compared to the
annual dose limit of 0.3 mSv [118].

2 No shielding was used in blood sampling from outpatients.
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Blood dose rates

The activity (per ml) in each blood sample was quantified using a well counter (ORTEC
Nal well detector and PMT) after 2 — 3 weeks of withdrawal, to avoid high dead time,
and then corrected for decay to the collection time. The activities of the blood samples
as measured from 12 patients are displayed in Table 6.8. The table shows the activity
in MBq in 1 ml, 4 ml and 7 ml of blood at the required time points post administration
of 3.83 & 0.15 GBq of '3!I. The table shows a minimum activity of 0.4 &= 0.2 MBq is
estimated from the 2 hours blood samples, and a maximum for two vials, with full
capacity, to be 0.8 &= 0.3 MBq. The sum of the 5 blood samples was between 0.9 + 0.3
MBq and 1.6 & 0.6 MBgq.

Table 6.8: Radioactivity in blood samples withdrawn from DTC patient post therapeutic
administration of 13!I. The tables demonstrates the blood samples at each time point since
administration (in hours) and the sum of the 5 samples, the radioactivity was multiplied by 4
and 7 to account for the minimum and the maximum blood volume expected at each time point.

Radioactivity in blood sample (MBq)
Mean =+ StDev

Blood volume Time point (h)

2 0.11 £ 0.04
6 0.08 + 0.02
1 ml of blood 24 0.03 £ 0.01
48 0.006 + 0.008
120 0.002 £ 0.002
Sum of 5 blood samples 0.22 £0.08
2 04+02
6 0.32 +0.08
4 ml of blood 24 0.10 £ 0.05
48 0.03 +0.03
120 0.005 £ 0.009
Sum of 5 blood samples 09+£03
2 0.8+0.3
6 0.6 £0.1
7 ml of blood 24 0.18 + 0.09
48 0.05 + 0.06
120 0.01 £0.02
Sum of 5 blood samples 1.6 £0.6

The dose rates from the blood (Table 6.9) were calculated at 1 cm and 5 cm distance, to

estimate the expected exposure from carrying the blood samples by hand. The table
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shows a dose rate of 208.7 — 365.1 uSv /h if the 2 hour blood sample were carried at 1
cm distance without protected shielding, while it decreases to 8.35 -14.6 uSv/h ata5
cm distance. The dose rate from the sum of the 5 blood samples can reach a maximum

752.5 uSv/h but decreases dramatically at 5 cm distance to 30.1 uSv/h.

Table 6.9: The dose rate corresponding to the activity of blood samples as calculated at 1 and 5
cm from the sample for minimum blood volume expected (4 ml) and the maximum (7 ml).

Activity Range (MBq) Dose Rate at1 cm (#Sv/h) Dose rate at 5 cm (¢Sv/h)

Time

point (h) Min Max Min Max Min Max
2 0.4 0.8 208.7 365.1 8.3 14.6

6 03 0.6 156.9 2745 6.3 11.0

24 0.1 0.2 49.4 86.7 2.0 35

48 0.03 0.05 12.6 21.8 0.5 0.9
120 0.01 0.01 2.4 4.4 0.1 0.2
Sum 0.9 16 | 430.0 752.4 | 17.2 30.1
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6.3.3 MC simulations

The resultant dose rates representing the skin dose and deep dose, Hp(10) and Hp(0.07),
respectively, are displayed in Table 6.10. Where the simulation resulted in the maximum
dose rate at 2h post administering 3.7 or 5.5 GBq, the 2h time point assumes that the
entire capsule activity remains in the patient’s body and the decay is negligible since
the patient avoids micturition until after this measurement. Later time points were
estimated using a published effective half-life value of 10.5 & 1.5 h in DTC patients
prepared by Thyrogen” injection [22]. The total dose rate from the 5 data points was
collected and corrected to a 5 minute dose rate. A substantial amount of radiation was
attenuated by the mobile screen. The attenuation was 94.4% for the deep dose and 93.0%
for the skin dose, which were similar to the experimentally measured attenuations (Table
6.5). For the 3.7 GBq '®'I capsule, the deep total dose rate was 79.9+4.7 uSv/5minutes
without using the mobile screen and 5.1+0.3 xSv/5minutes with the screen in place.
For the skin doses, estimations were 103.9+6.5 and 8.0£0.6 uSv/5minutes without
and with the mobile screen, respectively. For the occasionally used 5.5 GBq activity
capsule, the dose rates were 118.7£7.0 uSv/5minutes for the deep dose and 154.4+9.7
uSv /5minutes for the skin dose without the screen, while behind the shielding the dose
rates were 7.6+0.5 and 11.8+1.0 uSv/5minutes for deep and skin doses, respectively.
Compared to the annual dose constraint for non-radiation worker of 0.3 mSv [82], if
no shielding were used, 26.7% of the limit might be achieved from spending 5 minutes
with a patient administered 3.7 GBq and 39.6% from a patient administered a 5.5 GBq
therapy capsule. When using the mobile screen, the doses would be 2% — 3% of the
annual dose constraint for 3.7 GBq capsules and 3% — 4% for the 5.5 GBq capsule, which

agrees with the experimental measurements.
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Table 6.10: The result of EGSnrc simulation where dose rates at 2 hours” time point post
administration of 13! capsule were estimated for the activities 3.7 GBq and 5.5 GBq with and
without the use of protected shielding. Later time points were calculated based on published
effective half-life [22]. The last column is the total dose rate if it was collected by one health
worker and spend 5 minutes near the patient.

D Time post administration (hours) Total
ose rates at 4 .
40 cm distance 2 6 24 48 120 ose rate
(#Sv/5min)

Estimated dose rated for 3.7 GBq

Direct exposure

Deep dose Hp(10) (uSv/h) 4675 359.0 1094 22.4 0.19 79.9+ 4.7
Skin dose Hp(0.07) (uSv/h) 6079 4669 142.3 29.2 025 103.9 £ 6.5
With mobile screen

Deep dose Hp(10) (uSv/h)  29.8 228 7.0 14 0.012 51403
Skin dose Hp(0.07) (uSv/h) 46.7 358 109 2.2 0.019 8.0+ 0.6

Extrapolated dose rates for 5.5 GBq

Direct exposure

Deep dose Hp(10) (uSv/h) 6949 533.6 162.6 33.4 029 118.7+7.0
Skin dose Hp(0.07) (uSv/h) 903.7 694.0 211.5 43.4 037 1544 +9.7
With mobile screen

Deep dose Hp(10) (uSv/h) 442 340 104 2.1 0.018 7.6+0.5
Skin dose Hp(0.07) (uSv/h) 69.3 533 16.2 3.3 0.029 11.8+1.0

The effect of different room size, design and staff location is displayed in Figure 6.6
(detailed numbers in Table A1.8 in Appendix A1.5). A small fluctuation arose when
changing the room design. Decreasing the room size caused an increased skin and deep
dose, while having a 10-cm increase in wall thickness caused a slight decrease in the
deep dose. Moving the mobile screen to the centre of the room also caused a decrease
in both skin dose and deep dose. The coefficient of variation among the 4 scenarios is
less than 5% when not using a mobile screen, but it is within 5.1 — 15.1% for a mobile

screen.
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Figure 6.6: Column charts presenting the effect of different scenarios implemented in EGSnrec,
where standard is the 13! suite with mobile screen placed 100 cm from one wall, small room
reducing 200 x200cm from the 13! room dimension, thick wall is increasing 10-cm concrete in all
direction and middle is moving the mobile screen to the middle of the room with patient-staff
distance remaining 40 cm apart in all scenarios. (a-d) is with staff behind mobile screen, while
(e-h) is without any protective measure.
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6.3.4 Results comparison

A summary of the estimated dose rates is presented in Table 6.11 and in Figure 6.7.
The results show the staff monitoring measurements being the highest and having the
largest variability. This could be due to the nature of the blood collection, where the
healthcare worker may not stay at the 40 cm distance from the patient and given the
variation in the blood collection technique of the different staff involved. The simulated
values have the lowest uncertainty among the 3 methods. The staff did not have dose
rates measurements for an activity of 5.5 GBq since all patient of this cohort were

administered 3.7 GBq.

Table 6.11: The total dose rates for in xSv/5min for the five data points if it was collected by
one health worker and spend 5 minutes near the patients. The table displays experimental, staff
monitoring and simulated values for deep and skin dose with direct exposure and with mobile
screen.

Dose rates at 40 cm distance Total dose rate (1Sv/5min)

Experimental Staff monitoring Simulated

Estimated dose rates for 3.7 GBq

Direct exposure

Deep dose Hp(10) (#Sv/h) 115 + 37 159.3 £ 66.1 79.9 £ 4.7
Skin dose Hp(0.07) (uSv /h) 114 + 50 128.1 +£71.5 1039 + 6.5
With mobile screen

Deep dose Hp(10) (1Sv/h) 6 +2 95+35 51403
Skin dose Hp(0.07) (#Sv/h) 10+ 4 121 +6.3 8.0+ 0.6

Estimated dose rates for 5.5 GBq

Direct exposure

Deep dose Hp(10) (#Sv/h) 171+ 56 1187+ 7.0
Skin dose Hp(0.07) (#Sv/h) 170 + 74 1544 +9.7
With mobile screen

Deep dose Hp(10) (#Sv/h) 943 7.6 £05
Skin dose Hp(0.07) (#Sv/h) 14 +6 11.8 + 1.0
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Figure 6.7: Column charts for presenting the total dose rates for 5 data points in #Sv/5min
per patients as estimate using experimental, staff monitoring and simulated with EGSnrc
measurements. The plots shows deep dose and skin dose for 3.7 GBq activity in (a) and (b) and
for 5.5 GBq in (c) and (d). Each bar have uncertainty range presented.
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6.4 Discussion

Performing a during-therapy dosimetry protocol requires close proximity to the patient
when collecting samples. With administered activities of up to 7.4 GBq used in a single
administration, there is an increased radiation dose to the healthcare workers relative to
centres where dosimetry is not performed. There are many remote radiation monitoring
devices that can be used for whole-body measurement, but blood withdrawals must be
carried out by a healthcare worker at close distances, starting at 2 hours post radioiodine
administration. Occupational exposures received from patients post administration
of therapeutic capsules have been assessed by several studies [119, 225, 226], however,
most consider measurements starting from 24 hours post administration and at a 1 meter
distance. No studies to date have quantified the dose rate received by the healthcare
worker while collecting blood samples. Hence, the occupational exposure while
collecting blood samples was first assessed experimentally, to validate the effectiveness
of the shielding used, and to provide an estimate of possible dose rates. Subsequently,
the instantaneous dose rates were monitored for every staff member involved in blood
collection using an EPD. Finally MCS were performed to provide a simulated estimate
of dose rates from radioactive inpatients post administration of 3.7 GBq and 5.5 GBq
31T in a simulated room mimicking that of the 131 suite at SJH. All the measurements of

occupational dosimetry were conducted with and without the mobile screen used.

Staff monitoring measurements were recorded and summarised for 14 health workers
involved in collecting the blood samples. The resultant values showed a high
variability and were higher than the experimental measurements for deep dose (p < 0.05,
two-sample t-test) but non-significantly difference for the skin dose estimations (p > 0.05,
two sample t-test). These values were expected, as the experimental measurements were
performed at a fixed 40 cm distance, while the distance of the staff monitoring values
were not exactly known but estimated to be approximately 40 cm. The values measured
from direct exposure were comparable to published values [119], where a nursing staff

members cumulative dose is expected to be 180 — 1230 uSv/h (15 — 102.5 ySv/5min)
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during a 7-day working shift, for a range of self-caring to totally helpless patients. All
patients in the study were self-caring and a risk assessment and dose estimation was
performed before administering therapeutic activity to assess whether patients required
carers. None of the examined cohort required a carer. For the healthcare workers
included in the data collection, none were exposed to a dose rate near the annual dose
limit of 0.3 mSv/year and a maximum duration spent near the patient was 10 minutes.
When, in two cases, the time duration reached 10 minutes, the blood collection was
stopped. The highest total annual dose was received by a staff member while collecting
16 blood samples with the use of mobile screen. It was estimated to be 29.9 uSv /year for
deep dose and 32.8 uSv/year for skin dose. This deep dose would represent 10% of the
annual dose constraint for a non-radiation worker. However, if no mobile screen were
used, then the annual constraint would be exceeded, as the dose would be projected to
reach 568.3 uSv/year. The exposed dose rate depends on the time spent near the patient
and, hence, limiting this time would be a major factor for reducing dose. The factors
affecting a decrease blood withdrawal time may include: the healthcare worker blood
withdrawal experience, patient hydration, medication and previous blood sampling
from the same location. When planning for blood collection, these factors should be
considered to minimise staff being in close proximity to the patient in order to keep it

ALARA.

The blood radioactivity was quantified in this study at 2, 6, 24, 48 and 120 hours post
administering 3.7 GBq. Larkin et al. [124] quantifies the blood radioactivity at 1, 4, 24,
48,72 and 96 hours post administrating 1.1 - 3.7 GBq of 13!1. Our reported values falls
within the published range of Larkin et al. [124] for 24 an 48 hours. Other time points in
the Larkin et al. [124] study were different from the time points used in this study. The
24h activity was not significantly different from the published values by Larkin [124]
(p = 0.124, two-sample t-test), while the 48h value was significantly lower (p = 0.023,
two-sample t-test). This is likely due to our corresponding time point which ended
up collected later, approximately at 54 hours post administration for most patients,

due to the departmental workload. A larger sample would be needed to validate the
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results. The blood samples were transported in a lead container. However, a dose rate
of 209 — 365 uSv/h would be expected if the 2h blood sample was carried by hand, at
1 cm distance from the sample. Carrying the blood samples at larger distances or in a

shielded carrier is recommended.

MCS is another mean of estimating the exposed dose rate and is considered to provide
more accurate values with a much lower uncertainty possible for increased simulation
histories. Although the experimental dose rates were relatively easy to conduct, they
resulted in high uncertainty. The EPD measurements had a 6% reproducibility for
deep dose and a 30% reproducibility for skin doses, alternative reproducible device
might provide more accurate results. In addition, further uncertainty was caused by the
self-attenuation factor used [228] and the effective half-life of the 13! in the patient [22].
The MSC uncertainty was calculated to be less than 2% for front deep dose and within
5% for front skin dose. The uncertainty value can be decreased further by increasing the
simulation history number. The computed value of total skin dose was not significantly
different from experimental values for skin dose (p > 0.05, two sample t-test) but was
significantly lower for deep dose estimates. The MCS values were lower than the staff
monitoring results for both deep dose and skin dose. However, there was no significant
difference between experimental and simulated values for both skin dose and deep dose
values where shielding was included. The simulated measurements underestimated
the staff monitoring values in this study, most likely due to the ideal and simple setup
assumed in the simulation. In practise, the distance between the staff and patient may
be less and the positioning of the staff and patient relative to the shielding may differ
from the MCS. Further, the MCS assumed that the Radioiodine patient suite was a plain
empty room with only staff/patient phantoms and a mobile screen within it. For this
method to be more accurately implemented, more realistic scenarios would need to be

considered in the simulation.

Investigating the dose received to the front and back of the MSC staff phantom showed
that approximately 30% of the exposed dose rate would be to the healthcare workers

back, not facing the patient, as a result of scattered radiation. Healthcare workers
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usually wear their EPDs at the front and, hence, the dose rate to their back would
not be recorded as absorbed by the staff body. Additionally, the quantity of scattered
radiation contributing to the dose rate can be affected by the room size, the patient
and staff location in the room and also the thickness of the room walls. A staff dose
rate coefficient-of-variance of 8% was recorded for the front part of the staff phantom,
reaching 19% variation for the staff members back. A higher dose rate was reported
for smaller rooms and thinner walls. The room size and the material used should be
considered during the design construction of new iodine suites, and when conducting a

risk assessment in already-built centres.

The limitations of this study include the high uncertainty of the EPDs and also the
differences in accuracy across the different EPDs used, alternative device with better
reproducibility is preferable. In addition, as mentioned the staff performing the blood
withdrawals were assumed to be at an average distance of 40 cm. In reality, the
healthcare workers move to different patient-to-staff distances during collection, in order
to improve patient comfort and decrease the collection time. Some healthcare workers
expressed the added inconvenience of collecting blood samples behind a lead shield,
but this study justified the need for a mobile screen while collecting the blood sampled.
The exact room wall material and thickness was not known, however, a reasonable
estimate of the a 20-cm thick concrete wall was used. The use of sphere phantom was
chosen due to its simplicity, an alternative phantoms with slap body, cylindrical wrist
and finger phantoms was suggested by the ICRU [219]. A more accurate model could be
implemented with knowledge of the actual material and considering windows, doors,
etc. The study assumed that there were five data sampling points collected by the same
healthcare worker, for the sake of comparison. However, due to changes in work shift
rostering this meant that different healthcare workers were involved at different time
points for patients. The model used did not consider other means of radiation exposure

while present in patient room, including the room contamination.

In conclusion, this chapter demonstrates MCS using EGSnrc as a method for providing

an input data for risk assessment before implementing a new practice or for a
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retrospective estimate of health worker dose rates where there is close proximity
to radioactive patients. The EGSnrc simulations can be adjusted to simulate the
centres exact room dimensions, materials used, available shielding and can be altered
for any radioactive source and for any distance. As such, MCS could be used for
room design (including: room size, layout, choice of material), dosimetry protocol
design, staffing level determination and shielding requirement. The estimated dose
rates for different circumstances and scenarios with the patients (e.g. longer blood
collection or additional care) might determine the patient suitability for blood and
bone marrow dosimetry considering the existing room setup and the availability of
personal protective equipment at the centre. Although published values provide dose
rates estimates, this work accounted for the administered activity, blood collection
time points, patient-to-staff distance, shielding available at the centre and the room
design. The model of this study was close to the range of the staff monitoring and
experimental measurements. Additionally, this study highlights the importance of
protective shielding during radioactive blood collection and transportation, as the main

factor to reduce staff doses.
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The work of this thesis aimed to optimise the implementation of radioactive iodine
therapy dosimetry by investigating a number of aspects necessary for implementing
a personalised treatment approach for thyroid disorders. In benign thyroid disease, a
retrospective study examined increasing the feasibility of implementing the dosimetry
protocol by replacing the use of I in thyroid uptake measurement by the more
widely available #"Tc scintigraphy. The suggested model failed to produce a high
predictability in estimating '3!I thyroid uptake for the female cohort, but produced
a good model for males. The study showed the necessity in gender consideration
in management of thyroid disorder. Implementing a dosimetry protocol using an
alternative tracer other than '3 requires a centre-specific validation. Additionally,
another retrospective study aimed to increase the probability of achieving successful
outcome and restoring normal thyroid function by analysing clinical parameters
for their impact on treatment outcome. The results showed that a combination of
several parameters significantly correlated with treatment outcome; age, gender, severe
biochemical hyperthyroidism and 13!1 thyroid uptake, which matched published studies.
Although the study failed to demonstrate a statistical difference in the average outcome
between patients administered a personalised activity versus an empiric activity, a
large sample of patients receiving significantly less than the empirical activities had
a successful outcome, especially in multi-nodular goitre. This demonstrated that the
effectiveness of dosimetry in benign thyroid disease should consider the thyroid status

outcome and also the effective doses required to achieve a euthyroid state.

The dosimetry for differentiated thyroid cancer was optimised by employing a protocol
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for a patient preparation method with to-date insufficient data in literature, by validating
a feasible way of implementing the EANM protocol and assuring the safety of data
collection to the health workers involved. A clinical cohort study was implemented
to investigate the predictive power of pretherapy in patients prepared with the less
commonly used Thyrogen injection (rhTSH), rather than hormone withdrawal, where
both have been proven to have a comparable ablation outcome. The maximum tolerable
activities (MTA) in 1T dosimetry before therapy were compared to during 31 therapy
dosimetry for a cohort of patients. When using the EANM, AIFM and Traino models,
all showed there to be no significant difference in the '3!I biokinetics in pretherapeutic
assessment compared to during therapy, with the EANM method having the least
difference. The study concluded that pretherapy assessment to be a strong predictor of
post therapy dosimetry, irrespective of the preparation method. However, caution must

be practiced for patients with co-existing illnesses affecting the renal function.

The protocol implemented in this thesis facilitates conducting during therapy dosimetry
with minimum staff involvement, and hence, reducing the work load and minimising
radiation exposure in cases when retrospective evaluation of critical organ absorbed
doses is needed. The whole-body probe measurement was performed by the patient
themselves, with staff involved in the data analysis aspect only. Further, an alternative
method of blood collection was conducted where the venous blood sampling technique
was compared to a finger-prick blood sampling approach. A high degree of accuracy
was achieved with blood radioactivity quantified using capillary blood collection using
the finger-prick method. The method would need a patient trial to be conducted to
assess whether patient self-sampling using a suitable tool would be practical. With the
whole-body measurement approach and blood samples potentially collected by the

patient, the staff involvement would be in sample analysis and result computation.

Finally, the dosimetry protocol and data collection for the work of this thesis proved to
be within ICRP radiation exposure dose constraints for the non-radiation worker, with
the employment of protective measures used during blood collection. Without a mobile

screen to attenuate the radiation dose, the staff collecting the blood would carry the risk
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of potentially exceeding limits in busy centres. The work of this thesis also proposed a
method for accurate radiation exposure estimation using Monte Carlo simulation with
EGSnrc. Simulated scenarios can be adjusted to match a centre’s exact room dimensions
and available protective measures and could be altered to suit any radioactive source,

achieving dose rate measurements with acceptable uncertainty.
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Al | Appendices

Al.1 Statistical analysis

The statistical tests used for data analysis of this thesis are briefly summarised. All the
statistical tests of this thesis were computed using statistical software or programming
software. Any statistical test not used in the data analysis in this thesis were excluded

from the summary.

Hypothesis testing

After data collection, an assessment or test is performed to examine how much evidence
there is against a specific hypothesis about the population. The test usually includes
a null hypothesis (Hp) which assumed that there is no effect in the population and
an alternative hypothesis (H;) which states that Hy is not true. A specific theoretical
probability distribution is followed by test statistics. After conducting the statistical
test on the investigated sample, a value related to the distribution is obtained and the
area under both (or one) tails of the probability distribution is the p-value. The P-value
indicates the probability of obtaining our result, or something more extreme, if the Hy
is true. We set a certain significance level, conventionally 0.05, and state if there is < 5%
chance of the results occurring if the null hypothesis is true. Hence, we may significantly
reject Hp. Otherwise, with a p-value > 0.05, we do not have sufficient evidence to reject

Hj and, hence, the results are not significant at the 5% level [230].
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Normality test

The validity of several statistical tests, like hypothesis testing, lies in the assumption that
the data is normally distributed. A normality test is performed to check if the normality
assumption is valid. In this thesis the Anderson-Darling test was used when normality
testing was needed, where the Hy states that the data follows a normal distribution and
H; that the data does not follow a normal distribution. A significance level of 0.05 is
used, where this indicates that there is a 5% risk of falsely concluding that the data does
not follow a normal distribution. Hence a p-value of < 0.05 leads to rejecting Hg and
p-value > 0.05 fails to reject Hy. Alternatively, normal probability plots can be visualised.
These are a graphical technique where the data is plotted against a theoretical normal
distribution with a straight line indicating normally distributed data and a deviation for

the straight line indicating the existence of outliers or skewness of the data. [230]

Outlier test

Outliers are observations that deviate and are incompatible from the rest of the data.
They could be genuine results that are simply extreme, or could be an error occurring
during data collection or calculation. An outlier test is conducted to identify outliers.
The Grubb’s test or maximum normalised residual test is used [231]. It is based on the
normality assumption. It calculates the largest absolute deviation from the mean in
units of the data-set standard deviation. A significance level of 0.05 is used to test the

Hy that the dataset has no outliers.

Numerical data

Numerical or quantitative data are observations having a numerical value and they can
be discrete or continuous in nature. Analysing numerical data depends of the number

of groups.

¢ The One-sample t-test is used when there is a single group of individuals and we

are testing whether the sample mean is significantly different from a certain value.
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¢ The Paired t-test is used when two sample are related to each other. It may be
that the observations in the different samples are acquired under two different
circumstances, or each individuals in each group is matched to another in another

group. The difference between the paired observation is tested.

* The Two-sample t-test is used when there are two independent groups. The mean

of each group relative to the other is compared.

¢ The One-way analysis of variance (ANOVA) is used when there are more than
two set of independent groups. We test whether between-group variation is

significantly different from the within-group variation.

The null hypothesis in these tests assumes a difference of zero relative to the alternative

hypothesis of difference not equal zero. [230]

Categorical data

Categorical or qualitative data is when the observation belongs to a number of distinct
categories. This data can be binary, containing only two categories, or nominal data,

without having a certain order, or ordinal data, where the data have certain order.

[230]

* A single proportion is used for a single sample of individuals where the data set
is summarised with proportion. The proportion of the group is tested to examine

if it is equal to a certain value.

* The Chi-square (x?) test is used for two independent groups. The proportion of
the first group is compared to the other, with null hypothesis of no difference in

group’s proportions.

 The Chi-square (x?) contingency table is used for more than two groups, where
the individuals are classified into factors. The association between the factors is

tested, with the null hypothesis of no association between the factors.
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Correlation

The correlation analysis is measuring the degree of association between two variables.

[230]

* Pearson correlation: A linear relationship is assumed between the two groups.
The difference from the linear relationship is measured by calculating the
correlation coefficient (r). It ranges between -1 to 1 where the sign indicates
a proportional or inversely proportional relationship, and the magnitude indicates

how close the points are to the straight line.

* Spearman’s rank correlation: A Spearman’s rank correlation is calculated when
the association between the two groups is not a linear association. The sample is
small with both groups not normally distributed or one of the two groups is an

ordinal dataset.

Regression analysis

¢ Linear regression investigates the linear relationship between two numerical
groups, x and y, where y is dependent on x. x is the independent predictor and y

is the outcome or the response.

* Goodness-of-fit: We examine how well the regression model fits the observation
by calculating R? (it is equal the square of correlation coefficient). It is the

percentage of y that can be explained by its relationship to x.

* Binary logistic regression: It is similar to the linear regression with numerical
predictors, but the outcome is a binary data. The test is conducted to determine
which variables affect the outcome and evaluates the probability of a certain

independent predictor having a certain outcome.

* Nominal logistic regression: It is a logistic regression but the outcome is for more

than two groups, nominal data.

* Ordinal logistic regression: It is a logistic regression but the outcome is for more
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than two groups with certain order, ordinal data. [230]

Bland Altman plot

This is a method of data plotting used in analysing the agreement between two different
protocols. It was suggested by Bland & Altman in 1983 to [166], displayed as plots of
the difference between the two measurements versus their average. Similar to this plot

is the Tukey mean-different plot.

Power and sample size

The optimal sample size for a test is calculated at the design stage by defining the power,
the chance of detecting a specific significant effect if it exists, the significance level,
the variability of the observation and the smallest effect of interest. The power level
is usually set to 80% with 5% significance level. The smallest effect is defined by its
clinical importance, but the variability of the observation is difficult to provide. It can
be defined from previous published studies with similar outcome or by conducting a

pilot study as a preliminary investigation. [230]

A1.2 Patient information leaflet and Consent form

The research study performed in Chapters 4 and 5 required a patient information leaflet
and a consent form, which were given to the participants, explained and signed before
commencing the study. These documents were reviewed and approved by Tallaght
University Hospital/ St James’s Hospital Joint Research Ethical committee on the 29th
August 2019 (REC: 2019-08 List 31 (04)). The patient information leaflet is attached in

next pages followed by the consent form.
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Trinity College Dublin
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The University of Dublin

PARTICIPANT INFORMATION LEAFLET

Blood Dosimetry

Principal Investigators:
e Mrs Amna Al Jabri: Post graduate researcher physicist, Trinity College Dublin
e Dr Marie-Louise Healy: Consultant Endocrinologist, St James’s Hospital
e DrJennie Cooke: Senior Physicist, St James’s Hospital
e Dr Sean Cournane: Senior Physicist, St Vincent’s University Hospital

You are being invited to take part in a research study to be carried out jointly by the
Nuclear Medicine and Endocrinology departments at St James’s Hospital.

Please read the information sheet carefully and do not hesitate to enquire about any details
which may not be clear to you. Please take your time to decide whether you wish to take
part in the study or not. Thank you for reading this.

Please note this research study will result in a slight change to the timing of your treatment
plan than the standard care. The purpose of the study is to gather more information during
your treatment to increase our understanding of how your body behaves after taking the
treatment. This information will benefit your endocrinologist in judging the suitability of
your treatment.

PART 1 - THE STUDY

‘ Why is this study being done? ‘
In radioiodine treatment, the same dose is given to all patients. This study aims to
investigate the possibility of personalized radioiodine treatment. The current treatment
protocol does not provide us with the necessary information to personalize the treatment
dose. Therefore, this study will gather more information than before about how your body
absorbs radioiodine. It will also help us assess the possible side effects of the administered
dose. The consultant endocrinologist will benefit from this knowledge in planning any future
treatment for you and others.

Why am | being asked to take part?
You are being asked to take part in this study as you have been diagnosed with thyroid
cancer and are being referred for radioiodine treatment.

Do | have to take part? What happens if | say no? Can | withdraw?

You are not obliged to take part in this study and refusal to participate will not affect your
therapy. You can change your mind at any time before or during the study without having to
justify your decision and without any negative impact on the care you will receive from the




medical staff. If you decide to withdraw please inform any member of your endocrinology
team or the physicist.

How will the study be carried out?
The study is comprised of two stages, “after test dose” and “after treatment dose”. Blood
sampling and whole-body measurement according to the below table are considered part of
the study, with the rest being part of the usual treatment plan.

Dosimetry type After test dose After treatment dose

When? 1 week before treatment After treatment

Where? In nuclear medicine In the iodine suite during your
department stay

How long does it 30 minutes for each 30 minutes for each

take? measurement, on 3 days measurement, on 3 times
before your treatment during your stay

Data collection 5 Blood samples and 5 Blood samples and whole-

whole-body measurements | body measurements

Blood samples and whole-body measurements will be used to calculate the length of time
the radioiodine remains in your body. This is all useful information for your ongoing
treatment.

What will happen to me if | agree to take part?

You will be asked to visit the Nuclear Medicine Department at St James’s Hospital 1 week
before your treatment, instead of one day as per normal practice. The investigators will
meet you and provide you with a consent form to read and sign. On the first day, you will
take a small test tablet of radioiodine. You will receive this tablet whether you are
participating in the study or not. After you have taken this capsule, you will be asked to visit
the department at the following times after the administration.

1. 2and 6 hours

2. 24 hours

3. 48 hours (after 2 days)

4. 120 hours (after 5 days)
At each time, 2 ml of blood will be withdrawn and a short scan carried out. This involves
sitting in front of a detector for a very short period. You will be asked to empty your bladder
before each measurement, except for the first. The same blood sampling schedules is
followed, after administration of the therapy dose of radioiodine, this time in the iodine
room during your hospital stay.
If you are unable to attend any of the time points above, please inform the investigator
team in advance to consider if you should withdraw from the study.

Are there any benefits to me or others if | take part in the study?
Your participation in this study will provide the endocrinology team with more information
on how your body absorbs the therapy capsule.




Are there any risks to me or others if | take part in the study?
You will undergo the same treatment as an individual who is not participating in the study.
There are no additional side effects for this study protocol. The study involves changing the
date of the test dose to 1 week before your therapy instead of one day in standard care,
additional visits to the department, blood samples and whole-body measurement 5 times
after before-therapy dose and 5 times during therapy.

What other treatments are available to me?

The standard treatment involves the radioiodine test dose one day before your treatment
and the radioiodine treatment dose, without the blood sampling and whole-body
measurement.

Will | be told the outcome of the study? Will | be told the results of any tests or
investigations performed as part of this study that relate to me?
If future treatment is needed, the outcome of this study will be discussed with you by the
consultant endocrinologist.

PART 2 — DATA PROTECTION

What information about me (personal data) will be used as part of this study? Will my
medical records be accessed?

The study will have access to: Name, ID, date of birth, medical results and disease history,
which are part of routine treatment plan, with no additional personal data needed.

‘ What will happen my personal data? ‘
Personal data will be processed only as is necessary to achieve the objective of the study
and will not be process in way that will cause damage or distress to you. Personal data will
be stored in a pseudonymised format until the project has been completed. Upon
completion of this project, personal data used in the normal course of therapy will be
archived on the hospital database and deleted where not the case. The collected personal
data will not leave the St James’s hospital database.

‘ Who will access and use my personal data as part of this study? ‘
Only the investigators of this study will have access to your personal data.

\ Will my personal data be kept confidential? How will my data be kept safe? \
The personal data will be kept at St James’s Hospital database with restricted access to the
research group. Any published results will be anonymised.

What is the lawful basis to use my personal data?
The personal data will be used only if you provide a signed consent for processing your data.




What are my rights?

You have the right to access the data held, to restrict the use of the data held, to correct
inaccuracies, to have information deleted, to data portability and to object to profiling.

PART 3 — COSTS, FUNDING & APPROVAL

‘ Will it cost me anything if | agree to take part? ‘
No extra cost will be asked of the participants in this study.

| Has this study been approved by a research ethics committee? ‘
This study has been submitted for ethical approval and received a provisional ethical
approval on 315t of July 2019.

PART 4 — FURTHER INFORMATION

| Where can I get further information?
Any questions should be directed to the following:
e Principal investigators :

o Dr Marie-Louise Healy: Email: MHealy3@stjames.ie ,

Phone Number: 014162195
o DrJennie Cooke: Email: JCooke@stjames.ie

Phone Number: 014162753, 014162716
o Mrs Amna Al Jabri Email: AAljabri@stjames.ie

e Data controller:
o StJames’s Hospital Email: info@stjames.ie

e Data protection officer : Email: dataprotection@stjames.ie

What happens if | wish to make a complaint?
Any complaint can be directed to any member of your endocrinology team or to your
physicist.

Will | be contacted again?
For this particular study, you will not be contacted once you have finished your participation
in the study.




e JVA Trinity College Dublin ST
,i F Colaiste na Triondide, Baile Atha Cliath H C')

The University of Dublin
CONSENT FORM

Blood Dosimetry

To be completed by the PARTICIPANT:

| have read and understood the information leaflet. YES [ NO [J
| have had the opportunity to discuss the study, ask questions

about the study and | have received satisfactory answers to all YES [ NO [J
my questions.

| have received enough information about this study. YES [ NO [J
| understand that | am free to withdraw from the study at any

time without giving a reason and this will not affect my future YES [ NO [J

medical care.

| agree to allow the researchers use my information (personal

data) as part of this study as outlined in the information YES [ NO []
leaflet.
| agree to aII‘ow the researchers to access my medical records VES [0 NO [
as part of this study.
| agree to be contacted by the researchers during the study YES [] NO [
| agree to give blood samples as part of this study. YES [ NO []
| consent to take part in this research study having been fully YES [ NO O
informed of the risks, benefits and purpose of the study
I gilve my explicit c?nsent to have my data processed as part of VES [ NO [
this research study
Participant’s Name (Block Capitals):
Participant’s Signature:
Date:
To be completed by the RESEARCHER:
| have fully explained the purpose and nature (including
benefits and risks) of this study to the participant in a way that YES O NO O
he/she could understand. | have invited him/her to ask -
guestions on any aspect of the study.
| confirm that | have given a copy of the information leaflet _

. YES [ NO [I
and consent form to the participant.

Researcher’s Name (Block Capitals):

Researcher’s Title & Qualifications:

Researcher’s Signature:

Date:
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Al1.3 Predictive pretherapy in DTC results

Table A1.1: The collected parameters and results of the study including: patient number (No.), age (years), gender (G), whether the patient had
metastatic thyroid cancer (MTC), first therapeutic treatment or had a repeated 1317 therapy (Rep.), body mass index (BMI), Pretherapy (PT), during
therapy (DT) administrated activities in MBq, whole-body and blood residence time in hours (7 (h)), EANM[8], AIFM[18] and Traino[19] maximum
tolerable activities in GBq (MTA).

ACtiVity Whole-body Blood MTAEANM MTAAH:M MTATraino

No. A% G MrC Rep. PM! (MBg) 7 (h) Tx107%h)  (GBq) (GBq) (GBq)
(years) kem2 "pr DT Pr Dr Pr Dr PT DT PT DT PT DT
Pl 3467 F No No 1544 |800 3670.00 | 1431 12.86 | 487 4.68 | 2654 28.19 | 30.85 33.22 | 3502 37.57
P2 3030 F No No 3274 [200 3680.00 1604 16.12 | 798 7.96 |19.78 19.82 | 29.19 29.24 | 29.53 29.57
P3 5895 F No Yes 2846 |400 3666.00 | 17.03 1560 | 6.65 636 | 22.28 23.48 | 30.96 32.80 | 31.67 33.54
P4 6445 M No No 3226 |413 384950 | 2856 24.63 | 4.80 4.39 | 2540 2833 | 3175 35.82 | 3131 3533
P5 6627 M Yes Yes 4043 |552 4001.00 | 17.14 1658 | 3.62 3.75 | 3825 37.54 | 5411 53.65 | 53.68 53.22
P6 3662 F No No 2667 |9.00 3973.00 | 1441 1493 | 458 484 | 30.81 2931 | 4141 39.50 | 4252 40.56
P7 6564 M Yes No 2237 |456 264200 | 5597 4446 | 1935 12.82 | 736 1062 | 9.81 13.67 | 9.76 1358
P8  69.05 M Yes Yes 2884 |9.02 3817.00 | 29.09 2413 | 475 517 | 2538 2544 | 3152 3327 | 3110 32.87
P9 4530 M No No 2809 |490 4017.00 | 37.46 2935 | 404 455 | 2514 2590 | 28.62 31.66 | 28.18 31.23
PI0 5826 F No No 2700 |886 4008.00 1263 1192 | 419 438 | 3342 3277 | 4405 43.86 | 45.64 4538
P11 7279 F Yes Yes 2465 |426 4109.00 | 1459 1425 | 617 6.60 | 23.54 2243 | 31.26 3020 | 32.72 3156
P12 3355 F No No 2173 |850 3786.00 | 2552 2472 | 9.92 9.69 | 1455 1491|1944 19.96 | 20.19 20.72
P13 3073 F Yes No 2303 |462 4016.00 | 1508 1435 | 737 690 | 20.60 21.94 | 28.65 3045 | 29.55 31.42
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Table A1.2: The maximum tolerable activities (MTA) resulted from the MATLAB function fitnlm. Presented is the value + standard error for each
patient for pretherapy (PT) and during therapy (DT) MTAs.

MTAEanm (GY)

MTA s1rm (GY)

MTA im0 (Gy)

Patientno | = pp DT PT DT PT DT

P1 2063 +536 30.13+1411 | 1871 +478 3480+ 11.39 | 2253 £573 3956 + 14.78
P2 2683 +7.63 1479 £417 | 31724813 2230 £571 | 3260 £852 22524599
P3 1801 £158 2569+ 044 | 2601 £235 3527 £0.83 | 2653 +243 36,12 +0.84
P4 3158 +£329 28134229 | 38234385 36314273 | 3921 £400 37.09 4 2.85
P5 3648 £ 171 30.65+11.90 | 5198 +353 449141550 | 5253 £3.46 4525 + 16.29
P6 3095+ 699 2805+ 080 | 41344965 3805+ 172 | 4247 £1001 39.05 % 1.71
P7 797 £022 1069 £885 | 11254030 1387 £1695 | 11.55+0.32 1435 + 17.05
P8 1929 £2571 24.95+099 | 2596+ 2805 33204122 | 264542993 3385+ 128
P9 26.83 £7.63 2699 +1143 | 3172 £813 3357 +1092 | 3260+ 852 3439 +11.72
P10 3317 £339 3285+ 076 | 43.81 4367 4384+139 | 45390 £399 4537 4 140
P11 1953 +172 2158 +191 | 2687 £1.97 2924 £3.82 | 27.99 £2.17  30.53 + 3.82
P12 550 £859 12834318 | 82541126 18524401 | 847 £1209 1906 + 432
P13 1990 +16.87 25854283 | 2751 £3821 34824316 | 2839 +37.86 3603 + 3.44




Table A1.3: The percentage difference in calculated parameters between the pre-therapy and
during therapy. For each patient, displayed values are: whole-body and blood residence times
(Atwp and Atgrpoop), EANM, AIFM and Traino maximum tolerable activities (AMTAEANM,
AMTAA]FM and AMTATmino)-

Patient ATWB ((‘yo) ATBLOOD (%) AMTAEANM (0/0) AMTAAH:M (%) AMTATruino (%))
no.

P1 -10.67 -4.07 6.01 7.39 7.03
P2 0.47 -0.35 0.23 0.15 0.15
P3 -8.76 -4.36 522 5.79 5.75
P4 -14.78 -8.94 10.90 12.03 12.05
P5 -3.33 3.57 -1.87 -0.85 -0.86
P6 3.53 5.44 -4.99 -4.71 -4.73
pP7 -22.93 -40.61 36.28 32.84 32.74
P8 -18.64 8.43 0.23 5.39 5.53
P9 -24.28 11.72 297 10.10 10.27
P10 -5.71 431 -1.96 -0.42 -0.57
P11 -2.30 6.70 -4.82 -3.43 -3.61
P12 -3.19 -2.29 2.49 2.62 2.61
P13 -4.98 -6.60 6.31 6.09 6.11

Table A1.4: The difference between AMTA(%) as calculated based on the limited residence time
[8] for the EANM, AIFM and Traino models [8, 18, 19]. The last row present the average + the
standard deviation of each column.

Patient No. AMTAEANM (0/0) AMTAAH:M (0/0) AMTATraino (0/0)
P1 6.61 8.73 8.17

P2 -21.56 -15.25 -15.71
P3 7.31 8.47 8.38

P4 10.17 9.61 9.60

P5 -35.07 -28.42 -28.53
P6 -5.27 -5.15 -5.16

P7 36.49 29.89 29.71

P8 3.51 8.82 8.96

P9 15.55 27.47 27.76
P10 1.85 5.97 5.57
P11 -4.66 -4.46 -4.49
P12 8.26 8.74 8.69
P13 6.61 6.38 6.41

2.294+17.27 4.68+£15.60 4.57+15.67
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Table A1.5: P-values of Pearson correlation across the investigated parameters, where a significant p-value < 0.05 indicate a significant correlation
(coloured red). Displayed parameters include: gender, metastatic disease (MTC), repeated 31 treatments (Repeated), patient age, body mass index
(BMI), pretherapy (PT) and during therapy (DT) activities, the differences between PT and DT in residence time for whole-body and Blood (Atyp
and ATpj,04) and finally the difference between PT and DT in maximum tolerable activity (MTA) for EANM [8], AIFM [18] and Traino [19] models.

Gender MTC Repeated Age BMI PTactivity DTactivity Atwp ATpioos AMTApanm AMTAairm

MTC 0.433

Repeated 0.433  0.03

Age 0.096  0.160 0.005

BMI 0.045  0.508 0.232 0.135

PT activity 0.871  0.843 0.732 0.930 0.209
DT Activity 0.575 0.112 0.822 0324 0.597 0.835

Atwp 0.014  0.909 0.880 0.363 0947 0.969 0.850

ATBio0d 0.357  0.501 0.379 0.355 0.564 0.379 0.106 0.533

AMTApanm 0526 0.396 0.325 0.579 0.579 0.367 0.133 0.098  0.007

AMTA A1rMm 0.129  0.501 0.480 0919 0.672 0.539 0.291 0.001 0.221 <0.001

AMTAT5in0 0.118 0.511 0.486 0924 0.707 0.532 0.301 0.001  0.235 <0.001 <0.001




A1.4 Risk assessment

The patient was identified as the main source of radiation, with most patients treated
with 3.7 GBq of 3. The risk assessment considered that blood samples were withdrawn
from the patient with the 2 h sample considered as the maximum dose rate, as the
patient avoided micturition, and the entire capsule activity was assumed to remain
in the patient given that the physical decay would be negligible. It was assumed that
patients were admitted to an '3'1 suite with restricted access for staff and with the walls
and floor shielded with an equivalence of 4 mm Pb. For blood sampling, it was assumed
that the patient sat on a chair behind a mobile screen 2 mm Pb equivalent shielding
thickness (Figure 6.1), and that the blood samples were carried in a lead transport
container. A waste container for sharps was available nearby for contaminated sharps
after withdrawing the blood. Workers participating in venous blood collection included
staff nurses and radiographers. The nurses role was to enter the patients room, withdraw
the venous blood and then leave. Following this, a research physicist entered the room,
performed the finger-prick blood sample, transported and analysed the collected venous
and capillary blood samples as outlined in Chapter 5. All staff were monitored with
optically stimulated luminescent dosimeters (OSLD) with additional monitoring using
EPDs for the staff withdrawing blood. EPDs were used to provides real time dose
information to assist in keeping doses ALARA, and to measure the dose rates needed
for this study. The identified hazard, person at risk, method of reducing risk from

hazard and risk level are summarised in Table Al.6.

There were emergency arrangements set in place which are detailed in Table
Al.7 Dbelow. This risk assessment included area classification, assigning
responsibilities, categorisation of workers, radiation safety procedures, personal
dosimetry arrangements, fault/incident reporting and an audit which is reviewed

annually based on TLDs and EPDs readings.
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Table A1l.6: Risk assessment details considered for withdrawing blood from patient
post-administering 3.7 GBq '*'I. The table includes the identified hazard, the persons at risk, the
method of reducing risk from the hazard and the risk level (high, medium or low).

The Hazard Persons at risk Method reducing risk from hazard Risk level
Direct Staff nurse, A lead shield will be wused for Low
irradiation radiographer, withdrawing blood for 2, 6 and 24
from the research h post-administration. The exposures
patient physicist will be monitored with EPDs.
Direct Staff nurse, The samples will be carried from the Low
exposure from  radiographer, patient to research physicist outside the
blood samples  research room where they will be placed in a lead
physicist transport container. Each time point have
4 ml blood in two vials which is expected
to contain 0.5 MBq [10]. Estimated dose
rate will be < 1 uSv at 1 cm distance for
10 seconds.
Transport of Research The blood samples will be carried Low
blood samples  physicist in transport shield container from the
from patient patient room to the NM department.
room to NM Estimated dose rate will be < 1 uSv.
department
Exposure from  Staff nurse, At each time point 4 ml blood in two vials Low
a spillage of radiographer, is collected, which is expected to contain
blood during research 0.5 MBq [10]. Estimated dose rate will be
the sampling physicist < 1 pSv for the person cleaning the spill.
process A spill kit is stored near the room to be

used by the physicist for cleaning.
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Table Al.7: Emergency arrangements in case of an unexpected occurrence while withdrawing
blood samples from a patient post-administering radioactive iodine: response, estimated
likelihood and dose are included.

Unexpected Response Estimated likelihood
occurrence
Spillage of blood All staff leave the room. Physicist Very unlikely. Additional

will use a spill kit located near the
room to decontaminate/clean the
spill

dose is expected
depending on the
spillage  and  time

post-administration

Patients feels
unwell following
blood
withdrawal

Patient known to be affected by
blood withdrawal will be excluded
from the study, and usually give
several blood samples before
administering the . If the patient
feels faint they will be guided to the
bed and provided with water. In
the unexpected event of becoming
seriously unwell, they will receive
the proper medical treatment and
the health workers will be provided
with an EPD for monitoring

Unlikely. High risk
patient excluded. If
close distance medical
care required, additional
dose expected depending
on the time spent near
the patient and the time
post-administration.

Staff enter room
before patient is
seated behind
lead screen

Instruction will be given to the
patient to sit behind the screen before
entering the room. The positioning
can be checked from outside the
room

Blood
withdrawal
taking longer
time than
expected

Patient starts blood withdrawal from
pre-therapy dosimetry (section 4.3.1),
and the time needed to take the
blood will be assessed. Patients
for whom withdrawal takes longer
than 10 minutes to withdraw blood
by experienced staff will be omitted
from continuing the study. If a
patient takes longer time only after
BT therapy capsule, the time of
nurse entering the room is recorded,
once 10 minutes is completed the
staff will be asked to leave the
room and the blood will be taken
at alternative time after patient
encouraged to drink fluids.

Very unlikely
Unlikely due to
assessment at

pre-therapy dosimetry
and experienced staff
withdraw the blood.
Additional ~ dose is
not  expected  due
to  cancellation  of
the withdrawal after
exceeding 10 minutes
and a different staff will
collect at the alternative
time.
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Al.5

Monte Carlo simulation results

Table A1.8: The effects of different scenarios implemented in EGSnrc. The patient phantom were divided to front and back.

with mobile screen between staff and patient

Front Back
Skin dose 4 Error | Deep dose Error | Skin dose Error | Deep dose 4 Error
(uSo/h) (%) (1So/h) (%) (uSv/h) (%) (uSv/h) (%)
Standard 34.34 + 491 20.34 + 170 12.31 + 746 9.42 + 203
Small Room 37.73 + 438 23.33 = 151 15.68 + 648 12.11 = 1.67
Thick wall 35.23 + 490 19.86 + 176 10.60 + 796 9.02 + 217
Middle 33.65 = 470 19.62 = 177 10.75 + 835 9.01 = 212
Coeff of variation ~ 5.05% 8.29% | 19.15% | 15.08%
without mobile screen between staff and patient
Front Back
Skin dose 4 Error | Deep dose Error | Skin dose Error | Deep dose 4 Error
(uSo/h) (%) (1So/h) (%) (uSv/h) (%) (uSv/h) (%)
Standard 49337 + 127 361.52 + 034 11457 £ 262 105.96 + 0.6l
Small Room 530.04 = 122 395.86 = 033 118.20 = 247 111.87 = 057
Thick wall 533.13 + 123 384.19 + 033 108.17 £ 265 101.43 + 063
Middle 519.17 = 123 384.91 = 034 110.32 + 265 100.97 = 0.63
Coeff of variation 3.48% 3.78% 3.96% 4.82%
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