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"To see what is in front of one’s nose needs a constant struggle."

George Orwell



Popular Science Summary

Over a lifetime, thyroid cancer is found in about 1% of people, usually first
appearing as a lump on the neck. While it is rare for patients to die from thyroid
cancer, some patients develop life-threatening metastases long after the discovery of
their tumour. Finding such metastases can require long follow-up, and the fact that
life-threatening thyroid cancer is rare requires adaptation of the treatment to the

risk for each individual patient.

Thyroid cancer is usually treated by removing the thyroid gland surgically. In cases
of large tumours of the most common type of thyroid cancer, nearby lymph nodes
are also removed. After the operation, patients are often treated with radioactive
iodine. This is a targetted radiation treatment for both normal thyroid cells and
thyroid cancer cells. It exploits the fact that thyroid cells are the only place in the
body where iodine is concentrated in large amounts. The concentration of iodine
depends on a biochemical machinery that pumps iodine from the blood stream. In
the thyroid, iodine is transported into storage pools called follicles, where it is used

as a chemical component in thyroid hormones.

Radioactive iodine treatment can effectively kill thyroid cancer cells if they are
iodine avid, that is, if they still transport and concentrate iodine somewhat like
normal thyroid cells. However, the cellular machinery in thyroid cancer cells is
more focussed on survival and growth, and less on the finely tuned hormone and
iodine balance of normal cells. This causes radioiodine treatment to be much less
effective in some tumours. Why some tumours behave this way is not yet fully
understood, but may be investigated with microscopic and genetic analysis of the
tissue. Since the primary tumour is almost always removed with surgery, this inner
cellular machinery of the removed tumour can be studied and its results used to

guide the next treatment.

The research in this thesis studied iodine avidity in a new way, by measuring iodine
content in tumours that were surgically removed. The measurements add new
detailed information on iodine avidity and its relation to other factors. Some of
those microscopic and genetic factors have previously been linked to iodine avidity
by other researchers, while others were reported for the first time. Previous links

have only been suggested by imaging studies of metastases still present in the body,



while the tissue samples collected in this thesis enabled study of both avidity and
microscopic factors in the same tumour tissue. This work also aimed to suggest uses
for that information, in order to better inform which treatment is best for the

individual patient.

The results show that the presence of thyroglobulin, a thyroid-related protein, in
tumour tissue is a strong sign that any metastases of that tumour are iodine-avid. It
was also shown that a measure of the rate of division of tumour cells, Ki-67 index,
was closely connected to the degree of iodine avidity. Both of these measures were
much better signs of iodine avidity than the size of the original tumour, a measure
which is often used today to guide treatment. If the tumour cell walls had detectable
levels of the protein responsible for pumping iodine into the cells, NIS, the tumour
was highly iodine-avid. However, even tumours without NIS in the cellular walls

were found to be able to accumulate iodine.

Further, genetic profiling of tumour tissue was found to be useful in separating
iodine-avid tumours from others. The results showed that mutations in a gene called
BRAF (genes are written in italics) and mutations in a segment that controls the
reading of a gene called TERT signified tumour tissue with low iodine avidity. This
effect was more pronounced if the mutations were detected in lymph node
metastases.

The results also showed that if the initial tumour in the thyroid is iodine-avid, it is
very likely that any metastases from that tumour will also be avid - a good sign for

those patients.

Lastly, calculations in this work showed that very small tumours, below 2 mm in
diameter, can be more difficult to treat with radioactive iodine, due to the radiation
escaping from the tumour. If the surroundings make the tumour grow in a

compressed way, this may also diminish the effect of the treatment.

In conclusion, this work has shown that intelligent use of more detailed analysis of
tumour tissue can help fine-tune the treatment, enabling avidity-guided treatment of

thyroid cancer.



Abstract

The treatment of differentiated thyroid cancer has three main modalities: surgery,
hormone suppression and radioiodine therapy. Effective radioiodine therapy
requires cancer cells to be iodine avid, i.e. exhibit relatively functional iodine
transport and retention. The iodine avidity is often unknown at the time of initial

treatment and the range has not been quantified in detail.

To find the true range of iodine avidity in papillary and poorly differentiated thyroid
cancer, a unique prospective study was designed. Tissue samples were collected
directly after surgery in order to estimate iodine concentrations following a pre-
operative injection of radioactive iodine. Clinical, molecular and genetic parameters
were studied in relation to the iodine avidity observed in the tissue samples.
Furthermore, computer modelling using Monte Carlo simulations was performed to

establish the impact of target geometry and size.

The results show that iodine avidity was correlated to the proportion of tumour cells
that express thyroglobulin (correlation coefficient r = 0.50) and the tumoural Ki-67
index (r = -0.49). Avidity was found to be seven-fold higher in favourable histological
subtypes of PTC. High patient age was also found significantly correlated with low
iodine avidity (r = -0.35). No strong connection between avidity and tumour size or
TNM staging was found, despite TNM being the current main guiding parameter in
radioiodine treatment strategy selection. Furthermore, links between low iodine
avidity and mutations in BRAF (18-fold lower avidity) and the TERT promoter (10-
fold lower avidity) were found, if mutations were observed in lymph node
metastases. Expression of the iodine-transporter NIS was found to indicate high
iodine avidity (40-fold higher avidity), but only when localised at the plasma

membrane, which appears to be rare in thyroid cancer cells.

Follow-up studies showed that the iodine avidity estimated in primary tumours and
lymph node metastases at initial surgery predicted uptake in persistent metastases
well (both regional and distant metastases). This confirms that knowledge gathered
from the initial surgical specimens can reliably help guide treatment targetting

subsequent metastases.



The Monte Carlo simulations showed that for small targets, both size and shape of
the target tissue has an impact on radioiodine therapy, with up to a three-fold lower
effectiveness for compressed targets at the size-threshold for micrometastases.
However, the effect was dwarfed by the much larger variation in iodine avidity

observed in the prospective material.

Data from this work has strengthened the link between iodine avidity and many
readily available parameters, that can guide treatment. A shift to avidity-guided
therapy for high-risk patients is proposed to better adapt the radioiodine strategy to

expected effect than was previously possible.
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1 Prologue

Do we need another PhD thesis? On thyroid cancer, of which almost no one dies?

About a treatment that has been around for almost a century?
These questions are not lost upon this PhD student.

Obviously, if you are in the field of therapeutic nuclear medicine, thyroid cancer is
near at hand. But I normally find myself uncomfortable in areas crowded with
footprints left by those of greater ability. Despite this, I realised that I was gravitating
towards an impressive multidisciplinary collaboration around thyroid cancer at our
institution. Treatment decisions were based on rational arguments and thorough
scientific knowledge in surgery and pathology. It seemed to me that there was a void
in the nuclear medicine and physics part of it. Scientific guidance on how to best
think about radionuclide therapy was lacking, now that it had been terribly
outpaced by advances in molecular medicine. Especially for patients that were

succumbing to their disease.

There was also a gaping contradiction. My undergraduate studies taught me how to
do precise theoretical calculations of absorbed doses that would guide the rational
treatment of patients. Then the clinical reality, where robust and simple methods
are required for broad adoption and high standards of care. Dosimetry was nowhere
to be found.

I thought I might have found something clever there, hiding right under my nose.

Irresistible. I began, thinking, "This will be easy".



2 Introduction

Radioactive substances can deliver precise localised radiation therapy by means of
charged particle emission. The study of such treatments was sparked in the 1930's by
fundamental insights into nuclear physics, the construction of the first cyclotrons,
and the fusion of physics and medicine. It was discovered that by pairing a
radioactive substance to a specific physiological uptake mechanism in the body,
systemic yet targetted treatment could be provided. Such use of radioactive iodine in
treating thyroid cancer was first described in 1942, when Albert Keston et al.
observed accumulation of radioactivity in a bone metastasis of thyroid cancer, using
mainly "I provided by physicists Ernest Lawrence and Robley Evans [1]. Successful
treatment of metastatic thyroid cancer was first reported in 1946 by Seidlin et al.,
using both "I and *'I, with lasting clinical improvement and pain-relief in bone

metastases [2].

2.1 Thyroid Cancer

Thyroid cancer arises from cells in the thyroid gland. In the body, hormones
produced by differentiated thyroid follicular cells are essential to regulation of
metabolism, heart rate and fetal development. Cancers arising in these cells are
often categorised into the differentiated types of papillary (PTC) and follicular
thyroid cancer (FTC). Tumours in these categories, despite their names, all originate
as follicular cells. The respective type is characterised by histological growth
patterns, and each type can be further divided into subtypes [3]. Overall, patients
with differentiated thyroid cancer have excellent prognosis [4,5]. The outcome is
dependent on tumour stage, degree of differentiation, type (PTC or FTC), patient age
and sex, and surgical completeness [6,7]. PTC has characteristic growth patterns in
papillary structures, micro-calcifications, and nuclear features including
enlargement, pseudo-inclusions, grooves and chromatin clearing, displayed in
Figure 1. FTC typically grows in an encapsulated structure, and malignant growth is
defined as penetration through the capsule, evident only upon histological
examination. The clinical management of PTC and FTC are discussed in detail in

national and international guidelines [8-11].



The histological subtypes of PTC have been studied in terms of aggressiveness and
prognosis [12-15]. More aggressive subtypes have been identified, including tall cell
subtype, insular subtype, hobnail subtype and diffuse sclerosing subtype, all named
for their histological characteristics [16]. However, to the present date, guidelines do
not recommended different management on the basis of histological subtype of
PTC. While patients with PTC enjoy a favourable prognosis, the risk of recurrence is
relatively high, reported between 10 and 30% [17-19]. It has been argued that a large
proportion of what has been reported as recurrent disease in PTC may be persistent
disease, detectable on ultrasonic examination or serum thyroglobulin (Tg) assays
throughout [20]. Perhaps somewhat surprisingly, the discovery of lymph node
metastases at disease presentation is not clearly associated with worse overall
survival [21]. Recurrent disease can manifest many years after initial surgical and
radioiodine treatments, suggesting need for long follow-up to maintain good disease
control [22]. PTC commonly present as multiple foci in the thyroid gland, even in

both lobes; multi-focal growth does not appear to translate to a worse prognosis [23].

Distant metastases from PTC are uncommon, reported in a few percent of patients
both at disease presentation and during follow-up [24,25]. While rare, metastases
are most often seen in lungs, more rarely in bone, and only occasionally in other
sites, as illustrated in Figure 2. These cases of distant metastases constitute the

majority of disease-related deaths in the PTC population.

Other types of thyroid cancer include oncocytic thyroid cancer, which has a slightly
worse prognosis than PTC and FTC [26]. Another type called differentiated high-
grade thyroid cancer (DHGTC), introduced in the 2022 World Health Organisation
classification, comprises tumours that have high levels of mitoses and necrosis, but
still retain a differentiated grown pattern [3,27]. They behave more aggressively than
PTC and FTC. However, some thyroid cancers undergo further molecular and
genetic transformation from differentiated types and shed many thyroid-specific
characteristics. They are then classified as poorly differentiated thyroid cancer or as
the even further de-differentiated anaplastic thyroid cancer. The prognosis for
poorly differentiated thyroid cancer (PDTC) is worse than for the differentiated
types, but the disease can still respond to radioiodine therapy [28,29].



Figure 1: Histological cross-section of PTC, stained with hematoxylin and eosin. The darker
purple (hematoxylin) makes cell nuclei easily visible, while the lighter pink (eosin) displays
the extent of the cytoplasm. The crowded growth pattern in papillae is typical of PTC, as
opposed to follicular structures in healthy thyroid tissue. The highlighted area has examples
of enlarged nuclei, nuclear grooves and pseudo-inclusions. Furthermore, predominant
growth in elongated cellular arrangement seen here (height > 3-width) is the criterion for
diagnosis of tall cell subtype PTC.
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Figure 2: Common metastatic sites in PTC. The frequencies are approximate for the whole
patient population.



Anaplastic thyroid cancer (ATC) occurs very rarely, in only 1-2% of all thyroid
cancers, but is one of the most aggressive and deadly of all cancers, with a median
survival of only a few months [30]. These tumours have lost any resemblance of
functional iodine transport and cannot be treated with radioiodine [31]. Combined,
PDTC and ATC account for more than 50% of all deaths from thyroid cancer [29,32].

Medullary thyroid cancer arises from C-cells in the thyroid gland and behaves very
differently from cancers that originate in follicular cells. They are not treated with
radioiodine and are similarly to anaplastic thyroid cancer not discussed further in
this thesis.

In the follow-up and surveillance of thyroid cancer, measurements of Tg in serum is
central [33]. It is not useful prior to surgical and radioiodine treatment because the
healthy thyroid tissue present also produces Tg [34]. After completed initial
treatment, however, the presence of Tg in blood is a strong indicator of persistent
disease, and is linked to higher risk of recurrence [35,36]. If Tg antibodies are
present in blood, the assessment of tumour presence by use of serum
concentrations of Tg may be incorrect. These antibodies are relatively common in
patients with thyroid cancer, present in approximately 20% of patients [37]. Still, in
absence of serum Tg, the levels and trends of Tg antibodies can be a useful proxy for
tumour burden [38,39].

Ultrasonography is used both to identify the primary tumour and to map any
cervical lymph node metastases prior to surgery [40]. It also has an important role
in detecting recurrent and persistent disease after completed initial therapy [41].
Ultrasonography-guided fine needle aspiration cytology (FNAC) can be used as well,
to confirm any suspicious findings [42].

Post-therapeutic imaging using the therapeutic activity of *'I is useful in the
localisation of regional lymph node metastases, and enables assessment of disease
extent and monitoring of distant metastatic disease [43]. The use of SPECT/CT in
addition to whole body scintigraphy has been shown to increase the accuracy of
diagnosis and enables the detection of non-iodine-avid lesions in lungs [44,45]. It
also enables post-therapeutic dosimetry to be performed [46,47]. For diagnostic
scanning with the purpose of risk-evaluation and metastasis localisation, SPECT/CT
using I is another option [48]. "I has a shorter half-life and more beneficial

emissions for purely diagnostic purposes. For both diagnostic and dosimetric



imaging, I is another relevant isotope, as its positron emissions enables superior
imaging with PET/CT [49]. PET/CT imaging using [*F]-FDG is a useful diagnostic
modality in case of elevated serum Tg or suspicious anatomical lesions that do not

accumulate iodine [50].

2.2 Thyroid Cancer Genetics

Several landmark genetic discoveries have provided a more precise understanding
of the mechanisms that enable, and may disable, successful radionuclide therapy in
thyroid cancer. The central molecule for transport of iodine into the thyroid
follicular cells, the sodium-iodide symporter (NIS) protein, was characterised and
cloned in 1996 [51]. Research on NIS has established its molecular structure and
function, the regulation of its cellular location and many mutations that can affect
its function [52]. It is also known that the PAX8, NKX2-1, FOXE1 and HHEX genes all
encode proteins that function as thyroid specific transcription factors [53].
Expression of these transcription factors are essential to the formation of thyroid
follicles and the transcription of genes for central thyroid-related molecules such as
TPO, Tg, NIS and TSHR.

Extensive genetic profiling of papillary thyroid cancer has shown several mutations
to be predominant [54,55]. The BRAF gene encodes the protein B-raf, which is a
central signalling protein in the MAPK pathway. This pathway controls cellular
differentiation and proliferation. The BRAF V600E mutation, common in PTC,
causes the B-raf protein to be constitutively activated, thereby causing abnormal
proliferation and de-differentiation from the thyroid phenotype [56,57]. There are
some indications that iodine avidity is lower in tumours with the BRAF V600E
mutation and some studies have suggested the mutation predicts worse clinical

outcome, while others have found no difference in outcome [58-61].

Another important gene in thyroid cancer progression is TERT, whose transcription
results in telomerase activity that in turn enables continuous cellular proliferation.
It has been shown that mutations in the promoter region of the TERT gene (C228T
and C250T) are associated with worse clinical outcome [62]. Furthermore, the
presence of these mutations is a predictor of poor iodine avidity, and they may even
have a negative synergistic effect on avidity, as well as prognosis, when present
along with BRAF V600E mutations [63,64]. Genetic aberrations of TERT have

diagnostic impact in thyroid cancer as well. Mutations, copy number gain and



promoter hyper-methylation have been shown to be telling of malignant potential in

follicular tumours [65].

Other impactful genetic aberrations in thyroid cancer include RET/PTC and
PAX8/PPARy rearrangements, and RAS mutations [66]. RET/PTC rearrangements
cause chimeric versions of RET and uncontrolled activation of MAPK, among other
pathways, promoting proliferation and inhibiting apoptosis [67]. Tumours with RET/
PTC rearrangements seem to not down-regulate NIS or TPO expression, nor drive
de-differentiation, as much as BRAF V600E mutations do [68]. Interestingly, the RET/
PTC rearrangement appears to be more common in radiation induced thyroid
cancers, studied in detail following the fallout near the Chernobyl nuclear reactors
[69]. PAX8/PPARYy is common in FTC, where fusion of a part of PAX8 with PPARy
causes high levels of their chimeric protein that seem to drive malignant
transformation [70]. RAS mutations can similarly to BRAF alter signalling in the
MAPK pathway, that may also drive malignant transformation [71]. RAS and BRAF
alterations are rarely seen in the same tumours, indicating that they are
independent driver mutations in thyroid cancer [72]. The distinction between RAS-
like and BRAF-like PTC has been suggested to be useful, considering the tendency
for worse prognosis and lower iodine avidity in BRAF-like tumours [54]. TERT
promoter mutations and TP53 mutations are rare in differentiated thyroid cancer
(10% and <3% respectively). In the more aggressive PDTC and ATC, they are much

more common, and TP53 mutations can be found in up to 70% of ATC [73].

2.3 Radioiodine Therapy

Radionuclide treatment with iodine isotopes, often called radioiodine therapy, are
most commonly given orally in fixed amounts of **'I, usually in multiples of 37 MBq
(1 mCi). While the knowledge of thyroid cancer has advanced considerably during
the eight decades since its first use, radioiodine therapy remains standard treatment
for patients with thyroid cancer. It improves survival and disease control in high-
risk patients, and enables efficient follow-up for low-risk patients [74]. Radioiodine
therapy has three distinctly different aims:

1. The ablation of thyroid remnant tissue in the thyroid bed following a total
thyroidectomy.
2. Adjuvant treatment of microscopic disease in patients with larger tumours or

lymph node metastases at disease presentation.



3. Systemic treatment of distant metastases or gross residual primary tumour.

The ablation of thyroid remnants is done in order to facilitate efficient follow-up for
patients of low risk of recurrence [75]. In such low-risk patients, there is no survival
benefit to be gained from radioiodine therapy [76]. However, ablating all thyroid
tissue allows for a blood assay of Tg in serum, along with post-therapeutic
scintigraphic imaging and ultrasonic examination, to be used to succinctly conclude
follow-up in many patients that are cured of their cancer. The activity levels used for
thyroid remnant ablation is commonly between 1.1 and 3.7 GBq of *'I, with strong
evidence suggesting similar outcomes between the two activities [77]. On the basis
of such results, most guidelines have lowered the activities recommended for
ablation in the last decades. Studies have found that remnants requires absorbed
doses between 50 and 300 Gy for successful ablation [78,79]. Furthermore, the
completeness of surgery influences the success rate of radioiodine ablation [80,81].

Adjuvant treatment is given to patients after surgery of larger tumours or
macroscopic lymph node metastases, with the aim of lowering the risk of
recurrence. If this is of a substantial clinical benefit to patients remains under
debate, but for higher disease stages and higher patient age, the adjuvant treatment
with radioiodine treatment appears to be more beneficial [82-85]. Activities given in
the adjuvant setting is higher than in thyroid remnant ablation; commonly 3.7 GBq
and sometimes higher, with the rationale that cancer tissue in general has lower

avidity than thyroid remnants.

Treatment of distant metastases and loco-regional gross disease with radioiodine
rests on evidence from large study materials. Such analyses has shown that
radioiodine treatment increases overall survival and disease-specific survival for
patients with distant metastases and locally extensive tumours [86,87]. Persistent
iodine accumulation in metastatic sites is strongly associated with better overall
survival [88-90]. It is known that achieving absorbed doses to metastatic sites in
excess of 40-80 Gy is associated with better treatment response [79,91,92]. Image-
based lesion dosimetry is sometimes used to guide treatment for metastatic disease
[93-96]. However, many centres give a standard activity of 7.4 GBq, which is then

repeated if required.

The treatment effect of *'I is achieved by means of 3~ emission and subsequent
energy deposition in the target tissue. "*'I decays into stable '*'Xe with a half-life of 8

days, as illustrated by the decay scheme in Figure 3. The predominant 3 emission of

8



T has a yield of 89% and mean kinetic energy of 192 keV, corresponding to a mean
range in water of approximately 0.4 mm [97]. This is similar to the size of an average
human thyroid follicle and the distance across at least a dozen thyroid follicular
cells. As is shown in Figure 4, these geometric relations allows for irradiation of
both cells neighbouring any intra-cellular concentration of ™1 as well as from
colloid to nearby cellular arrangements. While colloid is present in much smaller
amounts in thyroid cancer than in normal thyroid tissue, the particle range allows
irradiation and treatment of nearby structures even if not all cells accumulate
iodine. It also means that in lesions below a certain size, many of the - particles will

deposit their energy outside the target, decreasing the effectiveness of treatment.

Production of *'I is usually done through neutron irradiation of natural tellurium,

or by nuclear fission of uranium, through the nuclear reactions:

25min 131

130, ( n, ;)/) 1B, }) I

30h 431

130Te(n, y) 131mTe }) I

235U (n,f)1311+101Y+4n

Both these production pathways are possible, but the *'Te method is more efficient
than *°U in terms of reaction yields [98]. The respective yields are 96% for the "*’Te
pathway (the nuclear cross-section and production yield for *'Te is much higher
than for ®'™Te), while "I is only produced in approximately 3% of **U fission
reactions [99]. The fission reaction is an example of one out of many reactions that

can produce *'I from uranium.
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Figure 3: Decay scheme for "I to the ground state of *'Xe. Only  and y transitions and
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subsequent y emission with 365 keV of 81% yield is most commonly used for imaging of *'I.
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Figure 4: Illustration of energy deposition from *'I in thyroid cancer tissue, stained with
hematoxylin and eosin. The circles (dashed grey line) are intended to show the enclosure of
the mean B particle range (0.4 mm) and average energy deposition (shaded grey) from three
separate emission points. The particle range means that adjacent structures will be

irradiated by radioactive iodine accumulated in any one cell.

There is no generally accepted limit on the amount of activity that can be
administered in a single treatment. It is considered good practice to keep absorbed
doses to blood below 2 Gy per treatment [100]. This threshold can be transgressed if
administering high empirical activities in elderly patients with impaired renal
function [101]. Higher thresholds than 2 Gy have been studied. Results from
treatments using administered activities in excess of 25 GBq have been reported, in
a treatment setting where 3 Gy to bone marrow was the guiding dosimetric target
[102]. The activities were reported as safe with a predictable thrombocytopenia and
leukopenia nadir at 3 to 5 weeks post administration and no bone marrow failure.
Such an aggressive approach may be warranted in patients with life-threatening

distant metastases that retain some iodine avidity.

There are however side-effects associated with radioiodine therapy that can
outweigh the benefit patients receive. Sialadenitis and xerostomia are common
when high cumulative administered activities are given, which is caused by NIS-
mediated radioiodine uptake in salivary glands [103]. For female patients,

radioiodine treatments can cause transient amenorrhoea lasting up to one year, but
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no general effect on fertility has been observed [104]. The potential of inducing
secondary primary cancers has been studied thoroughly. This is of concern since a
single radioiodine treatment can result in effective doses of approximately 200-1300
mSyv, depending on administered activity. Increased risk of developing some cancers
have been reported after diagnostic administrations or treatment of
hyperthyroidism, but no overall increased risk of cancer was found [105,106]. For
treatment of thyroid cancer, studies have similarly reported increased risk of some
cancers, such as sarcomas and lymphomas, but not for cancer overall [107]. In
patients with thyroid cancer, the risk of other malignancies is already higher than in
a healthy control population, but the risk does appear to be increased by high
cumulative activities of radioiodine [108,109]. It is also known that exposure to **'I
during childhood, extensively studied in the Chernobyl fallout area, is clearly linked
in an increased risk for thyroid cancer with a dose-response correlation [110].
Considering the generally accepted linear no-threshold model of stochastic effects
of radiation, no radioiodine treatment can be considered completely harmless,

despite mild side effects in most patients.

2.4 Iodine Avidity

In this work, the concept of iodine avidity is defined as the ability of tissue to
concentrate and retain iodine. As noted in the previous sections, iodine avidity is a
crucial property of cancer tissue for effective treatment with radioiodine. The
exceptional iodine avidity in thyroid tissue has been known for a century [111].
Mathematically, the concept can be described by the integral of the concentration-
time curve in the tissue of interest. It is this definition of iodine avidity that has been
the object of study in this thesis, since it is directly related to the absorbed dose per
administered activity [Gy/GBq] in radioiodine therapy. In previously published
research, thyroid cancer iodine avidity has mostly been evaluated by post-
therapeutic scintigraphic imaging. Such studies have used the image signal intensity
in a lesion at a single time-point as a proxy for iodine avidity. While multiple
imaging time points are required to assess the iodine kinetics of the individual
patient more closely, it is more expensive and can be cumbersome for patients, in

part explaining its low clinical use.

Well-functioning transport and incorporation of iodine into thyroid cells relies on
several factors. In order to be able to pump iodine against a negative concentration

gradient, the NIS protein transports one I anion together with two Na* cations. This
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is possible due to a lower concentration of sodium inside follicular cells [112]. For
the iodine transport to be effective, NIS must be located on the plasma membrane of
the follicular cell. Both the expression and plasma membrane translocation of NIS is

dependent on thyroid stimulating hormone (TSH) simulation [113].

This dependence is exploited in radioiodine therapy, where the TSH level prior to
treatment is elevated. The elevation is achieved either by withdrawing thyroid
hormone supplement for several weeks, stimulating endogenous TSH production,
or by recombinant human TSH injections [114]. Both these methods can produce
adequate iodine avidity for treatment and imaging, but exogenous TSH simulation
produces less side effects [115]. The methods affect the kinetics of iodine differently;
hormone withdrawal appears to reduce renal function, which can cause higher
whole body radiation doses during radioiodine treatment [116,117]. If these
differences in kinetics have clinical implications is still under debate. Thyroid
hormone withdrawal may have advantages in treatment of distant metastases
[118,119]. However, no differences in outcome has been observed for ablation and
adjuvant therapy [120-124].

The plasma level of iodine itself can inhibit uptake of iodine in thyroid tissue,
known as the Wolff-Chaikoff effect [125]. Since plasma concentration of iodine is
highly dependent on dietary intake, recommending patients to shift to a low-iodine
diet can cause a measurable decrease in plasma iodine levels [126]. In a literature
review, two out of six studies suggested that a pre-therapeutic low-iodine diet has a
modest improved effect on thyroid remnant ablation success rate [127,128]. The
effect of low-iodine diet has only been studied with regards to thyroid remnant
ablation. Most guidelines recommend some kind of limit on dietary iodine in

preparation for radioiodine therapy, regardless of treatment aim.

Iodinated contrast agents used in radiology has a well established effect of
transiently lowering the iodine avidity of thyroid tissue. This phenomenon has been
presumed to be caused by a component of free iodine in the contrast agent inducing
a Wolff-Chaikoff effect, and most guidelines recommend a delay of radioiodine
therapy of at least four weeks after contrast agent administration. This appears a
sufficient time period to normalise urinary iodine concentrations [129-131].
Interestingly, there is recent research suggesting that the mechanism may in part be
explained by the contrast agent itself (i.e. not only free iodine) dysregulating NIS
expression [132,133].
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Exposure of both normal and cancerous thyroid tissue to ionising radiation can
lower iodine avidity temporarily. This phenomenon has been termed thyroid
stunning and has been widely studied and debated [134]. It has been observed
clinically in the case of pre-therapeutic imaging using presumably sub-therapeutic
activities of ™I [135]. The effect seems to depend on absorbed dose and
radionuclide, and may be mediated through a loss of NIS mRNA expression [136].
However, it has been argued that the stunning observed is in fact a partial
therapeutic effect of **'I, where one would expect a lower uptake of iodine after cell
killing in a lesion. This may be supported by data showing that a therapeutic
administration of radioiodine itself changes the kinetics of cancer tissue during

irradiation [137].

A major limitation on the effectiveness of radioiodine therapy is the loss of iodine
avidity in many distant metastases. It has been reported that approximately 30% of
patients with distant metastases at presentation have non-avid disease [88].
Additionally, many patients eventually develop non-avid disease despite initial
avidity. The therapeutic options of progressive metastatic disease that has lost iodine
avidity have historically been limited, but have improved in recent decades [138].
Drugs developed to inhibit tyrosine kinases have been approved for use in patients
with radioiodine-refractory metastatic disease [139,140]. These drugs can improve
progression-free survival for patients, but may also cause side-effects that limit their
long-term use. It is also common for tumours to develop resistance to these drugs.
However, the use of drugs specifically targetting BRAF or MAPK have been shown
to restore iodine avidity in many previously refractory patients [141,142].
Restoration of iodine avidity has also been reported after treatment with NTRK
inhibitors, in patients with EML4-NTRK3 gene fusions [143,144]. While such fusions
are rare in thyroid cancer, this suggests that multiple avenues are available to
restore iodine avidity [145]. This enables a novel treatment option, where a short-
term redifferentiation treatment can be given to potentiate radioiodine therapy
[146-148]. The treatments seem to be able to restore avidity in 40 to 80% of
radioiodine refractory patients. To date however, no survival benefit has been

proven in the small studies that have been published.
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3 Research Aims

Two major factors determine the absorbed dose from radionuclide therapy. The first
is the absorbed dose from each decay, which depends on the atomic and nuclear
properties of the radionuclide as well as the size and geometry of the target. Some
aspects of this was studied in Paper I. The second is the total number of decays in
the target, in thyroid cancer loosely summarised in the concept of iodine avidity;

different aspects of this was studied in Papers II, Il and IV.

Paper I aimed to find out the impact of target size and geometry on the absorbed

dose delivered from 1.

In Paper II, the aim was to find and quantify correlations between tumoural iodine
avidity and several clinical and histopathological parameters such as tumour size,

histological subtype, Tg and Ki-67 expression, and age.

Paper III describes further studies on tumoural iodine avidity. The paper aimed to
establish the quantitative impact on iodine avidity of mutations in BRAF and the
TERT promoter. The extent to which NIS expression and localisation predicts iodine

avidity was also explored.

In Paper IV, analyses of clinical progression and persistent disease in the cohort

aimed to verify the clinical relevance of the findings in paper II and III.
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4 Methodological Considerations

4.1 Measuring Radioactivity and Iodine Avidity

Iodine avidity in this work was estimated by a single time point measurement of the
activity concentration in tissue at approximately 48 hours post injection, detailed in
Figure 5. Patients were asked to follow a low-iodine diet for a week prior to
intravenous injection of 5 to 10 MBq of [*'I]-Nal. The activity range was selected to
enable accurate quantification of iodine in tissue samples, but is low enough to
avoid any potential stunning of the thyroid tissue; a highly avid tissue concentrating
0.01 TA-g" (injected activity per gram tissue) would receive approximately 0.8 Gy,
given an administration 10 MBq "'I and an effective half life of 50 h. This was
deemed acceptable considering that at least two months would pass before any
radioiodine treatment, that cancer tissue would be expected to have much lower
concentrations, and the low reported uptake-inhibitory effect of such absorbed
doses delivered by *'I. Most evidence also suggest that pre-therapeutic diagnostic
scans do not change the clinical outcome in terms of recurrence or ablation success
[136,149,150].

Patients underwent thyroidectomy and lymph node dissection, as indicated in the
individual case. Rapid handling of surgical specimen allowed for radioactivity
quantification to be performed before formalin fixation and paraffin embedding,

with an estimated mean time from surgery to fixation of 3 hours.

At the pathology grossing lab, representative samples were taken of primary
tumour, lymph node metastases and normal thyroid tissue, as shown in Figure 6.
They were dissected by an endocrine surgical pathologist or a pathology assistant

experienced with thyroid tissue handling.
There are many ways of measuring radioactivity. Ionisation in gases or excitation in

scintillation crystals are the most widely used physical interactions by which to

detect and quantify radiation originating from radioactive material [151].
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Figure 5: Schematic of preparation and handling of tissue samples in Paper II, IIT and IV.
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Figure 6: Tissue handling in Paper II, III and IV. (a) Fresh sample from surgery. (b)
Dissection of representative tissue samples of normal thyroid, primary tumour and lymph
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node metastases (not shown) were performed. Histological verification of tissue
representativity for (c) normal thyroid and (d) primary tumour.

In Paper II, IIT and IV, a scintillation well detector was used, enabling accurate
quantification of sub-Bq activity levels. The detector had a sensitivity of 0.445
cps/Bq for **'I, and the minimal detectable activity was determined to 0.17 Bq for the
acquisition protocol used, according to the method described by Blue et al. [152].
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This translates to an ability to detect normalised iodine concentrations down to
5-10° IA-g™ with the acquisition protocol used. Any concentrations below this level
would be erroneously estimated by the detector system. This was considered an
acceptable lower limit of quantification, as any such concentration levels are

unlikely to be clinically significant.

The detector had a linear response for activities up to 50 kBq, where dead-time and
pile-up effects became substantial. For a typical normal thyroid tissue sample of 250
mg taken in this work, this would correspond to decreased accuracy (biased towards
underestimation of avidity) at normalised concentrations of 0.04 IA-g" or higher;
this was considered above the range where accurate quantification of tumoural
avidity was relevant in the project. Iodine concentrations were normalised to the
injected activity and the mass of the tissue, IA-g", in order to be comparable
between study participants and tissue samples. All values were decay corrected to
the time of surgery. All primary tumour and lymph node metastasis concentrations
were adjusted for competing uptake in normal thyroid tissue, according to
Equation 1:

C
Ccorr = . (1)
1- Cthy ’ mthy /Ainj

Where C.,, denotes the corrected activity concentration, C,,,s denotes the measured
activity concentration in a tumoural tissue, Cy, denotes the activity concentration
measured in normal thyroid tissue, my, denotes the mass of the normal thyroid, and
A;; denotes the activity injected. If it was not possible to measure directly, m,, was
calculated by subtracting the estimated mass of the primary tumour, by volume and
density approximation, from the total gland mass. This adjustment means that
measured tumour concentrations will be increased two-fold if total thyroid uptake
was 50% and four-fold if thyroid uptake was 75%. The aim was to make the results
more similar to the therapeutic situation, since in this work, any I trapped by the

normal thyroid tissue would not be available for accumulation in tumour tissue.

In addition to surgical specimens, venous blood was collected after injection of *'I
(minimum delay 3 min) and during surgery. This was done in order to enable
analysis of and correction for availability of iodine in the blood pool, which may
influence the iodine concentration in tumoural tissue. Analyses of estimated

glomerular filtration rate (eGFR) were also performed, with the same purpose.
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Another consideration in estimating iodine avidity in this pre-therapeutic way is
that TSH stimulation was present only in the euthyroid state that the patients
presented in. It is well established that TSH binding to TSHR on thyroid cells, among
other things, increases NIS transcription and translocation of NIS to the plasma
membrane [153,154]. This causes an increase in iodine avidity, which is exploited
therapeutically [115,155]. TSH stimulation prior to thyroidectomy was deemed
hazardous in this work, as it could increase the risk of surgical complications. It also
cannot be disregarded that short-term TSH stimulation could have an yet unproven,
tumour-stimulatory effect. TSH stimulation would almost certainly have increased
the concentrations reported in this thesis, as TSHR is still expressed in many
differentiated thyroid cancers [156,157]. TSH values vary between patients after
endogenous and exogenous stimulation, and achieving equal stimulation across
patients is difficult. Contrary to a TSH stimulated study population, the euthyroid
state of the participants in this work may therefore warrant a more equal
comparison of iodine avidity. However, the absence of TSH stimulation restricts any
direct extrapolation of concentrations from this work to absorbed doses in the

clinical situation.

4.2 Estimating Iodine Avidity from a Single Time-Point Measurement

Using iodine concentrations at 48 hours as a proxy for iodine avidity relies on the
assumption that activity measured at a single time-point is proportional to the

integral of the time activity curve.

It has been shown that the integral of a mono-exponential activity or concentration
curve can be approximated within 10% by a single uptake measurement, given that
the measurement time is within a factor 0.8 and 2.5 of the effective half-life, see
Equation 2 [158].

o % 2T .
A:{A(t)a!mA(:r)E given 0.8-T,,<T<25T,, (2)

Where A denotes the cumulated activity in the target, A denotes activity in the
target, t denotes time after injection, T denotes the single-measurement time point
and T, denotes the effective half-life. This relationship means that the activity at a
carefully selected time point, multiplied by some proportionality coefficient c; is

approximately equal to the absorbed dose that would be delivered by a treatment:
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A=c,(T)A(T) (3)

Where A denotes the cumulated activity in the target, A denotes activity in the
target, T denotes the single-measurement time point and ¢; denotes a
proportionality coefficient, specific for a curve shape i (in the case of the mono-
exponential in Equation 2: ¢; = 2-T/In2). This enables an approximate calculation of
the iodine avidity in tissue, by using images or ex vivo measurements. Such
approximations were central to the work in this thesis, and their support is

therefore explored in some detail here.

As shown in Equation 2, this has been proven mathematically and experimentally
for mono-exponential functions, given constraints on the measurement time
[158,159]. However, the activity curve of *'I in thyroid cancer tissue is not a perfect
mono-exponential function; activity accumulates over time after having been
absorbed through the gastrointestinal tract and transported via blood to tumour
cells. The curve might be better described by multiple components for the initial
and later kinetic phases. A single time-point measurement does not allow for
estimation of parameters in such complex models, and the approximation cannot
be assumed to hold for all curve shapes. A set of plausible curve shapes are

described in Equation 4 to 6 using sums of exponential functions:

A =|ae™at
{ ! (4)

—k, t —k,t
Abl:f a,e '+a,e °dt

0 (5)

0
~ —k, —k, —k,
A:fale “+a,e “'+aze “'dt
0

(6)

Where A denotes the time integral of the activity curve, t denotes time, a; denotes
the term coefficients and k; denotes the exponent coefficients of the mono-, bi- and
tri-exponential expressions. Beyond exponentials, multi-compartment models may
even more accurately model the true kinetics of radioiodine transport to a tumour.
A model with blood and tumour compartments is described with differential

expressions in Equation 7 and 8:
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Where A; denotes the time integral of the tumour activity curve, B(t) denotes the
activity in blood, T(t) denotes the concentration in tumour, K, denotes the rate
constant of clearance from blood, K; denotes the rate coefficient from blood to
tumour and k, denotes the rate constant of clearance of iodine from tumour back
into blood. The expression in Equation 9 describes the integral of the solution of the

compartment model with regards to tumour iodine concentration.

In order to test the validity of the assumption of similar proportionality (i.e. that c;
in Equation 3 does not differ too much between plausible curve shapes) between the
activity concentration at a given time point and the integral of the activity curve,
previously published kinetic data was used. The effective half-live of thyroid
remnants have been reported as means in the range 9 to 118 h, with a crude median
of the mean effective half-lives in nine publications of 50 h [78,116,160-166]. The
effective half-live of iodine in metastatic thyroid cancer tissue is less studied, with
three studies reporting values for lymph note metastases of mean 17 h (8 patients)
and 18 h (4 patients), and distant metastatic lesions at mean 52 h (4 patients)
[118,167,168]. The effective half-life of iodine in blood in the therapeutic setting has
been estimated to 15 h [169]. Based on these somewhat disparate published data,
exponential functions in Equation 6 and solutions to the two-tissue compartment
model described in Equation 9 were studied. The curves are shown in Figure 7. The
compartment model rate coefficients were a range of values which spanned the

previously published data.

The difference in the proportionality coefficients (c; in Equation 3) between the
tissue concentration at 36-60 hours and the time integral of the curve was found to
be at most two-fold (for the curves corresponding to the most extreme two-tissue
compartments), as shown in Figure 8. For 50% of the curve shapes shown in Figure
7, the difference of the proportionality constant was less than 10% from the mean
value at 48 hours. A measurement point at 48 h was selected considering these

results, given that multiple time-points was impossible.
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Figure 7: Time-activity curves for a set of (a) mono-, bi- and tri-exponential functions and
(b) a range of solutions to a two-tissue compartment model. Only some of the curves in the
analysis are shown to avoid clutter. The figure intends to show examples of plausible time-
activity curves for different tumours. The curves were generated based on published kinetic
data.
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Figure 8: Relative error in proportionality for a specific curve compared to a mono-

exponential curve (c,/C,..,) measured at a specific time-point T (x-axis). Data for the

mono
functions described in Equation 6, and for solutions to the differential equations in Equation
9 for 60 permutations of kinetic parameters. Measurements on curves at 36-60 hours post

injection had less than a two-fold difference to a mono-exponential curve.
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Still, it is possible that a subgroup of tissue samples would exhibit very different
curve shapes than another subgroup, which would then introduce a systematic bias
in the estimation of avidity. Such a potential bias must be considered when

interpreting the results of this thesis.

This limitation with single time-point measurements discussed here is present also
in previously published research on iodine avidity, where uptake on single time-
point nuclear imaging has been used. In such studies, images are usually acquired
at a later time-point, where the variance in proportionality coefficients is much

larger.

4.3 Monte Carlo Methods

Treatment effect and absorbed doses in radionuclide therapy are the cumulative
result of some 10'°-10" particle and photon emissions, depositing their energy in
nearby tissues through a stochastic process. The underlying physics that govern the
interactions of each emitted particle and photon is relatively well-known, and cross
sections for interactions have been experimentally determined or theoretically
modelled. Based on this knowledge, one could construct a mathematical expression
for the radiation transport within tissue. However, similar to the deceptively simple
equations describing three-body problems in classical mechanics, solving these
equation systems analytically can be impossibly complex. Therefore, detailed
dosimetric calculations may instead require a numerical approach. Because of the
stochastic nature of nuclear interactions, the Monte Carlo method is often applied
to these problems [170]. The method was developed by Stanistaw Ulam and John
von Neumann in the 1940's within the Manhattan Project [171]. First used to study
neutron physics related to nuclear weapons, it was surreptitiously named "Monte

Carlo" method after another stochastic process, casino gambling.

The Monte Carlo applications in Paper I used the Monte Carlo N-Particle (MCNP)
code. Simulations were performed to study the particle (beta particles, conversion
electrons and Auger electrons) and photon (gamma rays and X-rays) emissions from
T decay.
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4.4 Molecular and Genetic Analysis of Tissue Specimen

An array of molecular and genetic analysis methods were used in this thesis.
Immunohistochemistry was used in Paper II and III to assess the expression of Tg,
Ki-67, mutant BRAF and NIS. For all primary tumours and the largest lymph node

metastasis (in case of such metastases), at least one slide was stained.

Immunohistochemical staining of Tg was done using a 2H11 + 6E1 mouse
monoclonal antibody (Ventana/Roche Diagnostics, Basel, Switzerland). Normal
tissue adjacent to tumour tissue (in the same patient) and external tissue (unrelated
anonymised reference material) were used as positive controls. Negative controls
were anonymised references from lymph node, colon and kidney tissue. Tg staining
was scored as a proportion of positive tumour cells in increments of 5%.
Localisation was studied by separate scoring for luminal and cytoplasmic
expression of Tg. The immunohistochemistry of Tg is established in clinical routine

and was processed as such in the research project.

Ki-67 was stained for by use of the CONFIRM anti-Ki-67 clone 30-9 rabbit
monoclonal antibody (Ventana/Roche Diagnostics, Basel, Switzerland). Positive
controls consisted of healthy human lymph node, colon, kidney and pancreas
tissue. The Ki-67 staining was scored as a proliferation index (percentage with one
decimal precision) based on 2000 cells in hotspots. Immunohistochemistry of Ki-67

is in clinical routine and was processed as such in the research project.

NIS was stained using a mouse monoclonal FP5 antibody (ab242007, AbCam,
Cambridge, UK) and scored for both cytoplasmic and membranous staining in
increments of 10%. Positive controls of normal thyroid and Graves' disease was used
to validate the staining and optimise the protocol with regards to pH, denaturation

temperature and antibody concentration.

Mutation specific staining of BRAF V600E was performed in accordance with
clinical routine using an anti-BRAF V600E (VE1l) mouse monoclonal antibody
(Roche, Basel, Switzerland). Genetic sequencing and detection of BRAF V600E was
done by polymerase chain reaction (PCR) analysis. A Cobas z480 system was used
for amplification and detection, together with Cobas 4800 BRAF V600 Mutation Test
(Roche Diagnostics GmbH, Germany). Findings of BRAF mutations were verified by
a parallel run of real-time PCR for hotspot mutations in KRAS, NRAS and HRAS
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using the EntroGen Thyroid Cancer Mutation Analysis Panel Kit (EntroGen,
Woodland Hills, CA). As BRAF and RAS mutations are mutually exclusive driver

genes in thyroid cancer, absence of RAS would validate the BRAF results.

Screening for TERT promoter mutations in C228T and C250T was performed with a
digital droplet PCR analysis system (QX200 Droplet Digital PCR system, Bio-Rad
Laboratories, Hercules, CA) together with a mutation assay from the same company,
specific for the TERT promoter region upstream positions for C228T (-124) and
C250T (-146).

4.5 Determining Outcome in Thyroid Cancer

When trying to determine the outcome of patients with thyroid cancer, a few things
are special compared to most other cancer types. One is that most patients have an
excellent prognosis and will survive their cancers. This is mainly due to the indolent
nature of most discovered tumours, but also because of effective treatment in the
form of surgery, hormone suppression and radioiodine treatment. However,
regional disease is common in PTC, both initially and as recurrent disease later on.

Such metastases can arise many years later.

Due to the low proliferation rate of most thyroid cancers, it is likely that some
metastases were present as macroscopic growths even at the time of diagnosis, only
to be discovered later. This blurs the line between persistent disease (which is
considered as disease present at initial therapy but does not go into complete
remission) and recurrent disease (which is tumours that arise after a time period

without any signs of disease).

In Paper IV, the follow-up period was relatively short for thyroid cancer (median 22
months). Therefore, all disease was considered as persistent disease, as the
distinction between persistent and recurrent disease was not possible to make
within the study period. While this was not pertinent to the study aims, which more
focussed on the behaviour of any metastases in relation to the initial iodine avidity,
it is an important aspect when studying treatment effect, such as progression- or

recurrence-free survival.
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4.6 Statistical Analysis

The statistical analysis in this work was done using R (version 3.6.3, R-project.org)
and MATLAB (version R2018b, matlab.com). Many additional R packages and m-files
created by the wider community of physicists, engineers and mathematicians were
also used. Both the files and the helpful explanations and discussions on the

respective online user forums were instrumental to the analyses in this work.

In order to apply statistical methods that enables accurate interpretation, the
statistical distribution of iodine avidity is of great interest. The sample distribution
was assessed through histogram and quantile-quantile plot inspection. The
statistical distribution of the data on iodine avidity was found to be approximately
log-normal after exploratory transformation, which influenced the choice of
descriptive statistics. Due to the data being approximately log-normal, the geometric
mean was used when calculating means for intra-patient measurements (e.g. for
multiple samples of lymph node metastases in one patient). The geometric mean
was chosen as it is robust to small sample sizes, and estimates the median of the log-
normal distribution well. The log-normal distribution arises by multiplicative
processes of independent variables and frequently occurs in observational data

from the natural sciences [172].

The statistical tests used for differences between groups and correlations for
continuous variables were Welch's t-test and Pearson's product-moment coefficient.
They both require approximate normal sample distributions to be unbiased, which
was considered to be fulfilled (after log-transform or calculation of means). Welch's
t-test was used since it does not require the samples variances to be equal (as

Student's t-test does), which was not the case in several of the datasets studied.

To find the underlying relation between tumoural iodine avidity and the other
parameters studied in this work, regression modelling was used. The linear least-
squares method with QR matrix decomposition (Im function in R) for linear
regression was applied in both univariate and multivariate analysis. Multivariate
analysis was performed to decrease the influence of confounding variables and find
the best predictors. The model residuals were analysed for normality using quantile-
quantile plots. Multicollinearity in the regression analysis was evaluated with
variance inflation factors for each model (VIF function in R). Skedasticity was
evaluated by the Goldfeld-Quandt test (ggtest function in R), with p > 0.05 considered
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as no proven heteroskedasticity in the dataset. Multivariate model complexity was
reduced, to avoid over-fitting and bias in variable selection, partly using a stepwise

backwards Akaike information criterion (AIC) minimisation (stepAIC function in R).

Statistical power calculations were performed prior to study initiation. As the lack of
quantitative data on avidity was the motivation for Paper II, III and IV, a rough
approximative calculation had to be performed. The calculations were based on the
expected number of occurrences of mutations and expression. The calculations
showed that a study population of 42 would find a two-fold difference in avidity with
statistical significance (a=0.05) in 90% (=0.1) of trials. This was however based on
assumptions on what a relevant avidity difference would be (a two-fold difference)
and the variance of iodine avidity between different patients. As these factors were
very uncertain ahead of study initiation, careful attention should be paid to the
confidence intervals in the results, which reflect the actually observed effect sizes

and sample variances.

Patient recruitment in Paper II, III and IV was done through continuous monitoring
of surgical referrals for thyroid cancer to Karolinska University Hospital and
subsequent inquiry for participation upon the referral visit. A large proportion of
patients were able to be successfully inquired thanks to a tight-knit group of well-
informed contact nurses managing thyroid cancer patients as well close

communication with the surgeons meeting the patients.

The thyroid cancer catchment area of the hospital is the Stockholm and Gotland
counties in their entirety (approximately 2.5 million inhabitants), and should
therefore not introduce any bias in patient selection. However, age, gender and
severity of disease may correlate with willingness to participate, potentially causing

the distribution to be skewed.
Only patients with tumour diameters greater than 1 cm, as estimated by ultrasound,

were considered for participation. This introduces some bias towards more

aggressive disease, with potentially lower avidity than the general PTC population.

4.7 Ethical Considerations

The research in this thesis primarily involves two ethical considerations.
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First, the radiation exposure to the 45 participants in Paper II, IIT and IV (which was
the same cohort) associated with their participation in this research, incurs a risk of
radiation induced cancer. The individual effective dose was low, estimated to
between 2 and 3 mSv. This is equivalent to a diagnostic PET or SPECT scan
(excluding any contributions from CT), or to the natural background radiation in
Sweden during 3 years. The collective dose was approximately 0.1 man-Sy,
associated with a statistical risk of detriment-adjusted radiation induced cancer in
the cohort of 0.4% [173]. The amount of radioactivity used in the studies (5-10 MBq
of ¥'I) was minimised to a point where detector signal for weakly radioactive tissue
samples (107 of injected activity) could still be measured adequately. The results in
this thesis can possibly help guide treatment and better find patients that will not
benefit from radioiodine therapy, and avoid treatment in those cases. This would by
far offset the collective dose incurred by the project, as a standard radioiodine
therapy for thyroid cancer can amount to 200-1300 mSv. The patients included in the
project were thoroughly informed about the radiation exposure both in writing and
verbally, and gave informed consent prior to participation. The surgeons and
pathologists (15 persons) involved in the study were estimated to receive a collective
dose of 0.4 man-mSv, approximately equivalent to one week of background

radiation each.

Secondly, the results from study-related measurements in this thesis gave pre-
therapeutic indications as to whether radioiodine therapy was likely to be beneficial
to the patients that participated. It was decided to disregard any such information in
clinical management of those patients, since there is no evidence published that
such adaptations would improve the clinical outcome. In one case, a patient was
analysed and imaged more extensively in connection to the radioiodine treatments
following participation in the project. This was done with the dual purpose of
research and to guide clinical management of the patient. The clinical guidance was
not based on preliminary data from the project, but on tumour doses calculated in

target lesions.

Ethical permits issued by the Swedish Ethical Review Authority relevant to this
thesis are: (#1) 2017/2393-31/1 with amendment 2020-01222 and (#2) 2020-01541.
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5 Results

5.1 Iodine Avidity Measurements

A major interest in this work was to study the true range of iodine avidity, expressed
as normalised iodine concentration in thyroid cancer tissue. It was studied in
quantitative detail as compared to a binary concept, in Paper II, IIT and IV. This
included analysis of the distribution of iodine avidity within the studied cohort.
Upon inspection, it was evident that the data had very large variance, across several
orders of magnitude. Quantile-quantile plots of measured values and log-
transformed values of iodine avidity are shown in Figure 9. The distribution appears
log-normal over most of the range. The minimal detectable activity may distort the
true distribution somewhat, as the lowest accurately quantified normalised iodine
concentration was approximately 2-10° IA-g’. Any real concentration values at or
below that threshold would be expected to cluster around 2-10° IA-g”, due to
random detector noise. This effect can be noticed to the bottom left part of the log-
transformed plot. Despite this minor effect, the distribution of iodine avidity in the
cohort was considered to approximately log-normally distributed, for statistical
analysis. The log-normal distribution of iodine avidity may be attributed to an
underlying multiplicative pharmacokinetic process, as products of normally
distributed stochastic variables, such as expression levels of specific proteins, are
log-normal distributed [174].

The findings from Paper II on the complete range of iodine avidity are presented for
subtypes of PTC and for PDTC in Figure 10. The iodine avidity in normal thyroid
tissue was similar among patients (at most a 11-fold difference), while avidity in
tumour tissue was found to differ more than a thousand-fold (from 6.4E-07 to 2.2E-
03 IA-g"). The iodine concentrations in normal thyroid was multiplied by the
weighed and estimated total gland masses, producing uptake values for the normal
thyroid tissues. The uptake values were found to have a median of 40% (interquartile
range: 29 - 54%) at a mean uptake time of 48 h, decay corrected to the time of

injection.
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Figure 9: Normal quantile-quantile plots of iodine avidity for primary tumours and lymph
node metastases. Multiple samples from the same patient are represented by their

geometric mean. Both (a) original and (b) log-transformed data is shown.
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The relationship between avidity in samples from primary tumour and lymph node
metastases could be studied in 10 patients with synchronous metastases, and the
results are shown in Figure 11. Overall, iodine concentrations were lower in lymph
node metastases than in primary tumour samples but the difference was borderline
non-significant (5.7-fold lower, CI 0.9-36). From samples taken in the same
individual from either primary tumours or lymph node metastases, the intra-patient
variation in avidity could be estimated. Such comparisons were possible in thirteen
patients, in which the median of ratios between highest and lowest avidity in each

patient was 3.3, indicating a much lower variance than observed between patients.
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Figure 11: Iodine avidity in samples of primary tumour and lymph node metastases in the
same patients (n=10). Multiple samples from the same patient are shown when available.
Avidity was lower in metastases than in primary tumours for most patients, however, paired

testing did not find a significantly lower avidity.

5.2 Iodine Avidity and Histopathological Markers

By analysis of the immunohistochemical data on Tg expression and Ki-67 index in
Paper II, it was established that both had a strong correlation to iodine avidity, as
can be seen in Figure 12. The data was log-transformed and the calculations of
correlation coefficients showed r = 0.50 (CI 0.22 - 0.70) for Tg expression, and
r =-0.49 (CI -0.70 - -0.21) for Ki-67 index. The measure of Tg that predicted avidity

was the proportion of cells that expressed Tg. When analysed separately for samples
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from primary tumour and lymph node metastatic samples, the significance and

trends were still evident.

In addition to proportion, the localisation of Tg was studied, where cytoplasmic
localisation was more common (33/37, 89%) than localisation in follicular lumen
(13/37, 35%). Out of all samples, both Tg expression in both cytoplasm and lumen
was present in a minority of samples (9/37, 24%). No statistical difference in avidity
was found between the localisation of Tg expression. The spatial homogeneity of Tg
expression in the tumour tissue was assessed, where heterogeneous expression was
found in approximately half of the samples (19/37, 51%) and homogeneous in the
other half (18/37, 49%). Similarly to Tg localisation, no significant difference in

avidity was found for spatial homogeneity of expression.

High-risk histological subtypes (hobnail and tall cell subtype PTC, PDTC and
differentiated high-grade thyroid cancer) had 7.1-fold lower avidity than other
samples (CI 1.9-28).

The relation between size of the primary tumour and iodine avidity was studied in
Paper II. Furthermore, the cancer staging according to the tumour, nodal and
metastasis (TNM) classification in terms of pT and pN stage was analysed. The
results of analyses for tumour size and pT stage are shown in Figure 13. There was
no significant correlation between primary tumour size and iodine avidity
(CI -0.52 - 0.18). Comparing the different pT stages and iodine avidity showed that
there was a significantly higher avidity in pT1a/b and all others, by a factor of 5.9 (CI
1.2-29). However, tumours classified as pTla/b+pT2 stage were not significantly
more avid than pT3a/b (CI 0.11-5.1). Overall tumoural iodine avidity was not found
to be significantly different according to pN stage, as pNO was compared to pNla/b
or pNx/la/1b. The avidity data with regards to pN stage is shown in Figure 14. The
absence of difference in avidity between pN stages did not change upon separation

of avidity in primary tumour and lymph node metastases.

The impact of the rate of renal clearance of iodine and the iodine concentrations in
tumour and healthy thyroid was studied. No correlation was found between neither
eGFR, blood iodine concentration at surgery nor the blood iodine concentration at
surgery divided by the concentration at 5 min post injection. Patient age was found
to be significantly correlated to iodine avidity with a correlation coefficient of
r=-0.35 (CI -0.52 - -0.06).
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Figure 12: Iodine avidity for all cancer samples versus (a) Tg expression as a proportion of
cells [%], and (b) Ki-67 index [%]. The display includes both primary tumour and metastases.

The line and shaded area shows a linear fit and the 95% confidence intervals of the fit.
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Figure 13: Iodine avidity for all samples depending on (a) tumour size and (b) pT stage. The

line and shaded area shows a linear fit and the 95% confidence intervals of the fit.
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Figure 14: Iodine avidity for primary tumour and lymph node metastatic samples. The data

is presented according to the pN stage and coloured according to sample tissue type.

Expression of NIS was studied with respect to both localisation and proportion of
cells, similarly to Tg. It was found that cytoplasmic expression of NIS was
widespread but highly variable in tumour tissue. An example of widespread
membranous and cytoplasmic staining in tumour tissue is shown in Figure 15.
Expression in >50% of cells was found in 17/35 (49%) samples. However, no
significant correlation was observed between the proportion of cells with
cytoplasmic expression and iodine avidity. NIS expression at the plasma membrane
was rare, found only in 2/35 (6%) samples. The two samples were among those with
highest avidity, with a statistically significant 40-fold higher avidity (CI 9.1-180)
compared to those without membranous NIS staining. NIS expression was not
found to be significantly lower in patients with neither BRAF (p=0.37) nor TERT

(p=0.53) promoter mutations.

The occurrence of BRAF V600E mutations in the studied cohort was high, detected
in 26/35 (74%) samples. It was found that iodine avidity was lower in the group with
BRAF mutations, but only significantly in the case of lymph node metastases, where
a 18-fold lower avidity was observed (CI 3.9-87). The avidity for lymph node

metastases with and without BRAF mutations are shown in Figure 16a.
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Figure 15: Both cytoplasmic and membranous NIS expression (brown) in primary tumour
tissue. While the membranous expression in this sample was intense in most areas, there
were some sections where only cytoplasmic localisation could be detected. The sample was
scored as 100% cytoplasmic and 80% membranous NIS staining. Hematoxylin counter-stain
(blue) shows cell nuclei.
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Figure 16: Iodine avidity in lymph node metastases depending on (a) BRAF V600E mutation
or (b) TERT promoter (C228T) mutation. Data is shown according to mutational status in
either the lymph node metastases themselves (orange) or the corresponding primary
tumour (blue). The better separation between avidity in orange data points may suggest that
mutational status in metastases better predict avidity in the adjuvant setting.
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The detection of BRAF V600E mutations and the expression of BRAF V600E mutant
protein was in strong agreement, with an accuracy of 0.91 (CI 0.76-0.98), allowing

either method to be used.

TERT promoter mutations (C228T) were found in 12/35 (34%) samples. Similarly to
BRAF, samples with mutations had lower avidity, but was only found to be
significantly so in the case of lymph node metastases. Avidity in lymph node
metastases with TERT promoter mutations was 10-fold lower (CI 1.7-60), as shown
in Figure 16b. The slightly better separation of avidity for mutational status of both
BRAF and TERT in lymph node metastases in the figure suggests an advantage in
studying resected metastases when trying to predict avidity ahead of radioiodine

treatment.

The iodine avidity in samples with combined BRAF and TERT promoter mutations
was found to be lower than that in each of the separate groups, with a 19-fold lower
avidity (CI 3.4-110) in lymph node metastases. Again, no significant difference was

found in primary tumours alone.

5.3 Initial Iodine Avidity and Persistent Disease

The avidity data was studied with respect to the behaviour of persistent disease
during follow-up in Paper IV. Out of data on 35 patients included in the study, 10
patients had persistent disease at the point of study conclusion (April 2022). The
characteristics of those patients are shown in Table 1. Two patients died (#09 and
#30) from distant metastases of their thyroid cancers. The two patients with distinct
radioiodine uptake in distant metastases had PDTC and diffuse sclerosing subtype
PTC, and the four patients with metastases without visible iodine accumulation had
PDTC, diffuse sclerosing, tall cell and hobnail subtype PTC.
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High iodine avidity in primary tumour and initial lymph node metastases correlated
with high tumour-to-background signal ratio (log-log correlation coefficient r=0.69,
CI 0.04-0.93), and the visual assessment of iodine avidity (56-fold higher avidity, CI
1.3-2400). The results suggest that tumoural avidity can be predictive of iodine
avidity in metastases found during follow-up. The iodine avidity in primary tumour
and lymph node metastases depending on the uptake status in persistent metastases

is shown in Figure 17.
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Figure 17: Iodine avidity in samples from patients (a) depending on localisation of
persistent disease, or depending on (b) iodine uptake status on post-therapeutic SPECT
imaging. The results show that peri-operative avidity as estimated in this thesis concurs well

with uptake status in subsequent metastases. NED - no evidence of disease.
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Table 1. All ten cases of persistent disease. Follow-up duration measured from
cytological diagnosis.

dsPTC = diffuse sclerosing subtype of PTC; tcPTC = tall cell subtype of PTC; hPTC =
hobnail subtype of PTC; cPTC = conventional subtype of PTC; NA = not available;
T/B = tumour to background; T = death; * = not possible to assess due to no visible

structural disease

Study | Surgery Macro/ |Histol. |pTNM |BRAF/ |™1 Timeto | Type of Iodine SerumTg | Follow-
ID micro subtype TERT activity event presistent | uptake in pre/post up
radicality mut 1st/2nd after "I | disease metastases | first **'I duration
treatment | [months] (T/B-ratio) [months]
[MBq]
#08 Total +lgl yes/yes oncocy- |T2N1b |yes/yes |7400 24 biochemical |* (*) 0.3/0.4 35
central/dx tic PTC
#09 Inoperable/ | no/no PDTC T3bNx |no/no 7400 0 local/distant | no (3) 251/587 181
total met
#17 Total +lgl no/yes cPTC T3aN1lb |yes/no |5550 12 biochemical | * (¥) 13/4.6 26
central/sin
#24 Total +1gl yes/yo dsPTC | T1bN1b |no/no 5550 4 regional yes (1000) 19/6.4 23
central/
bilateral
#26 Total +1gl yes/yes | tcPTC T2Nla |yes/NA |3700 9 regional *(*) 0.3/0.6 22
central
#30 Total +1gl no/no hPTC T3bN1b |yes/NA |5550 7 regional/ no (1) not 17t
central distant met detectable/
15
#32 Total +1gl yes/yes cPTC T2N1b | yes/yes |5550 9 biochemical | * (*) 3.1/4.1 19
central/
bilateral
#40 Total +1gl yes/yes dsPTC |T1bN1b |no/no 5550 0 regional no (2) not 15
central/dx detectable/
not
detectable
#41 Total +1gl yes/yes PDTC T3aNO |no/no 3700/7400 |0 distant met | yes (500) 3200/1800 14
central
#43 Total +1gl no/no tcPTC T2Nla |yes/yes |5550 0 distant met | no (1) 47/153 13
central

38




5.4 Dosimetric Impact of Target Geometry and Size

The Monte Carlo simulations on radiation transport from **'I in Paper I showed that
the target geometry is important on the scale of micrometastases (<2 mm diameter),
at which a strongly oblate spheroid may receive up to 38% less absorbed dose per
decay than a sphere. As target size increased, the effect of geometry diminished.

The results from simulations of target geometry is shown in Table 2.

Similarly, the impact of target size was found to be more noticeable for smaller
targets, where a small sphere of 0.005 g would receive 42% lower absorbed dose per

decay than a sphere of 50 g. The effect of size is shown in Figure 18.

This means that the combined effect of a small target (micrometastases) and
compressing the target into an oblate spheroid can translate to a three-fold lower

absorbed dose per decay, compared to a large target growing freely in a spherical

shape.
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Figure 18: (a) Absolute energy deposition contributions per decay in a target sphere. (b)

Total energy deposition in the smaller range of simulated masses for spheres and prolate

and oblate spheroids.

39



Table 2. Normalised absorbed doses for different spheroids and spheres. Varying
axis ratios horizontally, and different target masses vertically. Values are normalised
to the absorbed dose to a sphere of the same mass.

Axis ratio
Oblate Sphere Prolate

Mass (g) 1:16 1:8 14 1:2 1:1 1:2 14 1:8 1:16
0.005 0.62 0.77 0.84 093 1.00 0.94 0.89 0.81 0.68
0.01 0.69 0.81 094 097 1.00 098 0.92 0.83 0.74
0.05 0.75 0.86 094 099 1.00 0.99 0.93 0.88 0.82
0.1 0.81 091 096 0.99 1.00 0.99 0.95 090 0.87
0.5 0.85 093 097 099 1.00 0.99 098 0.95 0.93
1.0 0.88 094 098 1.00 1.00 1.00 0.98 0.97 0.94
5.0 092 0.95 098 1.00 1.00 1.00 0.98 0.97 0.95
10 093 096 098 1.00 1.00 1.00 0.99 0.98 0.96

5.5 Multivariate Regression

The optimised multivariate regression model was built on the full cohort data. The
initial iteration used the following variables: tissue type (primary tumour or lymph
node metastasis), age, sex, Tg expression, Ki-67 index, size of primary tumour,
number of metastases, extra-thyroidal extension, high-risk histological subtype (tall
cell or hobnail variant PTC, differentiated high-grade thyroid cancer or PDTC), risk
stratification according to the Swedish national guidelines, BRAF mutation, TERT

promoter (C228T) mutation and membranous NIS expression.
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Several multivariate models performed well, with low variance inflation factors,
normally distributed residuals and moderately high adjusted R* values (in the range
of 0.40 to 0.60). When restricting the number of predictive variables to four, a model
containing Tg expression, BRAF mutation, tissue type and high-risk histology
performed best. The resulting coefficient estimates, errors and confidence intervals

are shown in Table 3.

Since the results showed that avidity is dependent on which tissue it is measured in,
a model was also constructed for only primary tumour samples. When restricting
the model to three prediction variables (to accommodate that the model had less
data points to model), it was found that Tg expression, high-risk histology and

patient age constructed a well-performing model in primary tumour tissue.

Table 3. Multivariate linear regression results for log,,(IA-g") in all samples in the
cohort. The model was constrained to four variables, had an adjusted R of 0.55 and

variance inflation factors were below 1.2 for all variables.

Predictive variable Estimate | Confidence intervals| Standard | Variance
of estimate error inflation
factor
Intercept -5.59 -6.62 — -4.57 0.51 -
log,,(Tg expression [%]) 0.80 0.30-1.31 0.25 1.11
BRAF mutation -0.41 -1.00-0.18 0.29 1.12
Tissue = primary 0.96 0.44 -1.49 0.26 1.07
tumour®
High-risk histology** -0.93 -1.40 - -0.47 0.23 1.03

* = compared to lymph node metastasis; ** = tall cell or hobnail subtype PTC,

differentiated high-grade thyroid cancer or PDTC
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6 Discussion

This thesis had one overarching purpose.

It involves the fact that despite requirements and recommendations to perform
individualised dosimetry when optimising treatment in radionuclide therapy, most
institutions do not [175-178]. This has many reasons: tradition, economy,
convenience, lack of skills and knowledge, contradictions in regulation, and
perhaps even negligence [179,180]. The most important reason is arguably the lack
of established dose-response relationships in radionuclide therapy in general
[181,182]. A case can be made that for thyroid cancer, individualised dosimetry may
be unnecessary; most patients have excellent cure and disease control regardless of
radioiodine treatment. Image-based tumour dosimetry is also near impossible in
the majority of patients, where adjuvant treatment is given, with no visible
metastases to perform dosimetry on at disease presentation. While radioiodine
treatment is associated with improved outcome for more advanced disease,
dosimetry-guided treatment studies have not clearly shown superior success rates

compared to empirical activity schemes [25,88,183].

If an analogy of the current approach to radioiodine therapy to external beam
radiotherapy can be afforded, it would entail the following: a fixed beam targetting
one part of the body with a fixed photon output from the accelerator. The photon
output would be adjusted according to the TNM stage of the cancer, in steps of 1.11,
1.85, 3.7, perhaps 5.55 or 7.4 (if for no other reason, in homage to Drs Curie) - a
reasonable adaptation to risk of the individual patient, one might think. But
similarly to how iodine avidity is usually not taken into account, the beam would be
placed on the same body part, regardless of where the tumour was growing or how
deep the tumour would be in the patient. To be sure, no radiation oncologist would
expect a decent treatment response after missing the target tissue by 3 cm in
external beam radiotherapy. Still, if the tumour was 3 cm outside the planning
treatment volume that receives 68 Gy, it would receive perhaps 2 Gy, a 3% share of
the intended dose. This is much higher than what can occur if the avidity data in this
thesis is accurate, where more than thousand-fold differences between some
patients were observed. In terms of magnitude, the equivalent situation in external
beam radiotherapy would be irradiating the heart when the tumour was growing in
the neck.
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In absence of individualised dosimetry, the current choice of treatment activities is
based mostly on primary tumour size and the presence of lymph node or distant
metastases in guidelines [8-10]. As the staging of thyroid cancer is essentially a
stratification by risk of persistent and recurrent disease, one might call this risk-

guided therapy.

The purpose of this thesis was to find more relevant parameters related to expected
treatment effect. Such knowledge can be incorporated into treatment decision
making and thereby introduce the concept of avidity-guided therapy. Including pre-
therapeutic avidity into management may bridge the schism between, on the one
hand, requirements on individualised dosage and dosimetry, and on the other hand,
very little dosimetry being done, even when occasionally feasible. Radionuclide
therapy is unique in that the potency of the treatment in each patient can be
estimated as it is given, using post-therapeutic imaging. In addition, pre-therapeutic
knowledge of expected iodine avidity could potentially increase the precision of
treatment selection. This is akin to how, for example, cancer treatment with
trastuzumab and pembrolizumab is adapted to cellular expression of human
epidermal growth receptor 2 (HER2) and programmed cell death protein 1 (PD-1),

and therefore estimated treatment effect, in each tumour.

This discussion will argue that the findings of this thesis, in combination with other
published research, support the concept of avidity-guided therapy in clinical
practice and research. This concept is especially relevant if one wants to adapt
adjuvant treatment for a smaller group of patients at high risk of their thyroid
cancer impacting their lives. As the principle of "as low as reasonably achievable" of
radiation protection applies, the definition of this sub-group has to be carefully
constructed. Still, the patients at largest risk of recurrent disease or with distant
metastases stand to benefit the greatest from individualised activity compensation,

image-based dosimetry or future applications of redifferentiation therapy.

6.1 Determination of Tumoural Avidity

The importance of iodine avidity for successful radioiodine treatment was not in
any doubt when these research projects were started. Our method of estimating
avidity however, was unproven as a meaningful proxy in clinical practice. Two

things had to be proven in order for it to be meaningful.
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Firstly, it had to be shown that measurements in small sections of tissue were
accurate in estimating the actual iodine content in the whole tumour or thyroid
gland. This was assessed by calculating the uptake values of the entire healthy
thyroid gland (interquartile range: 29 - 54%), which were found to be within
expected values in euthyroid patients, considering they were on an iodine-restricted
diet in study preparation [184]. These internal control measurements performed in
each patient supports that the tissue segments measured can be considered

representative of the whole tumour.

Secondly, the iodine concentration in primary tumour tissue would have to say
something useful about any subsequent metastatic disease. This is important, as
some data suggest that metastases can be very unlike their primary tumours [185].
To explore this, the measurements of primary tumour iodine avidity were compared
to the follow-up of patients, primarily in Paper IV. The tumoural iodine avidity
measured experimentally was found to have very good agreement with the avidity in

the cases of clinically evident metastatic disease, as can be seen in Figure 17.

The data on tumoural iodine avidity produced in this thesis was found to span a
wide range, with iodine concentrations differing more than a thousand-fold
between patients. Relatively small variations were found between samples from
primary tumours and lymph node metastases within the same patient. This refutes
any simplistic view of iodine avidity as a binary parameter. While there must exist a
critical level of iodine concentration under which no beneficial treatment effect may
be achieved, it is currently unknown and is most certainly not what happens to be
just noticeable with currently available SPECT/CT systems. Studies that have used
detectable signal on imaging as a proxy for avidity add much to our understanding
of thyroid cancer, but such classification should not be taken as the final verdict on
whether treatment can be effective or not [186,187]. If one is uncertain if a certain
lesion can receive therapeutical levels of absorbed dose from radioiodine treatment,
image-based dosimetry is the most reliable option. While some hesitancy is
warranted due to the lack of an established dose-effect relation [183] or
uncertainties in dosimetric methods in thyroid cancer [188], image-based dosimetry
should be considered the current best method of estimating avidity in visible

metastases.

Iodine avidity as assessed by imaging in previously published studies have been

performed in combination with TSH stimulation, either in preparation for a scan or
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treatment. The studies have also been performed in patients who have already
undergone thyroidectomy. This differs from the methodology in this work, where
patients were euthyroid and had a functioning thyroid gland present. To minimise
this difference, the competing uptake in normal thyroid tissue was corrected for (as
detailed in Equation 1). The lack of TSH stimulation likely resulted in a bias toward
lower iodine concentrations in this work than would have been observed in the
therapeutic setting. This disarms any attempt to find exact cut-off values and limits
any extrapolation of radiation doses to the therapeutic situation from the data
obtained in this work. However, the results in Paper IV suggests that avidity in
primary tumours and initial lymph node metastases assessed in a euthyroid state
are good predictors of avidity in both lymph node and distant metastases under

stimulation by high serum TSH levels.

Any method of estimating avidity with a single time-point measurement introduces
some uncertainty. The assumption of mono-exponential activity curves and the use
of a single time-point are sensitive to effective half-lives deviating far from the mean
uptake time of 48 h used in this work. If effective half-lives were much shorter or
longer than 48 h, that would lead to underestimation of the avidity as estimated in
this work. The errors introduced by a mono-exponential curve shape assumption
are complex to estimate. It depends on the true shape of the activity curve and the
measurement time point on that curve, as discussed in section 4.2 in some detail.
Bi-exponential curves with a positive and a negative component are common in
pharmacokinetics, arising from a protracted uptake phase and a longer excretion or
decay phase. A single measurement on such a curve will overestimate the integral if
it is performed in the late stage when the decay component is dominant [158]. A
potential systematic bias cannot be excluded, as some tumour subgroup may
conceivably have consistently different activity curve shapes than another. However,
the above is also true for single time-point imaging, which usually occurs later after
radioiodine administration. This fact has cursorily been overlooked in previous

research on iodine avidity.

The study population in this thesis had a higher proportion of men and older
persons than might be representative for the total papillary thyroid cancer
population. It was noted during recruitment that younger women were less likely to
want to participate in the study. Since young women constitute a large group of
patients with predominately low-risk disease, this explains the higher occurrence of

high-risk persistent disease in the study cohort. This limits generalisations of iodine
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avidity to the general thyroid cancer population, as the proportion of risk might be
skewed. Furthermore, the studies in the thesis have not included any FTC or
oxyphilic thyroid cancer tumours, which constitute a significant minority of thyroid
cancers. Markers for avidity in FTC and oxyphilic thyroid cancer should be
researched separately to test the validity of individual markers suggested to be

useful in this thesis.

6.2 Markers for Iodine Avidity

This work has expanded the range of known markers for iodine avidity, with low Tg
expression and high Ki-67 index both indicating low avidity. Histological subtype
also showed promise in separating tumours of low avidity from others, in line with
published data [189]. In the multivariate modelling, Tg expression turned out to be
the most robust marker. It was significant in most iterations, especially when the
model was constrained to only four predictive variables. As Tg immunohisto-
chemistry can be set up and scored in most pathology labs, it could be a useful

complement to predict iodine avidity in clinical practice.

The results from genetic analyses in this work are in line with published data on
both BRAF and TERT promoter mutations [58-60,63,64]. TERT promoter mutations
appears to have stronger correlation to low avidity in previously published data. The
confidence intervals of the effect for the two mutations overlap heavily in this thesis.
It is therefore not possible to determine which is the best in the current data.
However, the results all point in the same direction (lower avidity for any of the
mutations) as previous data. The fact that mutations in lymph node metastases
predicted avidity better than in primary tumours may be worth exploring further.

The direct measurement of iodine concentration ex vivo in tumour tissue, as
employed in this thesis, could also be considered as a way of determining iodine
avidity ahead of radioiodine treatment. The method was shown to predict avidity in
subsequent metastases well, and has a larger dynamic range and likely higher
precision in low-avidity tumours than post-therapeutical nuclear imaging, as sub-Bq
activity levels are detectable ex vivo. When measuring directly in surgical specimens
of tumour tissue, only the actual tumour cells are measured and can be verified as
such. It does however require the logistical coordination of pre-operative
radioiodine administration with surgical planning and pathology grossing with the
nuclear medicine department. Instruments that enable accurate measurement of
low levels of radioactivity are also required. Arguably, it is mainly the logistical
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requirements that makes such an implementation unlikely. The direct translation to
therapy-setting tumoural avidity is also hindered by differences in TSH stimulation.

6.3 Avidity-guided Therapy

Treatment guidelines and classification systems like the American Joint Committee
on Cancer (AJCC) TNM staging and the MACIS score aim to stratify patients
according mainly to risk of recurrence and death [190]. Selection of therapeutic
radioiodine approach has traditionally followed this line of thinking and radioiodine
treatment effect has been found to be more pronounced, the higher the risk of
recurrence. An avidity-guided approach would move away from this, and not focus
only on pT, tumour size and pN, which were found to not correlate well with iodine
avidity in this thesis.

How the results of this thesis would fit into an avidity-guided framework is shown in
Table 4. The framework was in part inspired by a 2019 joint statement from the
American and European associations for thyroidology and nuclear medicine [187].
In the statement, two principles (5 and 6) relates to unknown factors in radioiodine
treatment selection and how decisions should be made, given that the evidence base
is partially lacking. The framework in Table 4 should be seen as an attempt to put
the findings of the current thesis into a greater context to amend the risk-based

approach with avidity-based decision making.

A starting point would be to adjust the treatment based on both risk and expected
avidity. Patients with very low risk of recurrence and the highest avidity can
arguably be fully treated with lower activities. This is supported by randomised
trials establishing that ablation treatments (studying low-risk patients) with 1.1 GBq
are equal to 3.7 GBq with regards to both short term ablation success and long term
recurrence rates [77,120,124,191]. Most pT1 patients are already treated this way, but
the ability to distinguish patients with low risk using genetic profiling (e.g. for TERT,
TP53 or high tumour mutational burden) and histological sub-typing is further
improving [3,192-194]. This may result in that more patients can safely be given
only ablative treatment in the range of 1 GBq of "'I, with less emphasis on tumour

size.

For patients with a high risk of recurrent or persistent disease and lower avidity,

radioiodine dosage could be increased, by activity compensation. This would aim to
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at least in part compensate for the lower expected iodine concentration in any
metastatic tissue. For such patients, it would be more motivated to initially
administer higher activities with the aim to provide a successful treatment,
considering that metastatic uptake and iodine kinetics seem to become less
beneficial over the course of several treatments [195]. As an example: from the data
collected in this thesis, a simple activity correction factor, e.g. the inverse of the
proportion of cells expressing Tg, would mitigate the large variance in iodine avidity
[196]. The results of such a compensation on absorbed doses to tumour tissue can be
seen in Figure 19. It is evident that the absorbed doses relative to Tg expression
would be equalised by such a compensation, but in Figure 19b it can be seen that
the absorbed doses for intermediate risk patients (and the single high risk patient)

increases more, and have lower variance in absorbed dose, after the compensation.

The interquartile ranges of overall absorbed doses decreased from 27-fold to 12-fold
by the compensation, and from 33-fold to 16-fold for intermediate-risk tumours.
Avidity compensation would increase administered activities in some patients by a
substantial amount, but helps equalise the absorbed doses to tumours with poor
avidity. The potential to improve treatment for patients with poor avidity has has to
be weighed against increased risk of side effects from high activity radioiodine
treatment, such as permanent xerostomia, bone marrow depression and risk of
inducing secondary primary cancer. Further research should validate the span of
iodine avidity and confirm the best markers for iodine avidity, to clarify which levels
are likely to predict successful treatment. However, such compensation should not
be applied below a threshold, where a low enough level of avidity would make any
radioiodine treatment futile. This point of "too low avidity" is currently unknown
and has to be established and clearly defined if treatment is to be withheld from

patients at an initial stage.

For patients with distant metastatic disease, an avidity-guided approach may be
supplanted by pre- or post-therapeutic dosimetry. Performing dosimetry adds some
cost to a relatively cheap treatment, but can be valuable in patients with distant
metastatic disease, as absorbed doses to metastases can guide treatment. The value
of dosimetry-guided treatment in terms of improved survival of such approaches is
disputed and only a few studies are published [197,198]. Regardless of survival
advantages, dosimetry-guided treatment makes avoiding unnecessary treatments
easier, as radioiodine refractoriness can be established early. This would reduce the

risk of side effects impacting the quality of life for those patients. Further research
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to resolve the question of optimal dosage in metastatic patients would fit well into an
dosimetry-guided approach. The data in this thesis do not contribute to resolve the
question of optimal dosage, as the data is pre-therapeutic, but the results can help in
selecting which patients are likely to still have avid disease. Those patients can be

routinely treated in a dosimetry-guided manner from the initial treatment onwards.
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Figure 19: Illustration of how activity compensation according to (a) Tg expression would
affect absorbed doses. The correction was done by multiplying the raw avidity values (grey)
with the inverse of the proportion of tumour cells expressing thyroglobulin (pink). Data is
shown for both primary tumour and lymph node metastasis samples, with linear fits of the
data (solid lines). When comparing absorbed doses with respect to risk group (b) according
to American Thyroid Association and Swedish national guidelines (same criteria), the
compensation would help equalise absorbed doses across the spectrum. The interquartile
range (IQR) of absorbed doses decreased from 33-fold to 16-fold in intermediate-risk

tumours through this compensation, as shown in (c) with a combined box and violin plot.
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Table 4. Suggested framework for radioiodine treatment of thyroid cancer that

would include an avidity-guided approach. The avidity-guided approach is proposed

for adjuvant treatment in patients with highest risk of aggressive and recurrent

disease (shaded row). Examples of published evidence and specific needs for future

research related to each approach is provided in the rightmost columns.

Risk of recurrent |Risk stratification Proposed Evidence relevant to Future research
and persistent based on approach approach
disease
Low risk Favourable TNM Thyroid remnant Efficacy of low activity ablation |Refined profiling of
ablation Mallick et al. 2012 [77] low-risk patients
Favourable histological Low activities sufficient | Schlumberger et al. 2012 [124]
subtype of PTC/FTC Lamartina et al. 2015 [82]
Activity range: 1 GBq Schlumberger et al. 2018 [191]
Low Ki-67 index Debhi et al. 2019 [120]
Risk stratification
Ho et al. 2020 [13]
High risk Unfavourable TNM Avidity-guided therapy | Risk stratification Refined avidity
Adapt activity to avidity | Rivera et al. 2008 [191] markers

Unfavourable histological
subtype of PTC/FTC;
oncocytic thyroid cancer;
differentiated high-grade
thyroid cancer; PDTC

TERT promoter mutation

Recurrent lymph node
metastases

markers: Lower
amounts for highly avid
tumours - compensate
with higher activities
when metastases likely
have reduced avidity

Activity range: 2-10 GBq

Kazaure et al. 2012 [14]
Baloch et al. 2013 [16]
Nath et al. 2018 [192]

Avidity guidance
Nilsson et al. 2021 [196]

Yang et al. 2017 [194]
Simoes-Pereira et al. 2021 [189]
Liu et al. 2020 [63]

Value of early
redifferentiation in
low-avidity tumours

Distant metastases

Visible metastases on
SPECT, PET, CT or MRI

High-activity or
dosimetry-guided
therapy

Target based (>40-80 Gy)
or bone marrow based
maximum tolerable
activity (<2-3 Gy)

Activity range: 5-25 GBq

Other therapies if >40-80

Gy is not feasible
Tyrosine kinase

inhibitors
EBRT

Absorbed dose targets
Maxon et al. 1983 [79]
Wierts et al 2016 [91]

Dosimetric methods
Dorn et al. 2003 [102]
Sgouros et al. 2004 [94]
Jentzen et al 2008 [96]

Dosage regimen
Deandreis et al. 2016 [198]

Klubo-Gwiezdzinska et al. 2011
[197]

Value of dosimetry-
guided vs. empirical
activities

Value of
redifferentiation

High initial dose vs.
fractionated strategy
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Another application made possible by this thesis and other detailed data on iodine
avidity is patient selection for redifferentiation therapy. If patients are selected for
redifferentiation treatment only if their tumours have low iodine avidity, it can
potentially limit side-effects to those more likely to benefit from redifferentiation as
well as reduce costs. Following the reports of small cohorts showing promising
results for redifferentiation restoring radioiodine avidity, one large randomised
clinical trial studied selumetinib given in addition to radioiodine therapy
(NCT01843062, AstraZeneca). The trial was terminated because of presumably
unfavourable primary analysis results. In this trial, any patient with high-risk
disease was included, regardless of mutational or avidity status, and treatment was
given as first line. A non-randomised trial in 40 patients is ongoing to explore if
selective MEK and BRAF inhibitors combined with radioiodine are effective in
metastatic radioiodine refractory disease, based on mutation status in RAS or BRAF
(NCT03244956, Gustave Roussy), and has reported promising preliminary results
with tumour control in 15/17 patients [199]. A more comprehensive review of
preclinical evidence and listing of currently ongoing redifferentiation trials was
published in 2021 [200].

Many aspects of redifferentiation are yet unknown and more research is warranted
to evaluate in which patients it is feasible, how it should be optimally performed and
to quantify the benefit patients might receive from it. There is now however
convincing evidence supporting that redifferentiation increases absorbed doses per
administered activity to a large proportion (40 to 80%) of radioiodine refractory
patients [141-143,146-148]. From a clinical and dosimetric perspective, where it is
always desirable to increase iodine uptake in the target, this body of data suggests a
more substantial effect than that for, say, dietary restrictions [201]. Iodine diet
restrictions are almost universally recommended for radioiodine therapy in thyroid
cancer despite discordant results, albeit without any side effects except having to
follow a strict diet. Furthermore, the data on dietary restriction effectiveness has
been exclusively reported for success of thyroid remnant ablation and never studied
in relation to tumour iodine uptake. The redifferentiation data suggests a
complementary pathway that can increase iodine avidity in metastatic lesions for
patients in need of better treatment options. So far, all published data comes from
redifferentiation in progressive radioiodine refractory disease. A concerted research
effort into this field should aim to find ways to select patients according to individual
genetic profiling and pre-therapeutic knowledge of iodine avidity. Better effect may

be achieved if redifferentiation is utilised before multiple radioiodine treatments
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has forced clonal selection of only the cancer cells of lowest iodine avidity [195].
Considering the prominence of genetic aberrations in BRAF that cause up-
regulation of the MAPK pathway in metastatic thyroid cancer, drugs targetting that
pathway has potential to elevate iodine avidity earlier in many patients. Recent data
also suggests ways to avoid resistance to redifferentiation [202]. As the field
advances, an avidity-guided approach should aim to find low avidity tumours that

are likely to respond to redifferentiation.

The results from Monte Carlo simulations in Paper I cannot be readily integrated in
an avidity-guided approach, but rather support that avidity is the predominant
factor in achieving high absorbed doses to the target. While lack of [ particle
coverage was found to diminish the absorbed dose per decay more than three-fold
in very small targets, this effect was small compared to the thousand-fold

differences in avidity found in Paper II, IIT and IV.

This thesis attempted to engage the research question of iodine avidity where
radioiodine treatments originated: at the interface of nuclear physics and medicine.
It has focussed on determining the activity concentrations in cancer tissue in
advance of treatment, and makes inferences to the absorbed dose that would be
delivered from a therapeutic administration of radioactivity. It is well known that
the absorbed dose delivered is the best determinant of treatment success in
radiation therapy. However, in radiotherapy in general and even more so in
radionuclide therapy, it is also known that absorbed doses cannot fully explain the
response and absence thereof in all patients [183]. The impact of other factors, both
physical and biological, that are not encompassed by the amount of Gray delivered,

remain subject to open scientific debate and dispute [203].
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7 Epilogue

As it turns out, writing this thesis was surprisingly easy. At least, I enjoyed writing it

and the text sprawled.

After some introspection I found that in "Why I Write", George Orwell describes the

painful struggle of writing a book:

"One would never undertake such a thing if one were not driven on by some demon whom
one can neither resist or understand. For all one knows that demon is simply the same

instinct that makes a baby squall for attention."

That motivation, ever present at variable intensity, helped me tremendously in
writing research articles and this thesis. Throughout, I have been confronted with
many of my personal shortcomings; obstinacy, vanity, intellectual laziness,
imprecise writing and a general fear of irrelevancy. These things stalled me and

made me question the point of it.
But I was eventually urged forward by that demon, allowing me to delve deep into
areas really out of my depth. Studying for a doctoral degree has honed my resistance

against the worst motivations and shortcomings - I hope sufficiently. As Orwell

continues:

"I cannot say with certainty which of my motives are the strongest, but I know which of

them deserve to be followed."

While writing this text was made easy for me by whatever internal motivation, the

virtues of it will now be judged by others.

As has been noted by other nuclear scientists, the fallout is the truly terrifying part.
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