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Abstract

Background: Oropharyngeal squamous cell carcinoma (OPSCC) not associated with the human papil-
lomavirus (HPV) have a poor prognosis compared to their HPV-associated counterpart. In literature
diffusion-weighted imaging (DWI) shows great potential as a biomarker for treatment response in HPV-
associates OPSCC. For this study the possibility of using DWI parameters as biomarker for treatment
response during treatment of HPV-negative OPSCC is investigated. Tumor size and shrinkage have
also been investigated.

Methods: In this study sixteen patients with HPV-negative OPSCC who underwent (chemo-)radiotherapy
have been included. All are current and/or former smokers. At two time point an DWI-MRI scan took

place, before and 2 weeks into treatment. The mean apparent diffusion coefficient (ADC) and Non-
Gaussian Intravoxel Incoherent Motion Imaging (NG-IVIM) parameters based on the gross tumor vol-
ume (GTV) have been calculated. The parameters and differences in parameters have been compared

between patients that responded well to treatment and patients with progressive disease.

Results: At pre- and midtreatment no significant differences have been found between the Complete
Response (CR) and Progressive Disease(PD) patient groups. Diffusion coefficient D showed a sig-
nificant change between pre- and midtreatment, with an increase for PD and decrease for CR. When
comparing the residual region to the region that had disappeared after two weeks based on pretreat-
ment data significant differences have been found in ADC, D and f for CR, as well as f for PD.

Conclusion Changes in D during treatment have shown to be a significant predictor for treatment re-
sponse. However this study is limited by a small patient group and more research with larger cohorts
and additional biomarkers is needed to develop reliable clinical decision-making tools.
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Introduction

Oropharyngeal cancer is among the six most common cancertypes in the world, with at least 90% of
cases being squamous cell carcinomas (SCC) [2]. The five year survival rate of Oropharyngeal squa-
mous cell carcinomas (OPSCC) patients is below 50% [3, 4]. Historically, tobacco and alcohol were
believed to be the main causes of OPSCC. However, a 2001 study by Mork et al. [5] identified a link
between OPSCC and human papillomavirus (HPV).

Although patients with OPSCC not related to HPV are fewer than those with HPV-associated OPSCC
[6], they still represent an important group for research. Patients without HPV-associated OPSCC have
a poorer prognosis than those with HPV-associated OPSCC. [7, 8, 9, 10, 11, 12, 13, 14]. The American
Joint Committee on Cancer and the Union for International Cancer Control eight-edition TNM staging
guideline (TNM8) even classify OPSCC based on HPV differently [15]. In addition to the poor progno-
sis, radiotherapy in the neck region often causes a variety of side effects, such as skin irritations and
dry mouth due to reduced salivary gland productivity [16]. The lower quality of life due to side effects
combined with the poor prognosis raises the question of whether treatment is worth it for all patients.

The HolistiC early respOnse assessMent for oroPharyngeal cancEr paTiEnts trial (COMPLETE) is a
single-centre trial by the Erasmus MC, the general objective of this study is to investigate biomarkers
to predict response to treatment in patients with HPV-negative OPSCC, as described by Verduijn et
al. in [17]. By predicting the response, it is possible to personalize treatment for patients who have a
high change of treatment failure. In the COMPLETE trial non-gaussian Intravoxel Incoherent Motion
(NG-IVIM) magnetic resonance imaging (MRI) is one of these biomarkers. This study will investigate
the use of NG-IVIM as a biomarker for treatment response. In the literature, some studies found that
NG-IVIM is a significant relevant biomarker. However, most of the research is not corrected for HPV
status or consists mainly of HPV-positive cases, which is contradictory when looking at the prognosis
of both groups. This study will focus on HPV-negative OPSCC.

The concept of apparent diffusion coefficient (ADC) was in-
troduced in 1986 by Le Bihan et al. [19]. ADC is an esti-
mate of extracellular diffusion. However, it is contaminated
by other fluid movements, such as perfusion and intracel-
lular diffusion. If diffusion is the only motion present, the
ADC is equal to the diffusion coefficient (D). A low ADC or
D indicates a high tissue density. Two years later in 1988,
Le Bihan [20] showed an extension on the ADC model with
intra-voxel incoherent motion (IVIM). With IVIM it was possi-
ble to measure D, but also the pseudo diffusion coefficient
(D*) and the perfussion fraction (f) that are both related to
blood flow [21]. D* is related to the speed of blood and the
structure of the capillaries; thus a change in D* indicates
a change in blood perfusion. Meanwhile, f represents the
blood volume in the tissue, a change in f thus indicates a difference in the abundance of blood [21]. A
further expansion on the IVIM model was proposed by Jensen et al. [22] in 2005 with the non-gaussion
Intravoxel Incoherent Motion (NG-IVIM) model. This added kurtosis (K) to the model, now able to mea-
sure D,D*,f and K. K quantifies the deviation from a Gaussian distribution in diffusion-weighted imaging
(DWI) and provides insight into tissue complexity and heterogeneity. When diffusion is limited by com-
plex or heterogeneous cell structures, K will be higher[21].

“Traditionsl” ADC
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Figure 1.1: The NG-IVIM model as function of the
b-value [18]
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Research has been done on the influence of pretreatment DWI parameters on treatment outcome;
however, they did not correct for HPV status. Multiple studies have found that ADC is a significant
predictor of treatment outcome with lower values for patients who responded well to treatment [23, 24,
25, 26, 27, 28, 29, 30, 31]. In a study by Marzi et al. [32] found that at pretreatment D and ADC were
significantly lower pretreatment for patients who responded well to therapy. Another study by Hauser
et al. [33] concluded that a high initial f may be a predictor of a poor treatment outcome. Some studies
have corrected for HPV status, such as Martens et al. [34] who also found that low ADC values are a
predictor of a good response to treatment in HPV-negative patients. The study by Sijtsema and Lauw-
ers et al. [35] found that at pretreatment D was correlated with response for HPV-negative patients,
with higher values for patients who responded well.

Some studies also investigated the change in DWI parameters between pre- and midtreatment, these
studies did not correct for HPV status. In a study by El-Habashy et al. [36] and a study by King et al.
[27] a significantly higher increase in AADC was found for patients who responded well at two weeks
compared to baseline. Furthermore, a study by Trada et al. [37] did weekly measurements and also
found that the A ADC showed a significantly higher increase for patients who responded well, with week
3 showing the lowest p-value. The study by Marzi et al. [32] found that A f between pre- and midtreat-
ment was significant, patients who responded well showed an increase compared to a decrease for
patients who did not.

The goal of this study was to investigate changes in DWI values over time (pre- and midtreatment) to
determine whether one or more of these DWI parameters correlate with response to treatment. By iden-
tifying these correlations, treatments could be personalized in the future, achieving better outcomes for
patients and reducing side effects. In addition to DWI parameters, the influence of tumor size and tu-
mor shrinkage on treatment outcome has also been investigated. The location in the tumor where the
fastest shrinkage occurs has also been determined, which could provide insight into the behavior of
HPV-negative OPSCC.



Methods

Patients and treatment

As described in the paper by Verduijn et al. [17],
the patients selected for this study had to meet
certain inclusion criteria. The period in which pa-
tients are included is from August 2020 until May
2023. It must be a HPV-negative OPSCC with-
out metastases at diagnosis (MO0), the patient must
be at least 18 years old, a current and/or former
smoker, the patient must be scheduled for (chemo-
yradiotherapy, and the patient has had a success-
ful planning MRI including NG-IVIM. The HPV sta-
tus was tested using a p16 test, the p16 protein
is highly correlated with HPV [38]. If there were
any uncertainties regarding the correctness of the p16
test, due to the high false-positive rate of the p16
tests, an additional HPV test was performed. When-
ever possible, the result of the HPV test was uti-
lized.

In total, sixteen patients were included, ten of whom
had Complete Response (CR) and six Progressive Dis-
ease (PD). More information about these patients can
be found in Table 2.1. In total, six patients were found
to have a left-sided tumor and ten a right-sided tu-
mor.

Image aCQUISltIOI'l

For imaging, the same scanner was used for all patients,
which is important because one of the limitations of dif-
fusion weighted imaging (DWI) is the variation between
the scanners, as mentioned by Conolly et al. [39]. The
machine usedis a 1.5 T GE MR450w in combination with
the MR Radiation Oncology Suite coils. A radiotherapy
mask is used for immobilization of the patient. In addi-
tion, patients received gadolinium as a contrast agent.
This study utilized both a T2 weighted scan and a DWI
scan (single-shot echo planar imaging, flip angle: 90 de-
grees TR: 6700 ms; TE: 81.8 ms; FOV: 26 x 26 cm; 4
mm slice thickness; 0.2 mm slice gap, 128 x 128 ma-
trix, acceleration factor 2) included 15 b-values (0, 10,
2x80, 130, 570, 2x770, 2x780, 790, and 4x1500 s/mm?)
acquired in three orthogonal diffusion directions. These
b-values and the DWI sequence were optimized in pre-
vious work by Sijtsema et al. [40] and were also applied
in earlier work by Sijtsema and Lauwers et al. [35].

Table 2.1: Patient characteristics

CR PD Total
Number of Patients 10 6 16
Mean Age (years) 60.1 56.1 58.6
Sex
Male 8 5 13
Female 2 1 3
One year outcome
CR 10 0 10
PD 0 6 6
Local Failure 0 4 4
Regional Failure 0 2 2
Metastasis 0 3 3
Death 0 4 4
Location of tumor
Left sided 3 3 6
Right sided 7 3 10
Smoker
Yes 4 3 7
Former 6 3 9
Never 0 0 0
HPV status
Positive 0 0 0
Negative 10 6 16
T stage
T1-2 7 0 7
T3-4 3 6 9
N stage
NO 1 0 1
N+ 9 6 15
M stage
MO 10 6 16
M-+ 0 0 0
Radiotherapy
Photons 9 5 14
Protons 1 1 2
Chemotherapy
Cisplatine 8 4 12
Cetuximab 0 2 2
Carboplatine 1 0 1
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Image registration and Gross Tumor Volume delineation

Image Registration was be applied at multiple moments during this study. Before treatment, the pa-
tient receives an MRI scan, later termed a pretreatment scan. The gross tumor volume (GTV) was
delineated on the pretreatment T2 by an experienced radiation oncologist. These delineations are per-
formed by an expert radiation oncologist. When patients are two weeks into the treatment cycle, they
receive another MRI scan, later referred to as midtreatment scan. The T2 from the mid- and pre-session
are rigidly registered on each other using the software from MIM using a mutual information metric [41].
When the GTV delineation was transferred between T2 scans, an expert radiation oncologist adjusted it
to account for registration inaccuracies and decreased tumor volume as a result of treatment. Each T2
scan was registered with the b=0 image of the same time point, using rigid registration using in-house
software, allowing rotation and translation based on the mutual information metric of mattes, developed
by Mattes et al. [42]. The GTV’s in the b=0 image are checked to ensure that they do not include the
air voxels of the trachea; if so, they are removed. In this way, eventually two GTV'’s are available, one
for the pretreatment volume and one for the midtreatment volume. The registration workflow can be
seen in Figure 2.1, the normal arrows indicate registration with the in-house software and the dotted
lines indicate registration using the MIM software. The reason for the two different methods is that
the anatomy changes during the course of treatment and the software from MIM is newer and more
advanced than the in-house software.

Midtreatment T2

L 4

Midtreatment b0

Figure 2.1: Registration pipeline, the normal arrow means registration using in-house software and the dotted arrow is done
with MIM software
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Parameter calculation

All parameters were fitted using an in-house developed code in Matlab. For ADC Equation 2.1 was
used [19]. For the NG-IVIM paramaters, a more advanced model was used using Equation 2.2 [21].

S(b) = SpevAPC (2.1)

S(b) = So [(1 — f)exp (bD + éb2D2K> + fexp (—bD¥) (2.2)

where:
+ S(b) is the signal intensity at a given b-value,
+ Sy is the signal intensity without diffusion weighting (b = 0),
* ADC is the apparant diffusion coefficient,
* f is the perfusion fraction,
+ D is the diffusion coefficient,
» D* is the pseudo-diffusion coefficient,
» K is the kurtosis,
* b is the diffusion weighting factor.

Using this model, four parameters can be calculated. The pseudo-diffusion coefficient (D*) and the
perfusion fraction (f) are related to blood perfusion. Where D* is related to the speed of blood and the
structure of the capillaries,and f represents the volumes of blood of the tissue. The diffusion coefficient
(D) and kurtosis (K) are related to the diffusion of water. where D characterizes the mobility of water
molecules and K describes the deviation from the Gaussian distribution and tells something about the
complexity and heterogeneity of the tissue [21].

The fitting model had predefined ranges, with the lower bound preventing negative values and both the
lower and upper bounds ensuring physical plausibility. These ranges are described in the Appendix B.

Furthermore, the tumor size was also determined by multiplying the amount of voxels in the GTV with
their voxelsize. This was done for both pretreatment and midtreatment and was split according to re-
sponse to treatment.

Response assessment

For this study, treatment response was scored based on a one-year follow-up which consisted of clin-
ical evaluation and MR imaging, when necessary. During the first year after radiotherapy, follow-up
appointments were carried out every two months. PD is defined as local disease, regional disease, dis-
tant metastasis, and/or death related to the original tumor. CR was characterized by the absence of PD.

Parameter analysis

The mean inside the GTV structure is taken for each patient, parameter and time point. By comparing
the mean values of the CR and PD groups with each other, information can be gained about the micro
structure of the tumor. The groups were analyzed at each time point, but the changes between mid-
and pretreatment have also been analyzed in absolute and relative form.
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Furthermore, the midtreatment GTV is registered on the pretreatment scan. Using the two GTV’s on
the pretreatment scan, three regions can be created, the pretreatment GTV, the midtreatment GTV,
and the area between them by subtracting the midtreatment GTV from the pretreatment GTV. In this
way, it can be investigated whether the tumor tissue that remains after two weeks has different charac-
teristics at the pretreatment moment compared to the tumor tissue that has disappeared and therefore
may be more radio sensitive. The CR and PD groups are treated as separate groups here as well.

Tumor shrinkage

Using the pre- and midtreatment GTV'’s registered on each other, an analysis has been done on how
the tumor shrinks. First, tumor shrinkage has been determined by calculating the absolute and relative
differences in GTV volume at the two time points. A distinction has been made between CR and PD to
see if one of the groups shows more shrinkage after two weeks of therapy.

Tumor shrinkage location

An analysis has been done on the location of shrinkage. Distinguishing between left and right sided
tumors was preferred over categorizing into CR and PD, due to the importance of the tumor’s position
relative to the trachea. The interest lies in the shrinkage direction in relation to the trachea, which dif-
fers for left and right sided tumors. The position of the tumor is determined by looking at the center of
volume of the pretreatment GTV and comparing this to the center of volume of the spinal cord, which
was also delineated as part of the treatment process.

Using the center of volume of the pretreatment GTV as the central point, eight regions have been
created around this. The center of volume is used as a new reference point for a coordinate system
from which eight regions can be created, left/right, front/back, and bottom/top. Each left sided and
right sided region was added together. The left sided region of the right sided tumors was categorized
into a new group together with the right sided region of the left sided tumors, this group represents the
group near the trachea. In the same way, the left sided region of left sided tumors and the right sided
region of right sided tumors were added to a group representing the regions closer to the skin. The
shrinkage between mid- and pretreatment has been calculated. This is done to see if certain areas
have tendencies to shrink faster.

Statistics

The statistical methods used during this study are the Mann-Whitney U-test and the Wilcoxon signed-
rank test. The Mann-Whitney U-test can be used to test whether there is a rank sum difference between
two groups and is the non-parametric counterpart of the t-test. The test also assumes that there is no
normal distribution in the data [43]. The Wilcoxon signed-rank test the mean values of two depen-
dent groups, so paired data, for example, from the same patient. Like the Mann-Whitney U-test, the
Wilcoxon signed-rank test is also non-parametric and does not require normal distributed data [44]. In
each section of the results, the method used is mentioned as a result of the data being paired or not.
The result was considered statistically significant when the p-value was less than 0.05 (p < 0.05). The
Mannwhitneyu and Wilcoxon function of SciPy was used for the calculations [45, 46]. During this study,
no corrections have been made for multiple testing.



Results

Analysis of Mean Parameter Values and Changes Over Time

In Figure C.2, from Appendix C, the mean values of each parameter are shown for CR and PD on the
pre- and midtreatment scans. Statistics are applied to see if there is a significant difference in mean
at a certain time point between CR and PD. The parameters with the p-value are also shown in Table
3.1, no significant differences were found. Furthermore, the change over time was also calculated,
absolute and relative, to determine whether there is a difference between the two groups of patients.
These results are also shown in table 3.1. Absolute and relative changes in D have been shown to be
significant, p = 0.017 and p = 0.029, respectively. In both cases CR showed a decrease in D and PD
an increase. The results can be seen in Figure 3.1. The results for absolute differences can be seen
in Figure C.1 from Appendix C. For this section, the Mann-Whitney U-test was used, as described in
Section 2.9.

‘Tumor size
An additional interesting parameter is the size of the tumor. This is calculated on the basis of the GTV.
In both pre- and midtreatment measurements, a significant difference between CR and PD was ob-
served. With a tumor size of (3.5 & 3.0) - 10> mm? vs (8.9 £ 6.6) - 103 mm? and a p value of 0.037 for
pretreatment, and (2.2 +£2.0) - 10> mm? vs (7.3 +5.1) - 103> mm? and a p value of 0.017 for midtreatment.
The results can be seen in Figure 3.2, for this section the Mann-Whitney U-test was used, as described
in Section 2.9.

_ p=0.478
80 °  p=0072 30 p=0.029 o ;L —
20
- = 0
= 1o -10
S F'L‘ @ E oo L = 2
Q 20 = -
a o -10 -20
L1 a ITI [=]
3 o —20 < °
20 -30 —30
-40
40 g 40
g o o 0
& L & L & ®

(a) Apparent diffusion coefficient

(b) diffusion coefficient

(c) pseudo diffusion coefficient

=0.088 °
- p=0.478 10 P
10 0 ’_T_‘ @
2 =
% > 5 —10
0 .
LH \T‘ 720
-5
-30 2
& ® & ®
(d) kurtosis (e) perfusion fraction

Figure 3.1: The percentage difference between the pretreatment and midtreatment scans divided between Complete
response, CR (n = 10) and Progressive disease, PD (n = 6). For the ADC and NG-IVIM parameters.
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Table 3.1: Results from the tumor mean measurements. Shown is the mean of the Complete Response (CR) and Progressive
Disease(PD) patient group with the standard deviation. For the ADC and NG-IVIM parameters.

Pretreatment Midtreatment Absolute change Relative change(%)

ADC CR 1.57+0.93 1.62 +0.48 0.06 £ 0.72 17.3+£36.3

1073 [mm?*s~'] PD 1.13£0.15 1.57 £0.22 0.44 +0.23 40.6 +23.9
p-value 0.151 0.275 0.127 0.072

D CR 1.58 £ 0.76 1.35+0.29 —0.23+0.51 —8.8+13.7

1073 [mm“s~!'] PD 1.23+0.17 1.33+£0.30 0.11 £0.19 8.0+ 14.6
p-value 0.127 0.435 0.017 0.029

D* CR 2.86 £1.18 2.62 £1.04 —0.244+0.6 —6.24+12.2

102 [mm?*s~'] PD 2.44 4 0.48 2.29 4+ 0.53 —0.1540.24 —6.1+£9.7
p-value 0.435 0.352 0.478 0.478
CR 0.218 £0.081  0.204 £ 0.072 —0.015 £ 0.019 —6.5+74

[-] PD 0.200 £ 0.036 0.195 £ 0.041 —0.005 £ 0.029 —2.0+£128
p-value 0.435 0.478 0.088 0.088

k CR 0.766 £ 0.164  0.770 £0.173 0.004 £ 0.057 0.7+6.7

[ PD 0.800 +0.044  0.810 £0.098 0.010 4+ 0.067 1.0+8.4
p-value 0.478 0.478 0.435 0.478

= p=0.037 = p=0.017

— 8 — 0

E s E

3 i

£ £ 2

Bl o L

o = 0 e
& e & ®

(a) Pretreatment tumor size (b) Midtreatment tumor size

Figure 3.2: Tumor size at pre- and midtreatment for both Complete Response (CR) and Progressive Disease(PD). (a) shows
the sizes at pretreatment and (b) the sizes at midtreatment

Tumor heterogeneity
The region that showed a reduction after two weeks of radio-
therapy was tested for differences compared to the tissue
that remained after two weeks. In Figure 3.3 is an exam-
ple of a T2 scan of a patient. In this figure, the pretreat-
ment GTV is marked in orange, and the midtreatment GTV
is marked in purple. Patients were split according to their
response. The parameters were calculated based on the
pretreatment DWI scan, and two regions are distinguished:

* The midtreatment volume, everything within the pur-

ple GTV
* The tissue between the two GTV'’s, representing the

margin that is gone after two weeks

Figure 3.3: A slice of a T2 scan, orange indicates
the pretreatment GTV and purple the midtreatment
GTV
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The resulting box plots can be seen in Figure D.1 from Appendix D. The data is shown in Table 3.2. It
can be seen that for CR ADC,D and f showed significant differences, for these three parameters, the
values for the region that disappeared are higher. For PD only f was significant, again showing a higher
value for the region that has disappeared. For this section, the Wilcoxon signed-rank test was used, as
described in Section 2.9.

Table 3.2: Mean region results from the regions based on pretreatment scan data. Shown is the mean of the Complete
Response (CR) and Progressive Disease(PD) patient group with the standard deviation. For the ADC and NG-IVIM

parameters.
residu at 2 weeks clean at 2 weeks p-value

ADC CR 1.44 + 0.88 1.69 + 0.93 0.005
1073 (mm?s~!) PD 1.11 +0.16 1.19+0.13 0.173
D CR 1.48 +£ 0.77 1.67 +0.70 0.037
1073 (mm?s~!) PD 1.19 +£0.19 1.28 + 0.10 0.345
D* CR 2.75+1.10 297 +£1.18 0.074
1072 (mm?s~!) PD 2.44 + 0.46 2.54 + 0.51 0.249

CR 0.203 + 0.076 0.241 + 0.081 0.007
(-) PD 0.195 + 0.034 0.220 + 0.042 0.046
K CR 0.768 + 0.160 0.794 + 0.193 0.721
() PD 0.800 + 0.047 0.853 £ 0.103 0.463

Tumor shrinkage
Tumor shrinkage was also determined and compared between CR and PD. These results can be seen
in Figure 3.4. Although not significant, there appears to be a large difference between the averages
of the two groups with a value of -30.8 4+ 20.7 % versus -18.4 + 8.6 % with p=0.106 relatively and
(—547) %103 versus (—7 £ 8) x 103 with p=0.313 absolutely. For this section, the Mann-Whitney U-test
was used, as described in Section 2.9.

= p=U313 10 T p=0.100
— 0.0 :
T = I g °
é —0.5 — o —10 ’—-'——‘
£
£ -1.0 ° 220 \lj
§ 15 s
1. S
5 E 40 L
E -2.0 £ _s0
< s 0 ° -60 1
& ® & L

(a) Absolute change in tumor size (b) Relative change in tumor size

Figure 3.4: Tumor size change between pre- and midtreatment in both Complete Response (CR) and Progressive
Disease(PD). (a) shows the absolute change and (b) the relative change.

Tumor shrinkage location

It was tested where the tumor would shrink the fastest over time. For this, the center of volume was
used of the pretreatment GTV, around this point eight new regions were created; back/front, left/right,
bottom/top. For each region, the shrinkage between pretreatment and midtreatment was determined.
Based on the center of volume the tumors compared to the spinal cord were split into left (n = 6) and
right (n = 10) tumors. The results of this can be seen in figures E.1 and E.2 in appendix E. To test
whether there is a difference between the left and right sided regions, these regions were added to-
gether. The resulting results can be seen in figures 3.5 and 3.6. For left and right tumors, there was
no significant change in volume on the left side of the tumor compared to the right side, with p = 0.249
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and p = 0.059, respectively. However, the results can be added together. Because, the left side of a
left sided tumor has the same meaning as the right side of a right sided tumor, both are on the outside
and closer to the skin than the trachea. The other way around, the right side of a left sided tumor
and the left side of a right sided tumor are closer to the trachea. In this way a distinction is made be-
tween the side closer to the skin and the side closer to the trachea, which can be seen in Figure 3.7.
The side near the trachea had a decrease of -17+25 % compared to -30+19 % for the skin side, with
a significant p-value of 0.039. Here, the Wilcoxon signed-rank test is applied because the data is paired.

B p=0.249 0 p=0.059

60 60 o p=0.039

40

|
=
o

=

=]

20

ATumor volume[%]
Loom
[=] o

ATumor volume[%]
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Discussion

In this study, the influence of DWI parameters on treatment outcome has been studied and several tu-
mor characteristics such as heterogeneity and shrinkage have been studied. This has been done for a
group of sixteen HPV-negative OPSCC patients. The treatment response in one year was determined
and divided between CR and PD, with ten and six patients in each group, respectively. Of the NG-IVIM
parameters, D* and f, are related to blood perfusion. The other parameters, D and K, are related to the
diffusion of water in tissues [21].

None of the DWI parameters differed significantly between CR and PD in our study at pre- and midtreat-
ment. This result contradicts other studies done. In studies that did not correct for HPV status, signifi-
cant results have been found, as in the study by Freihat et al. [23]. ADC was found to be a significant
predictor at pretreatment, with PD showing higher values. More studies have also related a high ADC
value to worse treatment outcomes [47, 24, 25, 26, 27, 28, 29, 30, 31]. Martens et al. [34] corrected
for HPV status and also found that high ADC values are a predictor of PD in HPV-negative patients. In
the study by Lauwers and Sijtsema et al. [35], where a correction for HPV status was made, D was
found to be a predictor at pretreatment with CR patients showing a higher value, for HPV-negative
patients. In our study, both ADC and D showed higher values for CR at pretreatment, although not
significant. The reason for this could be the low number of patients. During the course of this study, it
was found that the results could change a lot when an additional patient was included. This shows the
importance of including more patients. The higher values for both ADC and D are counter intuitive, but
could be due to HPV status. As a study by Driessen et al. [48] showed, ADC values are correlated with
HPV status. More studies are required for HPV-negative OPSC to explore the role of DWI parameters
in predicting treatment response accurately and to uncover the underlying mechanisms that influence
these parameters.

The difference between pre- and midtreatment was investigated in relative and absolute terms, here it
was found that D was a significant predictor with p = 0.017 for the absolute difference and p = 0.029
for the relative differences between CR and PD, showing a increase for PD and a decrease for CR. In
studies that did not correct for HPV status, it was found that patients with CR had a significantly greater
increase in ADC than patients with PD [30, 27, 36, 37], for D the same was found [49]. A study by Marzi
et al. [32] found that differences in f were a predictor, showing an increase for CR and a decrease for
PD. In our study, it was found that CR had a larger decrease than PD, with a p-value of 0.088. A de-
crease in f could indicate tissue necrosis [50], indicating therapeutic success. In the study by Marzi et
al. [32], they did not find that the difference in D was significant. Their study used a small mixed group,
with respect to HPV status, of 12 patients. In addition, midtreatment was defined at 3 weeks, instead of
2 weeks as in our study. The latter is of importance, as shown by Trada et al. [37], where weekly DWI
scans were performed in a group with mostly unknown HPV status. Here, they found that compared
to baseline, week three performed best with a significant relative difference in ADC with a p-value of
0.003 compared to 0.019 at two weeks. In both studies a 1.5T scanner was used like in our study. By
defining midtreatment at three weeks it could have been possible that the results of this study showed
more significant results. However, if eventually applied in the clinic, this would also postpone treatment
alterations by a week.

The size of the tumor was also found to be a predictive factor. Patients with PD showed significantly
larger tumors prior and during treatment with a p-value of 0.037 and 0.017 respectively. This makes
sense because T in the TNM staging is related to the size of the tumor [51], and a higher T-stage is as-
sociated with lower overall survival [52]. The results at midtreatment have shown to be more significant
than at pretreatment, suggesting that midtreatment tumor size could potentially be used as a predictor
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of treatment response. In addition, a larger decrease in tumor volume has been found in CR and PD,
although not significant. However, the results were promising and the addition of more patients could
be beneficial. Paudyal et al. [49] found a similar result, who showed that volume change at one week
could already be a significant indicator with a greater decrease in CR.

When comparing the residual part of the tumor with the disappeared part according to pretreatment
parameters, it was found that for patients with CR, a significantly higher value was found for ADC,D
and f in the region that has disappeared at 2 weeks. For patients with PD, this was only the case for f.
Indicating that there appear to be significant differences in tissue characteristics in these regions. The
reasons for this difference could be due to the number of patients in each group, with PD having only
six patients and CR ten. A higher ADC,D, and f would indicate a lower cell density and more blood
present. The presence of more blood could indicate that there is also more oxygen available, oxygen
is necessary to induce DNA damage in the cancer cell which could lead to cell death [53]. This, in turn,
results in a higher oxygen enhancement ratio [54]. This could explain why this area showed a reduction.
In addition, the edges on the GTV are of great importance for this test and due to delineation uncertainty
these results are affected as well. Differences in anatomy could also be the reason for these results,
because of the chaotic nature of tumor blood vessels it can be that the outer edges of a tumor are better
accessible than the inner part.

The shrinkage of the tumor has also been studied in comparison to its location in the human body. It
was found that for left- and right-sided tumors there was no significant difference in shrinkage of the
left and right side of the tumor itself. However, when added together, and the tumors are divided into a
half on the skin side and a half on the trachea side, it was found that the half near the trachea showed
a significantly higher reduction with a p-value of 0.039. This potentially benefits the patient because
breathing will become more and more easier during the course of treatment.

The limitations of this study are the small group of patients and the short follow-up period. In addition,
there has been no correction for multiple testing due to the small group of patients. Due to these lim-
itations, the results found in this study would not be sufficient to support a decision-making model for
patients in the clinic. The outcome in case of suspicion of PD would be giving a higher dose or stop-
ping radiotherapy, both of which come with severe consequences, and decisions such as these must
be made with a lot of care, considering the quality of life and risks involved. It is essential to include
more patients to reach a level of certainty for making these decisions, along with the integration of more
biomarkers, which is the goal of the COMPLETE ftrial.



Conclusion

This study investigated the influence of DWI parameters on treatment outcomes in sixteen patients with
HPV-negative OPSCC. No significant differences in DWI parameters were observed between CR and
PD at pre- and midtreatment, contradicting previously performed studies. The small group of patients
and the short follow-up are probably the reasons for the lack of significant findings.

In this study, the change in D between pre- and midtreatment was found to be a significant predictor
for treatment response, both absolute and relative. A larger increase for PD was found compared to
CR. This contradicts other studies which did not have corrected for HPV status, there a larger increase
for CR was found.

This study also found that analysis of pretreatment parameters revealed a significant difference in ADC,
D and f for CR, as well as f for PD, when comparing the residual region to the region that had after two
weeks. In this study a higher reduction has also been found in the side of the tumors near the trachea
compared to the side near the skin, potentially improving the patient’s breathing during treatment.

In conclusion, while DWI parameters and tumor size have shown potential as biomarkers for treatment
response in HPV-negative OPSCC, more research with larger cohorts and additional biomarkers is
needed to develop reliable clinical decision-making tools.
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Nomenclature

Abbreviations
Abbreviation Definition
CR Complete Response
DWI Diffusion-Weighted Imaging
HPV Human Papillomavirus
MRI Magnetic Resonance Imaging
NG-IVIM Non-Gaussian Intravoxel Incoherent Motion
OPSCC Oropharyngeal Squamous Cell Carcinoma
PD Progressive Disease
Symbols
Symbol Definition Unit
ADC Apparent Diffusion Coefficient mm?/s
b Diffusion Weighting Factor s/mm?
D Diffusion Coefficient mm?/s
D* Pseudo Diffusion Coefficient mm? /s
f Perfusion Fraction -

K

Kurtosis




Fitting model

The fitting model as described in section 2.4 was used to voxel-wise calculate the parameter values.
Each parameter was given 1000 initial starting values for each voxel in the GTV according to a Halton
sequence [55]. These starting ranges were between 0.24 - 10~2 and 3.41 - 102 mm?2s~! for ADC and
D, 6.29 - 10~ and 23.39 - 10—2 mm?2s~! for D*, 0.09 and 0.42 for f and 0.1 and 3 for K.

Furthermore, each parameter was also given boundaries to ensure physical plausibility. These ranges
were between 0 and 20 - 10~3 mm?2s~! for ADC and D, 0 and 200 - 102 mm?s~! for D*, 0 and 1 for f
and 0 and 5 for K. All ranges are based on previous work by Sijtsema et al. [40].
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Tumor mean parameters
changes

%103 %103 x102

p=0478

10 o p=0.127 0.5 p=0.017 % 3
' e 0.0 s =
- i =
05 = — 00 =0 = P -
o i = Tm ° N; —05
& o
E 0.0 £ —05 E
o -05 E £ —L0
2 o -1.0 g
o < _
< -1.0 g ~Ls
-1.5
-15 o s 2.0 s
& ® & L & ®
(a) Apparent diffusion coefficient (b) diffusion coefficient (c) pseudo diffusion coefficient
®107! ®107%
1.5 =
p=0.435 ° 5 p=0.088 o
L0 -
0 i
z 05 J_‘ g
< <
0.0 | »
-0.5 HJ y -6 o
& L & ®
(d) kurtosis (e) perfusion fraction

Figure C.1: Absolute differences between the pretreatment and midtreatment scans divided between Complete response, CR
(n =10) and Progressive disease, PD (n = 6). For the ADC and NG-IVIM parameters.
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Appendix C. Tumor mean parameters changes
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Figure C.2: Tumor mean values for pre- and midtreatment scans splitted between Complete response, CR (n = 10) and
Progressive disease, PD (n = 6). For the ADC and NG-IVIM parameters.



Tumor heterogeneity
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Figure D.1: Mean region results from the regions based on pretreatment scan data, split between Complete response, CR (n =
10) and Progressive disease, PD (n = 6). For the ADC and NG-IVIM parameters.



Tumor region shrinkage
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Figure E.1: Tumor decrease for left sided tumor in 8 different regions around the center of volume of the pretreatment GTV

Distribution of values for right sided tumors
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Figure E.2: Tumor decrease for right sided tumor in 8 different regions around the center of volume of the pretreatment GTV
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