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THE IMPACT OF IMAGE GUIDED RADIOTHERAPY IN HEAD AND NECK CANCERS:

SOFT TISSUE CHANGES, DOSIMETRIC CONSEQUENCES AND ADAPTIVE RADIOTHERAPY
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List of abbreviations

95%CI 95% confidence interval

actSit the actual situation on the day of replanning
adaptPlan adapted radiotherapy plan

ART adaptive radiotherapy

BMI body mass index

BTV boost target volume

cm centimeters

CMD cumulative median dose

CT computed tomography

Dmax maximum dose

Dmean mean dose

Dmin minimum dose

DVH dose volume histogram

fx fraction

GEE generalized estimation equation approach
Gy Gray

H&N head and neck cancer

HT helical tomotherapy

IGRT image guided radiotherapy

IMRT intensity modulated radiotherapy
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inPlan

initial plan

kVCT kilo-voltage computer tomography

Lx larynx

mm millimeters

MVCT mega-voltage computer tomography

OAR organs at risk

oC oral cavity

PCT planning computer tomography

PG parotid gland

PTV planning target volume

ROI regions of interest

SC spinal cord

SIB simultaneous integrated boost

Vol<1Gy volumes that were irradiated with less that 1.0 Gy per fraction
Vol>1.6Gy volumes that were irradiated with more that 1.6 Gy per fraction
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INTRODUCTION

1. INTRODUCTION

ycience may set limits to knowledge, bu
Science may set limits to knowledge, but
should not set limits to imagination.

Bertrand Russell

1.1 Head and Neck Tumors

The term head and neck cancer refers to a group of biologically similar cancers originating from the
upper aerodigestive tract, including the lip, oral cavity, nasal cavity, paranasal sinuses, pharynx, and
larynx. Clinical management of head and neck cancer is complex due to the multiple sites within the

head and neck region, diagnosis, prognosis, treatment and its effects on quality of life.

1.1.1 Incidence and mortality

Squamous cell carcinoma of the head and neck remains a significant cause of morbidity and mortality,
with approximately 540 000 new cases annually worldwide and 271 000 deaths per year [22] . Figure
1 offers an overview on the incidence and mortality for both sexes for all cancers and ages in

Germany, in absolute numbers.
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Germany: Both sexes, all ages
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Figure 1. Incidence and mortality for both sexes for all cancers and ages in Germany, in absolute
numbers.

Local incidence data and national mortality data from GLOBOCAN [23]: incidence was estimated by
using incidence mortality ratios derived from recorded data in country-specific cancer registries;
mortality rates are projected to 2008.

Underlined are the head and neck cases. When compared for e.g. with prostate cancer, it is obvious, that
even if the incidence is significantly lower, the ratio of incidence to mortality in head and neck cancers is
very poor. One of every four to one of every two patients diagnosed with head and neck tumors will
probably die from the disease.
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1.1.2 Histopathology and TNM Classification

Histologically about 90% of the H&N cancers are squamous cell carcinomas. Other types include

adenocarcinoma, melanoma, lymphoma, sarcoma.

Squamous cell carcinoma originates from the mucosal epithelium of the head and neck. It arises from
a premalignant progenitor followed by outgrowth of clonal populations. Cumulative genetic alterations

and phenotypic progression lead to invasive malignancy.

Squamous cell head and neck cancer is currently graded according to morphological patterns: well-
differentiated, moderately well-differentiated, and poorly differentiated. Patients with poorly
differentiated tumors have a worse prognosis than those with well-differentiated tumors. However, this
classification is frequently ineffective in predicting the biological behavior of these cancers, and
therefore, molecular characteristics such as gene expression profiles could be considered as alternative
classification approaches. Molecular studies and genomic arrays indicate that this cancer is a
heterogeneous disease with complex molecular abnormalities; the genetic alterations result in
inactivation of multiple tumor suppressor genes and activation of proto-oncogenes, including
pl6ink4A, p53, cyclin D1, p14ARF, FHIT, RASSF1A, epidermal growth factor receptor (EGFR), and

Rb.

Further, head and neck cancers are staged according to size and site of the primary tumor (T), number
and size of metastases to the cervical lymph nodes (N), and evidence of distant metastases (M). The
classification is based either on clinical and radiological features (cTNM) or on the histopathological

examination of the resected tumor (pTNM).

However the head and neck region comprises a variety of anatomic sites: tumors arising from the skin,
nasal cavity and paranasal sinuses, oral cavity, nasopharynx, oropharynx, hypopharynx, larynx,
salivary glands, soft-tissue tumors, bone sarcomas, and miscellaneous tumors such as neurogenic
tumors and paragangliomas are all generically included in the head and neck region. More
importantly, these tumors have diverse clinical behavior and outcomes. It is therefore literally

impossible to generate a uniform staging system that would be relevant for all tumors arising in the
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head and neck region. Therefore specific TNM classifications are available for H&N sub-sites. The

subsequent classification is only a rough categorization of most H&N cancers.

TNM classification valid for a large part of head and neck tumors:

T:

Staging of cancer is the most important predictor of survival, and cancer treatment is primarily

e TI1<2cmin greatest dimension;

e T2 =2-4cm or affects 2 areas within a specific site;

e T3 >4 cm or affects 3 areas within a specific site;

e T4 =invades specific structures (4a is resectable and 4b is unresectable)

e NO = none;

e NIl =onenode <3 cm;

¢ N2 =node between 3 and 6 cm or multiple nodes;

e N3 =node>6cm.

e MO = none;

e M1 = present.

determined by staging. Table 1 illustrates the staging used in head and neck cancers.

Table 1.Staging of head and neck cancers

Stage Tumor (Maximum |]1\1/Iegi0nal Lymph Node Distant Metastasis
Penetration) etastasis
Il T1 INO MO
1T T2 INO MO
101 T3 or INO MO
T1-3 N1 MO
IVA T1-3 N2 MO
T4a INO-2 MO
VB T4b Any N MO
Any T IN3 MO
IVC Any T Any N M1

A further important classification used in head and neck cancers is the lymph nodes’ level

classification. The level system is used for describing the location of lymph nodes (important for
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radiological staging, surgical dissection and radiation therapy treatment volumes delineations)
(Figure2 ).

In 2003 and 2006 the major cooperative groups from Europe (DAHANCA, EORTC and
GORTEC) and in North America (NCIC and RTOG) provided guidelines for defining lymph
node levels for radiotherapeutic treatment in the node negative and in the node positive neck
[27-28]. Briefly, level I encompasses the submental and submandibular lymphnodes; level II
includes the upper jugular; level 111, the middle jugular and level IV the lower jugular lymph

nodes; Level V, posterior triangle group and Level VI, the anterior compartment.

Figure 2. Lymph nodes levels as
proposed by Gregoire et. al [28, 27]

Level I, submental and submandibular
group; Level II, upper jugular group;
Level III, middle jugular group; Level
IV, lower jugular group; Level YV,
posterior triangle group; Level VI,
anterior compartment
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1.2 Therapy in Head and Neck Tumors

Improvements in diagnosis and local management, as well as in targeted therapies, have led to
improvements in quality of life and survival for head and neck cancer patients. With appropriate
treatment, 5-year survival can be as high as 90% for stage I, 75% to 80% for stage II, 45% to 75% for

stage II1, and up to 40% for stage IV [3] .

A phase II trial from the UK published in the late nineties demonstrated the benefit of a
multidisciplinary approach. 350 T2 to T4 NO to N2 oral cavity or oropharynx cancer patients were
randomized to either receive surgery and postoperative irradiation or irradiation alone. The trial was
closed early, as a significant difference in favor of the combined treatment arm was noted at 23 month

for overall survival, cause-specific survival, and local control [55] .

More recently, two randomized trials (the EORTC 22391 and the RTOG 9501/ Intergroup)
demonstrated the benefit of radiochemotherapy versus radiotherapy alone in high risk squamous cell
carcinoma for the head and neck. However the combined treatment was associated with an increase in

adverse effects [6, 15] .

Subsequently a short overview of treatment options of head and neck cancers by site.

1.2.1 Hypopharyngeal Cancers

Except for very early stage (T1) cancers of this region, treatment has primarily been surgery followed
with postoperative radiation therapy. Some early stage (T'1 and T2), low-volume, exophytic pyriform
sinus carcinomas have been successfully treated with radiation alone . 26, 43, 50] Single-modality
therapy of advanced-stage hypopharyngeal cancer, with either surgery or radiation therapy has resulted

in consistently poor survival [4, 26, 35, 45].

Combined-modality (operation and radiotherapy or definitive combined radiochemotherapy) treatment
should be considered for patients who present with stage III or stage IV disease [32, 36, 62]. Patients
with stage III and stage IV cancer should be considered for a larynx preservation approach [4, 30, 37,

42, 45, 50].
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1.2.2 Lip and Oral Cavity Cancer

Depending on the site and extent of the primary tumor and the status of the lymph nodes, the treatment
of lip and oral cavity cancer may be by surgery alone, radiation therapy alone, or a combination of
these. Surgery (wide local excision with or without neck dissection) is a common treatment for all
stages of lip and oral cavity cancers. Early cancers (stage I and II) are highly curable by surgery or
radiation therapy. Most patients with advanced cancers (stage III and IV) are candidates for treatment
by a combination of surgery and (chemo)radiotherapy ; patients with small T3 lesions , no regional
lymph node and no distant metastases or patients with lymph nodes no larger than 2 cm, may be

treated by radiation alone or by surgery alone [4, 30, 45].

1.2.3 Oropharyngeal Cancer

On attempting to define the optimal therapeutic approach to the oropharynx, it becomes clear that no
single therapeutic regimen offers a clear-cut superior survival over other regimens [4, 30, 45]. The
results of 6400 patients concerning local control, local-regional control, 5-year absolute survival, 5-
year cause specific survival were similar for patients who underwent surgery +/- RT or RT +/- neck
dissection. Nonetheless severe or fatal treatment complications are significantly greater for the
surgery+/- RT group[52]. For stage I and II surgery or radiation are equally successful in controlling
the cancer. Radiation may be the preferred modality where the functional deficit will be great, such as
the base of tongue or tonsil, as shown in the RTOG-9003 trial, for example [46]. Surgery may be the
preferred modality where the functional deficit will be minimal, such as the tonsil pillar. The stage 3
of the tonsil cancer can be treated by radiation therapy alone [46]. Hyperfractionated radiation therapy
yields a higher control rate than standard fractionated radiation therapy for patients with stage III
cancer of the Oropharynx [33], but this has not resulted in an increase in overall survival [8]. A
combination of surgery with postoperative radiation therapy or postoperative chemoradiation for

selected high-risk patients [6, 17, 51, 59, 65].

For stage 4 resectable oropharyngeal cancer management is complex and requires multidisciplinary

input to establish the optimal treatment.: a combination of surgery with postoperative radiation therapy
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plus chemotherapy in high-risk patients[65], radiation therapy alone for patients with stage IVA cancer
of the tonsil that does not deeply invade the tongue base[46, 44].
For stage 4 unresectable oropharyngeal cancer radiation therapy or chemoradiation therapy is

mandatory [6, 17, 51].

1.2.4 Nasopharyngeal Cancer

Despite being potentially curable at an early stage, more than 50% of patients who have
nasopharyngeal carcinoma present with advanced locoregional disease, which results in high rate of

mortality [4, 30, 45].

Nasopharyngeal carcinoma is divided pathologically into three types: Type 1 or keratinizing squamous
cell cancer; Type 2 or nonkeratinizing carcinoma; and type 3 or undifferentiated carcinoma. The
presence of keratin has been associated with reduced local control and survival. The standard of care
for patients with nasopharyngeal carcinoma staged T1-4 N2-3 MO is cisplatin-based concurrent

chemoradiation [4, 30, 45, 49]. Surgery is usually reserved for nodes that fail to regress after

radiation therapy or for nodes that reappear following clinical complete response.



INTRODUCTION

1.3 Radiotherapy Techniques

1.3.1 Treatment planning

Starting with the nineties intensity modulated radiotherapy (IMRT) found its way slowly into clinical

routine.

As for 3D-CRT intensity modulated radiotherapy planning is based on a computer tomography of the
region of interest of the patient. Before starting the treatment, the patient undergoes a CT scanning.
The region that should be treated (Figure 3) and the normal tissue that should be spared (organs at risk

— OAR) are contoured on this CT.

Safety margin from CTV to PTV accounting for :

target Voy,,
6\(\% Ih@‘o
\fbo : ,a\"arget I/O/ )Z ,~ *patientdaily setup
Q .{\\C \ch) (/’b e uncertainties;
(>\ () *inter-and
intrafractionalorgan
Gross movements;
Tumor *soft tissue changes

(due to weightloss,
weight gain, different
(GTV) organ fillings) during
fractionated
radiotherapy

\_ *etc

Volume

Figure 3. GTV, CTV and PTYV concept according to the ICRU

The Gross Tumor Volume (GTYV) is the visible tumor - for e.g. there is one GTV for the primary tumor
and one GTYV for each of the pathological lymph nodes. The Clinical Target Volume (CTV) is a tissue
volume that contains the subclinical microscopic malignant disease. The Planning Target Volume (PTV) is
a geometrical concept, and it is defined to select appropriate beam size and beam arrangements, taking
into consideration the net effect off all possible geometrical variations and inaccuracies in order to ensure
that the prescribed dose is actually absorbed in the CTV.

10
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Afterwards a calculation of dose is performed, so that the prescribed radiation dose is delivered to the

planning target volume and the normal organs are irradiated as little as possible.

In 3D-CRT treatment planning, the physicist defines the gantry angles and the size of the radiation
fields. The radiation treatment planning computer calculates the dose to every organ for the defined
gantry angles and the given radiation field size. This is depicted in a dose-volume histograms (DVH)

(Figure 4).

Figure 4. Dose-volume histograms (DVHs) for a head and neck case
100

PTV

920

80

70

right parotid
gland

60

left parotid

50
i rainstem

30

20

Ratio of Total Structure Volume [%]

0 10 20 30 Dose [Gy] 40 50 60

In contrast to conventional planning (i.e. 3D-CRT planning) in IMRT a so-called ,,inverse radiation
treatment planning” is performed. In this process in a first step the physician defines dose constraints.
These are dose limitations to the organs at risk (OARs) and the planning target volumes (PTVs). The
planning system will try to match the DVH parameters to the constraints given. The process is an
active one, during which the computer tries to further improve the solution previously found.
Therefore it is still problematical to define a guideline for optimal DVH constraints to be taken into

11
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account when doing the inverse planning and much is still dependent on the clinicians and physicists

experience.

Another important innovation is that IMRT uses treatment beams of varying intensity. This is in
contrast to the uniform doses within each 3D-CRT beam. Each IMRT radiation field is subdivided and
the amount of radiation delivered to each of these subdivisions varies. There are several ways of
delivering IMRT. Tomotherapy is one of them. As the name already states, the delivery of the
radiation is done in slices (“tomos “= Greek for slice), whereas the radiation is delivered by a slit beam
in a manner analogous to a helical CT scanner. The beam intensity is varied by interposing the leaves
of the collimator in or out of the radiation beam path as the gantry rotates around the patient. The
complete treatment is accomplished by delivering adjoining axial slices (Figure 5). Typically, tens of
thousands of beamlets are included in a treatment fraction. A beamlet corresponds to the radiation

emitted through a single open MLC leaf, with the gantry at any given angle during rotation.

The width of the fan-beam projected to the axis is 40 cm, and the maximum length the couch can

transport the patient is 160 cm.

Tomotherapy can be integrated with mega voltage computer tomographies (MVCT), permitting
image-guided radiotherapy (IGRT). By performing a CT before delivering radiation (image-guidance)
radiation oncologists ensure that the patient is correctly aligned for radiation (setup correction). The
mega voltage image of tomotherapy is completed in a manner analogous to a helical CT scanner. After
the MVCT image is acquired and reconstructed, it is registered with the kV CT image to determine
corrections to the patient’s position in the lateral, longitudinal, vertical and roll direction. For the
automatic registration the algorithm can be chosen by bone anatomy, bone and tissue anatomy or full
image registration. The system allows applying manual shifts to the set-up after automatic registration.
An automatic and manual couch shift to the indicated position by the matching of the CTs is done

before applying the treatment.

12
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Gantry
Rotation

.,

helical delivery
of radiation

Figure 5. Helical IMRT exemplified for TomoTherapy
As the ring gantry rotates in simultaneous motion to the couch, helical fan-beam IMRT is continuously
delivered from all angles around the patient

13
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1.4 Setup uncertainties in relationship to delivered dose to the planning
target volume and organs at risk

The setup uncertainties analyzed up to date can be roughly divided in data from bone alignment and
data from soft tissue alignment. As the latter is more exact and this thesis is focused on patients treated

with tomotherapy, we will present only data on CT matched setup uncertainties for tomotherapy [55].

Due to very complex registration programs assessment and correction of setup errors can be made

nowadays for translational and rotational errors (Figure 6).

Figure 6. Translational (lateral, longitudinal and vertical) and rotational (roll, pitch, yaw) setup directions
exemplified for tomotherapy.

The directions of the shifts are documented by plus or minus before the absolute values.

Lateral: (+) left, (-) right; longitudinal: (+) cranial, (-) caudal; vertical: (+) anterior, (-) posterior; roll: (+)
clockwise, (-) anti-clockwise.

14



INTRODUCTION

A comprehensive assessment is available on translational and rotational setup corrections, based on
registration of daily MVCT to planning CT images for 1,179 brain and head and neck (H&N), 1,414
lung, and 1,274 prostate treatment fractions.

Table 2 depicts the setup errors for the different sites [55].

Table 2. Results of setup error analysis showing patient-to-patient variations in systematic errors and
magnitudes of random errors [55]

Variation in systematic errors Magnitude of random errors
Lateral Longitudinal | Vertical | Roll Lateral |Longitudinal | Vertical | Roll
(mm) (mm) (mm) ©) (mm) (mm) (mm) | (°)
Brain 1.8 2.6 2.1 0.8 1.8 1.7 2.0 0.9
H&N 2.3 1.9 1.6 0.8 1.8 1.9 1.9 1.2
Lung 43 5.2 5.2 0.7 3.9 6.1 59 1.0
Prostate 3.7 3.6 7.2 0.5 3.2 4.7 4.4 0.5

Abbreviation: H&N - head and neck

The data above are similar to other published studies. It should also be mentioned that the setup errors
slightly differ depending on the mask system used or on the anatomical sub-regions the fusion was
performed to (i.e. matching to the mandible, larynx, jugular notch, occiput bone, vertebrae C1-C3, C3-

C5, and C5-C7, and the vertebrae caudal of C7) [20, 38, 66, 68].

In general the setup errors for H&N cases are small (within less than 5 mm in all studies) however the
impact of these in IMRT plans could be important. The first studies which assessed the impact of setup
uncertainties on the dose to the PTV and OARs for IMRT considered only the planning CT and shifted

the isocenter [27, 39, 52, 60].

However, it is known that anatomical changes occur in almost all head and neck cancer (H&N)
patients throughout the radiation therapy treatment course due to tumor shrinkage, body weight loss
and soft tissue changes [37-39, 41, 47].

It is therefore obvious that the information on impact of setup uncertainties on dose is incomplete

without taking the soft tissue changes occurring during fractionated radiotherapy into account.

15
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1.5 Tolerance doses, soft tissue changes, actual delivered dose and

adaptive radiotherapy (ART)

One of the best studied organs at risk in H&N radiotherapy is the parotid gland, as xerostomia is a
very important late toxicity. It has various secondary effects. These include impairment of taste,
mastication, swallowing, speech and sleep patterns. Furthermore, a reduction in saliva leads to
diminished protection of the oral cavity against injuries to both, hard and soft tissues, alters microbial
flora to a more pathogenic type, precipitates a dry ulcerated painful mucosa and affects the wearing of

oral prostheses.

It is widely acknowledged that fully irradiated parotid glands receiving doses higher than 60 Gy
undergo permanent salivary damage without recovery of function. It has also been confirmed that
salivary flow is dramatically reduced in patients whose parotid glands receive doses of 30-50 Gy [13,
19, 40, 65]. The dose that can be delivered to the parotid glands and permits recovery of the salivary
function is still under research. Data like those of Eisbruch et al. have shown a recovery of salivary

function in most of the cases after mean parotid gland doses of 26 Gy in the initial plan [19].

Nevertheless, with the introduction of repeated CT's throughout the treatment course, the volumetric
changes of the parotid glands during fractionated radiation therapy have become available for
assessment for the first time. Significant volumetric shrinkage with increase in delivered dose was

described [5, 25, 35, 53, 67].

Thus, the known tolerance data is flawed. Firstly because the dose-function relationship analyzed up to
date is based on the initial DVHs of the planning CT scan. Secondly, as previously stated,
interfractional setup uncertainties occur when no daily IGRT is performed and might have a further

impact on the actual delivered dose to the parotid glands.

Regarding the gross tumor volume (GTV), CTV or PTV similar data are available. Tumor shrinkage
occurs in almost all H&N cases during fractionated radiotherapy with an impact on the actual

delivered dose to the PTV [5, 7, 25, 53].

16
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Most studies concluded that replanning should be taken into consideration during the course of
fractionated intensity modulated radiotherapy in order to maintain adequate PTV coverage and sparing

of OARs.

Adaptive radiotherapy (ART) is the umbrella term given to repeated recalculations of treatment plans
during fractionated radiotherapy adapted to the morphological changes that occur. There are several
ways (some already commercial available, some available only as research tools) of performing

adaptive radiotherapy:

1. offline ART: the adaptation/recontouring of the PTV and OARs and the recalculation of a

new treatment plan is performed between treatment sessions.

2. online ART: the adaptation/recontouring of the PTV and OARs and the recalculation of a

new treatment plan is performed “online”, with the patient lying on the treatment table.

The second way to perform ART is still under intensive technical research in order to find the

best software that would allow such quick changes of radiation treatment plans.

Even so, the optimal time when replanning should be performed and the exact dosimetric gain of
adaptive radiotherapy (ART) is still not well defined [25, 72]. Furthermore, almost no data are
available for H&N patients on the gain of routine adaptive radiotherapy triggered by anatomical

changes observed on the daily setup CT during the course of radiotherapy [64].
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PURPOSE

2. PURPOSE

The scientist is not a person who gives the right
answers; he’s one who asks the right questions.

Claude Lévi-Strauss

The questions that were to be answered by this thesis were:

1. Can we trust the tolerance data known up to date?
In particular to:

a. quantify the soft tissue changes of the organs at risk (i.e. parotid glands) occurring
during fractionated radiotherapy;

b. quantify the impact of soft tissue changes on the delivered dose;

c. assess whether the extreme scenario of complete lack of any IGRT during
radiotherapy has a significantly different effect on the delivered dose to the parotid
glands than daily IGRT.

2. Is adaptive radiotherapy (ART) the answer for organs at risk sparing and better planning target
coverage in head and neck IMRT (i.e. helical tomotherapy)?
In particular to:

a. quantify how many of the head and neck patients undergo significant soft tissue
changes on the daily mega-voltage setup CTs

b. quantify the dosimetric benefit of ART for PTV and OAR for these patients

c. assess whether soft tissue changes can be predicted.
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3. WHAT IS THE IMPACT OF DAILY IMAGE GUIDANCE IN HEAD AND

NECK THERAPY?

The most exciting phrase to hear in science, the one that heralds
new discoveries, is not ‘Eureka!’ (I found it!) but, That’s funny ...’

[saac Asimov

3.1 Material and Methods

3.1.1 Patients Characteristics

We analyzed a group of ten head and neck cancer patients that were treated with helical TomoTherapy
for head and neck cancers from October 2007 to June 2008 at our institution. Two patients received
definitive radiotherapy and eight patients underwent postoperative, concomitant platinum based

chemo-radiotherapy (Table 3).

3.1.2 Treatment planning and delivery

Each patient underwent a planning kVCT scan (PCT) before treatment (Siemens Somatom, Siemens
Inc., Erlangen, Germany) with an axial slice thickness of 3 mm. A two layer thermoplastic head and
shoulder mask (BrainLAB AG, Feldkirchen, Germany) was used for immobilization. The contouring
of the PTV and the OARs was performed on the on the Oncentra MasterPlan (Nucletron B.V.,
Veenendaal, The Netherlands). The PTV for all patients encompassed the primary tumor region and
the bilateral lymph node levels, including the supraclavicular lymph nodes. For postoperatively treated
patients, the high risk PTV (boost target volume - BTV) comprised the former tumor site and involved
lymph nodes. For definitively treated patients, the BTV was defined as the tumor region and involved

lymph nodes.
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Table 3. Patients’ characteristics and target volumes dose prescriptions.

Patient no. [Age Tumor TNM Definitive/  [PTV PTV BTV BTV
Localization adjuvant Total Dose/ DoseNumber offCumulative  Dose/Number of]
treatment per fraction fractions Dose per fractionfractions
(Gy) (Gy)

1 57 Nasopharynx cT2 cN2c cMO definitive 50/2 25 70/2 10

2 43 Nasopharynx cT1cN1 cMO definitive 50/2 30 70/2 10

3 40 Soft palate pT2(m) pN2c cMO  [adjuvant 50/2 30 64/2 7

4 67 Palate pT4a pN2a cMO adjuvant 50/2 25 64/2 7

5 59 Soft palate pT1is pN2a cMO adjuvant 50/2 30 64/2 7

6 54 Tonsil pT3 pN1 cMO adjuvant 50/2 25 64/2 7

7 55 Tonsil pT3 pN1 cMO adjuvant 50/2 25 64/2 7

S 50 Tonsil pT1 pNlc MO adjuvant 50/2 30 64/2 7

9 46 Tonsil pT2 pN2a cMO adjuvant 50/2 25 64/2 7

10 63 Tonsil pT2a pN2a cMO adjuvant 50/2 25 64/2 7
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All patients were treated five times per week, with daily fractions of 2 Gy. Table 3 summarizes the

patients’ characteristics and target volumes dose prescriptions.

The treatment planning was carried out with the TomoTherapy treatment planning system

(TomoTherapy Inc., Madison, WI, USA).

The medial part of the parotid glands and the PTV overlapped in all our patients. The dose prescription
was set to the median of the PTV. The median dose constraints for the parotid glands were set at 25
Gy or less. The primary objective of the TomoTherapy dose optimization process was to achieve the
best possible PTV coverage. Further, plan optimization was carried out in order to spare the lateral
part of the parotid glands. The treatment process at the helical TomoTherapy treatment system was

previously described [69].

3.1.3 Assessment of treatment setup errors and dose variations to the organs at

risk

For the setup phase all patients were initially positioned guided by the mask/skin marks as accurate as
possible and as if no daily image guidance would be done to optimize the setup. Daily pretreatment
MVCTs were performed during the entire treatment. After acquisition and reconstruction, the MVCTs
were automatically registered to the planning kVCT, by choosing the bone and tissue algorithm
provided by TomoTherapy. To account for the best positioning of the patient, every automatic
registration was corrected by staff members before treatment. The setup errors in the lateral (x),

longitudinal (y), vertical (z) direction and roll rotations were documented (see Chapter 1.4.,Figure 6).

In our clinical practice only the translational errors and the roll are corrected before treatment. The
translational errors are corrected by couch travels; the roll rotation is corrected by gantry movements.
We do not perform a correction of the pitch or yaw as our TomoTherapy couch does not allow

rotations.
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The absolute values and the direction (minus and plus for translational and rotational errors) of the
setup errors were recorded (Figure 6). In order to assess the reproducibility of patient setup, periodical
examinations of the applied setup were performed by the physician in charge. Registration
uncertainties, which have been shown to be generally less than 1 mm for a head-and-neck phantom,

have not been taken into account when analyzing the setup uncertainties [7].
To determine a three dimensional vector (V) for the setup error, we used the following equation:
v=\ )(2+y2+z2 (1)

where X, y and z are the previously mentioned errors in the lateral (x), longitudinal (y) and vertical (z)

direction.

To reduce dimension of complexity within this analysis, every fifth fraction (1, 6, 11, 16, 21, and 25)

out of the total number of 25 fractions for the PTV was considered for investigation.

Two scenarios were evaluated. The first scenario (IGRT-scenario) analyzed the actual delivered dose
to the parotid glands with daily MVCT setup correction beforehand. A second scenario (non IGRT-
scenario) was assessed for the same fractions in order to evaluate the impact of the lack of MVCT
setup, including the implications of anatomical changes on the dose to the parotid gland. The setup
correction by MVCT was reset for the analyzed fraction, as if no image guidance setup correction had
been performed. The contouring of the regions of interest and the assessment of dose variations was
carried out using the PlannedAdaptive® software (TomoTherapy Inc., Madison, WI, USA). The
software automatically generates a duplication of the original structure set from the planning CT and
rigidly transposes the structure set on the MVCT taking the setup correction performed during daily

IGRT into account.

The regions of interest were thus recontoured by adapting the duplicated original planning CT
contours, having the planning CT with the original contour as guidance (rigidly registered to the
MVCT). Each parotid gland was recontoured separately on the corresponding MVCT for each fraction

and each scenario.
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To account for biases in contouring by interobserver variability, the parotid glands were all delineated
by the same physician (M.N.D.). The actual delivered dose (IGRT-scenario) and the dose without
image guidance (non-IGRT-scenario) for the parotid glands were recalculated for every analyzed
MVCT and DVH data for the contoured structures was extracted. The dose calculation process on the

MVCT has been described elsewhere [69].

The median dose, the overall volume and the volume that received less than 1 Gy per fraction,
(Vol<1Gy) and more than 1.6 Gy per fraction (Vol>1.6Gy) for each fraction and each scenario were
assessed separately (Figure 7). These doses were chosen considering reported parotid gland TD50 with
an endpoint of stimulated saliva flow rates reduced to < 25% of the pre-radiation therapy rate. The
TDS50 is the tolerance dose of an organ with a risk of 50% at 5 years for a given late toxicity to occur.
1 Gy per fraction e.g. a total dose of 25 Gy for all the 25 fractions is regarded as a dose where the
chance of reduction of saliva flow is low, whereas a dose of 1.6 Gy per fraction e.g. 40 Gy for 25
fractions is considered to be associated with a high risk of saliva flow reduction [13, 19, 21, 56, 58].
For each scenario, the cumulative median doses of the parotid glands (CMD) dose were calculated as
the sum of the median doses of each analyzed fraction. Therefore for each patient a CMD for the

IGRT-scenario and a CMD for the non-IGRT-scenario was calculated.

Weight and body mass index (BMI) were assessed once a week for all patients.
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Figure 7. Relative and absloute DVHs of the parotid glands

Figure 7. a - relative DVH; Figure 7. b - absolute DVH of the parotid glands. Points on the DVH
correspond to the analyzed values: in a. the median value; in b. the 1 Gy and 1.6 Gy volumes, as well as
the absolute volumes. Solid lines — DVHs on the planning CT. Dashed Lines — recalculated DVHs on the
MVCT

3.1.4 Statistical analyses

The statistical analyses were performed using SPSS Software for Windows version 16.0 (SPSS Inc.,
Chicago, IL, USA). All statistical tests were performed two-sided and a p-value <0.05 was considered
to indicate statistical significance. No correction of alpha-error level was conducted within the course

of multiple tests performed during data analysis.
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The setup direction (plus or minus) was taken into account when evaluating the patient setup
systematic error. The overall absolute values in each direction as well the three dimensional setup

errors were also assessed.

To ensure representativeness and comparability of the fractions 1, 6, 11, 16, 21 and 25 to the
remaining ones (2-5, 7-10, 12-15, 17-20, 22-24), the mean differences in setup displacements were
reported with 95% confidence intervals (95%CI) from the generalized estimation equation (GEE)
approach. The GEE approach reflects the structure of repeated data and takes correlation of

measurements within the same subject into account.

The GEE approach was also applied to investigate the changes of cumulative median doses in a linear
regression model framework. The cumulative median dose to the parotid glands was used to assess the
differences in dose between the IGRT-scenario and non-IGRT-scenario and was compared to the
expected cumulative median doses from the planning CT. The same approach was used to assess the

changes of Vol<1Gy and Vol>1.6Gy of the parotid glands.

The effects of potential confounding , random or explanatory variables such as fraction, parotid
volume, parotid side (left or right) and BMI change on the cumulative median doses, Vol<1Gy and

Vol>1.6Gy were considered in the GEE model and estimates were reported with 95%CI.

25



WHAT IS THE IMPACT OF DAILY IMAGE GUIDANCE IN HEAD AND NECK THERAPY?

3.2 Results

3.2.1 Setup uncertainties during fractionated radiotherapy

The absolute overall setup errors in all the analyzed directions as well as the absolute setup vector in

space are presented in Table 4.

Table 4. Overall set up-error displacement

[Parameter Mean 95% CI

Lateral (mm) 1.8 (1.4 to 2.3)
Longitudinal (mm) 2.0 (1.4 to 2.6)
'Vertical (mm) 1.9 (1.3 to 2.6)
Roll (°) 0.6 (0.3 t0 0.8)
3D vector (mm) 4.1 (3.1 to 5.0)

Assessment of set-up errors when setup direction error was taken into account, revealed no statistically
significant differences to the zero-position for longitudinal (mean difference: -0.09 mm; 95%CI: -1.0
to 0.95; p=0.85) and vertical (0.11 mm; 95%CI: -0.83 to 1.01; p=0.82) direction. Nevertheless, a
minor deviation from zero was observed in the lateral direction (mean difference: -0.75 mm; 95%CTI: -
1.5 to -0.08, p=0.029), indicating a small systematic setup error with a mean shift of 0.75 mm to the
right for the non-IGRT-scenario. Further, with a mean difference of 0.55° (95%CI: 0.26 to 0.83) the
roll was significantly shifted from zero (p<0.001), indicating a small systematic error around the

longitudinal axis with a mean rotation of 0.55° clockwise for the non-IGRT-scenario.

The comparison of setup errors of the evaluated fractions (1, 6, 11, 16, 21, 25) to the not evaluated
fractions showed a minor mean absolute difference in vertical position of 0.91mm (95%CI: 0.28 to
1.53; p=0.005). The mean difference of the analyzed fractions to the not evaluated fractions was 0.02°
(95%CI: -0.34 to 0.08; p=0.274). The mean differences in the lateral and longitudinal direction were

less than 0.22 mm and were statistically not significant (p=0.47 and p=0.69, respectively) (Figure 8).
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These data indicate that the evaluated fractions were representative for the whole treatment with

regard to the setup accuracy.
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Figure 8. Overall setup errors for the 25 fractions
Depicted are the median setup errors with 95% intervals of the central data distribution in millimeters for
the lateral (a), longitudinal (b), vertical (c¢) directions and in degrees for the roll rotation (d).

3.2.2 Soft tissue changes during fractionated radiotherapy

The mean weight and BMI loss at 50 Gy was: -5.1 kg and -1.85 kg/m” for females, and -5.4 kg and
-1.7 kg/m?, for males. A decrease of the volume of the parotid glands and a shifting into the PTV was
observed in all patients. Overall, the mean decrease of the parotid gland volume was estimated to be
-0.13 cm’ per day (Figure 9). There was no considerable difference in volume decrease between the
left and the right parotid gland (p=0.462). No significant association between the BMI and the change

of volume (p=0.105) was noted.
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We observed a significant association between the decrease of the parotid gland volumes and

increasing number of fractions (p<0.001).
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Figure 9 . Absolute volume changes of the parotid glands throughout the treatment course for the
analyzed fractions

Depicted are the 95% confidence intervals with the mean absolute volume (in cm?) for all patients. The
most prominent changes of volume occur in the first 3 weeks of radiotherapy (fraction 1 to fraction 16).

3.2.3 Delivered doses to parotid glands: IGRT vs. non-IGRT

In the multivariable GEE-regression analysis adjusted for fraction number, side (right vs. left) and
parotid gland volume, significantly lower values of the volumes that were irradiated with less that 1.0
Gy per fraction (Vol<1Gy) were detected for the IGRT-scenario compared to the planning CT (mean
difference: 1.36 cm’; 95%CL: 0.44 to 2.28: p=0.004), as well as for the non-IGRT-scenario as

compared to the planning CT (mean difference: 1.35 cm®; 95%CI: 0.44 to 2.25; p=0.003).

No significant difference was observed when comparing the Vol<1Gy in the IGRT-scenario to the

non-IGRT-scenario (mean difference: -0.02 cm3; 95%CI: -0.22 to 0.19; p=0.896).
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A significant decrease of Vol<1 Gy was noted with increasing fraction number (p<0.001).

Similar associations were noted for the volumes that were irradiated with more that 1.6 Gy per fraction
(Vol>1.6Gy). There was a significant increase of the Vol>1.6 Gy in both scenarios when compared
with the Vol>1.6Gy on the planning CT. For the IGRT-scenario the mean increase as compared to the
planning CT was of 1.14 cm® (95%CI: 0.25 to 2.02; p=0.01); for the non-IGRT-scenario the mean

increase was of 1.16 cm® (95%CI: 0.327 to 1.991; p=0.006).

There was no significant difference between the two scenarios regarding Vol>1.6Gy changes (mean
difference: -0.02 cm’; 95%CI: -0.23 to 0.17; p=0.855). A significant increase of Vol>1.6Gy with

fraction number was noted (p<0.001).

A large initial parotid gland volume predicted for a large decrease of the Vol<1Gy (p=0.002) and for a

large increase of the Vol>1.6Gy (p<0.001) with increasing fraction number.

There was a significantly higher cumulative median dose for the analyzed IGRT-scenario than for the
initial predicted cumulative dose (mean difference: 1.13 Gy; 95%CI: 0.67 to 1.59; p<0.001), as well as
for the non-IGRT-scenario (mean difference: 0.96 Gy; 95%CI: 0.57 to 1.36; p<0.001). No statistically
significant difference was detectable between IGRT and non-IGRT cumulative median doses (mean

difference 0.17 Gy; 95%CI: 0.03 to 0.36; p=0.095) (Figure 10).
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Figure 10. Absolute values of cumulative median doses for each patient (columns) and each scenario

The first bar in each column is the expected absolute value of the cumulative median dose by analyzing
the planning kVCT DVH data (PCT).

The second bar depicts the actual delivered cumulative median doses for the IGRT-scenario (IGRT) and
the third bar depicts the CMD that would have been delivered without image guidance (non-IGRT).
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3.3 Discussion

IMRT provides a higher conformality in dose distributions. As the dose fall-off to the normal tissue is
steep in IMRT plans, the accuracy of the daily setup of patients is essential. This is especially
important in the head and neck patients, where many sensitive structures lie in the proximity of the
PTV and a substantial setup uncertainty might lead to a significant overdosage of the organs at risk. In
addition, morphological changes occur in almost all H&N patients throughout radiation therapy due to
tumor shrinkage, body weight loss and soft tissue changes. Wang et al. associated weight loss with
setup errors [68]. Therefore surveillance of setup uncertainties and anatomical changes, with their

implications on dose distribution throughout the treatment course seems to be fundamental.

3.3.1 Setup errors

The overall magnitude of the 3D-vector of our study was of 4 mm, which is within the known setup
uncertainties of 2 to 5 mm of head and neck immobilization masks used in radiation therapy [25, 29,
35, 63]. Further, our data are within the previously reported setup errors of head and neck tomotherapy
ranging from 1 mm to 3 mm for the translational errors and from 0.8° to 1.5° for the roll rotation[57,

61].

There was no statistical difference in the vertical and longitudinal direction to the zero position;
therefore no systematic errors in the positioning of the patient were present in those directions.
Nevertheless, a slight overall systematic setup error seemed to be present in the lateral direction and
roll rotation, but in both cases the mean displacements were small, of approximately 1 mm and of 0.5°,

respectively.

When comparing the setup errors for the analyzed fractions (1,6,11,16,21,25) to the other fractions (2-
5, 7-10, 12-15, 17-20, 22-24) no significant difference was found, except a minor mean absolute
difference in the vertical position of less than 1 mm. Because of the similarity of the analyzed fraction
setup and the overall setup of the patient, the presented results should be a good approximation of the

overall implication of setup on actual delivered dose.
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3.3.2 Volumetric changes of the parotid glands

The calculated overall parotid volume decrease was of 0.13 cm3/day. Other studies show a change in

the volume of the parotid gland s of 0.19-0.21 cm3/day [5, 11, 31, 54].

Barker et al. [5] assessed 14 patients. Eligible patients had to have a pathologic diagnosis of head-and-
neck cancer, be treated with definitive external beam RT, and had have gross primary and/or cervical
nodal disease measuring at least 4 cm in maximal diameter. Barker et al. found shrinkage of parotid
glands of median 0.19 cm3/day and an inner shifting (median, 3.1 mm; range, 0-9.9 mm). The medial
displacement of the parotid glands correlated highly with the weight loss that occurred during

treatment.

Robar et al. [54] assessed 15 head and neck cancer patients. The parotid glands showed a medial

translation of 0.85 mm/week, and glands shrank by 4.9%/week.

Castadot et al. [11] assessed 10 patients. The parotid glands were redelineated during treatment by
deformable image registration. The ipsilateral and contralateral parotid glands showed a mean

decrease of 0.9% and 1.0% per treatment day, respectively.

In our patient group, the mean weight and BMI loss at 50 Gy was: -5.1 kg and -1.85 kg/m? for the
female and -5.4 kg and -1.7 kg/m? for the male patients. No significant association between the change
of volume of the parotid glands and the changes of the BMI could be demonstrated. Probably the
effect of weight loss is more important in patients above a certain weight loss threshold as stated by
Lee et al.[41], which was not reached by the analyzed patients in our group. Thus, it is not entirely
ruled out that the overall changes in the body weight of a patient might play a role in trying to predict

the shrinkage of the parotid gland volume, but probably further factors should be taken into account.

Our study disclosed a significant association of the volume decrease with increasing number of
fractions. Therefore events that take place during radiation in the parotid glands, like an immediate
death of the serous cells, might play a role in parotid gland shrinkage [38, 47, 67]. This is consistent

with other reports.
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Vasquez Osorio et al. [67] reported a significant difference in the volume reduction, shape and
position changes between the non irradiated major salivary glands and the irradiated glands in patients
treated unilaterally. The study showed that irradiated and spared parotid glands had a volume loss of
17 £ 7% and 5 * 4%, respectively. The authors concluded that the planned mean dose was

significantly related to the parotid gland volume reduction.

3.3.3 Dosimetric implications of parotid glands shrinkage

The volume shrinkage and the shift of the parotid glands into the PTV led to a decrease of the absolute
low-dose parotid gland volume (Vol<1Gy) and an increase of the absolute high-dose parotid gland
volume (Vol>1.6Gy) with increasing fraction number. These changes in dose volume parameter over
time are independent of the use IGRT for setup correction (Figure 10). An overall higher initial
parotid gland volume was associated with a higher decrease of the low-dose parotid gland volume and
a larger increase of the high-dose parotid gland volume. Therefore patients with higher initial volumes
of the parotid glands might be candidates for repeated CTs during the treatment course and adaptive
planning. Further, our study disclosed that the parotid glands typically shrink in the first 3 weeks of
treatment (Figure 9). Combined with the knowledge that larger parotid glands shrink more, further
studies are necessary to evaluate whether adaptive planning in the third week of treatment is helpful in

reducing the dose to the parotid glands while maintaining adequate PTV coverage.
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Figure 11. Parotid gland changes over time for patient no. 3 and the implication of these changes on the
DVHs of the left parotid gland (PG) for both scenarios

The upper left panel contains the parotid glands for the 1 fraction, followed by the 6™, 11", 16", 21* and
25" fraction in the low right panel.

Below, the DVH data for the IGRT and non-IGRT-scenario. Shown are the DVH for the 1* (left upper
panel), 6", 11™ , 16™, 21* and 25™ fraction (right lower panel). The pronounced deterioration of the DVH
(arrow) correlates with the shrinkage of the parotid gland.
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3.3.4 Implications of daily image guided radiotherapy on the delivered dose to
the parotid glands

Information regarding the implication of CT guided setup on the dose to the parotid glands is scarce. A
paper from O’Daniel et al. [48] reviewed the question whether planned and delivered dose to the
parotid glands was different if radioopaque markers alignment or bone alignment by CT were used.
Eleven definitive treated patients were recruited in the O’Daniel’s study. The radioopaque markers
were used to align the patients for treatment. A simulated bone alignment by CT, based on the position
of the second cervical vertebra was used solely for data analysis. Different radiotherapy techniques,
based on the physician’s clinical judgment, were used: either comprehensive nodal IMRT or a split
field technique (the tumor and the upper neck were treated with IMRT; the lower neck was treated
with an anterio-posterior supraclavicular field), followed by mid-neck boosts and electron boosts, if
necessary. The authors concluded that daily bone alignment reduced the parotid dose compared with

radioopaque markers alignment.

A comparison to our data is difficult due to several reasons. Most patients in our study are
postoperative treated patients with a symmetrical change of soft tissue. The implications of
asymmetrical soft tissue changes on the patient setup inside the immobilization mask and thus on the
position of the parotid glands with regard to the PTV in the study of O’Daniel are expected to be
different from the implications of symmetrical soft tissue changes we observed in our study. Further,
all patients in our study were treated with daily IGRT by MVCT beforehand. For image registration
bone and soft tissue information was used, whereas the O’Daniel study used only bone alignment for

the IGRT-scenario.

In our study, the mentioned parotid gland volume shrinkage led to an increase of the mean cumulative
median dose for 6 fractions of 1.13 Gy for the IGRT-scenario and of 0.96 Gy for the non-IGRT-
scenario. There was no statistical significant difference between the two scenarios. One explanation
might be that the random errors of the analyzed group of patients of approximately 2 millimeter are
too small in comparison to the dose gradients of 4 mm (95% isodose to the 80% isodose) and of

almost 30 mm (80% isodose to the 20% isodose) in our TomoTherapy plans. However, setup
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verification and correction should be systematically performed in H&N IMRT, as the magnitude of
setup errors, the exact OAR localization and the PTV coverage are interrelated and not all of them are

taken into account in the present study.

Nevertheless all the data published up to date regarding the correlation of parotid gland dose and
preservation of function, are based on the initial DVH of the planning CT [14, 19, 24, 43, 66]. Setup
uncertainties and soft tissue changes during fractionated radiotherapy were not taken into account.
Even if the setup uncertainties do not seem to play a crucial role as demonstrated by our study, the
parotid glands received higher doses than predicted by the planning CT DVH data due to anatomical
changes during the course of treatment. As it is known that H&N patients undergo soft tissue changes
during fractionated radiotherapy, the actual tolerance dose of the parotid glands could be higher than
expected by analyzing only the planning DVH data. We therefore believe that the actual tolerance
doses of these organs should be established and taken into account when delivering IGRT. In our
opinion IGRT should be also used as a tool for assessing soft tissue changes and establishing
thresholds for adapting radiotherapy plans when the actual tolerance doses during radiotherapy is

reached.

36



WHAT IS THE IMPACT OF ADAPTIVE RADIOTHERAPY?

4. WHAT IS THE IMPACT OF ADAPTIVE RADIOTHERAPY?

4.1 Material an Methods

4.1.1 Patients characteristics

All science is either physics or stamp collecting.

Ernest Rutherford

Since April 2008 we routinely carried out adaptive radiotherapy [ART] (see also Chapter 1.5) based

on the MVCT during the course of helical tomotherapy [HT] (TomoTherapy Inc., Madison, WI,

USA). Adaptive radiotherapy was initiated when the daily MVCT showed substantial morphological

changes that precluded precise image fusion with the planning kVCT or when the immobilization

devices (masks) became loose (Figure 12).

April 2008 — December 2009

94 (100%)

H&N Patients (daily IGRT by MVCT)

72 (76%) 23 (24%)
postoperative definitive
radio(chemo)therapy radio(chemojtherapy
10% 17% 26%
7 (8%) 4 (4%) 6 (6%)
ART on MVCT ART on MVCT new mask
new KVCT

Figure 12. Head and neck
patient cohort treated with
tomotherapy between April
2008 and December 2009

Seventeen out of 94 H&N
patients treated with
TomoTherapy from April
2008 to December 2009
received ART. Six patients
underwent a complete
replanning with modeling of a
new head and shoulder mask
and a new planning kVCT.
They are not the subject of
this thesis. Eleven patients
underwent replanning based

on the MVCT.
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We routinely performed ART for H&N patients either when : 1.) a change is clinically revealed by
inspection or palpation and the mask is loose or 2.) the IGRT-CT shows a soft tissue change >0.5 cm
(overall change in the body diameter >1cm) (Figure 13) .

Before starting with routine adaptive radiotherapy we performed some retrospective analyses by
recalculating the actual delivered doses on the MVCT. If the soft tissue changes were only slightly
visible (e.g. 2 to 4 mm) the changes in delivered doses were not considered relevant and the routine
workload would have been huge for minimal expected benefits. We therefore proposed an internal
guideline of a soft tissue change >0.5 cm at one side for replanning.

We do not present data on the patients that underwent adaptive radiotherapy on a new planning kVCT
because of a loose mask. Several papers are available on this topic [10, 31, 70]. We focus on patients
with less obvious soft tissue changes, which were difficult to recognize without IGRT: patients with a
tight mask for whom ART was initiated exclusively by a soft tissue shrinkage noted on the MVCT-

i.e. who would not have had an adaptive replanning if IGRT would not have been performed.

4.1.2 Treatment planning and delivery

The patient treatment planning was previously described (Chapter 3.1.2). The contouring of the PTV
and the OARs was performed on the iPlan Net system (BrainLAB AG, Feldkirchen, Germany).Table
5 summarizes the ART patients’ characteristics and the dose prescription to the PTV and boost target
volume. All patients were treated five times per week. All patients except one (patient no.7) received
concomitant platinum based chemo-radiotherapy (day 1-5, 29-33). The objective of the dose
optimization process was to deliver the prescribed dose to the median of the PTV and boost target
volume. The treatment process at the HT treatment system was previously described (see also Chapter

3.1.3) [69].
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Patient No. |Age Tumor TNM Definitive/ |PTV PTV BTV BTV
Localization adjuvant Total Dose / Dose | Number of | Cumulative Dose/ | Number of
treatment per fraction fractions Dose per fraction | fractions
(Gy) (Gy)

1 62 Oropharynx | pT3 pN2b(2/67) cM0O G3 R1 adjuvant 50/2 25 64/2 7

2 57 Oropharynx | pT2 pN2b (3/20) cMO G2 RO |adjuvant 54/1.8 30 64.2/2.14 30 (SIB)

3 42 Oropharynx | pT1 pNI1 (1/13) cMO G3 RO adjuvant 54/1.8 30 64.2/2.14 30 (SIB)

4 50 Nasopharynx |cT2 cN3b cMO0 G4 definitive 50/2 25 70/2 10

5 57 Oropharynx | pT1 pN3 (1/26) cMO G3 RO adjuvant 54/1.8 30 64.2/2.14 30 (SIB)

6 63 Hypopharynx |pT4a pN2a (1/54) cM0O G2 RO | adjuvant 50/2 25 64/2 7

7 69 Oral Cavity ¢T3 cN2b cMO G2 definitive 50/2 25 70/2 10

8 55 Oropharynx | pT2 pN2b (2/15) cM0O G3 RO |adjuvant 54/1.8 30 64.2/2.14 30 (SIB)

9 77 Oropharynx | cT4 cN2c cMO G2 definitive 50/2 25 70/2 10

10 66 Hypopharynx |pT2 pN3 (1/31) cMO RO adjuvant 50/2 25 60/2 5

11 45 Nasopharynx |cT1 cN2b cMO definitive 544 /1.7 33 70.4 /2.2 33 (SIB)

Table 5. Patients’ characteristics and target volumes dose prescriptions for the patients that underwent ART on the MVCT.

The patient numbering was performed alphabetical, not chronological.

PTV-planning target volume, BTV-boost target volume, SIB-simultaneous integrated boost
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4.1.3 Soft tissue changes, dose variations to the organs at risk and initiation of
adaptive radiotherapy on the MVCT

Adaptive radiotherapy on the MVCT was initiated when the daily setup MVCT showed a difference

>0.5 cm in the body contours (Figure 13) and the patient still had more than two weeks of treatment.

Figure 13. Example of soft tissue changes for patient no. 6 noted when fusing the MVCT to the
planning KVCT (PCT) on the day when replanning was decided.
Substantial soft tissue changes are visible in the region of the parotid glands.

The contouring of the regions of interest [ROIs] (i.e. PTV and OAR) and the assessment of the actual
delivered dose was carried out using the PlannedAdaptive® software as previously described (Chapter

3.1.3).

A new plan for the remaining fractions was generated on the MVCT using the adapted regions of
interest [ROI] (organs at risk and PTV) with the tomotherapy treatment planning system. The dose

calculation process on the MVCT has been described previously[69].

The replanning stretched for all patients over 24 hours. On the first day, after treatment, the ROIs were
recontoured and the actual delivered dose was assessed (Figure 14). The planning, the quality
assurance and the irradiation with the new plan was performed on the second day. All adaptPlans were

evaluated and accepted by a radiation oncologist before treatment.
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Figure 14. Example of differences in DVHs as recalculated with the PlannedAdaptive software on the day
when soft tissue changes were noted and replanning was decided.

Solid DVH - DVHs of the OAR and PTV on the planning CT, dashed DVHs — DVHs of the OAR and PTV
recalculated on the MVCT

Because the PlannedAdaptive ® software does not include DVH statistics so that the Dmean could be
read out, all data were imported as DICOM files into CERR (Computational Environment for

Radiotherapy Research, available at http://radium.wustl.edu/CERR) [16].

For the PTV we analyzed the mean dose (Dmean), maximum dose (Dmax) and the minimum dose

(Dmin) per fraction normalized to the prescribed dose.

In the case of SIB treatment plans the dose assessment of the PTV dose was performed on a new
generated PTV that did not encompass the voxels of the simultaneous integrated boost target volume.
The new PTV was generated by subtracting a 0.5 cm enlarged simultaneous integrated boost target

volume from the PTV (Figure 15).

In order to assess the dose conformity to the PTV, we generated a structure that encompassed the
normal tissue outside the PTV, by subtracting the PTV from the body-contour. The delineation of the
body-contour started 4 slices above the first CT slice where the PTV delineation began and ended 4

slices below the last CT slice where the PTV delineation ended. The volume of normal tissue outside
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the PTV receiving equal to, or more than 95% of the prescribed dose to the PTV was evaluated (Figure

15).

Body Contour

95% Isodose outside
PTV = normal tissue
outside the PTV
receiving equal to, or
more than 95% of the
prescribed dose to
the PTV

0.5 cm margin applied
to the simultaneos
integrated boost (SIB)

77777777/ analyzed PTV
-analyzed Normal Tissue

Figure 15. Schematic drawing of the analyzed PTV for simultaneous integrated boost treatments and the
normal tissue outside the PTV (assessed in order to quantify the dose conformity to the PTV)

For the spinal cord (SC) the Dmax/fx; for the parotid glands (PGs), the larynx (L.x) and for the oral

cavity (OC) the Dmean/fx were extracted.

All dosimetric analyses were performed for three situations: for the initial plan (inPlan), for the actual

situation on the day of replanning (actSit) and for the adapted plan (adaptPlan).

In order to identify if clinical data correlate with the soft tissue changes observed on the MVCT we
further assessed: i) changes in the weight of the patient at the moment of replanning; ii) days passed
between surgery and the planning CT; iii) days passed between the dental extraction (if one

performed) and the planning CT; iv) days passed between the moment of replanning and

42



WHAT IS THE IMPACT OF ADAPTIVE RADIOTHERAPY?

chemotherapy; v) the initial volumes and the adapted volumes of the OAR and PTV/SIB; vi) the

volume of the body-contour, on the planning CT as well as on the MVCT.

4.1.4 Statistical Analysis

The statistical analyses were performed using SPSS Software for Windows version 17.0 (SPSS Inc.,
Chicago, IL, USA). All statistical tests were performed two-sided and a p-value <0.05 was considered
to indicate statistical significance. The Wilcoxon signed-rank test was used to assess changes in
quantitative parameters. To assess bivariate relationship of quantitative data the Spearman correlation

coefficient (rho) was used.
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4.2.1 Patient characteristics

4.2 Results

17 of 94 patients (18%) needed adaptive radiotherapy ; 11 (12%) underwent adaptive radiotherapy on

the MVCT (Figure 12). All following results refer to these 11 patients (median values and range in

brackets).

Patients were treated with the new plan for 19 fractions (9 to 24 fractions). The weight loss at the

moment of replanning was -2.3 kg (0 to -10.7 kg). 40 days (30 to 50 days) passed between surgery and

the planning CT scan. Five patients underwent a dental extraction before radiotherapy: 11 days (3 to

13 days) passed between the dental extraction and the planning CT scan. No replanning was

performed during a chemotherapy cycle. The time elapse between the last day of the first

chemotherapy cycle and the replanning was on median 12 days (6 to 20 days).

4.2.2 Soft tissue changes and volumetric and dosimetric consequences

Table 6 Volumetric changes of the regions of interest as median values (range).

Organ Volume (cm?) Decrease in percent of the
initial volume
inPlan actSit

PTV 1138 1081 6.6%
(575-1648) (537-1489) (3.8-13.4)

BTV 203 188 7.2%
(140-398) (136-356) (3.3-12.0)

Body-Contour 6523 5868 8.8%
(4357-8311) (3937-7417) (3.7-16.9)

Left parotid gland 28.9 28.4 11.2%
(18.9-54.8) (17.2-48.0) (0.2-40.0)

Right parotid gland 32.3 26.5 13.5%
(20.5-52.8) (15.1-50.4) (1.5-45.7)

PTV-planning target volume, BTV-boost target volume
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Table 6 summarizes the volumetric changes of the regions of interest. There was no evidence of a

considerable relation between volumetric changes and weight loss (rtho < 0.20 for all volumetric
parameters). Further no significant correlation was noted between the volume changes of the ROIs to
each other. The only exception was a strong positive correlation of the shrinkage of the left parotid

with the shrinkage of the right parotid (rho= +0.77, p=0.005).

4.2.2.1 Planning target volume doses: maximum doses, minimum doses and maximum
doses

In the actSit the Dmax (10 out of 11 patients), Dmin (8 out of 11 patients) and the Dmean (all patients)

to the PTV increased when compared to the inPlan. By ART the Dmax (10 out of 11 patients, in 1

patient it remained unchanged), the Dmin (8 out of 11 patients) and the Dmean (all patients) to the

PTV decreased when compared to the actSit.

4.2.2.2 Dose to the normal tissue outside the planning target volume
The normal tissue volume that received a dose higher than the 95% of the prescribed dose was median
256 cm? on the planning CT (see also Figure 15). This volume increased in the actSit by median +56

cm? and decreased by median -58 cm? in the adaptPlan.

The dose in actSit was statistically significant higher for all OARs (p<0.05). With ART we achieved a
statistical significant improvement for the Lx, OC and SC. No statistical improvement was noted by
ART for either of the parotid glands (p=0.722). Figure 16 depicts the decrease or increase (percent

normalized dose to the dose on the MVCT) achieved by ART for the OARs.

Table 7 illustrates the absolute doses for the PTV and the OARs.
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Table 7. Doses per fraction for the PTV and the organs at risk

Organ inPlan actSit adaptPlan
PTV 115% 116% 111%
(Dmax) (105-120) (108-123) (93-121)

PTV 95% 97% 95%
(Dmin) (91-99) (93-101) (81-98)

PTV 100% 103% 100%
(Dmean) (97%-104) (101-108) (85-101)

Left parotid gland 1.23 Gy (0.97-1.75) 1.28 Gy (1.04-1.99) 1.36 Gy (0.9-1.90)
Right parotid gland 1.26 Gy (1.0-1.7) 1.38 Gy (1.02-1.71) 1.34 Gy (1.08-1.71)
Spinal Cord 1.31 Gy (0.98-1.63) 1.33 Gy (0.98-1.63) 1.19 Gy (0.88-1.43)
Larynx 1.70 Gy (1.49-1.88) 1.74 Gy (1.53-1.95) 1.66 Gy (1.5-1.9)
Oral Cavity 1.33 Gy (1.14-1.90) 1.36 Gy (1.14-1.94) 1.24 Gy (1.08-1.84)

Depicted are the median values (range) of the PTV’s normalized dose; the Dmean for the parotid glands;
the Dmean for the larynx; the Dmean for the oral cavity and of the Dmax for the spinal cord.
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Figure 16.Dose differences in the adaptPlan in percent (decrease or increase) normalized to the actSit
dose.

On the x axis are the patients’ numbers as presented in table 2. The patient numbering was performed
alphabetical, not chronological.
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4.3 Discussion

4.3.1 Weight loss and soft tissue shrinkage

No significant correlation was observed between the weight loss of the patients and the volume
reductions of the ROIs on the MVCT. Further, the volume decrease of the PTV, boost target volumes,
parotid glands or of the body-contour did not correlate to each other. The only exception was a
correlated shrinkage of the left and right parotid gland. This is consistent with literature [67] and with
our own data (see also Chapter 3.2). As every organ has different reaction to weight loss and specific
radiation sensitivity we believe that an assessment of one region of interest volume might not be able
to predict another’s region of interest volume change. This is further underlined in our study by the

strong correlation of the shrinkage of the parotid glands to each other (“same organs react the same”).

In patients treated without daily IGRT, different studies indicate that a major weight loss is an
indicator for adaptive replanning. However the loss in percent of the initial body weight that is
considered noteworthy is very different from study to study and lies somewhere above 6% [1, 41, 40].
In our study the weight loss at the moment of replanning was -2.6% of the initial weight. In order to
assess if the measurement of the weight loss was underestimated due to the weight gain by saline
volume expansion during chemotherapy administration, we assessed if adaptive radiotherapy was
performed during the chemotherapy weeks. We found out that on median 12 day had passed since the

chemotherapy and the adaptive replanning.

As the saline volume expansion hypothesis could not be confirmed and no striking weight loss was
observed for most patients, we further made the assumption that a decrease of postoperative or post-
dental-extraction edema could lead to soft tissue changes. Hence, we tested if the planning CT was

performed soon after surgery or dental extraction [60].

However in this group of patients none of the hypotheses could be verified. In 9 out of 11 patients (one
patient lost 10% weight and one patient underwent planning CT scanning 3 days after dental
extraction) adaptive replanning could not have been predicted by the clinical judgment. Daily imaging

by MVCT was the only way to detect soft tissue changes in these patients.
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It is highly probable, that patients with a major weight loss need adaptive radiotherapy, but in our
experience even patients with no weight loss undergo soft tissue changes. However, as only a
subgroup of patients undergoes soft tissue changes, a routine replanning for all H&N patients at

predefined times during fractionated radiotherapy is in our experience a superfluous workload.

4.3.2 Impact of soft tissue shrinkage and adaptive radiotherapy on the planning

target volume

We performed adaptive radiotherapy on the premises that soft tissue shrinkage of more than 0.5 cm to
each side has a significant dosimetric role in helical IMRT. The Dmean to the PTV increased by
median +3% because of the soft tissue changes and decreased by replanning by median -3%. As the
soft tissue changes noted in our patients are not circular (Figure 17) and the helical approach uses a
360-degree pattern, the dose to the PTV may not be severely changed as a substantial proportion of

beamlets still go through unchanged soft tissue.

Figure 17. Soft tissue changes on the MVCT compared to the planning CT

The external contour is delineated on the planning CT and on the MVCT. The difference between the 2
contours is >0.5 cm at the height of the parotid glands. Further the changes in the CTV (Level 2) and the
changes in the right parotid gland are depicted. The outer contour corresponds to the ROI delineated on
the planning CT; the inner contour corresponds to the ROI delineated on the MVCT. The shrinkage and
inner shifting of the parotid glands is not correlated to the deformation in the CTV.

49



WHAT IS THE IMPACT OF ADAPTIVE RADIOTHERAPY?

4.3.3 Impact of soft tissue shrinkage and adaptive radiotherapy on the normal
tissue outside the planning target volume

The ratio of normal tissue outside the PTV that receives the prescribed dose increased by one fifth.
The normal tissue volume that received a dose higher than the 95% of the prescribed dose was median
256 cm? on the planning CT (see also Figure 15). This volume increased in the actSit by median 56

cm? and decreased by median 58 cm3 in the adaptPlan.

4.3.3.1 Parotid glands

In order to compensate the dose increase to the parotid glands because of soft tissue change during
fractionated radiotherapy different replanning strategies are reported. Studies are available for one or

more replans (up to six) and/or with different safety margins to the CTV.

Kuo et al. [39] performed a replanning at 45 Gy on 10 patients with enlarged neck lymph nodes. He
reported a mean reduction of 2.95+1.10 Gy to the left and 3.23+1.37 Gy to the right parotid gland if

replanning was performed for the last 21 Gy.

Eleven H&N patients, each with one planning and six weekly helical CTs were included in a study of
Wu et al. [70]. Replanning was performed with different margins (0, 3, 5 mm) and either at midcourse
(one replan), or every other week (two replans) or every week (six replans). One replanning during
midcourse improved the sparing of the parotid glands by 3%, two replannings by 5%, and six

replannings by 6% normalized to the cumulative doses without replanning.

Hansen et al. [31] retrospectively chose 13 H&N patients who had repeat CT imaging and replanning
during the course of radiotherapy. The average number of radiation fractions delivered before the
second CT scan was 19 fractions (out of 33 fractions). They found no significant improvement of the

Dmean by replanning to the left parotid gland.

Castadot et.al [11] performed a preliminary analysis of the dose to the OAR target volumes on 10

H&N patients with re-optimization performed at mean doses of 14, 25, 35 and 45 Gy. No difference in
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the Dmean to the parotid gland between the re-optimized plans and the actual delivered dose was

detected.

As the replanning strategies are very different, it is hard to elucidate the reasons of these differences’
in sparing. In our study we achieved no significant reduction of the dose to the parotid glands by ART.
The inner shifting and decrease of Level II and IB [28, 27] at the height of the parotid glands were not
correlated to the changes of the parotid glands (Figure 17). Further, in order to adequately cover the
PTV at these levels and due to the relatively poor soft tissue contrast on the MVCT, we decided to
perform a minor adaptation of the PTV in these regions. Thus a higher ratio of the total volume of the
parotid glands was inside the PTV in the adaptPlan as compared to the inPlan. An improvement of the

Dmean to the parotid glands was thus difficult to achieve by adaptive radiotherapy in our clinic.

4.3.3.2 Spinal cord

The reported improvements in the delivered dose to the spinal cord by ART are as well contradictory.

Either no improvement or improvements up to 15 Gy are reported [2, 31, 70].

Hansen et al. [31] reported an increase in the Dmax to the spinal cord with a range of 0.2-15.4 Gy
without replanning. Wu et al. [70] reported on the other hand stable doses to the spinal cord during

radiotherapy.

The median increase for our patients was approximately 4 % normalized the initial Dmax. The
increase in actSit dose was not only due to the soft tissue changes, but also to the different setup of the
patient within the mask. In our experience, even in patients with a tight mask a different curvature of
the cervical spinal cord can be noted on the MVCT. These different curvatures were daily reproducible
on the MVCTs. The replanning on the MVCT compensated not only the soft tissue changes, but also
the difference in spinal cord position (Figure 18). We will perform further studies to quantify these

differences and their impact on delivered dose.
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Figure 18. MVCT (dark grey) fused to the planning CT (light grey).

Figure 18a: the arrows mark the perfect fusion of the superior cervical spinal cord and the inferior
cervical spinal cord

Figure 18b: the arrow marks the difference in the curvature of the middle cervical spinal cord

In most of our patients the dose reduction of -4% of the Dmax to the spinal cord by ART would not be
clinically significant. However, one patient had a decrease of -27% and four patients of over -10%. In
cases when the plan delivers doses close to the tolerance doses, especially correlated with a lack of

daily image guidance, such a dose decrease could be important.

4.3.3.3 Larynx and oral cavity

Late dysphagia and aspiration is still one important issue in IMRT of the head and neck [53]. It is
widely acknowledged that the dose to the larynx and pharyngeal musculature is associated with risk of
long-term dysphagia [9, 12, 20, 34]. Caudell et al.[12] also demonstrated a significant correlation of
the doses to the larynx and inferior pharyngeal constrictor with percutaneous endoscopic gastrostomy
(PEG) tube dependence. It is recommended that the percentage of larynx volume receiving >50 Gy
should be <27% and the mean laryngeal dose should be <44 Gy in order to minimize the risks of

laryngeal edema [53].

Eisbruch et al. [18] showed that the Dmean to the oral cavity, representing the effect of radiotherapy

on the minor salivary glands, is an independent predictor of xerostomia. In addition to the major
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salivary glands, sparing the non-involved oral cavity should be considered as a planning objective to

further reduce xerostomia.

Sparse data is available on the dosimetric changes in these organs due to soft tissue changes during
fractionated radiotherapy. A preliminary study regarding the benefit of ART on the larynx and oral
cavity is available from Castadot et al. [10]. By adaptive radiotherapy the delivered dose to the oral
cavity could be decreased. No difference was observed for the larynx in Castadot’s study. No further
data were available from other groups regarding the delivered doses or the improvement by adaptive
radiotherapy to the oral cavity or larynx during fractionated radiotherapy. In our analyzed group of
patients, the decrease of the Dmean to the larynx achieved by ART was of approximately -5%. The
reduction of the Dmean to the oral cavity was of approximately -9%. A dose reduction of 5% or 10%
might be beneficial for the patients, especially if the reduction occurs on the steeper part of the dose

effect curve [21].
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S. CONCLUSION

Science is always wrong. It never solves a
problem without creating ten more.

George Bernard Shaw

In all the analyzed patients the parotid gland shrunk during fractionated radiotherapy. Because of the
volume change, the delivered dose was higher than expected from the planning CT DVH data. Thus,
due to delivering higher doses than initially believed, the actual tolerance dose of the parotid glands
could be higher than assumed up to date. Studies on the actual tolerance data with xerostomia as
primary endpoint are needed. Nevertheless, if an accurate daily positioning of the patient by mask/skin
marks is performed, the actual delivered dose in the parotid glands did not differ significantly between
an image-guided and a non-image guided approach. Thus, in our opinion IGRT by MVCT performed

for setup purposes is not a tool in itself to spare the parotid glands.

Adaptive radiotherapy because of soft tissue changes has been carried out in 10% of the patients on the
MVCT. Soft tissue shrinkage >0.5 cm could not be predicted by the usual evaluations: i.e. measuring
weight loss or assessment of the volume change of one organ as a predictor for the volume change of
another organ during radiotherapy. The morphological changes had a dosimetric impact on the PTV as
well as on the organs at risk. The impact of adaptive radiotherapy on the PTV and parotid glands was
small. Adaptive radiotherapy reduced the delivered dose to the spinal cord, the larynx and the oral
cavity. The effects for the entire group were small, nevertheless the gain by ART in individual patients
could be substantial — especially in patients who receive doses close to the known tolerance doses of

the organs at risk.

Further studies should focus on IGRT as a tool for assessing soft tissue changes and actual tolerance
doses of organs at risk with the intent to establish thresholds for adaptive radiotherapy. The thresholds

should be the actual tolerance doses of organs at risk.
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6. SUMMARY

Purpose:

Radiotherapy is a very important part of the treatment in head and neck cancers (H&N). Intensity
modulated radiotherapy (IMRT) - i.e. helical tomotherapy - is a newer approach that allows a higher
conformality in dose distribution and a sharp dose fall-off to the normal tissue when compared to 3D-

conformal radiotherapy.

In order to assure a reproducible setup of patients during radiotherapy — daily CTs can be performed
while the patient lies on the treatment table (image guided radiotherapy — IGRT). Whether image
guidance is used weekly, twice a week, or daily highly depends on the current clinical practice of the
institution. The first part of the thesis assesses the impact of daily image guidance in H&N

radiotherapy.

Further, it is documented that morphological changes occur during the six to seven weeks of
radiotherapy treatment. This might have an important impact on dose distribution of IMRT plans. The
second part of the thesis deals with the necessity, due to soft tissue changes, of recalculating a new

treatment plan during radiotherapy treatment (adaptive radiotherapy).

Material and methods:

For the first part of the thesis we assessed two scenarios for ten head-and-neck cancer patients, treated
with helical TomoTherapy (TomoTherapy Inc., Madison, WI). The IGRT scenario reviewed the dose
that was actually delivered to the parotid glands with setup correction by CT beforehand. The non-
IGRT scenario assessed the dose to the parotid glands without setup correction. The initial dose—
volume histograms derived from the planning computed tomography scan and 120 recalculated dose—
volume histograms of the parotid glands of each scenario and of corresponding fractions were
compared. Setup errors, cumulative median doses for 6 fractions, overall volumes of the parotid

glands, and volumes that received less than 1 Gy or more than 1.6 Gy per fraction were analyzed.

In the second part of the thesis we present the results of eleven H&N patients that underwent adaptive
radiotherapy on the daily setup CT. The dose volume-histograms (DVHs) derived from the initial
planning kVCT (inPlan), the recalculated DVHs of the fraction when replanning was decided (actSit),
as well as the DVHs of the new plan (adaptPlan) were compared. We analyzed the conformity and
homogeneity index of the planning target volume (PTV), the mean dose (Dmean) to the parotid

glands, oral cavity and larynx and the maximum dose (Dmax) to the spinal cord.
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Results:

The mean decrease in the parotid gland volume was 0.13cm3/d. There was a significantly higher
cumulative median dose than initially predicted (mean increase over 6 fractions, 1.13 Gy for IGRT and
0.96 Gy for non-IGRT). The volume that received less than 1 Gy per fraction decreased (mean
difference to the planning CT: 1.36 cm3 for IGRT [p = 0.003] and 1.35 cm3 for non- IGRT [p =
0.003]). The volume that received more than 1.6 Gy per fraction increased with increasing fraction
number (mean difference to the planning CT: 1.14 cm3 for IGRT [p = 0.01] and 1.16 cm3 for non-

IGRT [p = 0.006]). There was no statistically significant difference between the two scenarios .

The conformity and homogeneity of the PTV significantly decreased in the actual situation (actSit).
The PTV was however still treated with the prescribed dose to > 95% volume in all cases. The
homogeneity improved significantly by adaptive radiotherapy (improvement in 7 out of 11 patients,

p=0.041) - i.e. by creating a new plan on the actual patient anatomy during fractionated radiotherapy-

All analyzed organs at risk received significantly higher doses in the actual situation (e.g. the
respective analyzed fraction). This could be counteracted by adaptive radiotherapy. No statistical
significant decrease of the Dmean of the parotid glands was achieved by adaptive radiotherapy (right
and left parotid gland: p=0.722).The overall median decrease in Dmean to the left parotid gland was
0.76 Gy (range -3.10 to 2.43) and of 0.09 Gy (-2.61 to 1.98) to the right parotid gland, respectively.
The Dmax to the spinal cord and the Dmean to the larynx and oral cavity improved significantly by
adaptive radiotherapy. The overall median decrease in Dmax was for the spinal cord 1.05 Gy (-1.7 to
9.61). The overall median decrease in Dmean was for the larynx 1.17 Gy (-1.25 to 3.74), for the oral
cavity 1.26 Gy (-0.11 to 5.56).

Conclusion:

The morphological changes had a dosimetric impact on the PTV as well as on the organs at risk.
However, as the parotid glands shrank into the PTV, the actual delivered dose to the parotid glands did
not differ significantly between an image-guided and a non-image guided approach. Further, as the
change of the PTV is smaller than the change of parotid glands and large volumes of the parotid
glands are inside the PTV, the impact of adaptive replanning on the PTV and parotid glands is small.
Adaptive replanning reduced the delivered dose to the spinal cord, the larynx and the oral cavity. The
gain by adaptive radiotherapy in individual patients could be substantial — especially in patients who

receive doses close to the known tolerance doses of the organs at risk.
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