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Abstract

The purpose of the clinical study was to evaluate lung cancer patients’ ability to perform deep
inspiration breath-hold (DIBH) during CT simulation and throughout the treatment course of
radiation therapy (RT). In addition, we evaluated target sizes, organs at risk sizes and doses to
the respective volumes in volumetric modulated arc therapy RT plans in free breathing (FB)
and DIBH. Twenty-one patients with a peripheral lesion in the lung where RT was prescribed
were included. All patients underwent breath-hold training at CT and if they complied with
the requirements, a CT in DIBH, in addition to CT and 4DCT in FB, were obtained.
Treatment plans in FB and DIBH were generated, and dose parameters as well as volume
sizes were compared. The endpoints for evaluation were patient compliance, target dose
coverages and doses to the organs-at-risk. Nineteen out of 21 patients completed treatment in
DIBH. This clinical study found high patient DIBH compliance in both CT simulation and
treatment for lung cancer patients. A significant reduction was found in target sizes overall
and for stereotactic body radiation therapy in DIBH, as well as significantly decreased doses
to heart, chest wall and lungs. DIBH in RT of lung lesions is feasible, and a routine to

manage intra-fractional deviation should be established upon implementation.



Sammendrag

Malet med denne kliniske studien var a evaluere lungekreftpasienters evne til & holde pusten i
dyp innpust under CT og stralebehandling. Vi evaluerte ogsa sterrelsen pa malvolumet,
risikoorganers stgrrelse og doser til de respektive volumene i volummodulert
rotasjonsstraleterapi doseplaner i fri pust og i dyp inspirasjon. Tjueen pasienter med perifere
lungelesjoner ble inkludert. Alle pasienter gjennomgikk pustetrening ved CT og om de bestod
kravene gjennomgikk de tre CT ’er; en CT i dyp innpust, en CT i fri pust og en
firedimensjonal CT i fri pust. Doseplaner i fri pust og dyp innpust ble utformet og
volumstgrrelser og dosestgrrelser ble sammenlignet mellom fri pust og dyp inspirasjon.
Endepunktene for evalueringen var pasientenes etterlevelse, dosedekning til malvolum, og
doser til risikoorganer. Nitten av 21 pasienter fullferte behandling i dyp innpust. Denne
studien fant en hay etterlevelse blant pasientene bade under CT og i lgpet av
stralebehandlingen. Studien viste signifikant reduksjon i stgrrelsen pa malvolumene totalt og
for stereotaksi i dyp innpust, samt signifikant reduksjon av dosen til hjerte, brystvegg og
lunger. Stralebehandling i dyp innpust er dermed gjennomfarbart for pasienter med lesjoner i
lunge og en rutine for handtering av intrafraksjonell variasjon ma etableres far man

implementerer denne teknikken i behandlingen av lesjoner i lunge.



Abbreviations

3DCRT Three-dimensional conformal radiotherapy
ADCT Four-dimensional computed tomography
AC Adenocarcinoma

AIP Average intensity projection

BED Biological effective dose

BPM Breaths per minute

CBCT Cone beam computer tomography

Cl Conformity index

CT Computed tomography

CTV Clinical target volume

COPD Chronic Obstructive Pulmonary Disease
DIBH Deep inspiration breath-hold

DSA Norwegian Radiation and Nuclear Safety Authority
FB Free breathing

FFF Flattening filter free

FSU Functional sub-units

ECOG Eastern Cooperative Oncology Group
ED Extended disease

EQD2 Equivalent dose in 2 Gy per fraction
GTV Gross tumor volume

HU Hounsfield units

IGRT Image guided radiation therapy

IM Internal margin

IMRT Intensity modulated radiation therapy
ITv Internal target volume

LCC Large cell carcinoma

LD Limited disease

MIP Maximum intensity projection

MLC Multi leaf collimator



MLD
NSCLC
OAR

PET

PTV

RP

RT

SCC
SCLC
SCLC-LD
SCLC-ED
SM

TNM
VMAT

Mean lung dose

Non-small cell lung cancer

Organs at risk

Positron emission tomography
Planning target volume

Radiation pneumonitis

Radiation therapy

Squamous cell carcinoma

Small cell lung cancer

Small cell lung cancer limited disease
Small cell lung cancer extended disease
Setup margin

Tumor Node Metastases

Volumetric modulated arc therapy
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1. Introduction

In 2019, the Cancer Registry of Norway recorded 34 979 new cases of cancer, with cancer of
the lung being the second most common in both men and women. The incidence rate for men
has, from 2015 to 2019, been reduced by 6,9% while it has increased by 8,6% for women
over the same period. Smoking is the main cause of lung cancer and the difference between
gender can be explained by the smoking habits of women and men varying over time.! For
women under the age of 70 the incidence of lung cancer is decreasing, but for older women
the incidence is still increasing. Not only is lung cancer common, but 19% of all deaths
related to cancer in 2019 were caused by lung cancer. Lung cancer has a poor 5-year relative
survival rate for regional disease of approximately 30% and survival rates in localized disease
of 60% and 70% for men and women, respectively, however, the survival rate is increasing in
both genders.! Most long-term survivals underwent surgery, but a high survival rate can also
be expected after stereotactic body radiotherapy (SBRT).? The increased survival rate the last
two decades could possibly be due to improved lung cancer treatment. * These trends in

incidence, mortality and survival in Norway is displayed in figure 1.
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Figure 1 Trends in incidence and mortality rates and 5-year relative

survival proportions !
1.1 Lung cancer
A patient presenting symptoms of lung cancer should be examined carefully. When lung
cancer is indicated the examinations of the patient should result in information including

histology, stage, extent of disease, and the patient’s general health. Histological or cytological



diagnosis can determine the choice of treatment together with the patient’s health in general.
Computed tomography (CT) is always performed when suspicion is present, and positron
emission tomography-CT (PET-CT) is done when curation is indicated. Scintigraph and
magnetic resonance imaging is performed in some cases, and tissue should preferably be
biopsied.? If lung cancer is left untreated it will eventually spread by growth into lymph or

blood vessels. 2

There are two main types of lung cancer, non-small cell lung cancer (NSCLC) and
small cell lung cancer (SCLC). About 85% of lung cancers are NSCLC and can be divided
into three subtypes: adenocarcinoma (AC), squamous cell carcinoma (SCC) and large cell
carcinoma (LCC). The most common NSCLC is the AC, and these lesions are usually
located peripherally in the lung. SCC is located near the large bronchiastinal branches and its
origin is skin and mucous membrane. LCC does not have any microscopically features, other

than being large.?

SCLC is the most aggressive type of lung cancer, usually located in the center of the
lung. The cells are small and divide rapidly. Distant metastases have an early onset for this
group of patients and SCLC is most often considered a systemic disease at onset. Local
disease (LD) and extended disease (ED) is often used to describe the extent of the disease.?
Some rare cases of cancer in the lung are neuroendocrine tumors and cancer in the

mesothelium, mesothelioma.?

1.1.2 Classifying lung cancer
Since lung cancer can be diagnosed in different histology and stages 3, there are several
guidelines to consider when diagnosing and classifying lung cancer. Tumor node metastases
(TNM)-classification is a system that describes the anatomic extent of a lesion. The three
letters T, N and M represents the extent of the primary tumor, lymph node involvement and
distant metastases, respectively. T, N and M are divided into several subgroups and the
combinations of these three categories define the patient’s stage group. The group of T
depends on tumor size and level of invasion in adjacent structures. The location of involved
lymph nodes determines the N, and M is classified by either intrathoracic dissemination,
extra thoracic metastasis or multiple metastases.?

Defining the clinical stages of a patient consists of gathering and evaluating all
information available. The clinical stage is determined before treatment and includes physical

signs, imaging, procedures, biopsies, and the patient’s symptoms. The stages range from 0 to



IVB, IVB being the stage where the disease has developed into multiple metastases, usually
in brain, liver, adrenal glands and/or bone. The lesion’s grade of resection is also a part of
classifying lesions post-surgery and is defined as the patient’s pathological stage combined
with clinical staging.®

Comorbidity and performance status must supply the stage of disease when choosing
treatment. Chronic obstructive pulmonary disease (COPD) and coronary illness, among
others, as well as performance status play a part in deciding risk of complication during and
after surgery and level of lung capacity post-surgery.? The Eastern Cooperative Oncology
Group (ECOG) has developed a scale to grade patient’s performance status by six levels, as

presented in table 1. The level of performance status can determine the choice of treatment.*

Table 1 Eastern Cooperative Oncology Group Performance status

GRADE | ECOG PERFORMANCE STATUS

0 Fully active, able to carry on all pre-disease performance without restriction

1 Restricted in physically strenuous activity but ambulatory and able to carry out work of

a light or sedentary nature, e.g., light housework, office work

2 Ambulatory and capable of all selfcare but unable to carry out any work activities; up
and about more than 50% of waking hours

3 Capable of only limited selfcare; confined to bed or chair more than 50% of waking
hours

4 Completely disabled; cannot carry on any selfcare; totally confined to bed or chair

5 Dead

1.2 Lung cancer treatment

There is a wide range in overall survival and treatment options for lung cancer, all depending
on type and stage. Lung cancer treatment consists of several modalities such as surgery,
radiation therapy (RT), systemic medicine, or a combination of these. Surgery or RT can cure
NSCLC in stage I-11l and surgery is the method of choice if the illness is in early stage and
surgery is possible, both medically and technically. If not, RT is an alternative.
Chemotherapy cannot cure this disease alone, but it can improve treatment result if combined
with surgery or RT in some cases.? In curative position, a patient in stadium Il can receive
immune therapy with Durvalumab for a year after chemoradiotherapy if the disease is not

progressing and the PD-L1 expression is > 1%.2



When curation is not possible, systemic treatment with chemotherapy, targeted
therapy or immunotherapy can improve quality of life and prolong life for patients having
NSCLC. If the patient is to receive tumor targeted treatment, prognosis, quality of life,
comorbidity, age, and the patient’s ECOG-status is essential considerations. The patient’s
wishes must also be taken into account.? Palliative treatment aims to prolong life, prevent
symptoms and/or symptom relieving. Both RT and systemic treatment can contribute to non-
curative treatment. Systemic treatment can be immune therapy, targeted therapy and/or
conventional chemotherapy. Patients with AC or SCC without EGFR-, ALK-, ROS1-
mutations and PD-L1 expression are considered for a combination of chemotherapy and
immunotherapy. With a PD-L1 expression above 50%, immune therapy can be considered as
monotherapy and AC with mutation are considered for targeted therapy. If the patient has
oligo metastases, more aggressive treatment may be the treatment of choice. When mutations
are present, the targeted therapy is preferred.?

For SCLC limited disease (SCLC-LD), chemotherapy is an important part of
treatment.? Patients having SCLC-LD are treated with a combination of chemotherapy and
RT. The second or third round of chemotherapy is usually administrated during the treatment
period of RT. Based on recent studies, the guideline? in Norway recommends hyper
fractionated scheme 1,5 Gy x 2 x 15. At least 6 hours between fractions is necessary and 8
hours is recommended when applicable. As an alternative, fractionation of 2,8 Gy x 15 is
applicable when two fractions a day is not suitable.> For SCLC extended disease (SCLC-ED),

RT of the lesion is not a part of the treatment recommendations.?

1.3 Radiation therapy in lung cancer
During the treatment course of lung cancer, 61% of the patients will receive RT.® RT of
lesions in the lung is done by external beam therapy by a linear accelerator and even with
lower life expectancy than after surgery, RT plays an important part in lung cancer treatment
when surgery is not possible.” RT in the lung consists of either conventional fractionated
treatment or SBRT. Today, most patients are treated with SBRT and Baumann et al. showed
a local control of 92 % in their Kaplan-Meier estimation three years post 45 Gy in three
fractions.

RT in lung lesions differ from other RT due to the vast tissue density variations and
extent of motion in the area being treated. As the lungs are responsible for the body’s
respiration, motion in the thoracic cavity is naturally occurring. A set of muscles in the

thoracic cavity are active during inspiration and expiration, the diaphragm being the main



inspiratory muscle. The diaphragm separates the abdominal wall and the thoracic cavity® and
Seppenwolde et al.!® found that lesions in the lower lobe, close to the diaphragm, move 12+2
mm in cranio-caudal direction, in lateral and anterior-posterior directions, the movements of
2+1 mm had no correlation to its location. Peripheral tumors can have significant motion that
must be considered when RT is indicated, in addition to natural motion; common diseases
such as COPD, asthma and chronic bronchitis have an impact on a patient’s breathing
pattern.® The motion from the heart and large vessels are continuous during RT and their
tolerance limits must be safeguarded.

1.3.1 Radiobiology

When RT was first brought to clinical use, it was given in one fraction and its effect and level
of dose was evaluated based on skin reactions. In the 1960’s, computer-based dose
calculations were performed as the technology and knowledge on the subject evolved.
Clinicians realized that the toxicity to healthy tissue caused by radiation could be decreased

by lowering the dose.!

In RT, the aim is to achieve cell death while recovering as much healthy tissue as
possible. The benefit of RT must be seen in relation to the costs that the healthy tissue, hence
the patient, will suffer. In curative treatment, and where there is a high expected survival, the
costs of radiation toxicity are of big importance as they may affect a patient’s quality of life.
The difference between the tumor control dose and the tolerance dose of healthy tissue is
called the therapeutic window. Although cell death is more likely when exposed to higher
radiation doses, the effects on healthy tissue will limit the options. Both the histology of
tumor cells and the response in different tissues affect the choice of radiation dose as the
response may differ in between various cell characteristics. The time from radiation exposure
to the response highly depends on the tissue and the dose it has received. In the 1980’s, the
interest in fractionation started as the early and late responding tissues’ different reaction to a

change in dose was discovered. 12

1.3.2 CT and simulation

Wilhelm Conrad Roentgen discovered the x-ray, as early as in 1895 and allowed for the
world’s first radiographs. Clinical radiographs first presented anatomic structures on film,

and lately the digital radiographs have become the most frequently used. The images obtained
are two-dimensional and has limitations as to which tissue densities are displayed, soft tissues

are not displayed in detail and only the pattern of gray values are utilized when diagnosing.*®



These radiographs were used to plan RT according to patients’ anatomy in RT simulation and

only a few clinics have simulators in use today.

In 1972, the first clinical computed tomography (CT) was acquired, and a new way of
presenting anatomy was established. The CT allowed for a more detailed visualization of the
anatomy due to advanced technology and slice imaging. CT images are displaying the
patient’s anatomy in slices, and when it first was introduced, the images were displayed as
transverse slices. Today, the slices can be reconstructed in three directions; sagittal, coronal
and the most frequently used, transverse. Although being severely time-consuming at first,
the CT has developed over the years to become central in both diagnostic and therapeutic use
with rapid scan times. In CT images, the intensity attenuated by an object is registered and
attenuation values along each ray from the source is recorded by the detector. As attenuation
is highly dependent on the photon energy applied, the computed attenuation coefficient is
presented as CT-numbers. CT-values are presented relative to water attenuation and specified
as Hounsfield Units (HU) with water, and water-equivalent tissue, having a HU of 0. As the
body is composed by tissues with a highly variable density, the different tissues will be
presented in a large specter of HU. Calcium has a high effective atom number and makes up
the bony structures in the body, they have a high attenuation and can have CT numbers of
2000HU compared to low density tissues such as the lungs that will have a negative CT
number. This wide range in tissue density makes up the contrast in CT images.*3

CT was implemented in RT after Hounsfield won the Nobel Prize in 1979 due to his
development of CT. CT became essential in treatment planning, as it is today.}* CT
technology has evolved over the years and today’s modern CT has multi-row detectors and

rapid rotations times, an acquisition is performed in seconds.*?

Even with the rapid scan times, artefacts can cause poor image quality. Motion
artefacts can cause streaking and enhancement of a structure due to the structure being
present in several positions and voxels in the data set, affecting the calculated CT number in a
displayed pixel. Motion can be caused by a patient moving during scan or internal organ
motion. Motion from respiratory movement in the thoracic cavity can cause motion artefacts.
The structures are blurred, streaking, or presented as shades.*® A diagnostic thoracic CT is
usually performed in breath-hold to limit artefacts and allow for more accurate measurements
of structures. CT simulation performed prior to RT must be taken in free breathing (FB) if the
patient is breathing freely during treatment, as the patient must be in treatment position when



planning. The organ motion makes target delineation and treatment planning difficult,
especially with peripheral lesions.” As the target in RT is delineated based on radiological
visible extent of the tumor, every position of the moving structure will be included, resulting
in increased tumor volume compared to the measured tumor volume in diagnostic scans.
Information about organ motion is essential in RT. Treatment plans must be based on a CT in
treatment position when radical radiotherapy is indicated, and is the standard approach in all

external beam treatments in Norway today.’

Four-dimensional computed tomography (4DCT) is an imaging-technique that take
respiration into account. During acquisition, the patient is breathing normally, and external
devices register the patient’s respiratory curve. The 3D-images are combined with
respiration-data as they are sorted in different phases of respiration and combined in a phase
bin. Images can be sorted by either time or level of amplitude, phase- or amplitude binning.
The application of 4ADCT seems to reduce the volume of healthy lung tissue irradiated during
treatment®® while the target coverage is maintained. 4DCT provides information about the
lesion’s, and surrounding tissue’s, motion and the margins can be defined accordingly.!® To
avoid artefacts from respiration in a 4DCT, the pitch value must be appropriate and based on
each patient’s breathing cycle, breaths per minute (BPM), and the detector configuration of
the CT being used. The pitch is related to the maximum width of the detector and the
frequency of the breathing. However, with low BPM the chances of artefacts are increased
due to the prolonged scan time. The low BPM can also limit the scan length due to the x-ray
tube’s maximal beam on time.

The images are reconstructed into image set containing information about organ
motion. The reconstructions most frequently used in RT is maximum intensity projection
(MIP) and/or average intensity projection (AIP). These are used for target delineation. A MIP
displays the area with the highest intensity in a volume by letting the highest intensity value
found represent each pixel. MIP has proven to be a valuable tool in defining internal target
volume (ITV) and AIP displays the average position of the lesion.®

During CT simulation, and RT, the patients are immobilized by a set of
immobilization devices to ensure a reproducible setup as the patient will be in this position at
every fraction. The choice of fixation devices and their location should be well documented
at CT simulation. Markers are often used supplying tattooed reference points on the patient’s

skin.



1.3.3 Treatment planning

In treatment planning, the dose to the patient is calculated and the treatment target is covered
by high energy x-ray fields surrounding the chosen isocenter. RT planning was at the
beginning based on isodose charts and simulation of treatment fields in radiographs.
Treatment planning techniques have evolved rapidly over the last decades and the
implementation of CT simulation allowed for three-dimensional conformal radiotherapy (3D-
CRT).Y"8 This treatment technique is based on anatomic information in 3D. The treatment
fields are as conform as possible to the target. When implementing 3DCRT, the goal was to
minimize the dose to surrounding tissue and still deliver an adequate dose to target.'®
Treatment planning systems, today, calculates a photons attenuation in the patient based on
photon energy and tissue density, by CT images and CT numbers, in the treatment planning
systems.

In the technique called intensity-modulated radiation therapy (IMRT), a nonuniform
fluence is delivered as opposed to the uniform intensity across the field in 3DCRT. The
fluence is delivered in any position of the treatment beam.® The intensity modulation allows
superior dose conformity compared to conventional radiotherapy, such as 3DCRT. In IMRT
planning, the operator determines the dose criteria and the optimal fluence is generated
through inverse treatment planning. Beams are created and optimized based on the predefined
dose criteria. The beams consist of several beamlets formed by multi leaf collimators (MLC)
and the treatment is delivered in different angles. *°

Due to the discovery that varying beam intensity by different gantry angles could
result in superior dose distributions compared to static IMRT, the vendors presented a
treatment delivery method where variable dose rates could be delivered while gantry rotated.
The treatment with rotational cone beam, including variable shape and intensity, was named
volumetric-modulated arc therapy (VMAT). This resulted in increased delivery efficiency,
with the advantage of reduced treatment times and monitor units. Patient motion is limited to

a minimum due to shortening of the delivery times.?

In traditional treatments, and in older linear accelerators, the photon fluence is filtered
by a flattening filter to ensure a flat and even dose distribution. Recently, vendors have
delivered linear accelerators with the possibility to not apply this filter during RT. Compared
to conventional flattened beams, the flattening filter free (FFF) beams has an increased

photon fluence rate resulting in decreased treatment times. 2



1.3.4 Target delineation

Target delineation today is usually performed in treatment planning systems and in CT
images obtained during CT simulation. Other modalities such as magnetic resonance imaging
and positron emission tomography can contribute with extended information about the
target.** During target delineation, a set of volumes and margins are delineated to define the
target which is being radiated. Target delineations consist of defining gross tumor volume
(GTV) which contains a palpable or radiological visible lesion. From GTV the clinical target
volume (CTV) is defined by adding the area where there is a chance of subclinical, unknown,
malignant cells relevant to ongoing treatment.” This margin has, for lung cancer, traditionally
been 10 mm. Internal target volume (ITV) is CTV with an internal margin (IM) which
correlate to internal motion and deformation of the CTV. This volume is only applicable if
you can determine the internal movement at the area of interest. The planning target volume
(PTV) takes IM and changes of the CTV into account. It also accounts for patient movement
as well as patient and field setup variations, the setup margin (SM). PTV is important during

treatment planning to ensure correct dose to CTV.’

CTV
Clinical Target Volume

| ITV
Internal Target Volume

PTV
Planning Target Volume

Figure 2 Volumes in treatment planning

The chance of subclinical microscopic disease depends on the histology of the tumor.
Giraud et al. % found that to ensure coverage in about 95% of all cases the adequate GTV-
CTV margin for SCC and AC are 6 mm and 8 mm, respectively. Li et al. % found that the
margins should be 5 mm and 7 mm, while Grills et al. ?* suggested a margin of 9 mm to
ensure coverage of the microscopic disease in AC. If the treatment is conventionally
fractionated, the GTV-CTV margin should be 5-10 mm.” In lung lesions, 4DCT is

recommended treating both curative and palliative patients to provide information about the



lesion’s internal movement. In cases where there are no information about the lesion motion
from a 4DCT, the ITV-margin is based on research on lung lesion motion and their
anatomical location in the lung. “The margins applied to targets in motion tend to be large to
account for the variable lesion position. If the lesion is located in the upper lobe, the
margins necessary to account for motion will be smaller than for lesions located in the lower

lobes due to lower lobe tumors larger extent of motion.’

If GTV is defined from 4DCT data, the GTV is called iGTV. If a CTV margin for the
risk of microscopic disease is added to iGTV this new volume is called ITV.” When
information about a lesions position during respiration is present, commonly from a 4DCT,
the Norwegian Radiation and Nuclear Safety Authority (DSA) recommends a ITV-margin of
5-10 mm and PTV-margin of 5-10 mm in conventional fractionation to account for

microscopic disease.

In SBRT, the iGTV is often delineated based on mid-ventilation, the AIP
reconstruction. The tumor motion is accounted for in the delineation of iIGTV. Margins to
assure sufficient coverage based on microscopic disease are added to this volume. The
margins recommended by DSA are 0-5 mm and 3-5 mm to ITV and PTV, respectively.” In
Guckenberger et al.?® consensus guideline on SBRT in peripheral NSCLC, the 4DCT was
mandatory in most clinics with a GTV-CTV margin of 0Omm and a minimum CTV-PTV
margin ranging from 3-7 mm. When reducing the margins, a possibly decrease in dose to
surrounding tissue will follow.?” Treating a patient while the patient is in deep inspiration
breath-hold (DIBH) allows for the margins to be reduced even further.’

1.3.5 Conventional fractionated treatment

Traditionally, most RT was given in 2 Gy fractions. Today the fractionation schemes vary
depending on several factors: tissue characteristics, location, patient performance status,
among others. When the dose increases above 2 Gy per fraction it is called a hypo
fractionated treatment while a decrease is called hyper fractionated.?® Patients who cannot be
cured from their disease but need treatment to relieve symptoms usually receive a
fractionation that differs from the curative treatments. If the aim of treatment is to relieve
symptoms as soon as possible, high doses can be given in few fractions such as 8,5 Gy x 2.
As an alternative, other palliative fractionations can be applied, as described in table 2. The
patient’s prognostic factors are essential when deciding treatment and fractionation in lung

cancer.?
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Table 2 Fractionation in conventional radiation therapy’

Indication Fractionation

Curative primary Inoperable stages I-111 2Gyx33-35=66-70 Gy
treatment in NSCLC

2 Gy x 30 - 33 = 60 — 66 Gy

Concomitant chemoradiotherapy

Abbreviations: NSCLC, non-small cell lung cancer.

Table 3 Fractionation in palliative radiation therapy’

Indication Fractionation

Thoracic radiation therapy 2,8 Gy x 15 =42 Gy

3Gy x 10 - 13 = 30 - 39 Gy

8,5 Gy x 2 =17 Gy with 1 week in between fractions

Pancoast tumor 3Gy x16 =48 Gy

2 Gy x 25 =50 Gy

1.3.6 Stereotactic body radiotherapy
SBRT was developed in the 1990’s. The technique allows for treating patients with high
doses while maintaining the dose to surrounding tissue at an acceptable level. This can be
done due to advanced technique and equipment, the patients are receiving doses from several
angles resulting in conform dose, sparing surrounding tissue.? SBRT is an extremely hypo
fractionated treatment, with fractionation of few fractions by 15-20 Gy each being the most
common, allowing a decrease in patient appearances. SBRT is superior to the conventional
approach in stage | NSCLC.” Biological effective dose (BED) is the biological dose that is
delivered by a certain fractionation, total- and fraction-dose, according to the tissue irradiated
and its sensitivity to radiation.®®> SBRT has a great advantage, delivering a biological
effective dose above 100 Gy.? compared to the conventional treatments’ BED of 70-80 Gy,
considering the tumor has a '/ of 10.” Although SBRT has existed for quite some time now
its use has just recently increased.>!

SBRT is applicable when the patient is inoperable in stage | to T3NO, and it is the
treatment of choice for inoperable stage I in NSCLC.? Different fractionation approaches are

in clinical use, the most frequently used are listed in table 3. When choosing this technique,

11



lesions have to be < 6 cm and if they are located near central structures the fractionation must
be adjusted accordingly, as presented in table 3. 2 The inhomogeneous dose distribution and
small targets allow a reduction in toxicity to healthy tissue while escalating the dose to target.

The high precision allows for smaller margins.’

Table 4 Fractionation options in stereotactic body radiotherapy’

Peripheral Peripheral tumor close to | Tumor < 1 cm from lobar bronchus or
tumor the chest wall other critical structures
Fractionation | 15— 18 Gy x 11 Gy x5 7Gyx8
3

1.3.7 Target coverage

Target coverage, or sufficient radiation effects in the predefined target of cancerous cells, is
the primarily endpoint during treatment planning and RT. In RT planning, the main goal is to
ensure sufficient dose to target to allow for the effect of the prescribed dose to be fulfilled. To
reach this goal, a target volume must be chosen for the prescription volume. The generally
adapted prescription is the median dose, Dso%, to target being at 100% of prescribed dose,
with the target volume being PTV. In lung cancer treatment, the vast difference in tissue
density between lung and tumor is known to make the dose coverage by this approach
difficult to achieve during treatment planning due to the insufficient dose build-up in lung
tissue. The median dose to ITV/CTV or the mean dose to GTV is a better choice in lung
cancer RT and is the preferred choice. However, in SBRT, prescribing the dose to the
peripheral part of PTV has shown effective, maximum dose in central GTV could preferably
be 120-150% in SBRT.’

In conventional RT, the Dogy of the prescription dose is generally recommended not
to cover less than 95% of the prescription volume, but due to the previously mentioned
density variations in the lung, a 90% coverage is often set as a criterion in the treatment of
lung lesions. While achieving the best possible dose distribution to target, the organs at risk

(OAR) and their dose limitations based on clinical endpoints must be considered.’

Treatment planning in lung cancer can be complex and clinical goals must be
evaluated upon approval. In addition to evaluation of sufficient target coverage, the dose

distributions conformity is of importance, especially in SBRT with high fraction doses.
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Conformity index is the relationship between treated volume’ and the target, and explains the

conformity of the treatment.

1.3.8 Dose limitations to organs at risk

OAR or healthy tissue should always be spared as much as possible while maintaining the
prescribed dose to target, and in some cases, OARs can limit target coverage. When
considering the dose limitations of OAR’s, the clinical outcome at a certain dose and the
structure of the organ must be evaluated. Adverse effects after RT are commonly due to cell
death. Cell death usually happens when the cells divide and fails due to defects. In tissues that
has a high turnover, where the cells divide rapidly, the effects are often early or acute. Late
responding tissue has cells that divide rarely and the effect from radiation expresses itself
after months or years, and the tissue may never be repaired. The early and late responding
tissue has different a /B ratios, explaining their different dose response relations.”*? The
organization of functional subunits (FSU) decides the tissue’s sensitivity to radiation. A
tissue that has FSU in serial structure is dependent on each FSU to maintain function, and the
maximum dose to any of these FSUs must be limited. Parallel tissue can function even if a
part of its structure is radiated and the proportion of volume that is irradiated must be taken
into account.3? Other than the technical operations to ensure dose coverage and limiting doses
to OAR, it is essential that the patients stop smoking before treatment start. Smoking reduces

the effect of RT and causes a higher rate of complications.?

Traditional fraction dose is 2 Gy and most dose limitations come from research
related to this fraction dose. The fractionation scheme has an impact on the organs at risk and
the dose limitations must be set according to this. It is common to convert the dose
limitations into what would be an equivalent to 2 Gy per fraction (EQD2) that would result in
the same biological effect.® The conversion of doses by a/f values is being questioned for
the high level of hypo fractionation in SBRT, due to the uncertainties in converting doses into
EQD2 in high doses. Conventional and stereotactic fractionation use different doses and
clinical goals in the planning and evaluation, and SBRT dose limits are based on research
concerning high fraction doses and following endpoints. SBRT dose limitations to OAR are

commonly presented as limits to dose per fraction.’

1.3.8.1 Heart
The heart is an organ that rarely has been reported to cause side effects from RT of lesions in
the lungs. This is mainly due to the short overall survival of this group of patients, but also

that a decrease in heart function often is described as a progression of disease and not as a
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side effect. Symptoms are rarely seen until decades after radiotherapy. However, the heart is
a vital organ and dose limitations must be followed as overall survival increases. Pericarditis,
cardiomyopathy, damage to coronary arteries, valve damage and arrhythmia are adverse
effects seen with total doses from 30 Gy and above 40 Gy. * According to DSA the mean
heart dose should preferably be < 35 Gy and always below 46 Gy in conventional

treatments.’

In SBRT, the maximum dose is a common parameter to evaluate with the endpoint
being pericarditis. The maximum dose should be less than 10 Gy per fraction when RT
fractionation is 15 Gy x 3, a total of 30 Gy.”**

1.3.8.2 Lungs

Adverse effects of RT include acute or early occurring events as well as late adverse effects.
Radiation pneumonitis (RP) being acute and radiation induced fibrosis occurring later, after 6
months from time of treatment. 3> A high proportion of patients being treated with RT for
lung lesions get RP with traditional fractionation schemes. Therefor it is known as a common
outcome in this group of patients. %

There can be some variations when delineating the lung volume. This could be due to
the individual who is defining it, the chosen contrast in the CT images, and uncertainties in
which structures is to be included as healthy lung tissue.®® When reporting and optimizing
doses to the healthy lung tissue it is common to generate a volume consisting of lungs
excluding GTV (lungs-GTV). The GTV tends to deform during treatment, the lesion being
replaced by healthy tissue, and the actual volume of healthy tissue being exposed to radiation
may vary from the original plan.

Elderly patients have a higher risk of getting RP than younger patients, assuming
young patients are under the age of 60 or 70 years.*® Lung capacity can permanently be
reduced if healthy lung tissue is irradiated with more than 20 Gy. The amount of lung tissue
receiving 20 Gy should be held to a minimum, at least below 35%. 2 Some chemotherapy
agents are also associated with RP and in combination with RT the risk is increased.” For the
union of lungs with GTV subtracted, the DSA’ recommends a mean lung dose (MLD) < 20
Gy and that V2oey < 35 % and the Vsey < 65 %. All dose limitations when receiving 2 Gy per

fraction.’

RP is uncommon in SBRT, however adverse effects such as bronchial injury has been
reported in SBRT.3 Chun et al. *” found that being treated with IMRT or SBRT decreases the
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risk of pneumonitis. According to the results, patients treated with the older technique,
3DCRT, had higher rates of severe pneumonitis than patients treated with IMRT. Modulated
treatment is recommended when treating NSCLC due to its increased dose distribution
conformity.3” The lung volume commonly adapted when evaluating lung doses in SBRT is a
union of both lungs with GTV subtracted. The DSA recommends that the volume that
receives 10 Gy to be held below 40%.” Ong et al.®® recommends keeping the Vsgy to
contralateral lung below 26% to avoid pneumonitis.

1.3.8.3 Spinal cord

Radiation induced chronic myelopathy usually occurs more than a year post radiation. The
first peak at 13 months is most likely due to white substance damage and the second peak, at
29 months, is from vascular damage.®® As the spinal cord is considered a serial organ, the
maximum dose is important, Dmax is reported.*® Maximum dose to the spinal canal in EQD2
is 50 Gy according to the DSA, when hyper fractionated scheme is applied the equivalent
value is 54 Gy.® Dossec < 6 Gy and maximum point dose < 7,33 Gy are dose limitations in
SBRT to avoid myelopathy, according to Timmermann 3 and Benedict et al. *.

1.3.8.4 Esophagus

When treating a lesion close to the esophagus, the patient may experience a set of adverse
effects during or immediately after the treatment period. These effects are mostly difficulty
swallowing and/or pain. A late effect of radiation to the esophagus is fibrosis. The area (cm?)
receiving 55 Gy or more and the volume receiving 60 Gy or more has a correlation to
esophagitis.” The DSA recommends a mean esophageal dose of < 34 Gy.°> In SBRT, the
maximum dose must be taken into account and Dscc < 7 Gy and maximum point dose < 9 Gy

are the dose parameters to evaluate as recommended by Timmermann 3 and Emami.*?

1.3.8.5 Chest wall
Toxicity to the patients’ chest wall following SBRT has an impact on patient’s quality of life
and therefor has a clinical meaning.**** During treatment planning the chest wall should be
listed as an organ at risk in SBRT. In a study to predict the risk of complications in chest wall
after SBRT Dunlap et al. ** showed that for treatments given in three to five fractions the
volume of chest wall receiving 30 Gy, or more, should be less than 30 cm?®. In the same study,
they suggested alternating the treatment by re-planning, increase the number of fractions or
lowering prescription dose if the V3oey could not be managed.

Stam et al. *° showed that when evaluating the risk of rib fracture, the Dmax is the main

predicting factor. A Dmax below 225 Gy, corrected for EQD2, resulted in under 5% chance of
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symptomatic rib fracture.*® Maximal fraction dose, Dz, to rib is recommended to be below 9
Gy.’

1.3.9 Approaches to manage tumor and organ motion
Today, patients having RT, due to a lesion in the lung, are breathing freely and at their own
pace during RT. Tumor motion is significant in lung lesions®. Motion of lesions in the lung
can be managed by a set of approaches.*® Traditionally, large margins have been applied to
account for lesion motion. In recent years, the adaptation of four-dimensional computed
tomography (4DCT) has improved target delineation with its ability to provide information
on lesion movement.!® 4DCT in FB is now the most frequently used approach and ensures
coverage of the whole tumor in each position during the breathing cycle. To avoid
underdosing the target, the margins applied are still large according to the variation in lesion
position. Gating can manage and reduce respiration-related motion, either computer based or
by voluntary breath-hold. Approaches such as mechanical compression of the upper abdomen
can manage motion in lower lobes to some extent.*"48

Deep inspiration breath-hold (DIBH) treatment was introduced for left sided breast
cancer the last decade and the technique is described as beneficial in breast cancer
RT.* Previous research has shown that gated treatment with DIBH has several advantages
for RT in lung lesions with conventional fractionation. It can reduce doses to healthy tissue >*-
%2 improve image quality > and increase dose conformity. % The research on lung cancer RT
is mainly based on older techniques and fractionation, where patients were generally treated
in FB. Even though research has shown advantages, DIBH is not the preferred technique for
treating lung cancer today and little research exists on DIBH for stereotactic body radiation
therapy (SBRT).’

Treatment equipment and techniques have evolved recently, resulting in shorter beam-
on-time and more conform dose distributions. With today’s modern linear
accelerators equipped with flattening filter free (FFF)? delivery and treatment techniques
such as volumetric modulated arc therapy (VMAT), treatment times have
shortened considerably.?’ SBRT has the advantage of only a few fractions combined with
superior local control and toxicity rates.>* It has become the treatment technique of choice
when treating smaller lesions in the lungs. These new techniques, adapted in modern

RT, may contribute to a tolerable breath-hold treatment, also for this group of patients.
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1.3.10 Image guided radiation therapy

In addition to applicable margins to ensure coverage of the target, the exact location of the
lesion, OAR and patient position should be confirmed before treatment delivery. This
assurance is done by image guided radiation therapy (IGRT). It can detect inter- and intra-
fractional differences in anatomy or in the patient set-up. When performing IGRT, the use of
cone beam computed tomography (CBCT) is mandatory. While the CT has circular detectors
on the opposite side of the x-ray tube, the detectors in CBCT are imbedded in a flat panel
with an x-ray tube opposite of it.>> CBCT is done either when the patients are breathing
naturally or in DIBH, when indicated. The same motion artefacts that occur in CT can distort
the reconstruction in CBCT. Hence, the image quality of the IGRT can be enhanced by breath
hold.>®
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Aim of Study

Treating a moving target can be challenging. The standard treatment in Norway today is
treating lung lesions while the patient is breathing freely; the target is moving during
treatment. The treatment machines and techniques have evolved recently, resulting in shorter
beam on time and more conform treatments. Left sided breast cancer is treated in deep
inspiration as a gold standard today, but the reduced lung capacity of lung cancer patients has
been known to make breath-hold treatment difficult for this group of patients. Shorter
treatment times can pave way for treating lung cancer patients with the breath hold technique.
The aim of this study was to evaluate if lung cancer patients, being treated for a lesion in the
lung, can hold their breath during the treatment course. In addition to the capability of these
patients to hold their breath, doses to the targets and organs at risk were evaluated in silico.

The research questions are:

1. Can lung cancer patients hold their breath during CT simulation and throughout the
course of treatment?

2. Does the target and organs at risk volumes and the dose to surrounding tissue decrease
when applying a breath hold treatment for lung cancer patients?
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Deep inspiration breath-hold in stereotactic and conventional fractionated radiotherapy

of lesions in the lung

ABSTRACT

The purpose of the clinical study was to evaluate lung cancer patients’ ability to perform deep
inspiration breath-hold (DIBH) during CT simulation and throughout the treatment course of
radiation therapy (RT). In addition, we evaluated target sizes, organs at risk (OAR) sizes and
doses to the respective volumes in volumetric modulated arc therapy RT plans in free
breathing (FB) and DIBH. Twenty-one patients with a peripheral lesion were included. All
patients underwent breath-hold training at CT and if they complied with the requirements, 3
CTs were obtained; a CT in DIBH, a CT in FB and a 4DCT in FB. Treatment plans in FB and
DIBH were generated, and dose parameters as well as volume sizes were compared. The
endpoints for evaluation were patient compliance, target dose coverages and doses to the
OAR. This clinical study found high patient DIBH compliance in both CT simulation and
treatment for lung cancer patients. A significant reduction was found in target sizes overall
and for stereotactic body radiation therapy in DIBH, as well as significantly decreased doses
to heart, chest wall and lungs. DIBH in RT of lung lesions is feasible, and a routine to manage

intra-fractional deviation should be established upon implementation.

Keywords: DIBH, deep inspiration breath-hold, SBRT, stereotactic body radiotherapy, RT,

radiation therapy, radiotherapy, free breathing, lung
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INTRODUCTION

Cancer of the lung was the second most common cancer in both genders in Norway in 2019 and
caused 19% of all deaths related to cancer the same year. Lung cancer has a poor 5-year relative
survival rate for regional disease of approximately 30% and survival rates in localized disease of 60%
and 70% for men and women, respectively.! This shows the importance of improving treatment
options for this group of patients. As lung cancer is divided into several subgroups, based on both
morphology and extent of disease, the prognosis and treatment of choice may differ. Improvements in
lung cancer treatment during the past two decades may have contributed the recent increase in survival
rate.> Non-small cell lung cancer (NSCLC), with its aggressive biology?, accounts for approximately
85% of all lung cancer.® The increase in survival rate is especially seen in patients having this subtype.
Treatment can be multimodal, but surgery is the method of choice when possible. As radiation therapy

(RT) has rapidly evolved, patients are now receiving RT with a curative intent in stages I-111.3

During the course of lung cancer disease, RT will be indicated in 61% of the patients.* The standard
RT technique today is treating lung lesions while the patient is breathing freely; the target is moving
during treatment. Seppenwolde et al.® found that lesions in the lower lobe, close to the diaphragm,
move 12+2 mm in cranio-caudal direction. In lateral and anterior-posterior directions, the movement
of 241 mm had no correlation to its location. This motion, caused by natural respiratory action, causes
geometrical distortion in the computed tomography (CT) images which treatment planning is based
on.’ Treating a moving target can be challenging and the motion must be managed to ensure sufficient

dose to the target volume.

Motion of lesions in the lung can be managed by a set of approaches.’ Traditionally, large margins
have been applied to account for lesion motion. In recent years, the adaptation of four-dimensional
computed tomography (4DCT) has improved target delineation with its ability to provide information

on lesion movement.® 4DCT in free breathing (FB) is now the most frequently used approach and
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ensures coverage of the whole tumor in each position during the breathing cycle. To avoid
underdosing the target, the margins applied are still large according to the variation in lesion position.
Gating can manage and reduce respiration-related motion, either computer based or by voluntary
breath-hold. Approaches such as mechanical compression of the upper abdomen can manage motion

in lower lobes to some extent.®?

Deep inspiration breath-hold (DIBH) treatment was introduced for left sided breast cancer the last
decade and the technique is described as beneficial in breast cancer RT.%° Previous research has shown
that gated treatment with DIBH has several advantages for RT in lung lesions with conventional
fractionation. It can reduce doses to healthy tissue 3, improve image quality 4 and increase dose
conformity. 1* The research on lung cancer RT is mainly based on older techniques and fractionation,
where patients were generally treated in free breathing (FB). Even though research has shown
advantages, DIBH is not the preferred technique for treating lung cancer today and little research

exists on DIBH for stereotactic body radiation therapy (SBRT).2

Treatment equipment and techniques have evolved recently, resulting in shorter beam-on-time and
more conform dose distributions. With today’s modern linear accelerators equipped with flattening
filter free (FFF)® delivery and treatment techniques such as volumetric modulated arc therapy
(VMAT), treatment times have shortened considerably.'® SBRT has the advantage of only a few
fractions combined with superior local control and toxicity rates.!’ It has become the treatment
technique of choice when treating smaller lesions in the lungs. These new techniques, adapted in

modern RT, may contribute to a tolerable breath-hold treatment, also for this group of patients.

The purpose of this study was to evaluate if lung cancer patients, being treated for a lesion in the lung,

could tolerate DIBH during CT training and throughout the treatment course. In addition to the



1  capability of these patients to hold their breath, this research aimed to evaluate sizes and doses to the

2 targets and organs at risk by comparing treatment plans in FB and DIBH.
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METHODS

A. Patient selection and training

The study was performed at Alesund Hospital between 2020-04 and 2021-02. Written consent was
obtained from 21 participants; 18 patients diagnosed with NSCLC and three having lung metastases
from other origins. The study was approved by the Regional Ethics Committee (ref. 96966). All

patients had ECOG performance status < 2.'® Median age was 74 years (range 56-88).

The patients were immobilized by WingSTEP (IT-V, Innsbruck, Austria) and ProSTEP (Elekta,
Stockholm, Sweden). CT imaging was performed with a Brilliance Big Bore Oncology (Philips,
Amsterdam, Netherlands) and breathing was registered by Sentinel (C-RAD, Uppsala, Sweden). All
patients underwent breath-hold training, including taking deep breaths to find their maximum
amplitude level. The level of amplitude was established at minimum 80% of the maximum inhale and
the window of amplitude was set to 3 mm. The patients had to hold their breath for 180 s in total, each
breath-hold lasting a minimum of 20 s. The patients who complied with these requirements underwent
CT in DIBH, in addition to FB in a conventional scan and 4DCT. Slice thickness was 3 mm and 2 mm
depending on treatment technique, SBRT demanding smaller slice thickness than conventional
fractionation. There were 20 patients that complied with the training, resulting in treatment plans in

DIBH and FB for 20 patients; three had two separate lesions, resulting in 23 different targets.

B. Target and OARs delineation

Target and OAR delineation was performed in RayStation version 9A (RaySearch Laboratories,
Stockholm, Sweden). The oncologists delineated the gross tumor volume (GTV)?, heart and
esophagus. GTV in FB was delineated based on the reconstruction maximum intensity projection
(MIP) and average intensity projection (AIP). Clinical target volume (CTV)? was derived as an
extension of 0-5 mm from GTV in all directions at the oncologist’s discretion. Planning target volume

(PTV) was derived from CTV with an extension of 5 mm in all directions.? Radiation therapists ran a
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delineation script for OARs and quality assured all generated volumes. The same individual delineated

the volumes in both image sets for each patient, avoiding inter-observer variability.

C. Treatment planning

Treatment planning was performed in RayStation. The same radiation therapist planned both sets of
plans for each patient. The modelled machine in RayStation was an Elekta VersaHD with 5 mm multi
leaf collimators (MLC), and all treatment plans were generated with VMAT technique. An oncologist
and a medical physicist approved all treatment plans. In conventional fractionation, the prescription
dose was Dsoy, to CTV with all arcs being 6MV. In SBRT plans, the prescription dose was Dggy to
PTV, utilizing only 6 MV flattening filter free (FFF) beam quality. Plan dose was calculated with a
collapsed cone v5.1 algorithm, with a dose grid of 0.2x0.2x0.2 cm? in SBRT and 0.3x0.3x0.3 cm® in

conventional fractionation.

An in-house protocol with the clinical goals listed in supplement 1 was used during treatment
planning. All in-house dose limits were based on national guidelines?® and the doses are presented as
EQD2.*° The clinical goals were recalculated depending on fractionation scheme with o/ = 2 when
calculating dose to spinal cord and o/f = 3 in all other OARs. SBRT and conventional fractionation
had different sets of goals, and SBRT dose limits are set based on previous research.®2° Patient
specific quality assurance was performed for all clinical plans using an ArcCHECK phantom (Sun
Nuclear Corp., Melbourne, FL). Gamma passing rate was 95% with a global dose difference threshold

of 3% and a distance to agreement of 3 mm.

D. Treatment delivery

All patients were treated with Catalyst (C-RAD, Uppsala, Sweden) breathing control on VersaHD
(Elekta, Stockholm, Sweden) machines. Positioning was verified with kV cone beam computed
tomography (CBCT), every fraction. SBRT had two CBCTs before each fraction, both with dual
registration? and action limits upon having to reposition the patient. The first CBCT had a limit of 5

mm difference in all directions and the second had a 3 mm limit. The tumor-match was always the
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decisive factor and couch movements followed all CBCTs. The action limits were 10 mm in three
directions for conventional fractionation with clip-box-matching. All XVIs had the limit of 3°

rotational deviation.

E. Statistics
Wilcoxon signed rank test was performed for statistical analysis. The findings were considered

significant when p was lower than 0.05. Analysis was performed in SPSS version 27 (IBM, Armonk,

us).

Conformity index (CI) was calculated in RayStation and defined as the ratio between the ROI volume

covered by the isodose and the total isodose volume.
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RESULTS

In this study, 21 patients were included of which 20 patients were able to perform the DIBH
procedure. The patient that were not able to perform DIBH during radiation therapy were treated in
FB, 1 out of the 20 initially DIBH compliant patients. Thirteen patients had SBRT and 7 had
conventional fractionation. Mean estimated delivery time, calculated in RayStation, for FB and DIBH
was 150 and 144 seconds, respectively. All DIBH treatments had a 20-minute time slot, FB treatments
had 10 minutes slots. Mean amplitude was 12 mm and mean maximum breath hold was 42 seconds.
The lung volume was significantly larger in DIBH treatment plans, 55 % larger volume than in FB

(Table 1). Lesions from all lung segments were included (Supplement 1).

A. Target size
There was a significant difference between FB and DIBH in target volumes overall as well as for
volumes treated with SBRT, DIBH having smaller targets. There was no significant difference

between FB and DIBH for volumes treated with conventional fractionation. (Figure 1).



10

11

300

. ORI
5 p<0.001 p<0.001 p=0.125
200 - ¢ o
5 150
=
= 100 A 1
e
50 T T
= o # —— i
N 5 < 2 < <
& e,
o o 5 5 & Q
N N\ ) > ®
9 9 < O@
Q X
S

Fig. 1. PTV Volume in free breathing (FB) and deep inspiration breath-hold (DIBH) overall,
stereotactic body radiotherapy (SBRT) and conventional fractionation (CF). Boxes extending
from 25" to 75" percentiles. The whiskers represent 10" and 90" percentiles, and all outliers

are displayed.

B. Dosimetric parameters

No significant differences were found in target coverage between DIBH and FB plans when
considering Dggy to CTV and PTV (Table 1 and Figure 3). The clinical maximum dose did not differ
significantly between the two breathing techniques, but in the dosimetric comparison of DIBH and FB,

DIBH showed significantly lower doses in all measured volumes except Dy to the spinal cord and

10



1 Do.oocc to the esophagus (Table 1). The chest wall volume receiving > 30 Gy is significantly lower in

2 DIBH compared to FB. Chest wall and target for patient 6 is shown in figure 2.

a2 N

11



Fig. 2. Dose distribution to dorsal target in free breathing (a) and deep inspiration breath-hold

(b) for patient 6. Green isodose at 30Gy.

Table 1 Dosimetric and volume size comparison of free breathing and deep inspiration breath-

hold in volumetric modulated arc therapy-plans.

Parameter

FB

DIBH

Median

(Range)

Median

(Range)

Number of

volumes

p-value

Target

12




PTV [cm?] 38.59 (13.64- 26.13 (9.06- 23 <0.01
282.66) 203.52)

PTV Doy [GY] 45.68 (27.96- 45.62 (28.31- 23 0.39
62.15) 61.52)

CTV Deex [Gy] | 52.62 (29.44- 52.33 (29.58- 23 0.93
66.35) 66.00)

Conformity 0.90 0.85-0.99 0.88 0.85-0.96 20 0.02

index

OAR

Clinical 60.55 30.83-76.24 | 61.42 30.56-76.69 | 20 0.82

maximum dose

[Gy]

Lungs-GTV 3746.45 | (2331.17- 5828.86 | (3750.31- 20 <0.01

[cm?] 7656.70) 9911.26)

Lungs-GTV 4.19 0.66-8.11 3.02 0.49-7.71 20 <0.01

mean [Gy]

Lungs-GTV 471 0.47-17.22 3.43 0.45-15.87 20 0.02

Vaoey [%]

Heart mean [Gy] | 1.00 0.07-6.05 0.59 0.03-5.04 20 <0.01

Heart D [Gy] | 6.75 0.32-29.99 | 4.26 0.12-27.34 |20 <0.01

Spinal canal Dy, | 8.07 2.33-25.47 8.34 3.00-24.95 20 0.68

[Gy]

Esophagus Dsc. 6.64 0.81-16.29 5.55 0.12-17.69 20 0.02

[Cy]

Esophagus Dooocc | 12.43 3.50-40.70 10.71 0.22-45.50 20 0.08

[Gy]

13




Chest wall Vaoey | 12.71 2.17-56.91 10.06 0.15-29.32 15

[cm?]

0.01

Abbrevations: CTV, clinical target volume; Dz , maximum dose administered to a 2 cm®volume; Dscc

, maximum dose administered to a 5 cm?volume; Do gocc , maximum dose administered to a 0,00cm?

volume; D2, maximum dose administered to 2% of volume; Dggy, dose to 98% of the target volume;

DIBH, deep inspiration breath-hold; FB, free breathing; GTV, gross tumor volume; OAR, organs at

risk; PTV, planning target volume; VMAT, volumetric modulated arc therapy; Vzocy, 0rgan volume

receiving > 20 Gy; Vsogy, 0rgan volume receiving > 30 Gy.

14




Heart mean dose [Gy]

(a)

1

N B
DIBH

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 21

Patient number

15




Chest wall Vg, [cm]

(b)

60

50 -

40 -

30 4

20 A

10

7

8

9

11 13 15a 15b 16

Patient number

16

17a 17b 18 20




Lungs-GTV mean dose [Gy]

10

o
1

1

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 20 21

Patient number

17




(d)

70

60 -

50

40 -

30 ~

PTV Dgg, [GY]

20

10

1 2 3 4 56a6b 7 8 9 1011 12 13 1415a15b1617a17b 18 20 21

Patient number

Fig. 3. Dosimetric comparison of free breathing (black bars) and deep inspiration breath-hold
(gray bars) in heart (a), chest wall (b), lungs-GTV (c) and PTV (d). Patients 15 and 17 had

doses to chest wall in both left and right lung due to them having targets in both lungs.

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

DISCUSSION
In this study, we evaluated the implementation of DIBH utilizing modern treatment techniques and
equipment in lung cancer patients. Target coverage, as well as OAR doses, were assessed for both FB

and DIBH plans.

Our clinical study found that 20 out of 21 patients were able to perform the respiratory training, and
hence were eligible for DIBH. One patient was unable to hold their breath at all, and the training was
terminated. DIBH in lung cancer treatment is feasible, but there are some issues to be addressed. One
of the patients, initially eligible for DIBH RT, received treatment in FB due to technical challenges.
For this patient, the Sentinel surface signal at the CT was weak due to an unfavorable sternum angle.
To solve this challenge, a wedge was added underneath the Wingstep to improve the surface signal.
The wedge, combined with a lesion located dorsally close to the diaphragm, resulted in the linear
accelerator’s gantry not being able to rotate without colliding with the patient’s arms. Additionally, the
gantry shadowed the gating point providing a further complication. A solution to detect and manage

this challenge during CT simulation needs to be established.

Recent research indicates an ongoing development of the DIBH technique in lung cancer treatment. A
study by Josipovic et al. 22 showed a high patient compliance in voluntary DIBH in both CT
simulation and RT over 33 fractions. We present confirming results, also for SBRT. Naumann et al.?
showed patient compliance in a small cohort of three lung cancer patients in SBRT. Several studies
have shown DIBH-compliance in CT simulation, but the patients were treated in FB. >2*Other studies

have shown similar results mainly based on assisted DIBH**2526 and older treatment techniques.

Intra-fraction organ motion possibly contributed to a suboptimal match on IGRT in one patient which
resulted in FB treatment. The lesion was located in the lower left lobe, and the stomach was
considered too close to the target in repeated CBCTSs. The fractionation was altered from 15 Gy x 3 to
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4 Gy x 7 to spare the stomach from toxicity. The same patient was treated in DIBH for the second
target, in the opposite lung, without challenges. This might indicate that the patient’s compliance with
the DIBH-technique was not the issue, but possibly involuntary intra-fractional organ motion. Fasting
before treatment may have a positive impact in treating left sided lower lobe lung lesions, as it could
cause the stomach to be smaller and less active. The relevance of fasting in RT of left lower lobe lung
lesions need further investigation. In general, research has shown small intra-fractional deviations in
tumor position for lung lesions?2232-28 with some cases of larger variations. The uncertainty in intra-
fractional motion must be included in PTV margins, and Josipovic et al. recommended consecutive
CTs in DIBH to evaluate each lesion’s positional variation in several breath-holds to avoid

underdosage of the target, which we did not perform in this study.?

The lung volume in DIBH compared to FB increased by 55%. This is close to the increase our group
has previously found in breast cancer patients?®, who are generally presumed to have superior lung
capacity due to their disease not affecting the lungs. Patients included in this study had ECOG-status <
2 and their performance status might have had a positive impact on their ability to hold their breath.
Previous research has shown a comparable increase in lung volume treating NSCLC, showing that our
results are representative for the patient group.'*? Giraud et al.*® showed an increase in lung volume
of only 26%, but a large proportion of the participants was gated with assisted breath-hold methods,

shown to result in poorer lung volume increase than in voluntary DIBH.3%2

Mean estimated delivery time was reduced in DIBH compared to FB. However, the patients in this
study required a time slot of 20 minutes for DIBH compared to 10 minutes in those who were treated
in FB. Doubling the time slot will have an impact on the daily scheduling. An increase in delivery
time, resulting in longer time slots, may be a highly relevant disadvantage in some larger clinics with a

substantial number of patients. The economics of having modern equipment for tracking of respiratory
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signal, treatment delivery and IGRT may affect an institution’s ability to implement DIBH technique

for lung cancer patients.

We found a significant overall reduction in target size in favor of DIBH. When looking at the
conventional fractionation separately, there were no significant difference between target sizes in FB
and DIBH. The results may be due to the inclusion of only 7 patients with conventional fractionation.
Reduction in target size is mainly due to motion artefacts not being present in DIBH CT images, hence
a smaller GTV. Several studies have shown a reduction in target size when implementing DIBH,
either voluntarily or assisted. 11122330.33 The target coverage was maintained as there were no
significant difference in Dggy, to CTV and PTV. These findings of similar dose coverage are consistent
with previous research.?* We found a significant reduction in Cl in DIBH compared to FB. A possible
explanation to these findings might be that the significant reduction in target sizes was followed by
well-known difficulties of achieving optimal conformity due to small target volumes.** A MLC-size

<5 mm could have resulted in more conform dose distributions.

The DIBH plans resulted in a significant reduction of dose to the chest wall. Chest wall pain and rib
fractures are correlated to dose per fraction, hence an important part of SBRT.*®* We found a
significant decrease of 20% in the dose to chest wall, by V3oey, when applying DIBH. Some of the
patients in this study would have received 55 Gy in five fractions instead of 45 Gy in three fractions if
they were to be treated in FB. These considerations were made to spare them from chest wall toxicity,
having lesions in relation to the chest wall. This decrease in dose is thought to be due to the lesion
separating from the chest wall when inflating the lungs. Previous research on RT in FB could not find
significant correlation in distance from lesion to the chest wall and the patients having chest wall pain
and/or rib fractures.®* However, Jaccard et al.*” found a reduction of the chest wall dose as the lesion
separated from the chest wall in DIBH. The study included only four patients eligible for DIBH.

Huang et al. found, in a treatment plan study, that a method where RT is given in a combination of
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DIBH and expiration reduces the dose to the chest wall even further but included only four patients.

However, little research exists on this topic and it should be investigated further.

Healthy lung tissue received a significantly lower dose in DIBH compared to FB. We showed a
reduction of dose to mean lung dose (MLD) by 29% when applying DIBH. This is likely related to the
significant increase in lung volume when inflating the lungs. In SBRT, high doses can be delivered to
an even smaller target, sparing the healthy lung tissue. Josipovic et al.1t, Persson et al.!2 and Ottoson et
al.?* all found a reduction of approximately 20% in MLD when applying DIBH. Previous research has
found that overall dose to healthy lung tissue decrease in DIBH in conventional fractionation,
regardless of DIBH approach. 91113242530 Mani et al.*® did a retrospective comparison of lung dose
between FB and DIBH in SBRT and found a reduction of mean dose to ipsi- and contralateral lung of

37% and 15%, respectively.

We found a significant reduction in mean and near maximum dose, D2, to the heart by 40% and 35%,
respectively. Giraud et al.*° found a significant reduction in both mean and maximum doses to the
heart. Several studies have shown decreased doses to the heart, implying that DIBH has superior OAR
sparing compared to FB.12 The patients included in our study had lung lesions located in lung tissue,
and only one patient had lymph nodes as a part of their target. The dose to the heart might be
dependent on the location of target, hence, location might have affected the results although Persson et
al.2 found no significant correlation between location and dose to OAR. Mani et al.®® is the only
published research, to our knowledge, on dosimetric comparison between FB and DIBH in SBRT, and

they found that the mean dose to the heart was reduced by 12%.

A limitation of the study was the low number of conventional fractionated patients. Conventional and
stereotactic fractionation use different doses and clinical goals in the planning and evaluation, and this

is a challenge that is common in the clinic. Previous research has described limitations in the DIBH
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treatment technique.® As Josipovic et al.* presents in their case report, multiple targets in the thorax
may separate when inflating the lungs and cause increased doses to OARs due to an enlargement of
the target. Our study included a patient with two separate lesions separating in deep inspiration. In this
patient, there was no disadvantage observed. As the lesions was defined as two separate targets, the
separation had no impact on the doses to surrounding tissue or target coverage. In the case report by
Josipovic et al.*°, the target included parts of the mediastinum and not only lesions located in the
lungs. This is likely the reason the target was enlarged and resulting in increased doses to surrounding
tissue. DIBH may not be suitable for all RT in the thoracic region. In cases where lymph-nodes, or
other structures with a different motion pattern and margins, are to be included as target, the effect of

DIBH and way of treatment planning and IGRT technique needs further investigation.
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CONCLUSION

The study shows that, with today’s techniques and high-end equipment, the DIBH treatment is feasible
with high patient compliance in lung cancer patients. The DIBH technique allows for a target size
reduction while the target coverage is maintained. DIBH significantly reduces doses to heart, lungs,
and chest wall in lung cancer RT. A routine to manage the intra-fractional deviation should be

established.
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1 SUPPLEMENTARY FILES

2 Tablel

3 Clinical goals in conventional treatment, 2Gy x 33

Structure Clinical Goal Priority
ICTV Dose > 95.0% High
Daos < 107.0% High
Dsos > 99.5% High
Dsooe< 105.5% High
PTV Dos% > 90.0% High
D2y < 107.0% High
Spinal canal D2y < 54,7Gy High
IGTV Dgsg% > 98.0 % Medium
Heart Dmean < 20.0Gy Medium
Vsoey < 25.0% Medium
Esophagus Dmean < 34.0Gy Medium
Veo < 17.0% Medium
Lungs-GTV Dmean < 20.0Gy Low
V2ocy < 30.0% Low
Lung V206y < 30.0% Low
External D2.00cc < 105.0% of prescription dose Low

4 Abbreviations: CTV, clinical target volume; D2.00cc, maximum dose administered to a 2 cm?
5  volume; D2y, maximum dose administered to 2% of volume; Dsos%, dose to 50% of the target
6  volume; Dogx, dose to 98% of the target volume; Dmean, mean dose, GTV, gross tumour

7 volume; PTV, planning target volume; V2ocy, 0rgan volume receiving > 20Gy; Vsocy, Organ

8  volume receiving > 50Gy; Veocy, Organ volume receiving > 60Gy.
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Table 2

Clinical goals in stereotactic body radiotherapy, 15Gy x 3

Structure Clinical Goal Priority
PTV Dogw > 45.0 Gy High
Cl>0.88 at 45Gy Low
Spinal canal Do.ooce < 21,9 Gy High
D1.20cc < 12.3 Gy High
Trachea Do.ooce < 30.0 Gy High
Da,00ce < 15.0 Gy High
Bronchus main Da4,00cc < 15.0 Gy High
Do.ooce < 30.0 Gy High
Esophagus Do.ooce < 25,2 Gy Medium
Dsec< 17,7 Gy Medium
Great vessel D10,00cc < 39.0 Gy Medium
Do.oocc < 45.0 Gy Medium
Heart Do.ooce < 30.0 Gy Medium
D1s,00cc < 24.0 Gy Medium
Chest wall V3o6y < 30 cm?® Low
Contralateral lung Vi 506y < 26 % Low
Dmean < 3.6 Low
External D2,00cc < 63.0 Gy Low
Do.oocc < 67.5 Gy Low
Ribs D2,00cc < 27 Gy Low
Do.oocc < 53.8 Gy Low
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Skin D10,00cc < 22.5 Gy Low

Do.oocc < 24.0 Gy Low

Abbreviations: CTV, clinical target volume; CI, Conformity index; Discc, maximum dose
administered to a 15cm?® volume; Dscc , maximum dose administered to a 5 cm?® volume; Do oocc
, maximum dose administered to a 0,00cm? volume; D1 20cc , maximum dose administered to a
1,20cm?®volume; D4 o0cc , maximum dose administered to a 4,00cm? volume; Ds oocc ,
maximum dose administered to a 5,00cm? volume; D1o00cc , maximum dose administered to a
10,00cm?3volume; D1s 0occ , maximum dose administered to a 15,00cm®volume; D2y,
maximum dose administered to 2% of volume; Dogs, dose to 99% of the target volume; Dmean,
mean dose, GTV, gross tumour volume; PTV, planning target volume; V2ocy, 0Organ volume
receiving > 20 Gy; V3oay, organ volume receiving > 30 Gy; Vascy, Organ volume receiving >

4.5 Gy.

Table 3 Lesion location

Lesion location Number
Right upper lobe 9
Right middle lobe 6
Right lower lobe 2
Left upper lobe 4
Left lower lobe 3
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and we will not notify co-authors of the change. Authors should contact the journal’s Editorial Office with their
name change request.

Ethical Responsibilities

e Authors must disclose any financial interests, direct or indirect that might affect the conduct or reporting of
the submitted work. This disclosure should be made in Comments to the Editor when the manuscript is
submitted.

e Project Funding Sources of outside support for research, including funding, equipment, and drugs, must be
named in the contributed article. The role(s) of the funding organization, if any, in the collection of data, its
analysis and interpretation, and in the right to approve or disapprove publication of the finished manuscript
must be described in the Methods section of the text.

e Previous or Duplicate Publication In Comments to the Editor, give full details on any possible previous or
duplicate publication of any content of the paper. Previous publication of a small fraction of the content of a
paper does not necessarily preclude its being published, but the Editors need information about previous
publication when deciding how to use space in the Journal efficiently; they regard failure of full disclosure by
authors of possible prior publication as a breach of scientific ethics. Please be aware that JACMP uses
iThenticate plagiarism detection software.

e Please send a copy of any document that might be considered a previous publication via email to the Editor-
in-Chief, or provide this document during the submission process as a Supplementary file.

Manuscript Preparation Overview

For general guidance, see the journal authors section of Wiley Online Library here as well as the Wiley Style Guide
here. Authors are expected to follow the mathematics style of the 4thedition of the AIP Style Manual. Information
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on how to format references can be found below.

In addition, American English is the standard communication language for the JACMP. Authors whose native
language is not English are advised to engage a native English speaker to review their manuscripts, or to utilize
Wiley Editing Services. References, including on-line references must be prepared according to instructions found
later in this document. Do not neglect to familiarize yourself with the requirements of this Manuscript Submission
guide. Your manuscript may be returned unless you prepare it properly.

Original Contributions and Review Articles

Full-length papers should be double-spaced with an abstract summarizing briefly the essential contents (see
below).

1. The name, address, and email of the author to whom correspondence must be sent should be listed on the
title page. However, that title page should not be included in the main manuscript file but instead be uploaded
using the “Title Page or References” designation.

2. Written permission of author(s) and publisher(s) to use any previously published material (figures, tables, or
quotations of more than 100 words) must be uploaded as PDFs using in the Electronic Forms section. Authors
should retain an additional electronic copy of the manuscript and figures for their own files.

Letters to the Editor

Letters dealing with published articles or matters of interest to researchers are invited. They should be short (no
more than 1250 words, key references included), double-spaced, and include references where appropriate.
Where a published article is involved, the original author(s) will be invited to submit a response.

Book Reviews

Authors are invited to submit suggestions for book review to the Editorial Office. The editorial office solicits Book
Reviews.

Technical Notes

Technical notes should be organized in the following format: Introduction, Methods, Results, Discussion,
Acknowledgments, Abbreviation list, References, Figures, Figure legends, and Tables.

When preparing your illustrations for submission, please adhere to the guidelines found

here http://media.wiley.com/assets/7323/92/electronic_artwork_guidelines.pdf. In addition, please note the

following:

e Number figures in the order in which they appear in text.

e |dentify all figure parts with (a), (b), etc. Avoid any large size differences of the lettering and labels used within
one illustration.

e Ensure that lettering and lines are dark enough and thick enough to reproduce clearly, especially if reduction is
necessary. Remember that fine lines tend to disappear upon reduction.

Authors may insert a short summary/conclusion section following the discussion section if they wish. In some
cases, results and discussions sections may more appropriately be combined than separated (at the author’s
discretion).

Technical notes should be no longer than 3000 words. Technical notes do require an abstract. Other descriptive
headings and subheadings may be used if appropriate. Every effort should be made to avoid jargon, to spell out
all nonstandard abbreviations the first time they are mentioned, and to present the contents of the study as
clearly and concisely as possible.

Review Articles

Review articles should be organized in the following form: Outline (using main and second-order section
headings), Introduction, Text, Conclusions or Summary, Acknowledgments (optional), Appendices (optional), List
of Abbreviations, References, Figures and Tables. Nomenclature and Abbreviations: Where possible,
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nomenclature and abbreviations should be in accordance with the AIP Style Guide and internationally agreed
rules.

Manuscript Preparation Details Important

Author identification must be removed from all parts of the main text file. Please use number citations for your
references.

Do not hyphenate at the end of a line. Use double spacing throughout, including the references and figure
legends. Use page and line numbering throughout. Organize the manuscript in the order indicated below, with
each component separated by a page break. Use bold font to show headings and subheadings throughout the
manuscript. Sections in the Body of Manuscript do not need to begin on a separate page.

When preparing your illustrations for submission, please adhere to the guidelines found

here http://media.wiley.com/assets/7323/92/electronic_artwork_guidelines.pdf. In addition, please note the

following:
e Number figures in the order in which they appear in text.

e |dentify all figure parts with (a), (b), etc. Avoid any large size differences of the lettering and labels used within

one illustration.

e Ensure that lettering and lines are dark enough and thick enough to reproduce clearly, especially if reduction is

necessary. Remember that fine lines tend to disappear upon reduction.
e Title Page
e Abstract
e Body of Manuscript
= |ntroduction
= Methods
= Results
= Discussion
= Conclusion
e Acknowledgments
e Conflict of Interest
e References
e Figures and Figure legends (if any)
e Tables and captions (if any)
e Figures (separate file for each figure - figures are imbedded in the manuscript after the References)

Title Page

IMPORTANT - The Title Page (page one) must not be included with the main manuscript file. It should be a
separate file uploaded using the “Title Page or References” designation.

The Title Page (page one) should include the following:

1. The title of the article (80 spaces maximum).

2. The authors' full names [first name, middle initial(s), and surname]. Author names should appear as
used for conventional publication, with first and middle names or initials followed by surname. Every
effort should be made to keep author names consistent from one paper to the next as they appear
within the Journal of Applied Clinical Medical Physics.

3. Author affiliations [the name of department or division (if any) should include institution or organization,

city, and state or country where the work was done]. Abbreviations should not be used. For example:
Michael D. Mills, Ph.D.
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Department of Radiation Oncology
University of Louisville School of Medicine
529 South Jackson Street,

Louisville, KY 40202
mdmill03@exchange.louisville.edu

4. A suggested running title of not more than 30 spaces should be provided two lines below the email
address of the corresponding author.
5. Author Contribution Statement

Author Contribution Statement

IMPORTANT — All manuscripts are required to describe the contributions of each person listed as an author.
Please see the above section “Authors’ Professional and Ethical Responsibilities” for additional information. The
contribution statement must be included on the Title Page.

References

IMPORTANT — The references for your manuscript must be included in the main manuscript file. References
should begin on a new page.

Abstracts and Key Words

IMPORTANT - The original submission begins with the Abstract and contain no author identification. Page 2
should include the title of the article followed by an abstract. Abstracts are not required for Letters to the Editor.
Begin the section with the word “Abstract” followed by a colon. Start the abstract text two spaces after the colon.
The abstract should be limited to approximately 300 words. It should be an explicit summary of the paper that
states the problem, the methods used, and the major results and conclusions.

Text

To facilitate the review process, manuscripts must be in Microsoft Word format (.doc, version 2 and above) or Rich
Text Format (.rtf). This applies to both Windows and Macintosh platforms. If you are using any other word
processing program, you must save the file as .rtf. Special or mathematical characters and Greek letters that are
not on a standard keyboard must be created using the Symbol font. Figures may be submitted within the main
manuscript file or as separate files. See below (Figures and Tables) for more information.

Introduction

The introduction should be written from the standpoint of researchers without specialist knowledge in that area
and must clearly state - and, if helpful, illustrate - the background to the research and its aims. The section
should end with a very brief statement of what is being reported in the article.

Methods

This should be divided into subsections if several methods are described. Use the letters A, B., C., etc., to
designate subsections and follow with a short subsection title. Use numbers and small letters to further divide
sections, but only if needed. Use bold font to indicate the subsection title. Example: A. Linear Accelerators would
be used for the first subdivision. A.1. Linear Accelerators would be used if two subdivisions were required and
A.1.a. Linear Accelerators would be used if three subdivisions were required. Include a discussion of materials if
indicated.

Results and Discussion

This may be combined into a single section or presented separately. They may also be broken into subsections
with short, informative headings. Conclusions - This should state clearly the main conclusions of the research and
give a clear explanation of their importance and relevance. Summary illustrations may be included.

Page numbers
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The author should insert page numbers in the manuscript sent for review. These will facilitate the comments by
reviewers. These temporary page numbers are inserted at the bottom of each page, in the footer.

Mathematics

Equations should be centered, unless they are so long that less than 1 cm will be left between the end of the
equation and the equation number, in which case they may run on to the next line. Equation numbers should
appear on the next line. For very long equations, the right side of the equation should be broken into
approximately equal parts and aligned to the right of the equal sign. The equation number should appear only at
the right hand margin of the last line of the equations. All equations should be numbered in the order in which
they appear.

Abbreviations and Symbols

Do not use abbreviations unless necessary; do not explain abbreviations for units of measurement [e.g. 2 Gy, not
2 Gray, 3 mL, not 3 milliliters (mL)] or standard scientific symbols [Na, not sodium (Na)]. Abbreviate units of
measurement when they appear with numerals (e.g. volume measured 10 mL, not 10 milliliters). Use
abbreviations in figures and tables to save space. Explain any non-standard abbreviations used in the figure
legend or table footnote. Units of Measurement: Use S| units throughout the manuscript, except as indicated
below. If you indicate units other than Sl units, they may be indicated in parentheses after the Sl unit. There are
some modifications, such as for specification of brachytherapy sources, which should be in terms of air-kerma
strength, defined as the product of air-kerma rate in free space and the square of the distance of the calibration
point from the source center along the perpendicular bisector (AAPM Report Number 21). The recommended
units for air kerma strength are Gy m2 h-1. Where common laboratory practice employs conventional units, these
may be employed followed by the Sl units in parentheses.

Acknowledgments

Acknowledgments should be included before the References section. The section title should read
“Acknowledgments”. Authors should obtain permission to acknowledge from all those mentioned in the
Acknowledgements.

Conflict of Interest Statement

A statement should be included after the Acknowledgements section. This section title should read “Conflict of
Interest”. Authors should state any and all conflicts. If no conflict exists. then the statement should read “No
conflicts of interest”.

References

Do:

e Insert references as endnotes in the body of the manuscript.

e Number references in the order in which they are first cited in the text.

e Use Arabic numerals as the numbering system.

e Use the reference style of the AMA Manual of Style, including the abbreviations of journal titles. See details
below.

e Provide complete data for each reference.

e (Cite symposium papers only from published proceedings.

Do not:

e Do not use ibid or op cit.

e Do not embed references in the body of the article.

e All references must be numbered consecutively, in the order in which they are cited in the text. Please avoid
excessive referencing. Please do not use automatic numbering, such as Insert Footnote (select Endnote). The
reference numbers must be finalized and the bibliography must be fully formatted before submission (see
guidelines below for formatting requirements). Unpublished data, unpublished abstracts and personal
communications should not be included in the reference list. Footnotes are not allowed. Journal abbreviations
follow Index Medicus/MEDLINE. There should usually be no more than 50 references per article.
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References should appear in the following formats from the AMA Manual of Style:

e Journal article (1-6 authors):
1. Hu P, Reuben DB. Effects of managed care on the length of time that elderly patients spend with physicians
during ambulatory visits. Med Care .2002;40(7):606-613.

e Journal article with more than six authors:
1. Geller AC, Venna S, Prout M, et al. Should the skin cancer examination be taught in medical school? Arch
Dermatol. 2002;138(9):1201-1203.

e Journal article with no named author or group name:
1. Centers for Disease Control and Prevention (CDC). Licensure of a meningococcal conjugate vaccine (Menveo)
and guidance for use--Advisory Committee on Immunization Practices (ACIP), 2010. MMWR Morb Mortal Wkly
Rep. 2010;59(9):273.

e Electronic Journal article:

= |fyou have a doi:
1. Gage BF, Fihn SD, White RH. Management and dosing of warfarin therapy. The American Journal of
Medlicine. 2000;109(6):481-488. doi:10.1016/50002-9343(00)00545-3.

= |f you do not have a doi:
1. Aggleton JP. Understanding anterograde amnesia: disconnections and hidden lesions. Q J Exp Psychol.
2008;61(10):1441-1471. http://search.ebscohost.com/login.aspx?
direct=true&db=pbh&AN=34168185&site=ehost-live Accessed March 18, 2010.

e Journal article published online ahead of print:
1.Chau NG, Haddad RI. Antiangiogenic agents in head and neck squamous cell carcinoma: tired of going solo
[published online ahead of print September 20, 2016]. Cancer. doi: 10.1002/cncr.30352.

e Entire Book:
1. McKenzie BC. Medicine and the Internet: Introducing Online Resources and Terminology. 2nd ed. New York, NY:
Oxford University Press; 1997.

e Book Chapter:
1. Guyton JL, Crockarell JR. Fractures of acetabulum and pelvis. In: Canale ST, ed.Campbell's Operative
Orthopaedics. 10th ed. Philadelphia, PA: Mosby, Inc; 2003:2939-2984.

e Website:
1. American Cancer Society. Cancer Facts & Figures 2003.
http://www.cancer.org/downloads/STT/CAFF2003PWSecured.pdf. Accessed March 3, 2003.

NOTE:

e |fthere are more than 6 author names in a reference, the first 3 author names are retained with “et al” (set in
roman).

e The article title is set in roman and sentence case.

e The journal title is set in italics and abbreviated with a period at the end of the title only and not for all
abbreviated terms.

e Asemicolon is used between the year of publication and the volume number.

e A colon is used between the volume number and the page range.

e The full page range is used.

e Set a period at the end of a reference.

e The place of publication is given first followed by publisher name.

e The year of publication is given after the publisher name, separated by a semicolon.

e The date of last access is required for Website citations.
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e The chapter title is set in roman and sentence case.
e The book title is set in italics and title case.

It is not appropriate in an archival journal to cite articles in newsletters, stand-alone documents where the author
is not identified, or documents available on a corporate or university program/department Web site that have not
been peer-reviewed.

Figure Legends

Legends should be double-spaced and numbered with Arabic numerals corresponding to the illustrations and
submitted below the Figures on separate pages following the Tables. The abbreviation “Fig.” for figure should
appear first followed by the figure number and a period. A short title of the figure follows the figure number. A
detailed legend may follow the figure title, with a maximum length of 300 words. When symbols, arrows,
numbers, or letters are used to identify part of the illustrations, each should be explained clearly in the legend.
The legends should permit the figures to be understood without reference to the text. If the figure has been
previously published, the author should include a credit line with the figure. In addition, the author should attach
a permission letter as a Supplementary file to the submission.

Figures:

When preparing your illustrations for submission, please adhere to the guidelines found

here http://media.wiley.com/assets/7323/92/electronic_artwork_guidelines.pdf. In addition, please note the

following:

e Number figures in the order in which they appear in text.

e |dentify all figure parts with (a), (b), etc. Avoid any large size differences of the lettering and labels used within
one illustration.

e Ensure that lettering and lines are dark enough and thick enough to reproduce clearly, especially if reduction is
necessary. Remember that fine lines tend to disappear upon reduction.

Tables

Create the table using the tools in the word processor. Do not create tables using spreadsheet or other software
packages. Each table should be numbered in sequence using Arabic numerals (e.g. Table 1,2,3 etc.) Tables should
also have a title that summarizes the whole table, maximum 15 words. Short table headings should be centered
above the table. Use horizontal lines in tables to delimit the top and bottom of the table and column headings.
Detailed explanations or table footnotes should be typed directly beneath the table. Authors are asked to keep
each table to a reasonable size; very large tables packed with data, simply confuse the reader. Each table and
every column should be provided with an explanatory heading, with units of measure clearly indicated. The same
data should not be reproduced in both tables and figures. Tables (along with their footnotes or captions) should
be completely intelligible without reference to the text. Original text (not a graphics or picture file) should be
submitted.

Data Availability Statement

We expect that data supporting the results in the paper will be archived in an appropriate public repository.
Authors are required to provide a data availability statement to describe the availability or the absence of shared
data. When data have been shared, authors are required to include in their data availability statement a link to
the repository they have used, and to cite the data they have shared. Whenever possible the scripts and other
artefacts used to generate the analyses presented in the paper should also be publicly archived. If sharing data
compromises ethical standards or legal requirements, then authors are not expected to share it. Templates for
such data availability statements can be found here.

To help choose an appropriate data repository for your research, you may consider the following:

- Visit re3data.org or for fairsharing.org extensive catalogues of registered and certified data repositories
- Some funders have designated archives set up for researchers to deposit their data. Check our Author
Compliance Tool to see your funder's data sharing policy.

Review Process
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All manuscripts are peer reviewed. All material accepted for publication is subject to copyediting. Authors will
receive galley proofs of their article before publication and should answer all queries. Any corrections to proofs
must be restricted to typesetter’s errors; no rewriting can be allowed. Reprints may be purchased using the
reprint order form that is sent with the page proofs. Page Charges: At present there are no page charges for
papers submitted to the JACMP. The upper limit on length of a paper is equal to approximately 7500 words,
including tables and references (1250 for Letters to the Editor). This limit may be exceeded at the discretion of the
Editor-in-Chief.

On-Line Submission

Please note that the guidelines below contain information pertaining to online manuscript submission. The
following information will help you prepare your manuscript for electronic submission to Journal of Applied Clinical
Medical Physics web-based peer review system. Submit manuscripts to https://jacmp.msubmit.net. You will be
able to monitor the progress of your manuscript through the peer review process.

Self-Archiving Policy

Because articles in JACMP are published under a Creative Commons license, the "accepted" version and the
"version of record" of the manuscript can be shared immediately upon acceptance and publication,
respectively. The submitted version of the article can be shared in an appropriate pre-print repository upon
submission.

JACMP Author Submission Instructions

Login to JACMP's eJournalPress website at: https://jacmp.msubmit.net

If you do not have an account for JACMP’s submission website, use the “New users: Register here” link to create
your account. The required fields to create an account are marked with an *.

After logging in you will be sent to the Home screen. Click on “Submit Manuscript” under the Author Tasks section
to begin a new submission.

Submission Process

Select the appropriate manuscript type and press “Continue”.

Upload your files

Files can be dragged and dropped into the area outlined in the dotted line. Also, you can click on “Browse” to find
your files. Click on “Upload Files” to start the upload.

After uploaded, you must designate the appropriate file type for each uploaded file by clicking on the drop-down
menu to the right of the file name. Figures and Tables must be given a name or number. You can organize the
files by holding the left-click on the “Move” button and then dragging the bar to your desired priority in the list.

Manuscript Meta-Data
Enter the Title, Running Title, and Abstract in the appropriate fields provided.

Author Information

Your information will automatically be included for the submission. Number of Users should be the number of all
authors listed on the manuscript. Add all of the co-authors with the forms below. Only the fields marked with an *
are required.

Keywords
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At least two keywords are required from the list provided in Subject Area. After selecting a subject area at the top,
the more specific areas of that subject will be displayed in the left box. Simply click to add.

Freeform keywords can be entered if the list does not reflect what the subject of your manuscript.

Detailed Manuscript Information

Conflict of Interest Statement, Funding Information, and Dual Publication information must be declared on this
page. Funding information is optional.

JACMP Specific Information

Since JACMP has transitioned to utilizing eJournalPress, it is important that revisions from the former website are
indicated for proper processing. If your revised manuscript was requested from the JACMP’s former website,
please provide the former Manuscript ID.

Financial Information

Select the payment agreement for your manuscript. The corresponding author or a third party can accept
responsibility for the article publication charge. Waivers can be requested; automatic waiver information based
on geographic location can be found here.

Review Files

The uploaded files must be checked before finalizing your submission. Click on the PDF icons with the red
indication arrow to the left of it. Check to make sure the correct files have been uploaded, the contents are clear
and legible, and anonymity is preserved as JACMP is uses a Double-Blind Peer Review Process.

Review Data

A final check of the meta-data previously entered for your submission. Check to ensure that the information is
accurate and correct.

Confirm Submission
Click on “Approve Manuscript” to officially submit your manuscript to JACMP.

Submission Preparation Checklist

As part of the submission process, authors are required to check off their submission's compliance with all of the
following items, and submissions may be returned to authors that do not adhere to these guidelines.

e The submission has not been previously published nor is it before another journal for consideration; or an
explanation has been provided in Comments to the Editor.

e The submission file is in Microsoft Word (.doc file, not .docx) or RTF document file format and uses Times New
Roman font or equivalent.

e All URL addresses in the text (e.g., http://pkp.ubc.ca) are activated and ready to click.

e The text is double-spaced. The text meets this journal's formatting requirements outlined in the Author
Guidelines found on the front page of the JACMP web site. If the journal section is peer reviewed, author
identification has been removed.

e The submission has not been previously published nor is it before another journal for consideration; nor will it
be until after such time as the manuscript has either been withdrawn from further consideration or it has
been decided that the manuscript will not be published in Journal of Applied Clinical Medical Physics or an
explanation has been provided to the Editor and written permission obtained.

It is understood that an Article Processing Charge (APC) is payable for articles accepted for publication in
the Journal of Applied Clinical Medical Physics. The APC is $600.00 USD. The APC applies for all articles submitted
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after midnight, November 1, 2015, US Pacific Time. For more information, please visit our
page https://jacmp.msubmit.net.

Copyright Notice

Authors who publish with the Journal of Applied Clinical Medical Physics agree to the following terms:

e Authors retain copyright and grant the journal right of first publication with the work simultaneously licensed
under a Creative Commons Attribution License that allows others to share the work with an
acknowledgement of the work's authorship and initial publication in this journal.

e Authors are able to enter into separate, additional contractual arrangements for the non-exclusive distribution
of the journal's published version of the work (e.g., post it to an institutional repository or publish it in a book),
with an acknowledgement of its initial publication in this journal.

e Authors are permitted and encouraged to post their work online (e.g., in institutional repositories or on their
website) prior to and during the submission process, as it can lead to productive exchanges, as well as earlier
and greater citation of published work (See The Effect of Open Access).

During Production

Proofs

Authors will receive an e-mail notification with a link and instructions for accessing HTML page proofs
online. Page proofs should be carefully proofread for any copyediting or typesetting errors. Online
guidelines are provided within the system. No special software is required, most common browsers are
supported. Authors should also make sure that any renumbered tables, figures, or references match text
citations and that figure legends correspond with text citations and actual figures. Proofs must be
returned within 48 hours of receipt of the email. Return of proofs via e-mail is possible in the event that
the online system cannot be used or accessed.

Authors will be sent an email message to view, correct, and approve proofs online. Once an author sends in
their corrections, no further corrections will be accepted.

Online production tracking is now available for your article through Wiley Author Services.

Author Services enables authors to track their article - once it has been accepted - through the production
process to publication online and in print. Authors can check the status of their articles online and choose to
receive automated e-mails at key stages of production. The author will receive an e-mail with a unique link that
enables them to register and have their article automatically added to the system. Please ensure that a complete
e-mail address is provided when submitting the manuscript. Visit http://authorservices.wiley.com/bauthor/ for
more details on online production tracking and for a wealth of resources including FAQs and tips on article
preparation, submission and more.

Privacy Statement
The names and email addresses entered in this journal site will be used exclusively for the stated purposes of this
journal and will not be made available for any other purpose or to any other party.

Author Fees
This journal charges the following author fees.

JACMP Article Processing Charge: $600.00 (USD)

About Author Fees
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If your manuscript is accepted for publication in the Journal of Applied Clinical Medical Physics, you will be asked to
pay an Article Processing Charge (APC). The Article Processing Charge applies for all articles submitted after
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