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Preface

Modern dosimetry requires many different tools including skills in mathematics and 
science. The skill set for the modern treatment planning team has matured to include 
multiple areas of expertise, including planning in four dimensions, motion manage-
ment, intensity modulation, adaptive planning, brachytherapy, and theranostics. 
Schools and teaching programs are constantly adapting to meet the needs of modern 
physics and dosimetry teams. Modern clinical practice programs need to support 
students at this level to better prepare students for the changing work environment. 
In this book, we want to touch on these points and identify what is needed for modern 
patient care.

The book describes multiple concepts and challenges of modern dosimetry. As treat-
ment planning systems have become more commercialized and dose computation sys-
tems have become more uniform, a different scope of challenges faces modern physics 
and dosimetry teams participating in patient care at all institutions. The chapters in 
this book address an array of clinical challenges including processes in pre-clinical plan 
and dose validation, reference dosimetry, thermoluminescence, modern issues affect-
ing pediatric populations, comparative dosimetry, including 60Co and 192Ir, modern 
applications of dosimetry relative to intensity modulation, and current challenges in 
therapy planning including image applications for planning radiation therapy in all 
disease areas.

Our goal is to shed light on problem-solving strategies from a diverse group of 
practitioners and move toward a more generalized understanding of how issues are 
addressed by global colleagues. Modern patient care protocols will require worldwide 
participation as we work to understand the roles of local and systemic therapy on 
diverse populations. More comprehensive standardization in our pretreatment and 
treatment processes will decrease and potentially eliminate variables in data inter-
pretation. In this book, we describe the current status of dosimetry standards as we 
work towards uniform application of dosimetry in developing consistent treatment 
planning standards. The role of imaging in this effort cannot be understated, as 
modern imaging will both define standards for contour as well as serve to validate 
radiation dose.

We appreciate the opportunity to present this effort to you.

Thomas J. FitzGerald MD and Maryann Bishop-Jodoin
Department of Radiation Oncology,

University of Massachusetts Medical School,
Worcester, MA, USA
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Chapter 1

Clinical Considerations for Modern 
Dosimetry and Future Directions 
for Treatment Planning
Linda Ding, Carla D. Bradford, Kenneth Ulin, Koren Smith, 
I-Lin Kuo, Yankhua Fan, Abdulnasser Khalifeh, Fenghong Liu, 
Suhong Lu, Harry Bushe, Salvatore Larosa, Camelia Bunaciu, 
Jonathan Saleeby, Shannon Higgins, Julie Trifone, 
Maureen Britton, Joshua Taylor, Marious Croos, Katie Figura, 
Thomas Quinn, Linda O’Connor, Kathleen Briggs, Sherri Suhl, 
Jean Quigley, Heather Reifler, Shawn Kirby, Fred Prior, 
Joel Saltz, Maryann Bishop-Jodoin and Thomas J. FitzGerald

Abstract

Technology and computational analytics are moving forward at an extraordinary 
rate with changes in patient care and department workflows. This rapid pace of 
change often requires initiating and maintaining the educational support at multiple 
levels to introduce technology to radiation oncology staff members. Modern physics 
quality assurance and dosimetry treatment planning now require expertise beyond 
traditional skill based in computational algorithms and image management including 
quality assurance of the process of image acquisition and fusion of image datasets. 
Expertise in volumetric anatomy and normal tissue contouring are skills now per-
formed by physics/dosimetry in collaboration with physicians and these skills are 
required in modern physics dosimetry training programs. In this chapter, challenges 
of modern radiation planning are reviewed for each disease site. Skills including 
future applications of image integration into planning objects and the future utility of 
artificial intelligence in modern radiation therapy treatment planning are reviewed as 
these issues will need to be added to modern training programs.

Keywords: radiation treatment, artificial intelligence, clinical trials, quality assurance, 
treatment planning, image-based volumetric dosimetry, outcome
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1. Introduction

Prior to the advent of volumetric radiation oncology treatment planning, physician, 
physics, and dosimetry teams would construct and calculate radiation therapy treat-
ment plans at the center of the target referred to as the isocenter. Calculations would 
be derived based on depth measured at isocenter. Beam shaping devices which shaped 
dose at the isocenter were applied to the sloping surface of the target at a single level. 
Plans would be calculated to isodose lines which would unintentionally not define the 
volume and location of areas of radiation dose asymmetry. In breast cancer patients, 
the areas of asymmetry would be at the medial and lateral regions of the breast in 
rib/chest wall and extend for the length of the field which by default would include 
multiple rib segments. In this era injury, when it occurred, was simply ascribed to 
radiation therapy with limited attention to dose and volume treated. Radiation is not 
a drug; however, we did not have volumetric computational tools to be more exact in 
our review of process and convince our medical and surgical colleagues otherwise. 
We could not determine a specific dose volume effect relative to injury as we did 
not have tools to validate this point. Our approach to treatment planning changed 
with the introduction of computer tomography into simulation and volumetric 
driven radiation therapy treatment planning. With tools for contouring targets with 
reconstruction algorithms, radiation oncologists and treatment planning teams could 
visualize targets in three and four-dimensional volumes and review the juxtaposition 
of target volumes with normal tissue structures. This provided radiation oncologists 
opportunities to apply therapy in non-coplanar modulated geometries with beam 
arrangements that were more specific to each patient’s target volume.

Radiation therapy treatment planning and dose prescription permanently changed 
with the introduction of advanced technology. Dose was prescribed relative to vol-
ume, not isodose lines, and contouring normal tissues provided the infrastructure to 
develop strategies for conformal avoidance of normal tissue. Altering fluence profiles 
by moving multi-leaf collimators across radiation therapy treatment fields provide 
the opportunity to generate voxel-based dosimetry to further improve dose asym-
metry to tumor targets and place sharper dose gradients across normal tissue targets 
decreasing the risk potential for injury. The weakness in target specificity was therapy 
reproducibility and image validation of the targets before and during therapy. This 
was addressed with several manufacturing improvements including the integration 
of cone beam computer tomography into linear accelerators, use of four-dimensional 
treatment planning to develop therapy targets, and optical tracking tools to validate 
the lack of motion during treatment. Volume modulated arc treatment delivery pro-
vided the opportunity to decrease the time of treatment delivery with simultaneous 
multi-leaf and gantry motion. By decreasing treatment time delivery both durability 
and reproducibility of daily positioning could be confirmed. Motion, including deep 
inspiration breathing, is now validated with optical tracking systems. Decreasing the 
time of treatment delivery with volume modulated arc therapy provides confidence 
that patient care will not be influenced by intra-fractional motion.

These improvements have served to secure the success of radiation oncology 
moving forward as tumor targets are treated accurately with confidence and normal 
tissue protection is optimized. The improvements have also served to change the work 
scope and skill set of colleagues in the radiation therapy physics and treatment plan-
ning community. With the advent of volume-based planning, image integration into 
targeting has become the standard of care. With two-dimensional radiation therapy 
treatment planning, often the information needed to generate a standard treatment 



3

Clinical Considerations for Modern Dosimetry and Future Directions for Treatment Planning
DOI: http://dx.doi.org/10.5772/intechopen.105910

plan was fully available to the dosimetry and physics teams at the end of the simula-
tion hour. Today, most of the work in planning and targeting is performed after the 
simulation process. The simulation hour is used to create devices for immobilization, 
perform three- and four-dimensional imaging, and establish target coordinates for 
planning. Physicians contour targets for treatment after images are acquired and 
processed, often with diagnostic images fused into radiation therapy planning images. 
The work of the planning team cannot begin in earnest until the targets for therapy 
are contoured and constraints for normal tissues are defined for the objectives of 
the planned therapy. If there are delays in physician contouring, unintentional time 
constraint can be placed onto the planning and treatment validation process. The 
planning teams need to be well versed in volumetric therapy language as clinical, 
motion, and planning targets are applied to the intended areas of therapy by plan-
ning teams following protocol and/or institutional guidelines. The plan is developed 
as best as possible within the confines of the normal tissue volume constraints and 
validated through the quality assurance process. Image guidance and tracking process 
for quality assurance is initiated and maintained by the planning teams in collabora-
tion with the therapy teams. Planning teams are essential in all services housed within 
the department of radiation oncology from the time of simulation to treatment 
validation. Planning teams are involved in brachytherapy and stereotactic therapy 
with varied imaging and dose computational algorithms required for modern patient 
care. The skill set for the modern planning team is diverse requiring knowledge of all 
aspects of modern planning equipment and tools.

Therefore, the role of the planning team in radiation oncology has expanded to 
image-based volumetric dosimetry and plan validation. Dosimetrists now have an 
extended role in defining volumetric anatomy and plan validation. In this chapter we 
will review skills required by dosimetry and planning teams in each disease and dis-
cipline area; the role of imaging and dosimetry in both daily work scope and clinical 
trials; the skill set for the modern planning team; and define what a modern planning 
group might resemble soon [1–11].

2. Central nervous system

Patients requiring radiation therapy to the central nervous system (CNS) require 
a broad range of department services as these patients comprise both pediatric and 
adult populations including patients with primary and metastatic disease. Patients 
can require therapy to the entire CNS as well as stereotactic therapy to small targets 
with sharp dose gradients across critical normal tissues. The objectives for each 
patient have similarities with the primary goal to successfully treat the tumor target 
with conformal avoidance to as much central nervous parenchyma and critical 
structures as feasible and not compromise dose to target. In both pediatric and adult 
populations, sparing normal tissue now has near equivalent importance in patient 
management to tumor control and this has become essential to the treatment plan-
ning community. The CNS has multiple critical normal tissue structures with limited 
self-renewal capacity, therefore conformal avoidance when possible is important for 
optimal clinical outcome. Imaging plays an essential role in defining targets and accu-
rate contouring is fully dependent on image fusion and quality. Most tumor structures 
are not well visualized on computer tomography. Fusion software is aligned with bony 
anatomy and the irregular shape of skull landmarks lends itself to accurate integra-
tion of multiple image sets for contouring. Investigators have developed protocols in 
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glioblastoma multiforme using multiple magnetic resonance (MR) sequences involv-
ing spectroscopy, fluid-attenuated inversion recovery (FLAIR), and contrast images 
using dose painting strategies to help limit dose to critical structures. Spectroscopy 
is helpful when tumor abuts the corpus callosum and can define areas where disease 
extends to the contralateral hemisphere, FLAIR defines edema which can house 
disease, and contrast defines regions of blood-brain barrier disruption by disease. 
Positron tomography imaging with amino acids can define tumor in deoxyribonucleic 
acid (DNA) synthesis often not well visualized with gadolinium. The datasets help 
create multiple target volumes which can be treated as a single plan with individual 
fractionation and total dose to each target. For patients with metastatic disease, 
treatments are delivered with radiation treatment planning including radiosurgery 
to subtotal volume CNS targets and hippocampal sparing for improved neurocogni-
tion. The growth of MR imaging has facilitated the development of subtotal volume 
therapy. Pediatric radiation therapy on selected germ cell protocols is delivered to 
spinal fluid pathways with temporal lobe sparing and standard risk medulloblastoma 
therapy boosts are now planned to image targets and not the entire posterior fossa in 
order to spare normal tissue. The plans require creativity with a balance of constraints 
between multiple normal tissue targets with dose limitations applied to the CNS tissue 
volume in the treatment field.

Often tumor targets come in close approximation to normal tissue and planning 
teams need to be fluent in multiple aspects of field geometry including table motion, 
off-axis fields, and six-degree couch motion and place dose gradients across struc-
tures including optic nerves, chiasm, and the cochlea when needed. Artificial intel-
ligence (AI) will have influence in this aspect of care as field design can be optimized 
to constraints through an iterative process once the contours have been drawn and 
processed. The plan, once approved, is validated through a quality assurance process 

Figure 1. 
Dose painting intensity-modulated radiation therapy (IMRT) plan for a posterior fossa glioma.
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and treatment can begin once the patient’s therapy portal images are generated and 
approved. Figure 1 is the treatment plan of a patient with neurofibromatosis with an 
astrocytoma in the posterior fossa occupying the fourth ventricle showing high and 
intermediate risk volumes defined on MR with conformal avoidance of the cochlea.

Planning for diseases in the CNS is clinically important as normal tissues of the CNS 
have limited self-renewal potential, therefore conformal avoidance to as many struc-
tures as possible with radiosurgery (SRS) and stereotactic radiation therapy is essential 
for outcome. Few diseases alter the well-being of the patient more than injury to the 
CNS imposed by disease and treatment. Limiting sequelae of therapy is an essential goal 
for the dosimetry team [12–23]. Further improvements in small field dosimetry permit 
multiple lesions to be treated in a segmental manner with a single plan with one isocen-
ter. Figure 2 is an example of a single isocenter plan simultaneously treating multiple 
lesions in the CNS using the Varian RapidPlan system with volume modulated arcs. 
The arc permits simultaneous dynamic motion of the treatment gantry and multi-leaf 
motion to optimize delivery to tumor and limit dose to normal tissue.

Figure 2. 
Dose delivery to multiple lesions with a mono-isocenter in the central nervous system using a single plan to treat 
all lesions. (A) Pre-SRS MRI; and (B) Isodose lines (Rx = 18Gy to 11 tumors in single fraction treatment) on post 
treatment MRI 8 months later.
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3. Head/neck

With the advent and recognition of human papilloma virus (HPV), the incidence 
of head and neck carcinoma has significantly increased including patients who are 
lifelong non-smokers. These are challenging patients to plan as there are a multitude 
of normal tissues to provide both conformal avoidance and titration of dose asym-
metry. Our knowledge of dose constraints continues to mature and we are applying 
strategy to as many normal tissue volumes as the primary target will permit. Spinal 
cord dose is limited to 50 Gy to 1% when feasible. Dose volume constraints are applied 
to the mandible, retropharyngeal muscles, carotid vessels, larynx, brachial plexus, and 
thyroid when possible. When tumors involve the paranasal sinus and skull base, 
constraints need to be applied to orbital structures, pituitary gland, optic chiasm, 
cranial nerves and temporal lobe including the hippocampus when possible. These 
constraints are balanced with tumor location and normal tissue anatomy coupled 
with knowledge of tissue molecular biomarkers.

In these patients, gross tumor volume (GTV) is often well defined on anatomic 
and metabolic imaging coupled with findings on physical examination. This permits 
more expert targeting of disease location as well as clinical target volumes (CTV) 
thought to be at risk for disease, often considered one lymph node station beyond 
gross tumor. Planning target volumes (PTV) are designed for daily set up variability, 
however with the advent of optical tracking tools and improved image guidance, 
the traditional need for a 5 mm PTV can be re-visited as arbitrary application of 
expanded targets can often extend target dose into normal tissue structures and 
outside of the patient if not carefully applied. Vertebral bodies can often be natural 
barriers especially if volume expansion places the spinal cord at risk for additional 
radiation dose. Modern image guidance has likewise improved daily reproducibility of 
radiation therapy treatment. This allows departments to re-visit the concept of a PTV 

Figure 3. 
IMRT plan for ethmoid sinus esthesioneuroblastoma. Note conformal avoidance of the globes.
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since daily patient treatment is more secure and consistent. Titrating the volume will 
decrease radiation dose asymmetry and improve clinical outcome.

In applying constraints, it will be important for therapy teams to track outcome 
through pathways previously less well studied. For example, although it is likely that 
the dose/volume relationships of retropharyngeal tissue treated influences outcome, 
recognizing this is driven in large part by the location of primary disease. We need 
strategies including speech/swallowing colleagues to study this effect and learn where 
to dose/volume reduce when feasible. Audiologists will help radiation oncologists 
apply metrics to outcome for alterations in hearing imposed by therapy. Building 
a portfolio for outcome analysis will support process improvements in radiation 
therapy planning and support the identification of patients who would potentially 
benefit from supportive intervention prior to the appearance of visible sequelae of 
management. Figure 3 represents the plan of a patient with recurrent paranasal sinus 
esthesioneuroblastoma with conformal avoidance of the optic chiasm.

This is a growing population of patients who will benefit from the attention to 
detail required for optimal tumor control and normal tissue function [21, 24–30].

4. Thorax

Lung cancer has evolved over the past two decades from a disease of habit to a disease 
of molecular biology. Lesions are now treated with multiple techniques including discon-
tinuous planning such as dose painting/altered fractionation to peripheral nodules and 
more traditional fractionation to regions of central mediastinal disease where tumor abuts 
critical central structures. With the advent of immunotherapy, the situation has become 
more complex as toxicity can occur in both high and low dose regions making planning 
and dose constraints challenging to meet. Lung tumors can be large and often are in less 
favorable thoracic locations to meet cardiac and pulmonary constraints. Accordingly, 
modern lung cancer protocols that include immune-radiotherapy place strict constraints 
on V20 and V5 with a dose ceiling of 60 Gy. To meet constraints, nearly all modern 
industry and National Cancer Institute’s (NCI) National Clinical Trials Network (NCTN) 
clinical trials treat limited to no elective at risk volumes. Only gross tumor as defined 
on anatomic and metabolic imaging is often contoured with dose constraints placed on 
cardiopulmonary volumes, soft tissue, chest wall, and spinal cord.

Thoracic planning will remain an enigma with imperfections applying dose to 
structures. Most thoracic plans are now performed with intensity modulation. If left 
to its own device, intensity modulation will titrate dose asymmetry (hot spots) but 
unfortunately push dose to vulnerable pulmonary parenchyma if a strict low dose 
(V5) and moderate dose (V20) constraint is applied. When these constraints are 
applied, dose will be driven back to high dose segments which in turn will create hot 
spots, largely in anterior/posterior soft tissue intentionally lateral to the spinal cord. 
This has the potential of increasing dose to the chest wall and soft tissue structures. 
Often this is viewed as acceptable in order to prioritize more limited dose to pulmo-
nary parenchyma. This results in the need for balance of constraints.

As the number of cancer survivors grow [31], the modern cancer patient is asking 
different questions concerning outcome beyond the question of tumor control. Thoracic 
malignancies including primary lung, esophagus, and lymphoma can generate dose to 
vascular structures and therefore cardiac dosimetry is an important element to thoracic 
therapy. Historical therapy directed to the heart as an unintentional target is associated 
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with coronary artery disease, myocardial dyskinesis, valvular disease, electrical conduc-
tion changes, and pericardial disease. It is now also recognized that as blood migrates 
through chambers during treatment, radiation can decrease white cells and other blood 
elements. Once thought to be exclusively related to marrow dose, the heart becomes a 
vehicle for immune suppression through therapy. Therefore, for all epithelial and liquid 
diseases of the thorax, attention to detail to the heart and cardiac subsegments need to 
be assigned constraints when feasible. This information becomes invaluable to both the 
cardiologist and primary care provider teams in evaluating the patient and creating a 
survivorship plan including cardiac prevention strategies. We cannot evaluate radiation as 
a “drug” and to optimize survivorship programs, defining dose to subsegments and ves-
sels will provide meaningful information to patients and care providers. Future AI tools 
will help optimize consistent application of contours to subsegments which will optimize 
strategies for conformal avoidance by the planning team. The esophagus abuts the left 
atrium; therefore, radiation oncologists can provide information on dose to the electrical 
conduction system as a cardiac subsegment as part of survivorship planning as tumor tar-
get will abut the posterior wall of the atrium. Improvements such as this instill confidence 
in providers and patients recognizing that we place value on outcome. The same approach 
can be adopted to other normal tissue volumes including pulmonary parenchyma. Often 
thoracic lung cancer patients have compromised baseline function with limited pulmo-
nary capacity, therefore conformal avoidance of parenchyma is important.

Future strategies for application of tools for planning will include functional 
coefficients for cardiopulmonary volumes. Currently we can only assign anatomical 
coefficients without recognizing that function may be an important component to 
future planning paradigms. Lung will remain a balance of constraints including low/
intermediate, and high dose parenchymal segments as well as cardiac, esophageal, 
spinal cord, the chest wall volumes. Integrated databases with images, radiation 
therapy plans, and outcome with help us further refine planning strategies for 
thoracic oncology patients (Figure 4) [32–63].

Figure 4. 
Esophagus patient with a pre-operative radiation therapy treatment plan demonstrating conformal avoidance of 
cardiac and pulmonary volumes.
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5. Abdomen/pelvis

Radiation therapy plays an important role in the treatment of abdominal and pel-
vic malignancies which include the need for stereotactic therapy and brachytherapy. 
This requires an expanded skill set for the planning team as the team must prepare for 
additional therapy superimposed on teletherapy.

In the past two decades the liver has become an important focus for radiation 
therapy. Systemic therapies have improved for metastatic disease and primary 
hepatocellular carcinoma has significantly increased in incidence; therefore, radia-
tion oncologists are applying advanced technology tools to the management of these 
patients including stereotactic therapy for definitive management and as a bridge to 
transplant. Planning teams become fluent in fusion of multiple MR and metabolic 
image sets into planning computer tomography including motion management 
techniques for successful treatment planning and delivery. Liver targets are often 
difficult to visualize in early iterative versions of cone beam computer tomography to 
validate target positioning for therapy, therefore planning teams have used versions of 
fiducial tracking to validate positioning for treatment set up. Multiple constraints are 
applied to liver targets including mean dose and partial volume dose. Constraints are 
applied to gastric/small tissues in close approximation to the liver as well as cardiac, 
pulmonary, and renal constraints applied in selected areas relative to target volume 
location. This is an important area of clinical research as radiation therapy is also 
being supplied via radio pharmacy with Y-90 and other compounds in development. 
Additional theranostic therapies have hepatic uptake, therefore this dose will need to 
be calculated as well for dose volume analysis.

Volumetric dosimetry is needed in this area. Although Y-90 can be applied to 
the region of disease, tumor vascularity may prevent uniform application of dose 
and the area of intended therapy may be underdosed with migration of therapy 
away from the intended target. The strategy for volumetric dosimetry with both 
diffusion kinetics and evaluation of migration is being developed and will likely 
include serial single positron computer tomography images obtained frequently 
(daily) and fused into a planning computer tomography to evaluate areas of 
disease potentially undertreated which can then be augmented with stereotactic 
therapy. Likewise, areas of dose migration can be identified as regions of confor-
mal avoidance for the radiation planning team through these processes. Modern 
planning teams need to be nimble in image fusion and registration in order to 
optimize patient care in this group of patients. Figure 5 represents a stereotactic 
hepatic radiosurgery treatment.

Upper abdominal therapy is often directed to biliary, pancreatic, gastric, and 
lower esophageal targets. In this cohort of patients often bowel, renal, liver, and occa-
sionally cardio/pulmonary constraints need to be applied with thought. In patients 
treated in a post-operative setting, tolerance to bowel may need to be titrated, espe-
cially if it is devascularized and fixed in position. This is commonly seen after pelvic 
surgery. Likewise, the regions of the gastrointestinal and biliary anastomoses must be 
identified for conformal avoidance/dose titration as best as possible. Invariably, these 
areas can reside in high-risk regions, therefore advanced planning techniques need to 
be applied to optimize patient care and avoid injury.

For treatment to the pelvis, often bowel, bladder, and rectum are considered 
targets at risk. Mucosal surfaces of these organs are tissues of self-renewal potential 
and injury is often related to limitations in cell re-growth along the mucosal surface 
resulting in bleeding/nerve exposure resulting in pain. Long term effects such as 
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perforation are unusual appear to center of areas of previous surgical intervention 
which are inherently devascularized/fixed in position. This is true for all surgical 
colleagues including gynecological oncologists, urologists, colorectal surgeons, and 
surgical oncologists. When possible, these areas need to be identified pre- radia-
tion therapy for dose titration when not intentionally included in high-risk tumor 
volumes. Although we can treat more tissue than a surgeon can remove includ-
ing extended nodal volumes, outcomes in post-operative patients require careful 
exchange between the radiation oncologist and surgical colleagues in designing 
target volumes of interest to optimize patient care and place dose gradients across 
tissues considered vulnerable to injury.

There is increasing interest in the use of radiation therapy for abdominal and 
pelvic malignancies and use of stereotactic techniques when feasible to limit sequelae 
of management. The modern physics team will increasingly use advanced technology 
in the care of these patients. As we improve our technology, we must be cognizant 
of knowledge moving forward. For example, most in the radiation oncology com-
munity were unaware of insufficiency fractures in the sacrum associated with 
radiation therapy. However, with symmetric application of extended targets beyond 
the gross tumor volume defined by pre-sacral lymph nodes, if one is not careful full 
dose can be applied through the planning target volume (PTV) if the targets are 
applied in a symmetric manner. With modern MR sequences, we see the fractures on 
occasion at radiation doses under 6000 cGy, therefore it is important to place dose 
gradients across the sacrum and try not to place full dose across the entire structure. 
Investigators have found the pre-therapy exercise programs designed to maintain 
flexibility supports treatment reproducibility. This will become an important aspect 
of survivorship programs [64–72].

6. Breast

Patients with breast cancer will continue to require significant attention to detail 
by physics and dosimetry in the development of their care path for radiation therapy 
treatment planning. Because of irregular topography and multiple sloped surfaces 

Figure 5. 
Hepatic stereotactic body radiosurgery plan.
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of the breast which are patient specific, breast planning will not easily succumb 
to exclusive planning through AI. Optimizing radiation therapy treatment plans 
remains a balance of constraints. With modern treatment planning techniques, 
most breast geometries can be planned with no more than 5% of the breast target 
receiving 107% of the prescription dose when treatment is applied to breast tissue. 
Contouring, however, must be carefully done as breast requires both the radiation 
oncologist and the planning team to simultaneously think in 2, 3, and 4 dimensions 
to achieve objectives of management including contouring regional anatomy and 
establishing goals. If the oncologist contours from midline to the latissimus muscle 
in a left-sided breast patient, it is difficult to meet normal tissue constraints for the 
left ventricle, mean heart dose, and left pulmonary parenchyma as defined by most 
clinical trials. If arcs are applied, often constraints cannot be met for total lung and 
contralateral breast if tumor target dose homogeneity constraints are too strict. In 
these circumstances, the planning engine wants to please the planning team, there-
fore if constraints to normal tissue are not included in the planning strategy, the 
engines will work to limit radiation dose asymmetry through the target. However, 
the more homogeneous the plan becomes through the therapy target/breast, the 
more dose is “pushed” into normal tissue including heart/lung, and contralateral 
breast. Therefore, the planning teams and the radiation oncologist must provide 
balance to constraints to meet both tumor coverage without exaggerated dose to 
target volumes and limit dose to normal tissue. One of the key elements to planning 
breast radiation is to contour breast tissue without intentionally contouring volumes 
to midline or posteriorly to the latissimus. When possible, contour breast tissue 
including the surgical cavity in the target volume. Because of applying underlying 
cardiac and pulmonary constraints, dose will naturally be “pushed” to the medial 
and lateral chest wall parenchyma. If one contours to midline, dose can easily be 
pushed well into the contralateral breast without intent due to the attempt to provide 
full coverage to this point and well as the latissimus laterally. As the target becomes 
more inferior, therefore is less breast tissue in both the medial and lateral planes, 
providing an opportunity to titrate volumes in these locations and limit cardiac dose 
for left-sided patients. Therefore, contouring becomes a very important aspect to 
breast cancer radiation therapy. If the volumes are over-drawn or drawn in a casual 
manner, there is less physics and dosimetry can do to improve the situation. In a 
similar manner, strategies for regional care need to be carefully designed to balance 
dose to target and normal tissue. The internal mammary lymph nodes follow the 
anatomy of the internal mammary artery and there is direct drainage to level 3 and 
the sub-pectoral region as well as the axilla, therefore strategy must be applied to 
extent of regional coverage as seen in Figure 6 as normal tissue dose is influenced by 
the contour and dose assigned to the target. Although anatomic guidelines have been 
established for clinical protocols, recent publications have suggested that regional 
failures can occur beyond the target volumes defined from anatomical guidelines, 
therefore we must identify high risk patients and possibly extend our field edges 
beyond our traditional boundaries. Patients with triple negative disease often now 
undergo positron emission tomography prior to initiating therapy. In these selected 
patients, nodal disease is at times identified beyond traditional field boundaries, 
therefore volume of regional disease now is driven by imaging.

Breast remains a disease requiring thoughtful application of radiation therapy to 
the breast, surgical cavity, and regional targets. Because outcomes remain excel-
lent, attention to detail including normal tissue constraints is essential to modern 
planning [73–91].
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7. Extremities

For both adults and children, treatment of the extremities requires significant atten-
tion to detail. There are multiple tissue compartments that can be affected by therapy 
and each can have consequence for late effects of management. These can include major 
blood vessels, bone, joint spaces, nerve, and muscle bundles. Children require additional 
conformal avoidance to growth plates when possible for optimal outcome for growth 
and development. This is an area where natural barriers may be helpful in placing dose 
gradients across structures to limit late effects, especially bone and joint spaces.

Because the extremities resemble cylinders, volume modulated arcs often play 
an important role in radiation therapy planning. It is important to spare a strip of 
normal tissue as it extends through the cylinder. Although most oncologists try 
to generate the strip in a linear manner, is it likewise clinically acceptable to spare 
tissue in a non-linear serpentine manner if the strip remains non-interrupted. Of 
equal importance is the concept of immobilization. Historically, radiation oncolo-
gists approached this from a perspective that casts and rigid structures provided 
the optimal security for treatment reproducibility. However, even within a rigid 
structure, alterations in anatomy can occur either on a pre- or post-operative basis 

Figure 7. 
Near circumferential extremity target with popliteal adenopathy. Note sparing of normal tissue in the posterior 
compartment.

Figure 6. 
MRT plan for breast radiotherapy with intentional (left) and unintentional (R) inclusion of internal mammary 
structures. Note difference in cardiac dose.
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rendering the utility of rigid structures. Modern alignment and optical tracking 
tools have altered our approach to this situation. With the generation of these tools, 
we can build a “virtual cast” and maintain alignment without the rigor of rigid 
tools. Patients are more comfortable, we are more secure in daily treatment repro-
ducibility, and treatment time is considerably decreased further contributing to 
security in daily set up. The volumes in these cases lend well to advanced technology 
therapy and conformal avoidance of key structures can be more readily accom-
plished. Figure 7 represents a patient with an extremity lymphoma with popliteal 
adenopathy using volume modulated arc treatment to treat the circumferential 
target with sparing oof posterior soft tissue for lymphatic drainage [92–99].

8. Pediatrics

Pediatrics is a special subgroup of patients requiring considerable care and atten-
tion to detail. This population requires many departments within the hospital setting 
including anesthesia and social services to manage and optimize patient care. Often 
the targets treated in children are both similar and dissimilar to adult counterparts. 
CNS tumors often require similar normal tissue avoidance strategies with careful 
attention to the volume of temporal lobe treated including essential structures includ-
ing but not limited to the chiasm, cochlea, retina, and brain stem. Diseases including 
germ cell tumors and medulloblastoma require therapy to the CNS fluid pathways, 
therefore strategy of care is different than adults and includes the craniospinal axis. 
Intensity modulation and protons have been used to limit exit dose to cardiac, pulmo-
nary, liver, bowel, vertebral body, and renal volumes. Pediatric diseases often requir-
ing whole lung therapy and strategies are now more routine to provide conformal 
avoidance of the heart using four-dimensional technology and volume modulated arc 
therapy. Neuroblastoma, sarcoma and other soft/bone tissue primary lesions often 
require advanced technology therapy application with a growing interest in ther-
anostics for neuroblastoma care. In NCTN clinical trials, more than 25% of pediatric 
patients are now treated with protons when they receive radiation therapy, and this 
number is expected to increase moving forward. Figure 8 is a 7-year-old patient 

Figure 8. 
Conformal avoidance of the heart in a 7-year-old patient during whole lung radiotherapy.



Dosimetry

14

requiring whole lung therapy being treated with cardiac avoidance. Note the ability to 
limit dose to the cardiac structures using volume modulated arc therapy [93, 99–106].

9. Imaging in radiation oncology

With the advent of volumetric radiation therapy planning systems, imaging has 
become essential for modern therapy including dosimetry. Prior to the development of 
computer tomography-based simulation, patients were treated with two-dimensional 
planning with fluoroscopy simulators. Computer tomography simulation was a para-
digm shift in radiation oncology. Today imaging is the infrastructure to all elements 
of activity in the department. Thoracic and upper abdominal patients are simulated 
with four-dimensional imaging. Many head and neck and nearly all CNS patients are 
planned with fusion imaging to accurately define target volumes of interest. Many CNS 
patients are now planned with multiple MR sequences which when applied are used for 
dose painting on clinical protocols using FLAIR, spectroscopy, and contrast as areas to 
target. Cone beam computer tomography has been incorporated into linear accelerators 
for daily target validation and can be applied for adaptive radiation therapy planning. 
Portal imagers have a dual role as a dosimeter. Single photon emission computed 
tomography (SPECT) imaging will play an essential role in computational analytics for 
theranostics at multiple time points to evaluate dose to volume and migration. Today, all 
patients are treated with image guidance to ensure stability and reproducibility in daily 
positioning. Optical tracking tools are used to ensure three-dimensional stability of 
patient set up during treatment and imaging is used to validate outcome. These changes 
in daily work and workflow have largely occurred during the past two decades, there-
fore physics staff and dosimetrists have become nimble in image acquisition and fusion. 
Modern planners have become expert in radiographic anatomy and often are respon-
sible for contouring normal tissues including subtle structures such as the optic chiasm 
and the cochlea. These skills are far different than the skill set required two decades ago, 
and this evolving expertise is an important aspect to modern planning teams [1–11].

10. The role of AI in radiation oncology

As treatment planning becomes more complex, tasks that can be performed by AI 
will become invaluable to department workflow and an essential tool for planning 
teams. There are evolving standards in radiation oncology which must include the 
tools of artificial intelligence to optimize patient care moving forward. Departments 
will need to become as efficient as possible, even in performing tasks with advanced 
complexity. There are changing reimbursement models for radiation oncology and 
it is anticipated that compressed fractionation models will continue to mature. 
Therefore, even though the number of treatments to patient may decrease, there will 
be no decrease in the number and complexity of plans created for patients which will 
place planning teams including dosimetrists at the crossroad between devoting time 
to optimize a patient plan and efficiency of time applied to the task. We will need AI 
tools to help support and facilitate plan development. There are tools available for 
auto-contouring normal tissue and AI tools are in development to support planning 
including radiosurgery including the plan seen in Figure 2. This will save time and 
effort for planning teams and permit planners to focus on optimizing plans relative to 
constraints established for each patient [107].
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11. Dosimetry in clinical trials

Clinical trials including the NCTN and industry are the primary vehicles used 
to validate process improvements in patient care. Quality assurance in clinical trials 
is important as the process ensures consistency in trial execution and we can trust 
the outcome of the trial. Physics and dosimetry teams play an important role in the 
development and execution of clinical trials. Members of the Imaging and Radiation 
Oncology Core (IROC) will write guidelines and data management strategies into each 
clinical trial for imaging and radiation oncology. IROC will review clinical trial objects 
in real time to ensure completeness of the data acquisition process and re-compute 
patient analytics for target and normal tissue dose in a single platform to harmonize 
dose to volume for each patient on study. It is only through processes such as this that 
data can be powered to understand toxicity relative to dose/volume and ensure protocol 
coverage of tumor targets. Moving forward, large databases housed in a uniform format 
with planning and outcome imaging will be required to optimize our understanding of 
tumor contouring and normal tissue metrics. Annotation of these cases can be used for 
the development of AI programs. Clinical trials remain our primary resource to confirm 
standards of care and the quality assurance physics and dosimetry teams of IROC serve 
an important role in the development and standardization of standards. The Cancer 
Imaging Archive (TCIA) will be an important resource to further enhance our knowl-
edge by associating radiation therapy data with pathomics and radiomics [1–11].

12. Conclusions

Radiation therapy will play an important role for oncology care moving forward. With 
increasing evidence of the success treating patients with oligometastasis and refinement 
of tools for radiosurgery including protons, theranostics, and particle therapies, radiation 
oncology will remain an important component for patient care for decades to come in 
nearly all disease areas using sophisticated treatment strategies. An increasing number 
of patients with cancer are now treated with curative intent and the plans developed for 
these patients is becoming increasingly complex with varied normal tissue constraints, 
especially seen in patients requiring re-treatment. Many disease programs including 
breast and prostate are being treated with compressed fractionation, therefore there will 
be a decrease in the number of treatments, yet the number of plans will increase, and the 
complexity of each plan will increase. Therefore, the skill set of the planning teams will 
not resemble the skill set required for work a decade ago. Tomorrow’s planning team will 
be fluent in AI for plan optimization and applied imaging/image fusion for target defini-
tion. Planning teams will require skill and knowledge to create sophisticated treatment 
plans in a timeframe required for timely care. Although an exciting new era for radiation 
oncology, the skill required for treatment planning and treatment execution is increasing 
and departments will need to provide educational resources to meet this need moving 
forward. Training programs will need to adapt to meet these evolving standards. The 
future of radiation oncology is strong; however, we must continue the process of self-
improvement to meet the needs of patients moving forward.
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Chapter 2

Treatment of Head and Neck 
Cancers Using Radiotherapy
Wan Shun Leung and Hing Ming Hung

Abstract

Radiotherapy is one of the major treatments for head and neck cancers. This 
chapter discusses the importance of radiotherapy in treating the common types of 
head and neck cancers, which can be used as a primary treatment or as a postopera-
tive adjuvant treatment to increase the survival of head and neck cancer patients. 
Because head and neck cancers are likely to be closely surrounded by radiation-sen-
sitive vital organs, the dosimetric superiority of intensity-modulated radiotherapy 
(IMRT) to achieve highly conformal dose to the planning target volume (PTV) and 
avoidance of organs at risk (OARs) helps maintain the cornerstone role of radio-
therapy in treating the disease. The rationale of IMRT and the treatment planning 
technique are introduced. Treatment planning of radiotherapy is one of the key 
procedures in IMRT. The inverse planning process involves many decision-making 
steps, including PTV and OAR delineation, beam arrangement settings, objective 
function setting, etc. These important steps are all illustrated in the chapter, with a 
specific discussion of planning challenges relevant to head and neck cancers. Finally, 
the promises for further development of IMRT in terms of OARs dose sparing and 
PTV dose escalation are briefly discussed and reviewed.

Keywords: radiotherapy, treatment planning, head and neck cancers, IMRT, VMAT

1. Introduction

This chapter aims to provide background information about head and neck 
cancers, including their respective treatment options and radiotherapy techniques. 
It is divided into 4 parts. Part 1 summarizes the information about head and neck 
cancers and the use of radiotherapy for head and neck cancers. Part 2 introduces the 
intensity-modulated radiotherapy (IMRT) which is commonly used in the treatment 
of head and neck cancers. Part 3 reviews the planning techniques of IMRT. Finally, 
part 4 discusses the current challenges of head and neck cancers radiotherapy and the 
promises to overcome the challenges.
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2. Head and neck cancers

2.1 Epidemiology statistics

Head and neck cancers refer to the carcinomas that originate from any parts of 
the upper aero-digestive tract. They also include the cancers of the thyroid and sali-
vary glands. Although head and neck cancers no longer rank among the top 5 cancers 
in the latest report [1], they are still regarded as major types of cancer in Hong Kong 
[2]. One of the main reasons for this recognition is that nasopharyngeal cancer 
(NPC) is ranked sixth in terms of the number of new cases in the male population in 
Hong Kong [1]. The NPC worldwide figures illustrated by the age-standardized rate 
(ASR) was 1.2 per 100,000 [3], which were much lower than the incidence in Hong 
Kong which was 7.4 per 100,000 in the year 2012 [1]. The high incidence of NPC in 
Hong Kong is attributed to its special geographical epidemiology pattern that 76% of 
new cases were found in east and south-eastern parts of Asia, in which Hong Kong 
is situated [4]. Other head and neck cancers recorded in the Hong Kong Cancer 
Registry include cancers of the lip, oral cavity, pharynx, nasal cavity, middle ear 
and accessory sinuses, larynx, and thyroid gland. Altogether, there were 2617 new 
cases of head and neck cancers reported in 2016 in Hong Kong, which accounted for 
8.3% of all cancer new cases [1]. NPC was the most common type of head and neck 
cancer, accounting for 46.6% of all new cases. It was followed by the cancer of the 
tongue and larynx which accounted for 13.9% and 11.4%, respectively [1]. Although 
there have been some variations in the trend of ASR between sub-sites, the overall 
ASR of head and neck cancers in Hong Kong has remained around 21 per 100,000 in 
the past decade. Because of the relatively high incidence of head and neck cancers, 
their treatment remains one of the major burdens in the health care services in Hong 
Kong [2].

2.2 The role of radiotherapy in major types of head and neck cancers

The role of radiotherapy in the radical treatment of five types of head and neck 
cancers including cancers of the nasopharynx, oral cavity, larynx, maxillary sinus, 
and parotid gland is discussed in this section. Intensity-modulated radiotherapy is 
a standard radiotherapy technique used. The benefit of IMRT is that it is capable of 
delivering highly conformal doses to the target while sparing the nearby organs at risk 
(OARs).

2.2.1 Nasopharynx

Radiotherapy is the major treatment modality for nasopharyngeal carcinoma 
(NPC). It is because the primary tumor site of NPC is difficult to be accessed by surgi-
cal intervention, and the tumor cells of NPC are sensitive to radiation [5]. The use 
of radiotherapy alone is effective to treat stage I to II NPC, while concurrent chemo-
therapy is added for higher stages disease to achieve better local-regional control and 
survival outcome [6]. IMRT is the preferred radiotherapy technique and the late side 
effect of xerostomia in patients receiving IMRT was significantly reduced [7]. The 
current standard of the prescribed total dose to the primary tumor is to give 70 Gy in 
33–35 fractions [8]. With the use of simultaneous integrated boost, the prophylactic 
dose which is lower than the dose to the primary tumor is prescribed for the poten-
tial microscopic spread of the primary tumor and selected cervical lymph nodes 
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regions. The prophylactic prescription can be varied in different local practices, it 
was reported that the prescriptions for the intermediate and low-risk cervical lymph 
nodes were about 60 Gy and 50 Gy, respectively [8, 9].

2.2.2 Oral cavity

The cancer of the oral cavity includes various sub-sites such as the anterior 
tongue, buccal mucosa, hard palate, soft palate, alveolus, and floor of the mouth. 
The primary treatment of the cancer of the oral cavity varied according to the stage, 
which can be briefly divided into early and advanced. For early-stage which refers to 
T1 and early T2 tumors, radiotherapy entirely or partly delivered by brachytherapy 
can result in similar local control as in surgery [10, 11]. However, a recent retro-
spective study reported that primary radiotherapy to early-stage oral cavity cancer 
patients resulted in higher mortality as compared with those who received primary 
surgery [12]. It has also been reported in the same article that the majority (more 
than 95%) of early-stage oral cavity cancer patients received primary surgery. The 
small proportion of patients receiving primary radiotherapy in this group of patients 
was attributed to the fact that brachytherapy services were not available due to lack 
of expertise and suitability of applicator for insertion [10]. Hence, most early-stage 
oral cavity cancer patients receive surgery for primary treatment, although radio-
therapy is also an alternative. Postoperative radiotherapy is only indicated for positive 
or close margins after resection [13]. For advanced oral cavity cancer, surgery is 
often the standard primary treatment whenever resectable [14], and then followed 
by adjuvant radiotherapy or chemo-radiotherapy. For non-resectable advanced oral 
cavity cancer, radical radiotherapy is offered in conjunction with chemotherapy or 
targeted therapy to improve disease control [15]. The total prescribed dose is 70 Gy 
to the gross tumor or 66 Gy to the tumor bed after resection, delivered with 2 Gy per 
fraction. Similar to NPC, prophylactic irradiation to the cervical lymph nodes regions 
is also used, where 60 Gy and 54 Gy are prescribed to the intermediate-risk and low-
risk regions, respectively [16].

2.2.3 Larynx

A specific consideration when treating cancer of the larynx is preserving organs 
and function. Radiotherapy alone or concurrent chemoradiotherapy is the most 
widely applied approach in organ preservation therapy [17]. Radical surgery is the 
rival choice for the patients, the outcome would lead to sub-optimal quality of life 
because it would result in loss of voice, swallowing problem, and often a permanent 
tracheostomy. To achieve a better quality of life after treatment, organ preservation 
therapy using radiotherapy or chemoradiotherapy is recommended for early-stage 
disease and some advanced cases of T3 and T4 [17, 18]. The consideration of offering 
surgery instead of radical chemoradiotherapy for advanced cases includes patients’ 
condition and the extent of the disease and should be assessed by an expert panel 
of clinicians from different disciplines [19, 20]. Even when surgery is chosen as the 
treatment option, radiotherapy still has the role in providing postoperative adjuvant 
treatment for high-grade tumors, positive margins, cervical lymph nodes involve-
ment, and tumor invasion beyond the larynx [21]. The prescribed dose ranged from 
66 Gy to 76 Gy to the primary tumor site and involved lymph node, and the prescrip-
tion for the selective lymph node with suspected microscopic involvement is at least 
50 Gy [22].
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2.2.4 Maxillary sinus

Although the primary treatment of the cancer of the maxillary sinus is surgery, 
postoperative radiotherapy is indicated for stage 2 and stage 3 disease, and for stage 
1 disease when the surgical margin is insufficient [20]. For locally advanced disease, 
induction chemotherapy and then concurrent chemoradiotherapy have been sug-
gested for non-resectable patients [23]. The treatment outcome for these patients 
would be better if the tumor can be down-staged and subsequent resection is possible 
[23]. The concern of the radiotherapy to the maxillary sinus includes the preservation 
of the optic apparatus which are near to the tumor [20]. It has been reported that 
37% of the patients who received conventional radiotherapy developed radiotherapy-
induced blindness [24]. IMRT is the preferred technique. It has been reported that 
IMRT could significantly spare nearby organs than those in 3DCRT. The dose to the 
optic chiasm can be significantly reduced from over 60 Gy in 3DCRT to less than 
40 Gy in IMRT [25], while the tumor coverage by the prescribed dose is increased 
from 83% in 3DCRT to 95% in IMRT. The prescribed dose to the primary tumor site 
ranged from 66 to 70 Gy.

2.2.5 Parotid gland

The primary treatment for the cancer of parotid gland is surgical resection. 
Radiotherapy is used for adjuvant postoperative treatment except in small and low 
histological risk tumor with clear surgical margins [26]. In addition, radiotherapy is 
also indicated as radical treatment in advanced parotid gland cancer cases when resec-
tion of the tumor is not possible [27]. The prescribed dose to the primary site is about 
66 Gy. IMRT is advocated as the treatment technique to improve OARs sparing [28].

3. Intensity-modulated radiotherapy

As discussed, IMRT has commonly used for radiotherapy of head and neck can-
cers The concept of IMRT has been introduced as early as 30 years ago [29], when 
the method of optimizing the intensity distribution of the incident beams with the 
purpose to achieve the required dose distribution in the targets was described. The fol-
lowing points summarize the concept of the delivery of IMRT: (1) There are multiple 
radiation beams with specially decided nonuniform intensity in beamlets, also known 
as intensity modulation. (2) The multiple radiation beams are applied from different 
directions, and the region of the convergence of the beams can achieve the desired 
dose distribution based on the modulated beam intensity. (3) Calculation of the 
modulated beam intensity usually follows an inverse approach, in which the final dose 
distribution indicated by planners is used by the computer to calculate the intensity of 
each beamlets in the treatment field of the IMRT plan.

The delivery of intensity-modulated beams is largely contributed by the dynamic 
multi-leaf collimator (MLC). The MLC can change the field shape automatically and 
the summation of numerous sub-fields in different shapes then generate a field with 
intensity modulation. A simplified rationale of intensity modulation is illustrated in 
Figure 1. Assume there is no OAR surrounding the target, the intensity of the beam 
should be proportional to the target thickness from the perspective of each beam. 
Although beam modifying devices such as wedges and compensators have been used 
in 3DCRT, their flexibility of beam intensity modification is far less than that in the 
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IMRT. This is best illustrated by the fact that IMRT can produce concave shape isodose 
distribution which 3DCRT can hardly generate. The freedom of intensity modula-
tion has a great impact on the dosimetric superiority of IMRT, in which better target 
coverage and less dose to the OARs can be achieved.

The superiority of IMRT over 3DCRT is illustrated in Figure 2, which shows 
radiotherapy plans for NPC patients. The dose-volume histogram (DVH) and the 
isodose distribution show that IMRT is more capable of sparing the dose delivered to 
both parotid glands while delivering an adequate dose to the PTV.

4. IMRT planning

To achieve the dosimetric superiority of IMRT described in the last section, the 
planning procedure adopts an inverse approach. Inverse planning is a process to 
determine the optimal beam intensity. Numerous inverse planning approaches have 
been proposed and they can be classified as dose-volume based or biological index 
based [30]. The inverse planning procedure starts with the delineation of the regions 
of interest (ROI) which includes the PTV and OAR, followed by the beam configura-
tion, objective function setting, and computer optimization. The workflow of IMRT 
planning is illustrated in Figure 3.

The procedures which require human input, including the setting of ROI delinea-
tion, beam configuration, and objective function, and evaluation of the plan are 
further discussed in the following sections.

4.1 Target delineation

Target delineation is the first and a very important step in IMRT planning to ensure 
effective treatment. The delineation of targets in head and neck cancers includes the 
high-risk, intermediate-risk, and low-risk planning target volume (PTV) [31]. The 

Figure 1. 
Illustration of the relationship of beam intensity and target thickness.
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intermediate-risk PTV refers to the regional lymph nodes and the isotropic margins 
of the high-risk PTV, the low-risk PTV refers to selective negative lymph nodes for 
prophylactic treatment, and the high-risk PTV encompasses the primary tumor or 
tumor bed and the positive lymph nodes. The consensus guideline on the delinea-
tion of elective lymph nodes levels is well-established [32]. The guideline classifies 
the regional lymph nodes in the head and neck region into 10 levels and defines their 
anatomical boundaries. While the selection of lymph nodes levels to be treated largely 
depends on different oncologists’ judgment and individual patients’ conditions, 
there have been published guidelines to review the criteria for the lymph nodes levels 
selection for treatment in different types of head and neck cancers [32, 33]. Contrary 
to the well-established consensus in the delineation of PTV for the regional lymph 

Figure 2. 
Procedure of IMRT planning.
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Figure 3. 
Comparisons in NPC patients with 3DCRT and IMRT plans. (a) Isodose distribution; (b) 3-dimensional dose 
color wash; (c) dose-volume histogram.
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nodes, the high-risk PTV delineation technique varies among oncologists. It can either 
be based on the isotropic expansion of the gross tumor volume or the inclusion of 
anatomical sub-sites [31]. The method of isotropic expansion to form PTV and the 
margins needed has been described [34]. The aim of the margins is to account for the 
uncertainties in the delivery of radiation to avoid target miss. On the other hand,  
the aim of the inclusion of anatomical subsites in the high-risk PTV in addition to the 
gross tumor volume is to include regions with possible microscopic extension [33].

The delineation of PTV is closely associated with the dose optimization regard-
ing the skin dose. Usually, oncologists contour a clinical target volume (CTV) that 
covers all clinical and subclinical malignancy to be irradiated [35]. PTV, on the other 
hand, would add geometrical margins to CTV to ensure that the prescribed dose is 
adequately delivered. The CTV to PTV margins can be determined by previously 
reported margin recipes, accounting for systematic and random error during irradia-
tion [36]. It is worth to note that there is a common circumstance when the head and 
neck cancers CTV stops just below the skin surface, i.e. no disease in the skin, while 
the PTV would cover the skin surface or even go beyond it after adding the CTV to 
PTV margins. In this case, the inverse planning procedure of IMRT would unneces-
sarily attempt to deliver an extra dose into the skin surface region [37], leading to 
excessive dose to the skin and adverse skin reactions [38]. Special attention is sug-
gested to these cases, where the target is close to but not involving skin surface so 
PTV margins should be modified to avoid excessive skin surface normal tissue dose. 
Many imaging modalities contribute to the delineation of the target. It is important 
for the definition of tumor extent, the assessment of lymph nodes involvement, and 
the evaluation of perineural spread [39]. The common modalities include computed 
tomography (CT) and magnetic resonance imaging (MRI). Both CT and MRI are 
imaging modalities that provide sectional images with 3-dimensional reconstruction. 
Each of them has their unique strengths and therefore can provide complementary 
information in the localization of tumors and organs at risk.

Although both CT and MRI generate sectional images, their image generation 
mechanisms are not the same. The CT generates images using X-ray. By rotating 
the X-ray tube, a fan beam of X-ray is irradiated around the patients. After passing 
through the patient’s body and being attenuated differentially by different body tissue 
with various densities, the X-ray detector receives many projections from the scanned 
body region. The computer then generates cross-sectional images based on the 
information gathered from the detected X-ray projections [40]. The resultant images 
are shown in grayscale according to the tissue density, which can be illustrated by 
appearing white for bone (high density), gray for soft tissue (medium density), and 
black for air (low density) [40]. In addition to the visualization of internal anatomy 
for the diagnosis purpose, the grayscale which is derived from the CT numbers and 
the robust geometrical information make the CT images suitable to be used for the 
dose calculation in radiotherapy planning [41].

On the other hand, MRI works by detecting the reaction of the MR-active nuclei 
in different parts of the body, mainly hydrogen, to the magnetic fields generated 
by the MRI machine [42]. MR-active nuclei refer to the particles that have net spins 
of the protons and neutrons, which create magnetic fields on the nuclei [43]. These 
MR-active nuclei, therefore, react to the strong magnetic field applied by the MRI 
machine. The image formation is first done by the application of magnetic field to 
patients’ body to align the spinning axis of the MR-active nuclei in the body tissue. 
Then, by the application of short pulse radiofrequency, the alignment is displaced and 
then relaxed. This procedure, called relaxation, leads to the release of energy detected 
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by the receiver coil [42, 44]. The two main types of relaxation are longitudinal relax-
ation time (T1) and transverse relaxation time (T2). T1 determines the rate of the 
spinning axis of the MR-active nuclei to realign to the MRI machine magnetic field, 
while T2 determines the rate of the MR-active nuclei to lose phase from the alignment 
[43]. The detection of the energy released can then be processed by computers to 
generate the cross-sectional images. The differences in the relaxation time (T1 or T2) 
and the density of the nuclei contribute to the tissue contrast in MRI images [43].

Utilization of both CT and MRI images in head and neck cancers is common 
because they are complementary to each other. In general, MRI is better in soft-tissue 
contrast while CT is better in detecting bone erosion. For example, T1 weighted MRI 
images are the most suitable to delineate NPC tumors because of better soft-tissue 
contrast and more sensitive in detecting the perineural extension of the tumor [45]. 
However, MRI images may fail to detect subtle skull base bone erosion, which can be 
complemented by coronary CT images in the bone window [46]. Also, in the cancer 
of the oral cavity, contrast-enhanced T1 weighted MRI images are the best for the 
delineation of tumor margin [47], while CT images are useful for the detection of the 
small lytic lesion in the cortical mandible [48].

In addition, PETCT also provides useful information to the commonly used CT 
and MRI images. The PETCT utilizes the mechanism of the increased uptake of the 
fluorodeoxyglucose (FDG) in tumor cells than in normal cells because of their higher 
metabolic activity [49]. The FDG uptake site can then be localized by scanners by 
detecting the radioactivity of the FDG. There are several circumstances that PETCT 
can provide supplementary information in addition to CT and MRI images. PETCT 
has been reported to have superior performance than CT and MRI in the detection 
of involved cervical lymph nodes. This is illustrated by the sensitivity of 90% and 
specificity of 94% in PETCT, compared with about 80% sensitivity and specificity 
in MRI and CT [50]. Also, PETCT is better in the detection of the unknown primary 
tumor, which is essential to decide the treatment regimen [51]. Furthermore, PETCT 
is useful in determining the presence of distant metastasis. It has the sensitivity and 
specificity of 89% and 95% respectively which indicates a very accurate diagnosis of 
the metastatic stage of the disease [52].

4.2 Organs at risk delineation

Inverse planning of IMRT involves the estimation of OAR dose for the calculation 
of the beam modulated intensity. The accuracy of the OARs delineation is crucial for 
the estimation of OARs dose, and hence the inverse planning procedure. There has 
been a consensus guideline on the OARs delineation in the head and neck regions 
[53]. This guideline listed the anatomical boundaries of 25 OARs in the head and neck 
region for the purpose of consistency in the delineation. Detailed atlas has also been 
supplemented for reference. Figure 4 shows part of the atlas provided by the guideline

4.3 Beam arrangement

In the early application of IMRT, an equally spaced beam arrangement was com-
monly used [54, 55]. There are two other beam arrangement options available in the 
Eclipse treatment planning system (Varian Medical System, Palo Alto, USA). These 
include volumetric modulated arc therapy (VMAT) that enables rotational beams 
and beam angle optimization (BAO) that automatically chooses optimal static beam 
angles in either coplanar or non-coplanar beam arrangements.
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4.3.1 Equally spaced beams (ESB)

The delivery of IMRT requires several beams to achieve the assigned dose distribu-
tion [29]. It has been a common practice to use the 5–9 beams arrangement in IMRT 
for head and neck cancer [55, 56]. Theoretically, a greater number of beams can have 
a higher chance to achieve the planned dose distribution, which increases the time for 
delivery and quality assurance. Hence, effort should be put to minimize the number 
of beams to use. Another concern in the beam placement is that opposing beams 
should be avoided in IMRT because it reduces the effectiveness of the optimization 
[57]. Furthermore, it has been calculated that the optimal number of beams is 7–9 
after striking a balance between the gain in dose distribution and the expenses of 
treatment time in further addition of beams [58].

4.3.2 Beam angle optimization (BAO)

Selecting optimal beam orientations can help to improve the dose distribution 
in complex plans [59]. BAO is a function available in the Eclipse treatment plan-
ning system that a built-in algorithm can automatically choose the optimal beam 

Figure 4. 
Part of the OAR delineation atlas. Adapted from [53]. Copyright 2015 the Authors.
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arrangements in static beam IMRT. The mechanism of selecting the beams is by 
elimination of beams from up to 400 pre-assigned beams orientations. Then, the cal-
culation of fluence optimization iterations can help to eliminate the beams that cause 
the least contribution to the pre-set objective functions until the number of desired 
beams is reached. Planners must customize the resulting number of beams, coplanar 
or non-coplanar arrangement, and the number of initial beams. Also, objective 
functions for each target volume and OARs must be set beforehand for the purpose 
of fluence optimization in the beam elimination process. The user interface of BAO is 
shown in Figure 5.

4.3.3 Volumetric modulated arc therapy (VMAT)

VMAT is a technique that enables the delivery of IMRT in one or more rotations of 
the linear accelerator gantry. The delivery time is shorter than static gantry methods 
while maintaining at least comparable dosimetric quality [60]. It is done by simulta-
neous modulation of the position of the multi-leaf collimator (MLC), dose rate, and 
gantry speed, while the gantry is rotating around the patient during treatment. The 
VMAT plan optimization is done on the same user interface as the fixed beam IMRT 
plan, which is the photon optimizer in the Eclipse treatment planning system. While 
individual optimal fluence for the beam intensity modulation is optimized for the 
fixed beam IMRT, the VMAT optimization considers the full rotation of the gantry 
by dividing it into 178 equally spaced control points [61]. Assuming that the radiation 

Figure 5. 
User interface of BAO in Eclipse treatment planning system.
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from each control point is delivered from a static gantry, the optimizer then generates 
the information of the MLC position, dose rate, and gantry speed altogether for the 
dose distribution calculation. The photon optimizer user interface for the optimiza-
tion of IMRT in the Eclipse treatment planning system is shown in Figure 6.

4.4 Optimization objectives and procedures

The setting of dose objective is a crucial step in inverse planning because it 
defines the doses to be delivered to various delineated structures. The computer then 
calculates the intensity modulation of the treatment field based on the definition of 
dose objectives [62]. While both dose-volume based objectives and biological objec-
tives can be input in the current commercially available system, dose-volume based 
objectives were more commonly used. This is because it has been demonstrated that 
the use of generalized equivalent uniform dose (gEUD) objectives would lead to 
poorer homogeneities [63]. Inverse planning was first proposed in 1982 [64], in which 
the dose distribution was defined by planners for the calculation of beam intensity 
to deliver the desired dose. It is an “inverse” process when compared with the con-
ventional “forward” approach, in which the planners define beam parameters for the 
calculation of dose distribution [62]. There are upper objective, lower objective and 
mean objective in the definition of dose-volume based objectives for a structure. A 
priority number is assigned for each objective to indicate their relative importance. 
Because the objectives to achieve target dose coverage and to avoid dose to OARs 
sometimes oppose to each other, the setting of priority provides information for the 
computer system to decide the “trade-off” between conflicting objectives.

4.5 Dose constraints of targets and OARs

In general, there are 3 types of dose constraints settings before the optimization. 
They are the PTVs, serial OARS, and parallel OARs respectively. For the PTV, it 
requires the setting of at least one upper objective and one lower objective as shown in 

Figure 6. 
User interface of photon optimizer.
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Figure 7. The resultant dose-volume histogram (DVH) should show that the majority 
of the PTV receives the desired dose with little volume receive the higher dose, and 
the shape should look like a plateau at 100% volume with an extremely steep cliff at 
the end when it reaches the prescribed dose.

The dose constraints setting for serial OARs only requires an upper objective to 
limit its maximum dose, as shown in Figure 8.

For parallel OARs, since the dose received by the various proportion of volume 
is the concern for late side effects, setting of upper objectives to limit the maximum 
dose is not enough. It can be done by setting multiple upper objectives at different 
dose-volume levels or setting the mean objectives. The purpose is to limit the received 
dose at all volume levels and to push the DVH to its left end as much as possible. A 
sample objective setting for a parallel OAR is shown in Figure 9.

4.6  Practical difficulties of optimizing a radiotherapy plan for head and neck 
cancers

Although the planning procedures are driven by treatment planning computer 
calculations in an inverse planning process, it is not a completely automatic procedure 
and there are difficulties in the planning. The difficulties in planning are largely 
related to the number of OARs and the geometric relationship between the PTVs 
and the OARs. In the optimization process of the inverse planning, it is usually not 
possible to achieve all the lower objectives for the PTVs while fulfilling all the upper 
and mean objectives for the OARs because they naturally contradict each other when 
the PTVs and OARs are in the vicinity [65]. In head and neck cancers, there are many 
OARs near to the PTVs including but not limited to the brain stem, the spinal cord, 
the parotid gland, and the optic nerves. Because of this, the treatment planning sys-
tem optimization usually has no optimal solution that can fulfill all the set objective 
functions. Therefore, planners need to intervene in the procedure by evaluating the 
optimized treatment plans using their own experiences, and to balance the trade-off 
among all the nonoptimal objective functions of the PTVs and OARs.

Figure 7. 
Dose constraints setting of PTV.
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4.7 Plan evaluation

In the evaluation of radiotherapy plan dosimetric quality, there are four main 
parameters to be evaluated: (1) PTV coverage, (2) OAR dose, (3) PTV homogene-
ity, and (4) PTV conformity [66]. PTV coverage refers to the minimum proportion 
of PTV covered by the prescribed dose. OAR dose is to see whether it is within the 
organ tolerance. PTV homogeneity is used to assess the dose uniformity within 
the PTV whereas PTV conformity is to evaluate whether the prescribed dose level 
encompasses and follows the shape of the PTV. Examples of different PTV coverage, 
homogeneity, and conformity situations are illustrated in Figure 10.

Figure 8. 
Dose constraints setting of serial OARs.

Figure 9. 
Dose constraints setting of parallel OARs.
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The evaluation of PTV coverage and OAR dose is conducted using the dose-
volume histogram (DVH). PTV homogeneity and conformity are assessed by indices 
known as the homogeneity index [67] and conformity index respectively [68].

5. Current challenges and promises in head and neck cancer radiotherapy

As illustrated, IMRT offers the opportunity for better treatment outcome and less 
side effects in radiotherapy of head and neck cancers when compared with 3DCRT. A 
positive aspect of IMRT is that it can increase the dose conformity and homogeneity 
to the PTV while better sparing of the OARs [69, 70]. The following challenges are 
needed to be addressed for further development of the advantages of IMRT.

5.1 Organs at risk (OARs) dose estimation

In the treatment planning of IMRT, the inverse planning process requires planners 
to define the dose limits of various PTVs and OARs for the optimization of the beam 
intensity modulation. This process is regarded as the setting of the objective function, 
which includes the dose constraints and priority of the PTVs and OARs as discussed 
in Section 4.5. In general, the setting of PTVs objective functions are guided by the 
prescription whereas those for the OARs are set according to their dose tolerance 
[71]. In practice, however, the objectives for OARs sparing are often in conflict with 
the objectives to achieve PTV dose coverage [72]. This is because OARs and PTVs are 
often in close proximity and sometimes may even overlap one another. In this condi-
tion, we may have to deliver OARs doses that are close to or even higher than their 
dose tolerance in order to achieve PTV adequate dose coverage. On the contrary, when 
the OARs are far from the PTV, the actual OARs dose would be well below their toler-
ance. It is logical to deduce that the OARs dose is related to their anatomical relation-
ship with PTVs, and this relationship varies greatly among different patients.

Figure 10. 
Examples of different PTV coverage, homogeneity, and conformity situations. The PTV is in blue solid lines and 
the body is in black solid lines. The purple dashed lines are the prescribed isodose and the red dashed lines are the 
hot spots isodose. Their respective dose-volume histograms are shown above.
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5.1.1 Knowledge-based radiotherapy and 4pi VMAT

Knowledge-based radiotherapy planning has recently emerged as rapidly devel-
oping area with the aim to improve the IMRT planning process [73]. Knowledge-
based planning refers to the strategy to incorporate past plans data (known as 
knowledge) into the treatment planning process. Six different categories of purpose 
in knowledge-based planning have been summarized in a review article, which 
includes (1) the determination of DVH, (2) specific dose metrics, (3) voxel-level 
doses, (4) objective function weights, (5) beam parameters and (6) quality assur-
ance metrics [73]. The development of knowledge-based radiotherapy planning 
enables planners to determine the setting of objective functions in a more systematic 
approach, less dependent on personal experience, and therefore higher consistency 
of plan qualities.

The technology of delivering 4pi VMAT is emerging. 4pi radiotherapy refers to 
the incorporation of beams distributed on the imaginary isotropically expanded 
spherical surface around the iso-center during plan optimization [74]. The 4pi 
VMAT can be delivered by non-coplanar arc beams using a static couch or syn-
chronizing the arc rotation of the gantry with a rotating couch [75, 76]. It has 
been shown that 4pi VMAT has the potential to further decrease the dose to OARs 
compared with coplanar VMAT. For example, a study on head and neck cancers 
reported that the mean Dmax to the brain stem and spinal were decreased by 6 Gy 
and 3.8 Gy respectively using 4pi VMAT [77]. In addition, the method of delivering 
4pi VMAT with synchronized gantry and couch rotation enabled more sophisti-
cated arc trajectories compared with the static couch method. It was expected to 
deliver a highly conformed dose to the PTV with a reduction of OARs dose and 50% 
isodose volume in the patient body [76]. Although the treatment time will increase 
by 30% in current linear accelerators compared with coplanar VMAT [75], the 
potential of 4pi VMAT can be unleashed with the advancement of the future linear 
accelerators with automatic couch and gantry motion capabilities for faster 4pi 
VMAT delivery [78].

5.2 Tumor dose escalation

IMRT offers the possibility to escalate the dose to the tumor because of its better 
ability to spare the OARs. In fact, dose-escalation has already been implemented in 
IMRT in the treatment of NPC when the gross tumor dose was raised from 66 Gy 
in conventional radiotherapy to about 70 Gy [79]. NPC is known for its radio-
sensitivity and the existence of dose-tumor-control relationship beyond routine 
cancericidal dose [80], hence increasing the dose to the tumor volume is able to 
increase the local control rate. It has been reported that in the group of predomi-
nantly locally advanced NPC (T3-4 N0-1), 61.8% of the failure was caused by local 
relapse [81]. Another study also revealed that 80% of the recurrent cases had the 
relapse sites at the region delivered with the median dose of 70.4 Gy in the previous 
treatment [82]. Clinical investigations on the dose escalation in the treatment of 
NPC using external beam radiotherapy [83] and brachytherapy have been reported 
[84]. Although it has shown good local control and survival in both reports, treat-
ment side effects were the concern. For example, grade 3 mucositis was observed 
in about 80% of the cases [83]. Also, by assessing the acute toxicity, it has been 
suggested that the maximal tolerable dose in IMRT of head and neck cancers was 
2.36 Gy per fraction to a total of 70.8 Gy [85].
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5.2.1 Application of radiomics to selection of NPC cases for dose escalation

Radiomics refers to the extraction of features in the regions of interest (ROI) from 
medical images [86]. The extracted features can be the image voxel intensity, ROI 
texture and shape features, etc. [87]. These extracted radiomics features can be used 
to correlate with clinical data such as recurrence and metastasis status of patients, 
so as to develop tools for predicting treatment outcome in future patients based on 
individual patients’ image radiomics features. Research articles have been published 
to evaluate the chance of local recurrence in NPC patients, and it was reported that 
local recurrence can be predicted using pre-treatment imaging with a concordance 
index of over 0.8 [88, 89]. The future direction could be to incorporate radiomics 
study for more accurate and individualized patient selection instead of based on their 
staging. With the attempt to generate own local recurrence prediction model based 
on radiomics features, NPC patients indicated for GTV dose escalation could be more 
accurately identified.

6. Summary

Radiotherapy is necessary for the treatment of various head and neck cancers 
either as a primary treatment or adjuvant treatment after surgery to cure the disease. 
To achieve optimal radiotherapy treatment, we need to understand the rationale of 
IMRT and the procedure of treatment planning. With the help of treatment planning 
computer, inverse planning procedure can accomplish treatment plans with highly 
conformal radiation dose to PTV and dose avoidance from OARs. Because of the 
conflicting nature of the 2 major dosimetric goals: high PTV dose and low nearby 
OARs dose, the optimal radiotherapy treatment is usually achieved by experienced 
planners who are able to carefully balance the trade-off between the conflicting goals. 
Nevertheless, the present development of knowledge-based planning could provide a 
guidance for planners to decide the trade-off in a more objective manner. In addition, 
the development of 4-pi VMAT and research of radiomics may strengthen the advan-
tage of IMRT in terms of OARs sparing and tumor dose escalation.
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Chapter 3

Parameters Affecting
Pre-Treatment Dosimetry
Verification
E. Ishmael Parsai and Elahheh Salari

Abstract

To assure the accuracy and safety of radiation delivery, it is highly recommended
to perform pretreatment verification for complex treatment methods such as
intensity-modulated radiation therapy (IMRT) or volumetric-modulated arc therapy
(VMAT) to detect any potential errors in the treatment planning process and machine
deliverability. It is expected that a qualified medical physicist is aware of the underly-
ing scientific principles of imaging and therapeutic processes to perform or supervise
technical aspects of pretreatment procedures to ensure safe and effective delivery of
the treatment. For this purpose, several guidelines have been published to help direct
medical physicists to evaluate the accuracy of treatment planning system (TPS) in the
calculation of radiation dose, and dosimetry equipment to avoid possible errors. This
will require a clear understanding of abilities as well as the limitations of each TPS, the
dosimetry equipment at hand, and the gamma index to perform a comprehensive pre-
treatment verification.

Keywords: pre-treatment verification, gamma index, treatment planning algorithms,
beam modeling, detector resolution, planned dose grid, modulation index

1. Introduction

As a treatment modality driven by technology, radiation therapy (RT) has made
significant advances in recent years. These advances have mostly been in areas of
treatment delivery, imaging, and image fusion which has required sophisticated algo-
rithms for calculation of dose in patients and complex machines to deliver the dose.
There is always some level of discrepancies between the calculated dose and delivered
dose which can arise from different sources such as: the dose calculation algorithm,
beam modeling in TPS, physics data entry, beam delivery, detector resolution, and
planned grid size. The purpose of this chapter is to present a review of algorithms for
photon dose calculation, beam modeling in different TPSs, detector resolution and
planned grid size (GS) and analyze the effect of each of them on gamma passing rate
(GPR) in pre-treatment quality assurance (QA).
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2. Treatment planning system (TPS) algorithms

For understanding TPS algorithms, it is required to know [1]:

1.The production of Megavoltage X-rays

2.The interaction and scattering of photons by the Compton effect

3.The effects of transport of charged particles near boundaries and tissue
heterogeneities

By far, medical linear accelerators (linac) are the main devices used in the treat-
ment of cancer patients producing X-rays and electrons in the clinical energy range. In
the head of a linac, high energy electrons are accelerated to the near speed of light and
are directed to strike a high Z target typically made of Tungsten which has also a high
melting point to produce photon. The bremsstrahlung photons produced by a linac
have an energy distribution from 0 to maximum energy of the electrons in the beam
impinging upon the target. These photons pass through the primary collimator and
other parts of the linac head such as jaws, Multi Leaf Collimator (MLC) system, etc.
before reaching the patient. All these photons (primary and scattered) will contribute
to photon fluence. For example, for a typical Varian linac with a flattening filter,
80–90% of primary photons are directly from the target, 3–5% from the primary
collimator, 8–12% originated from the flattening filter [1, 2]. However, in modern
linacs which are equipped with flattening filter free (FFF) technology, scatter photon
produced in the treatment head has significantly decreased [3, 4]. Therefore, the
contribution of primary and scatter photon in photon fluence for FFF is different from
the flattened beam [5]. For example for a 40 � 40 cm2 field size and a 6 MV FFF
beam, the calculated contribution was 84.6% for the primary source, 11.3% for the
first scattered source, and 4.1% for the second scattered source [5].

In general, ionizing radiation such as photon, electron, and heavy charged particles
interact with matter which depends on the energy of ionizing radiation, type of
ionizing radiation, the atomic number, and density of the medium through which they
travel. Photons are indirect ionizing radiation and energy deposition of the photon to
the material is dominated by three interactions: Photoelectric, Compton scatter, and
pair production. In the energy range from 100 Kev to 10 MeV, which is a mostly
therapeutic range, the Compton process is dominant for energy absorption in soft
tissues. The energy deposition of photons involves two stages: First, partial transfer of
their kinetic energy to charged particles (electron, positron) when they interact with
material, and second, energy deposition from these charged particles to material
through excitation or ionization. The range of charged particles in the therapeutic
energy range can be several centimeters so they can travel and pass-through various
layers with different densities and atomic numbers in a human body. When charged
particle equilibrium (CPE) is achieved, then there is a linear relationship between
TERMA1 (Total energy released per unit mass) and dose, and the two steps can be
included in a single calculation. However, this condition does not occur near the edge
of the field or in inhomogeneity regions like at tissue interfaces, therefore, this

1 the production of mass attenuation coefficient and primary energy fluence of photon.
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simplification cannot be valid, and the two steps of energy deposition of the photon to
medium must be more clearly distinguished [6].

The human body consists of a variety of tissues and cavities that are radiologically
different from water, such as lungs, oral cavities, teeth, nasal passages, sinuses, and
bones. A treatment planning system uses the electron density derived from CT images
of patients to calculate dose in the patient body. Therefore, the dose distribution
inside the patient body is affected by these heterogeneities. In this area, the ability of
treatment planning systems to calculate dose at the interferences such as lung vs.
tissue, bone vs. air cavity, etc. is crucial. Also, using CT images with 3D TPS allows us
to design a plan with complex beam arrangements which require more advanced dose
computation algorithms. In this section, we will present a summary review of the past
and current dose calculation algorithms used in the TPS for radiotherapy.

According to the American Association of Physicists in Medicine (AAPM) Task
Group 65 (TG-65, Report No.85) [6], there are four types of inhomogeneity correction
algorithms:

Category.1: Linear attenuation, Ratio of tissue air ratio (RTAR), Power law (Batho).
Category.2: Equivalent TAR, Differential scatter air ratio (dSAR), Delta volume,

Differential TAR, and 3D Beam subtraction method.
Category.3: Convolution (pencil beam) and Fast Fourier transformation (FFT)

techniques.
Category.4: Superposition/Convolution, Monte Carlo.

2.1 Category.1

2.1.1 Linear attenuation

This is the simplest technique for computation of inhomogeneity correction factor
(ICF), which does not include any information regarding electron density and the
geometric treatment beam parameters such as field size [6].

ICF ¼ %per cmð Þ � inhomogeneity thickness cmð Þ (1)

2.1.2 Ratio of tissue air ratio (RTAR)

Only heterogeneity correction applied on the beam path from source to the calcu-
lation point.

ICF d, rð Þ ¼ TAR d0, r
� �

TAR d, rð Þ (2)

where d and d’ are physical depth and water equivalent depth to the calculation
point and r is the field size at depth d. The main weakness of this method is
overcorrection when the density of the medium is less than the density of the water
and under correction when the density is greater than the density of water due to
compromised modeling of lateral component of the scattered photon [7].

2.1.3 Power law (Batho)

This is an empirical correction factor method for points lying within water and
distal to an inhomogeneity by raising tissue-air ratios to a power that depends on
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density. This was first proposed by Batho in 1964 [8] and then modified by Sontag and
Cunningham in 1977 [9].

ICF ¼ TAR d1, rð Þρ1�ρ2

TAR d2, rð Þ1�ρ2
(3)

where d1 is depth to first slab boundary and d2 is depth to second slab boundary
from the point of calculation at depth d. r is field size at depth d and ρ1 and ρ2 are
densities of the medium in which the calculation point is located and relative electron
density of the overlying material respectively.

The power law method underestimates the dose when density is less than one and
overestimates when density is greater than one [6]. Several studies showed improve-
ment if Tissue Maximum Ratio (TMR) is used instead of TAR [10, 11].

2.2 Category.2

2.2.1 Equivalent TAR (ETAR)

It can be considered as the first practical dose calculation method using the full CT
data set for computerized treatment planning and was used in early treatment plan-
ning systems [6].

ICF d, rð Þ ¼ TAR d0,~r
� �

TAR d, rð Þ (4)

where d0 and ~r represent the “scaled” or “effective” values of depth at interesting
point (d) and field radius (r) respectively for the energy of the radiation being used.
This method required excessive computer memory and calculation times; therefore,
some adjustments such as the coalescing of adjacent CT slices were applied to reduce
3D calculations to appropriate 2D calculations to make it more practical for use in
clinics in the 1980s.

2.2.2 Differential scatter air ratio (dSAR)

This was a 3D dose calculation in a heterogeneous media that used scatter-air ratios
(SAR) to calculate the dose to a point in an inhomogeneous medium. For this purpose,
a SAR table was used to determine the scatter contribution that arises from voxels
within the irradiation volume [12].

2.2.3 Delta volume (DVOL)

The primary dose, an analytical first-scatter dose component, and an approximate
residual multiple-scatter component were summed to calculate dose at a point in a
heterogeneous medium. This method has been examined and justified for Co-60 and
succeeds incorrectly calculating the dose to (a) water with a small void and, (b)
homogeneous non-water medium.

dSAR and DVOL have never been implemented in clinics due to the long CPU time
required to run them with no significant improvement in dose calculation accuracy
compared to previously used algorithms [7].
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2.2.4 Differential TAR

Kappas and Rosenwald [13] showed that applying K(θ,μ) on dSAR method results
in more accurate results.

K θ, μð Þ ¼ e μ0cosθ�μ1 θð Þð Þ b�bð Þ (5)

where μ0 and μ1 are the linear attenuation coefficients in the water of the
primary and of the first-order scattered photons arriving at a point after a deflection.
b is the path length en route to point (in the waterlike medium) and b is the
corresponding effective path length (in the heterogeneous medium). For very
large fields and depths and when the thickness of the overlying tissue is greater than
5 cm, the difference between measurement and calculation is more than 2% and less
than 6% [6].

In general, categories 1 and 2 are not applicable when photon energy is greater than
6MV where scatter contribution is less important, and the effects of secondary elec-
trons (delta rays) set in motion can result in very high local dose changes [6].

2.3 Category.3

2.3.1 Convolution techniques

This technique is a model-based algorithm which unlike correction-based
algorithms uses heterogeneity effects directly to compute the dose in tissue. Kernels
are used for modeling the dose distribution in media. The kernels represent the energy
spread and dose deposition of secondary particles from an interaction at a given point
or line which is not usually accessible through measurements but is very simple to
calculate by use of Monte Carlo particle transport codes [12]. Absorbed dose is calcu-
lated based on the following equation

Absorbed Dose ¼ energy fluence distribution⊗K (6)

This means that the energy fluence distribution is convolved2 with the scatter
spread kernel (K) to obtain the dose.

Energy deposition Kernel (EDK) is the energy distribution revealed to volume ele-
ments (per unit volume) in an irradiated medium, commonly water. There are three
different categories for EDKs based on the geometry of the elemental beam that
delivers the incident energy: A point kernel, pencil kernel, and planar kernel [7].

Point Kernel: This kernel describes the pattern of energy deposition in an infinite
media around a primary photon interaction site.

Pencil Kernel: This kernel describes the energy deposition in a semi-infinite
medium from a point monodirectional beam.

Planar Kernel: A planar kernel describes the energy spread from primary interac-
tions located in a plane of an infinite broad beam.

In 1986, Mohan et al. [14] introduced a differential Pencil beam algorithm which
is a good example of this category. This is the simplest and fastest algorithm for dose
calculation because it only considers inhomogeneity corrections in longitudinal

2 Convolution, ⊗ , is a mathematical operation used to combine functions.
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direction in the central beam axis and ignores lateral scatter. Therefore, it does not
accurately model the distribution of secondary electrons in heterogeneous media. This
limitation causes inaccurate dose calculation in heterogeneous treatment sites such as
the lung, bone, or interfaces [15, 16].

2.3.2 Fast Fourier transform (FFT) convolution

This technique reduces computation time greatly because of the invariant kernel
assumption for the convolution calculation. Because of this assumption, different
kernels at different regions based on the density cannot be used in FFT. Several studies
were conducted to circumvent invariant kernel assumptions [17–19]. In 1996, Wong
et al. [20] proposed a solution to address problems related to lateral disequilibrium and
penumbra in low-density regions because a water kernel was used for entire regions
even in low-density regions. The lateral disequilibrium problem was solved by lateral
scaling of the field size at each depth according to local effective densities to adjust the
dose along the central axis in heterogeneities. This technique is based on the ETAR
method, by convolving the density at the intersection site with the primary kernel for
water. The resultant dose distribution is then inverse scaled according to the effective
density to correct the penumbra problemwhich accounts for the electron transport near
the field edge inside a low-density medium with or without lateral disequilibrium.

2.4 Category.4

2.4.1 Convolution-superposition algorithms

The convolution-superposition algorithm is also a model-based algorithm and has
two essential parts: 1) TERMA and 2) dose spread kernel. TERMAwas first introduced
by Ahnesjo et al. in 1987 [21] which is analogous to the Kerma, (the kinetic energy
released in medium) and has the same unit as dose. The formula for the TERMA
element (T) of the convolution method is given by the following equation

T r0ð Þ ¼ μ

ρ
r!
0
,E

� �
:Ψ r!

0� �
(7)

where μ/ρ is the mass attenuation coefficient and Ψ is the primary energy fluence.
Then the convolution-superposition is the integration of the TERMA distribution times
EDK over the entire volume. EDK is spatially variant and is deformed based on the local
density environment to consider interface effects in regions of different densities. Also,
to get a more accurate model of the scattering conditions, the kernels must be adjusted
according to their direction and orientation at the site of interaction [22].

This method is widely used in TPS because computers are fast enough to do 3D dose
calculations by using electron density data derived from CT images in a reasonable
amount of time. According to AAPM report 85 (TG-65), the dose calculation accuracy
of TPS algorithms should be within 2%. This goal serves as a useful benchmark to
evaluate the capabilities of treatment planning algorithms to calculate the dose.

2.4.2 Anisotropic analytical algorithm

Anisotropic Analytical Algorithm (AAA) (Varian Medical System, Inc) is a kernel-
based convolution-superposition method. This algorithm was first designed by Ulmer
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and Kaissl (2005) [23] in cylindrical coordinate and then improved by Tillikainen in
2008 [24]. The AAA dose calculation model has two main components, the configura-
tion algorithm, and the actual dose calculation algorithm. Its configuration is based on
the Monte Carlo simulations to determine basic physical parameters and match them
with measured clinical beam data. The dose calculation algorithm utilizes separate
models for primary photons, scattered extra-focal photons, and contamination elec-
trons. The lateral distribution is adjusted according to the radiological distance to the
calculation point for tissue heterogeneities corrections [16, 25]. For the most part, AAA
is a pencil beam convolution-superposition algorithm where the pencil beam is com-
piled from Monte Carlo calculations and adjusted to fit measurements. In this case, two
components need to be considered that contribute to final distributions; 1) longitudinal
contribution of the pencil beam which is scaled according to Equivalent Length Path
(EPL), and 2) contribution from the lateral extension of the pencil beam which is scaled
with the density relative to water in directions normal to the pencil beam [26]. In this
way, the changes in lateral transport of energy are modeled when the density varies in
the irradiated object. Therefore, unlike the pencil beam algorithms, it can consider
inhomogeneity correction on both longitudinal and lateral directions. However, many
studies indicate the inability of AAA to accurately calculate doses at interfaces and for
high atomic number materials such as bone and have shown that the deviation between
AAA and measurements exceeds the goal of TG-65 [27–30].

The advantage of the AAA is its relatively short calculation time and its accuracy is
better than the pencil beam convolution (PBC) model [30–32].

2.4.3 Collapsed cone convolution

In 1989 Ahnesjo [33] proposed collapsed cone convolution (CCC) method. The
CCC algorithm uses the analytical kernel in polar coordinates represented by a set of
cones. In this way, it is assumed that all energy is released into coaxial cones of equal
solid angle and, from volume elements on the cone axis is approximated to be recti-
linearly transported, attenuated, and deposited in volume elements on that axis [7].
The polyenergetic kernels can be described by

h r, θð Þ ¼ Aθe�αθr þ Bθe�bθr

r2
(8)

where Aθ, αθ, Bθ, and bθ are fitting parameters depending on the scattering angle θ
and r is radial distance. The first term mainly describes the primary dose and the
second term is the scatter dose fraction.

The advantage of the CCC algorithm over standard convolution algorithms is that it
can reduce the computation resources. The computation time for the CCC method in
heterogenous media is proportional to MN3 where M is the number of cones and N is
the number of voxels along one side of the calculation volume [16]. Different TPSs use
the CCC algorithm such as Pinnacle (Philips Inc., Amsterdam, Netherlands), Oncentra
MasterPlan (Nucletron, Inc., Columbia, MD, USA), CMS XiO (Elekta AB, Stockholm,
Sweden), RayStation (RaySearch Laboratories AB, Stockholm, Sweden), etc.

2.4.4 Monte Carlo

Monte Carlo (MC) is a principle-based algorithm that almost includes all known
physical features for photon interactions inside the patient body. Many MC codes
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have been developed such as BEAMnrc, GEANT4, MNCP, PENELOPE, and XVMC.
All of them have two main steps, first, modeling the linac head with all precise details
of the target, component dimensions, geometry, locations, and material composition.
The second step uses CT data to get morphological and chemical information in terms
of mass density, electron density, and atomic composition, which are all required for
accurate dose calculation in the tissue.

The MC has the capability of simulating all interactions, therefore it is expected to
be accurate. However, its accuracy depends on correct and detailed geometry
information of the linac head and the number of particle histories. This statistical
uncertainty is proportional to the inverse square root of the generated event
numbers [34, 35]. MC dose calculation is slow and time-consuming, so they are not
yet applicable in clinics because the dose may recompute repeatedly during planning
to get an optimized plan. A few vendors offer Monte Carlo methods in TPS as
calculation options for the final dose calculation once the dose optimization is
completed.

2.4.5 Acuros XB

Monte-Carlo (MC) dose calculation algorithm is widely considered as the golden
dose calculation technique in radiation therapy; however, the calculation time of this
method is still long especially where a greater number of particle histories should be
used to reduce statistical noise and/or a high spatial resolution is required. An alter-
native method to MC is the linear Boltzmann transport equation (LBTE) method
which solves LBTE refers to grid-based Boltzmann solver (GBBS). GBBS solves the
LBTE through discretizing photon and electron fluences in space, energy, and angle to
allow a deterministic solution of the transport of radiation through matter. Its calcu-
lation accuracy is comparable to MC, and both are convergent methods because the
MC algorithm simulates an infinite number of particles, GBBS discretizes the LBTE
variables into infinitely small grids, then the two methods should converge to the real
solution. However, MC and GBBS have different sources of error, there is statistical
noise due to simulating a finite number of particles in Monte Carlo, while most errors
in GBBS methods are systematic and their main source is discretization of the solution
variables in space, angle, and energy [36, 37]. An algorithm using this technique is
based on Attila (Los Alamos National Laboratory, Los Alamos, NM, and Transpire
Inc., Gig Harbor, WA). Attila employs linear discontinuous finite-element spatial
differencing on a computational mesh consisting of arbitrary tetrahedral elements.
The primary photon fluence is analytically transported through ray tracing, and the
discrete ordinates method is used for angular differencing of the scattered fluence.
Based on Attila, a dose calculation algorithm for external photon beams has been
developed on the same methods and implemented in the Varian Eclipse external beam
treatment planning system (Varian Medical Systems, Palo Alto, CA, USA) [38]. This
new deterministic radiation transport algorithm is Acuros XB (AXB), and it has been
well shown by several studies that the accuracy of dose calculation of AXB is more
accurate than AAA and is very similar to MC dose calculations [36–38].

3. Beam Modeling of commercial treatment planning systems

In radiotherapy, the ability of TPS to do accurate dose calculation is important.
This capability depends on the algorithm of TPS as discussed before and beam
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modeling. For beam modeling, several dosimetric parameters (e.g., PDDs, profiles,
output factors) and non-dosimetric parameters such as MLC design, flattening filter,
wedges etc. must be defined precisely. Then the dose calculation algorithm applies the
beam model to the patient body or phantom to calculate the dose. The challenge of the
beam model is becoming more and more crucial due to advanced treatment tech-
niques such as IMRT and VMAT. In these treatment techniques, each beam consists of
multiple segments or control points that are shaped with MLC. Using multiple control
points provides this opportunity to deliver conformal dose to the target, however,
delivering dose through small segments arises a challenge to accurately calculate the
dose due to the complexity of MLC modeling in TPS. Many studies indicate the
importance of accurate MLC modeling in TPS for IMRT. In 1998, LoSasso et al. [39]
showed an MLC error gap of 1 mm may result 10% error in dose calculation in the
sliding window IMRT technique. Cadman et al. [40] reported 12% discrepancy
between calculation and measurement due to MLC leaf gap error in step-and-shoot
IMRT. Because different commercial TPS have their own features for beam modeling,
many guidelines have been published regarding TPS commissioning for IMRT
[41, 42]. For example, TG-119 [43] based on the IMRT QA results of five institutions
for a set of test cases provides a reference baseline for the accuracy of IMRT
commissioning.

In Eclipse, leaf transmission factors and dosimetric leaf gaps (DLGs) are required
to model the MLC. The DLG is a beam configuration parameter used to model the
effects of rounded MLC leaf ends. Many research papers indicate the effects of DLG
on the accuracy of dose calculation in Eclipse TPS [44–47].

In RayStation, modeling of MLC is different from other commercial TPS. The MLC
model requires four parameters: leaf-tip offset, leaf-tip width, average transmission
factor, and tongue and groove. The leaf-tip width is used for the MLC leaf-end
transmission modeling instead of using dosimetric leaf gap (DLG) or rounded leaf-tip
radius, and the MLC leaf radiation transmission is modeled using average transmis-
sion factor instead of intra-leaf and inter-leaf transmission [48, 49]. According to
Chen et al. tongue-and-groove has a minimal effect on IMRT dose calculation, but
transmission plays a significant role in this commercial TPS [49].

4. Measurement methods for pre-treatment verification

The process of patient-specific QA usually involves applying an optimized plan
using the same beam parameters as those of the patient plan and delivered in the
phantom. This process can be done in a number of different ways but according to
TG-218 [50], there are three common methods for performing pre-treatment QA. 1)
True Composite (TC), 2) Perpendicular field-by-field (PFF), and 3) Perpendicular
composite (PC).

4.1 True composite

In this method, phantom or measurement device is placed on the treatment couch
and treatment plan is delivered using actual parameters such as MUs, couch, gantry,
collimator angles, MLCs, and jaws positions. The phantom or measurement device has
been used to integrate dose from all beams of a plan which result in a single dose
image for comparison, therefore, this method is a comparison of planned dose vs.
measured dose.
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4.2 Perpendicular field-by-field

The gantry is fixed at zero degree and the collimator is fixed at the nominal angle
in the PFF technique. Therefore, beams are always perpendicular to the phantom
surface and are comparing the dose of each beam with each measured beam dose.

4.3 Perpendicular composite

This method is similar to the PFF method, but this is not a comparison of field-by-
field. This is the integration dose of all perpendicular field which result in one dose
image for analysis.

5. Gamma index

For the purpose of dose comparisons between calculated and measured dose
gamma index have been used. Low et al. [51] developed a gamma index (γ) for the
quantitative evaluation of dose distributions. This index checks dose difference and
distance-to-agreement (DTA) simultaneously in a space that also includes dose, and
provides quantitative value which indicates disagreement in the regions that fail the
acceptance criteria. A γ comparison is performed between two dose maps: one distri-
bution is the ‘reference dose distribution’ and the other is the ‘evaluated dose distri-
bution’. The reference dose distribution is referred to as true distribution so it is
usually measured data using devices such as ion chamber, film, diode array detector
etc., and the evaluated dose distribution is analyzed for its agreement with the refer-
ence and can be the predicted TPS dose distribution. To avoid any confusion, low
replaced reference and evaluated terms by measured and calculated respectively. The
gamma index calculation is based on Eq. (9):

Γ rR, rEð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δr2 rR, rEð Þ

δr2
þ ΔD2 rR, rEð Þ

δD2

s
(9)

where rR and rE are reference points and evaluated point respectively, δr is distance
difference criterion and δD is the dose difference criterion. ΔD is dose difference
which is calculated using Eq. (10):

ΔD rR, rEð Þ ¼ DE rEð Þ �DR rRð Þ (10)

DE and DR are the doses at a point in evaluated dose distribution and reference
dose distribution respectively.

The γ is the minimum value calculated overall evaluated points:

γ rRð Þ ¼ min Γ rR, rEð Þf g∀ rEf g (11)

Regions where γ is less than or equal to 1 corresponds to locations where the
calculation meets the acceptance criteria. According to TG-218, criteria for tolerance
limit is 2 mm/3% with 95% passing rate [50].

There are two types of gamma calculation which depends on how the percent dose
difference (%Diff) is normalized: 1) local normalization method which %Diff is
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normalized to the doses at each evaluated point, 2) global normalization method
which %Diff is normalized usually to the maximum dose within the reference dose
distribution. Each method has its own advantages and disadvantages. For example,
local gamma will exaggerate %Diff and highlighted failures in low dose regions
because in low dose regions the percent dose difference between calculated and
measured may exhibit a very large value which results in more failings points. How-
ever, in the global method, the dose discrepancies in the low-dose regions could be
underestimated which results in a higher passing rate than the local method [52, 53].

5.1 Effect of planned grid size on gamma passing rate

Low et al. [51] presented a powerful tool for dose distribution comparisons in a
continuous environment; however, clinical comparisons are usually made between
two dose distributions which are sampled at different spatial resolutions. The impor-
tance of spatial resolution was first analyzed by Depuydt et al in 2001 [54]. They
indicated that the pixel size of the compared image needs to be small with respect to
acceptance criteria and showed that large grid spacing in the discrete dose distribu-
tion, especially in high dose gradient regions causes overestimation of gamma values.
Several investigators introduced different solutions to resolve this issue [54–56]. For
example, Low and Dempsey [57] showed that by decreasing grid size to 1 � 1 mm2,
the error in γ reduced to less than 0.2 even in high dose gradient areas. Furthermore,
Schreiner et al. [58] reported changing the resolution of the evaluated distribution
(from 2.5 mm to 0.24 mm) increase the pass rate from 80.9% to 91.3%. These results
are attributed to the behavior of gamma search. When the pixel size of the evaluated
distribution is large compared to the reference distribution, many reference pixels
would be far away from the nearest evaluated pixel which results in more failing
points. Thus, the γ value for many reference pixels reflects significant spatial
misalignment purely as an artifact of the coarse evaluated resolution. When the
resolution of the evaluated distribution is increased to match that of the reference
distribution, this spatial artifact is eliminated because each reference point has a
directly corresponding pixel in the evaluated distribution. Increasing the evaluated
resolution also provides each reference point with a greater range of dose values for
comparison. Based on TG-218 [50], there is a rule of thumb that the resolution of the
evaluated (calculated) should be no greater than 1/3 of the DTA and the straightfor-
ward solution for reducing artifact in gamma calculation is interpolation when
planned grid size is greater than 1 mm (for DTA =3 mm).

6. Dosimetry equipment for pre-treatment verification

Modern radiotherapy techniques like IMRT and VMAT are highly complex
modalities due to MLCs motions, gantry rotation, dose rate variation during beam
delivery. The advantages of using these techniques are delivery of conformal radiation
dose to the target while sparing the surrounding normal tissues and organs-at-risk
(OAR) are significantly higher compared to conventional 3D techniques. However,
due to the high degree of complexity of these techniques, it is strongly recommended
to do pre-treatment verification before dose delivery. For this reason, different types
of 2D or 3D detectors such as diode arrays, ionization chambers, film (e.g.,
Gafchromic film EBT3), electronic portal imaging device (EPID), etc. have been used
to ensure that the prescribed treatment dose is delivered within the clinically

61

Parameters Affecting Pre-Treatment Dosimetry Verification
DOI: http://dx.doi.org/10.5772/intechopen.102517



acceptable error tolerances. Regardless of the type of detector, all of this equipment
has spatial limitations because of the discrete placement and physical separation of
each detector which may affect GPR results [59, 60].

6.1 Effect of detector resolution on gamma passing rate

As it was mentioned before, phantoms or dosimeter devices used for performing
patient-specific QA present spatial resolution limitations which may affect GPR
results. Several research has been conducted to show the discrepancy of GPR within
different phantoms with different spatial resolutions. Bruschi et al. [59] studied the
effect of detector resolution on GPR. Three detectors (PTWOCTAVIUS 4D 729, 1500,
and 100 SRS) used in five configurations with different resolutions were utilized in
their study. This study indicates the detector resolution can significantly affect the
SBRT pre-treatment verification results and a detector with high spatial resolution
would be able to detect any kind of error such as those caused by MLC position,
collimator, and gantry rotations, etc. In 2017 Woon et al. [61] worked on a similar
subject and used three detectors with different resolutions (MapCHECK2,
ArcCHECK, and EPID). They demonstrated that MLC errors of greater than 0.5 mm
were not distinguishable in measured doses by the MapCheck2/ArcCHECK due to the
inferior resolution caused by the large diode spacing relative to the resolution of the
EPID. Bailey et al. [53] reported that detector arrays with low-spatial resolution may
potentially affect the gamma index analysis by under sampling data. On the other
hand, Steers et al. [62] indicated that different detectors show different error sensi-
tivity which depends on the induced type of error and the GPR does not highly
depend on detector spatial sampling. Moreover, they showed that increasing spatial
sampling not only increase the GPR but also reduces error sensitivity in many cases.
This is observed if the increase in the number of sampling results in a higher number
of low dose points in the comparison than high dose points, an effect which is
increasingly important for globally normalized gamma comparisons [62]. Salari et al.
[63] also compared standard density vs. high density measurements of ArcCHECK
phantom in Intensity Modulation Radiosurgery (IMRS) cases and compared the GPR
values. As shown in Figure 1, the results of standard density mode had better GPR for
each energy and planned dose grid which is also in good agreement with Steer et al.
result. Note that 1 mm and 2 mm represent GS; 6 FFF and 10 FFF for 6 MV FFF and 10
MV FFF beam energies, respectively.

Hussein et al. [64] also conducted research on five commercial QA devices and
analyzed the effect of detector resolution on γ. They concluded that different combi-
nations of QA devices and software exhibit varying level of agreement for the same
passing rate.

7. Modulation indices

Modern treatment techniques, such as IMRT and VMAT, have enabled the escala-
tion of target dose with fewer side effects to the surrounding OARs by modulation of
the treatment plans to achieve the desired dose distribution. In IMRT, MLCs are
moving during treatment, thereby delivering a radiation field with a non-uniform
intensity while in VMAT technique, in addition to MLC motions, gantry speed and
dose rate are also variable when the radiation beam is continuously on. For patients’
protection and safety, pretreatment dosimetric verification is done to provide
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sufficient data on the safety and reliability of treatment plans and delivery, even
though performing pretreatment dosimetric verification is considered an additional
workload. Therefore, a retrospective analysis of which parameter (leaf travel, beam
aperture and shapes, control point angular separation, dose rate, and gantry varia-
tions) can affect the ability of the TPS to calculate a dose may provide important
information on the limits of TPSs for IMRT/VMAT plans. The difference between
calculated and measured dose distribution may be affected by the accuracy of the TPS
calculation and the delivery accuracy. Discriminating between the two causes of
errors is not an easy task. Furthermore, the delivery accuracy of IMRT/VMAT plans
can be predicted by the score of plan modulation complexity [65]. For this purpose,
many authors introduced or evaluated different Modulation Indices (MI)/parameters
to find a correlation between plan complexity and GPR.

Nicolini et al. [66] studied the effect of gantry speed (deg/s) and dose rate
(MU/min) on the quality of VMAT plans and showed using a higher dose rate
improves plan quality and reduces delivery time. They also used dynamic log files
generated by linac controllers to evaluate the delivery accuracy of plans and found out
accuracy slightly improved in delivery when using a low dose rate. Wu et al. [67]
analyzed the results of dose verification of 924 patients including the relationship
between gamma pass rates and the location of lesions, the total number of monitor
units, and the maximum area of the collective dose. They observed a correlation
between the treatment site and GPR plus a strong negative correlation between total
MUs and GPR that indicates increasing MU results in lower GPR. Moreover, a weak
negative correlation between the largest area of the acquisition dose and GPR was
reported [67]. McNiven et al. [68] proposed Modulation Complexity Score (MCS) for
step-and-shoot IMRT. This score is contribution of variability in the shape of seg-
ments and variations in their area. The range of MCS is from 0 to 1. The lower value of
the MCS means higher complexity. This metric provides more information about the
plan quality than simple metrics such as total MUs and number of segments, but no
correlation was observed between GPR and MCS which is in a good agreement with
other research [69, 70]. This index was later adapted by Masi et al. [65] for VMAT
plans by substituting control points for segments and called it (MCSv). Also, Masi
et al. introduced Leaf Travel (LT) as the average distance that MLC is traveling over
one arc in VMAT and LTMCS index which takes into account both LT and MCSv and
has a range between 0 and 1. Zero shows a higher degree of modulation and leaf
motion. They reported a moderate correlation between LT, MCSv, LTMCS, and GPR

Figure 1.
Comparisons of standard density vs. high-density modes between different planned grid sizes and energy. (reprinted
from Salari, et al., “evaluation of parameters affecting gamma passing rate in patient-specific QA’s for multiple
brain lesions IMRS treatments using Ray-Station treatment planning system. In print: J Appl Clin med Phys.
2021).
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and a weak correlation between MU and GPR. Hernandez et al. [71] modified LT for
multiple arcs or partial arc by dividing LT over arc length (LT/AL). Another index is
Edge Metric (EM) which was defined by Young et al. [72] and it calculates the com-
plexity as the ratio of MLC side length edge to aperture area. The larger EM index
indicates the difference between the positions of adjacent leaves are larger which is
closely related to the tongue-and-groove effect. Du et al. in 2014 [73] introduced
several MIs to evaluate plan complexity such as plan averaged beam area (PA), plan
averaged beam irregularity (PI), plan averaged beam modulation (PM), and plan nor-
malized MU (PMU). PA is the average area of beam apertures; PI indicates the non-
circularity of the shape of aperture and PM describes to what extent a beam is
modulated with multiple smaller apertures. PMU is to compare the total MU among all
plans with different prescription dose levels. According to a number of studies [70, 71,
73] MCS, EM, and PI provide similar information. In 2014, Park et al. [74] defined
MIs, MIa, and MItotal which MItotal unlike previous metrics include both gantry speed
and dose rate variations besides MLC motions to quantify the total delivery complex-
ity for VMAT plans. MIs which evaluate MLC speed was originally introduced by
Webb [75] to evaluate the modulation degree of IMRT and were modified by Park
et al. for VMAT treatment plans and MIa evaluates both speed and acceleration of
MLCs. They also studied the MCSv and LTMCS and did not see correlations as high as
those found in a previous study (Masi et al) to the pre-treatment VMAT QA results.

In summary, various studies were conducted in this area and revealed different
results regarding the correlation between plan complexity indices and QA metrics
[65–79]. We believe, these differences may depend on the linac model and its
commissioning plus TPS limitations such as beam model, dose engine, and algorithm
[71, 80, 81].

8. Conclusions

As described in this chapter, there are a number of sources which may contribute
and arise different levels of discrepancy between the computed dose by TPS and
measurements. Much effort has been devoted to improve the accuracy of dose calcu-
lation algorithms, computing technology and measurements, and through all these
developments the accuracy of dose calculation and measurements seems close to our
clinical goals. Although, the accuracy of dose calculation in homogenous medium
(e.g., water) does not much rely on the algorithm, in heterogeneous media such as
lungs or bone, the accuracy of calculation depends strongly on the kernels of calcula-
tion algorithms and how well they can simulate the actual scattering of photon and
electrons. As mentioned previously in this chapter and noted by authors in various
literatures, the accuracy of dose calculation algorithms is rated as principle-based
algorithms such as Monte Carlo, and the linear Boltzmann transport as the most
accurate, followed by model-based algorithms such as CCC, AAA, and PBC in that
order for accuracy; and correction-based algorithms. Another important item to be
considered is the beam modeling which will directly affect the accuracy of dose
calculation where each TPS has its own features to model beams. Therefore, following
the beam data measurements, commissioning of the modeled beams becomes a nec-
essary step typically achieved through end-to-end testing. This is to verify dose dis-
tribution and accurate computation under different clinical conditions before any
clinical use. Moreover, it is important to understand the response and limitations of
each equipment used along with gamma index analysis due to different combinations
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of QA devices and software packages, which may result in varying levels of agreement
with the predicted gamma analysis for the same pass-rate criteria. Various reasons
result in different correlations between GPR and complexity metrics, hence, these
correlations are not generic and should be defined for each TPS.
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Chapter 4

Absolute, Reference, and Relative
Dosimetry in Radiotherapy
Carlos Eduardo de Almeida and Camila Salata

Abstract

The correct estimation of the dose to be delivered to a patient is strongly depen-
dent on a correct dosimetry procedure. To achieve this purpose, it must ensure that
the measurement results represent the best possible value reported with its typical
uncertainties, and the results must be comparable with other institutions. The Inter-
national Metrological Network fundamentally seeks to standardize the processes and
the methodologies among the various laboratories in the world. The concept and
structure of the various levels of laboratories can be defined as primary or secondary
standards laboratories. The absolute dosimetry refers to the measurement of a quan-
tity with an instrument of the highest metrological quality, which allows its determi-
nation in accordance with its definition, usually carried out in Primary Laboratories.
The main quantities of interest for the absolute dosimetry are exposure, air kerma,
and absorbed dose to air and to water. This entire chain of measurements and
formalism must consider the specific physical conditions of the interaction processes
between the radiation beam with the detector in the measurement processes, aiming
to ensure the least possible uncertainty in the dose delivered to the patient.

Keywords: air kerma, absorbed dose to water, primary standards, absolute dosimetry,
traceability

1. Introduction

A dosimetric procedure aims to estimate a quantity to guarantee the delivery of the
correct prescribed dose to a patient or the dose resulting from a diagnostic procedure.

To achieve this purpose, one must ensure that:

• the measurement results represent the best possible value reported with its
typical uncertainties, using the appropriate calibration coefficients and the
correction factors necessary to adjust the measured value to the true value;

• the measurement results made by different institutions must be comparable
when performed under similar reference conditions such as those established by
international protocols, i.e., TRS#398-IAEA [1] TRS # 469 [2];
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• the clinical results of different institutions can be comparable if the air Kerma or
absorbed dose, in addition to the biological clinical parameters, is well known and
fully described.

To fulfill those premises, the radiation detectors must be calibrated following a
universal protocol agreed among the professional societies, and the quantities
referenced to the standards at the BIPM as it was decided by the Metro Convention.
The dissemination of these quantities until the final user is done through the calibra-
tion laboratory in each country either national or secondary following a logical chain
of events as described in Figure 1.

At this point, one must highlight the importance of a network called: International
Metrological Network, which fundamentally seeks to standardize the processes and
the methodologies among the various laboratories in the world. As a result, the
measurement of the main quantities of interest in radiotherapy, radiology, and radio-
protection such as air Kerma and absorbed dose to water allows the clinical results and
the biological effects to be compared scientifically among different users, with an
acceptable level of uncertainties for each area.

Figure 1.
The main steps involved in the implementation of the quantities: (a) air kerma and (b) absorbed dose to water.

Figure 2.
The international network of ionizing radiation metrology showing the traceability process between the primary
standards coordinated by the BIPM followed by the network of the secondary laboratories traceable to the IAEA
Laboratories, the BIPM or any other primary laboratory and the final user [1, 2].
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The two steps shown above in Figure 1 constitute a simplification of the various
levels of complexity that represent the metrological chain, and the algorithms used
now are best illustrated now in Figure 2.

2. Standards laboratories

The concept and structure of the various levels of laboratories can be defined as:

2.1 Primary standards dosimetry laboratory (PSDL)

Location where instruments with the highest metrological quality are used,
the quantities are measured according to their definition, that is, in an absolute
way. To reach this level, very sophisticated equipment, computer control systems,
experimental arrangement, and very skilled staff are required, resulting in
very small uncertainties, results impossible to be reproduced at the end user’s
environment.

Those laboratories use free air chambers for air kerma standards in the low and
medium energy X-ray beams; water or graphite calorimeters for absorbed dose stan-
dard to water or graphite; Fricke dosimeter is a standard for absorbed dose to water
and ionization chambers with a well-known volume as standard for either air Kerma
for gamma ray beams emitted by a collimated 60Co or absorbed dose to graphite using
a large variety of photons and electron beams.

To carry out periodical comparisons involving all National laboratories to ensure
the appropriate metrological consistency within the metrological network in a deci-
sion agreed by tall country’s signatories of the Metro Convention, the BIPM was
designated to carry out this task, as shown in Figure 3.

2.2 Secondary standards dosimetry laboratory (SSDL)

Location where high-quality metrological instruments are used, though its calibra-
tion by one of the PSDL is required to assure that the users’ instruments are traceable
to the national and international metrological network. In some situations, the IAEA-
SSDL Laboratory provides periodical calibration to the members of the IAEA-SSDL
network, and QA auditing is also conducted.

The SSDL are recognized and accredited by the country’s metrological authority
such as the National Laboratory, as it is responsible for disseminating the quantities to
the final user in their country ensuring the proper metrological coherence among
users with reference to their standards [1, 2]. Since it is possible to find more than one
SSDL in one country, an internal network must be established, and periodic
comparison must be carried out by the National Laboratory.

In this way, users of ionizing radiation sources will be tracked to the National and
International Network with their intercomparable results.

Tips:

• It is not forbidden that the user calibrates their instruments in a PSDL outside the
country instead of their SSDL. The drawback is the calibration cost in addition to
transportation, insurance, customs clearance expenses, which makes this option
too onerous and objectively unnecessary;
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• Carrying out calibrations in the country’s laboratories reinforces the metrological
consistency between users and the national laboratory.

2.3 Users level

Location where the calibration procedures of diagnostic and treatment machines
are carried out under conditions such as those in which the instruments were cali-
brated. When using the formalism, for example, from the TRS#398 [1] or similar, it is
essential that the measurement systems were calibrated in a laboratory traced to the
metrological network.

In this situation, the instruments used can be classified as:

a. reference instrument (the one with the highest level of metrological quality in
the institution);

b. field instrument (instrument used in daily routine that can be equal to the first
one). This is recommended since some legislations require two sets, one of
which could be the reference.

If the institution has only one treatment machine, it is recommended to leave a
fixed dosimetry set on the control room bench with the cables passed through the wall
of the treatment room, avoiding passing the cable under the door risking damaging it,
and the other set as the institutional reference. If you have two treatment machines,
leave each system fixed on each machine and as part of the periodic QA program,
perform cross-calibration changing the electrometers and performing the measure-
ments. If the values differ consistently by more than 1% between them, use another
calibrated chamber on both machines.

Figure 3.
Typical example of the result of one of the comparisons conducted by BIPM with several national laboratories for
the quantity of absorbed dose to water using three different methods: Water calorimeter, graphite calorimeter, and
the Fricke system [3].
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The stability test of the dosimetry system shall be performed every three months
with a source of 90Sr or 137Cs, as required by the regulatory authority. This test is
accepted as a good indicator of the performance of the measurement set, which must
include the leakage, repeatability, and linearity tests.

If the QA documentation demonstrates the stability of your system in other ways,
it may also be accepted.

Since the numerical values of the uncertainties increase as we go down in the
metrological chain, there is a demand for a high-quality measuring system, careful
instrument handling procedures especially for the cables and connectors, instrument
warm-up, proper documentation, and finally a consistency in positioning the
experimental setup.

Measurement systems (ion chamber, electrometer, and cable) must be calibrated
when purchased, unless they are calibrated by the manufacturer if it has an accredited
laboratory, when they undergo any repairs, and every 2 years regardless of any problem.
The calibration coefficient is given for the quantity of absorbed dose to water at the
reference conditions. This coefficient is directly traceable to the national and international
metrology network. It may be possible to calibrate the ion chamber separately from the
electrometer and then use the chambers with different electrometers or vice versa.

3. Absolute, reference, and relative dosimetry

In general, there is a certain conceptual confusion not only by the users but also by
the manufactures when using the concepts of absolute dosimetry, reference dosime-
try, and relative dosimetry. Andreo et al. [3] very clearly discuss the differences
between the three concepts so that they can be used properly.

3.1 Absolute dosimetry

It refers to the measurement of a quantity with an instrument of the highest
metrological quality, which allows its determination in accordance with its definition.
In general, it is carried out in Primary Laboratories.

For example, the quantity Exposure, X, as defined by ICRU 33 [4], is the result of the
quotient of dQ and dm, where dQ is the absolute value of the charge produced by ions of
the same sign in themass of air, when electrons (négatron or positrons), released by
photons in an air mass dm, are completely stopped in the air. The unit for the SI system is
C/kg, but its special unit is the long-used Roentgen, equaling 2.58.10 C�4 C kg�1.

Measures of the quantity Exposure, because of the air Kerma, are of great impor-
tance as they constitute the stakes of the metrological chain. They are directly related
to the absorbed dose calibrations of the high energy photon and electron beams used
in radiotherapy, radiobiology studies, and radioprotection measurements; the latter
for the moment entirely dependent on the quantity air Kerma.

3.2 Formalism for the absolute determination of exposure, air kerma, and
absorbed dose to water quantities from experimental measurements

3.2.1 Determination of the exposure

The determination of the exposure can be obtained through two methods, both
with an ionization chamber:
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Method 1. Free air chamber.
Unlike wall chambers, free air chambers do not have walls, so the interaction

process occurs within the air volume defined by the electric field defined between the
guard ring and the collector plate inside the chamber, to obtain the electronic equilib-
rium. The thickness of the air layer varies depending on the energy fluence of the
beam, and for this reason, two chambers with different volumes are used for energies
up to 150 kVp and 300 kVp, respectively. A typical diagram of a free air chamber is
illustrated in Figure 4.

This process is more largely described by [5], where the formalism for estimating
the quantity air Kerma, including typical correction factors, is described in the Eq. (1):

Kair ¼ Qair

ρ
∙V ∙

w
e
∙

1
1� g

∙Katt ∙Ksc ∙ ke (1)

Where:
Katt = attenuation of the primary beam in air column between the diaphragm and

the collector volume;
Ksc = additional ionization collected caused by the scattering inside the chamber,
ke= ionization lost by the shock of the electrons with the electrode;
w
e = average energy needed to produce a pair of ions;
g = the fraction of energy lost by the bremsstrahlung effect;
ρ = air density under the measurement conditions, considering the air compress-

ibility factor that corrects its deviation from the perfect gas law;
V = sensitive volume of the chamber in which charges are produced and collected;
Qair = is the charge produced in the air mass defined as the sensitive volume v of

the chamber;
Method 2. Cavity chamber.
This method uses a cavity chamber, with a known volume, with the formalism

proposed by [6] and extended by [7]. One must consider the cavity dimensions, the
presence of the wall and a central electrode, in addition to the various correction

Figure 4.
Typical diagram of a free air chamber where several important components can be identified, such as the
diaphragm or frontal collimator with an area a, the collector electrode, and the guard plates when subjected to the
same collector potential define the sensitive volume of the chamber.
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factors empirically derived such as environmental quantities and measurement statis-
tics. The characteristics of a chamber of this type used in several primary laboratories
are described in Figure 5.

The final volume measured in the chamber described in Figure 5 is
1.076 � 0.003 cm3, and the graphite caps are used to determine the wall attenuation
using the extrapolation method. The graphite complements are added to the base of
the chamber after the insertion of each cap to preserve the spatial conditions of
scattering. Recently, the wall attenuation value was recalculated by [8] using the
Monte Carlo technique, whose result, though slightly different than the experimental
one, is more accurate and with less uncertainty.

The primary Standard shown in Figure 5 is a cylindrical graphite chamber built by
the Austrian National Laboratory, with its volume defined by the same laboratory,
constructed of ultra-pure graphite (99.99%) with an excellent insulating system to
minimize the “leakage” and the polarization effects, guaranteeing an excellent long-
term stability and a metrological quality compatible with similar standards, as
reported by [9–11].

Its sensitive volume was estimated by the Ostereich Forschung Centrum and
reported by [12] from the internal physical dimensions of the chamber, defined with
an uncertainty of 0.1% after subtracting the electrode volume according to Figure 5,
and including the additional sensitive volume in the electrode base.

Thus, according to the Bragg-Gray principle, the measure of ionization in the
center of the chamber in its absence is defined by Eq. (2):

X ¼ I
ρ
∙V ∙ sc, a ∙

μen=ρairð Þ
μen=ρð Þ

� �

C
∙ΠK j (2)

Where:
I = ionization current resulting from the collection of ions produced in the air

within the chamber cavity, considering the attenuation of the air between the source
and the chamber;

V = sensitive volume of the chamber in which charges are produced and collected;
ρ = density of the air under the measurement conditions, considering the air

compressibility factor that corrects its deviation from the perfect gas law;
sc, a = the ratio of the restricted stopping power between graphite and air, calcu-

lated based on the Spencer-Attix theory [3] taking into account the average value of
the energy in the electron spectrum generated by the Compton effect; considering as
cutoff energy of 17.5 keV, the cavity size and the average excitation energy of 78 eV
for carbon and 85.7 eV for air;

μen=ρairð Þ
μen=ρð Þ

� �
C
= the ratio of mass-energy absorption coefficients for air and graphite

used from the work of Hubbel and Seltzer [13];
ΠK j = the product of several correction factors:
kl = leakage correction;
kh = correction for the presence of water vapor once exposure X is set to dry air;
kst = correction for scattering on the chamber stem;
krn = correction due to radial beam non-uniformity;
kan = correction due to axial beam non-uniformity;
kw = correction due to attenuation of the wall chamber;
kcep = origin of electron production;
kt,p = mass correction for reference temperature and pressure;
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3.2.2 Determination of the air kerma (Kair)

The determination of the air kerma (Kair) from the measurements of the exposure
X follows the formalism below:

Kair ¼ X
1� g

∙
w
e

(3)

Where:
X = the air exposure value (X) obtained in accordance with Eq. (2);
g = the fraction of energy lost by the bremsstrahlung effect;
w
e = average energy needed to produce a pair of ions.

3.2.3 Determination of the absorbed dose to air (Dair)

The determination of the absorbed dose to air (Dair), measured by a standard
instrument, is defined as the energy delivered to a mass of air of the well-known
sensitive volume of the ionization chamber, defined by the relation:

Dair ¼ Qair ∙
Wair=e
mair

(4)

Where.
Qair = is the charge produced in the air mass defined as the sensitive volume v of

the chamber;
Wair=e = average energy needed to produce a pair of ions, its product being equal

to the energy given to the air mass mair of the reference sensitive volume;
mair = equal to the product of the air density ρair and the sensitive volume v.
This measurement may require the use of a set of factors necessary to correlate the

reading of the measurement systemwith the final value of the quantity, such as absorbed
dose. The measurements must be carried out under the well-standardized reference
conditions, that is: radiation field of 10 x 10 cm2 on the surface of the phantom, SSD
(source surface distance) equal to 100 cm, with the center of the chamber positioned at
5 cm depth, reference temperature of 22°C (reference in Brazil), atmospheric pressure of
101.3 kPa, and relative humidity between 30 and 70% (Table 1).

3.2.4 Determination of the absorbed dose to water (Dw)

Method 1. Measurement performed using a graphite or water calorimeter.

Year KLNMRI/KBIPM uc Reference

1986 1.0006 0.0026 de Almeida and Niatel [9]

1996 1.0004 0.0023 Allisy-Roberts et al. [14]

2005 1.0007 0.0022 Allisy-Roberts et al. [15]

uc = combined uncertainty.

Table 1.
Typical history of air kerma standard traceability between two laboratories LNMRI and BIPM.
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A Calorimeter measures the quantity absorbed dose to water or to graphite
according to its definition, that is, from the increase in temperature in the medium
due to a process of radiation induction. This evaluation is done by thermistors
installed in the calorimeter body filled with high-purity water, as reported by
Malcolm [16]. The calorimeter, in this case, your heart (nucleus), is placed at the
reference depth in a 30 cm x 30 cm x 30 cm phantom. The measured signal is
generally very low, on the order of 1 mK for an absorbed dose of 2 Gy, and its
reproducibility is an important factor. Due to its complexity, it is suitable for
use not in clinical settings, but in National Metrology Laboratories or research
(Figure 6).

An important parameter is the magnitude of the heat defect, that is, the fraction of
energy that is not released in the form of heat, being material dependent, this effect
being more significant in graphite.

The typical temperature fluctuation obtained when using a radiation source
consists of three basic regions:

• the pre-trend that is prior to the irradiation, where fluctuation is stable,

• a constant and almost linear region, when the temperature rises; corresponds to
the moment that the source enters the calorimeter being kept in a fixed position,
this being the measurement point of the thermistors while the irradiation lasts;

• the post-trend, which is the region that exhibits the behavior of water
temperature at time intervals after removal of the source from the calorimeter.
The post-trend has a characteristic thermal profile and includes a relative region
of low temperature rise that is governed by the increase in temperature gradient
created in the water due to direct dose deposition in the water. This can be
followed by a sudden increase in temperature due to the decay process of the
effect source reaching the measurement point.

Figure 6.
Shows a schematic diagram of the Domen-type water calorimeter, built jointly with the Canadian McGill
University and reported by Rosado and de Almeida [17] to be operated with non-circulating water at 4.0°C.
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Using a model of heat conduction in water, the onset time of this sudden temper-
ature rise can be accurately predicted as a function of the distance between the
measurement point and the source.

Specifically, for a standard of absorbed dose to water such as the calorimeter, the
dose Dw at a point in the water at a given distance (r) from the thermistor corresponds
to the measured temperature increase at that point (ΔT) being quantified through the
relationship:

Dw ¼ ΔTw ∙ cw ∙ kt ∙ kc ∙ kv ∙ kdd ∙ kρ ∙ kHD (5)

where:
ΔTw ∙= increase in the temperature;
cw = specific heat of the water;
kt = transient effect on the thermistor response due to dose deposition;
kc = conductive transfer of heat due to the excess of heat from the glass compo-

nents and temperature gradients;
kv = conductive transfer of heat when water temperature is different from 4°C;
kp = disturbance caused in the radiation field due to the presence of the heart

(core) of the calorimeter and thermistors, calculated by Monte Carlo simulation;
kdd = refers to the non-uniformity of radiation the beam;
kρ = variation in the density of water due to the presence of the calorimeter;
kHD = the heat defect, that is, the difference between the absorbed energy and the

energy that appears as heat due to chemical reactions induced by radiation.
One of the advantages of the water calorimeter is that the quantity of absorbed

dose to water is being measured directly in water, while in the case of using graphite, a
graphite to water conversion factor is necessary.

Method 2. Measurement performed on the graphite phantom using a known
volume ionization chamber.

In general, the measurement of the absorbed dose to water Dw [1] is carried out
under the same reference conditions as mentioned before, as illustrated in Figure 7.

Figure 7.
Parallel plates graphite ionization chamber (1.8 gm/cm3) with 2.8 mm wall thickness, inner diameter of 45 mm,
outer diameter of 50.5 mm, used by the BIPM and reported by Boutillon and Niatel [18].
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The reference conditions include radiation field of 10 x 10 cm2 in the plane of the
phantom surface, SSD = 100 cm, with the center of the chamber positioned at 5 g/cm2

depth in graphite, reference air temperature of 22°C, atmospheric pressure of
101.3 kPa, and humidity between 30 and 70%, according to the formalism:

Dw ¼ I
ρ
∙ v ∙

Wair

e
∙

μen
ρ

� �

w,c
∙ sc, a ∙Πk j (6)

where:
I = current reading corrected for the reference conditions of T and P;
ρ = air density;
v = sensitive volume of the cavity;
Wair
e = average energy needed to produce a pair of ions, its product being equal to

the energy ceded to the air mass mair from the reference sensitive volume;
μen
ρ

� �
w,c

= ratio between the mass-energy absorption coefficients for water and

graphite. Proposed by Hubbel and Seltzer [15];
sc, a = ratio of the restricted stopping power between graphite and air, calculated

based on the Spencer-Attix theory taking into account the average value of the energy
in the electron spectrum generated by the effect;

Πk j = the product of several correction factors:
kh = correction for the reference humidity;
ks = loss by ionic recombination;
km = radial non-uniformity of the beam in the chamber plane;
(d/do) = deviation correction between nominal and actual distance;
f = graphite to water conversion factor.
Fricke dosimetry consists of measuring the conversion, due to the ionizing

radiation, of the ferrous ions present in the solution, into ferric ions through
spectrophotometry. The Fricke dosimeter consists of a 96% water solution, therefore
its attenuation to radiation is very similar to that of water and can be used in the dose
range of 5 Gy–400 Gy with dose rates of up to 106 Gy/s.

The quantity determined by the Fricke chemical dosimetry system is the absorbed
dose to the Fricke solution (DF), as defined in Eq. (7) and described in the literature
by [19, 20].

G Fe3þ
� � ¼ ΔOD

DF:L:ρ:ε
(7)

Where:
ΔOD = difference between the absorbance of the irradiated solution and the

control solution, corrected for the temperature during irradiation and reading
measured at 304 nm;

G(Fe+3) = chemical yield of the reaction for the gamma radiation beam;
L = optical pathlength of the cuvette, where the solution is placed during the

readings by the spectrophotometer;
ρ = density of the Fricke solution;
ε = molar absorptivity coefficient or molar extinction coefficient;
To determine the quantity of interest, Dw in water, it is necessary to use the

correction factors defined in Eq. (8), as proposed by [21] and expanded by [19]:
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Dw ¼ DF ∙ f w,F � Pwall ∙ f avg (8)

Where:
DF = absorbed dose to the Fricke solution;
f w,F= factor that converts the absorbed dose to the Fricke solution to the absorbed

dose to water.
Pwall= factor that corrects disturbances caused by the PMMA walls of the holders

containing the solution.
f avg = factor that corrects the inhomogeneity of the dose deposited in the Fricke

solution along the radial and the vertical axis.
This method requires laboratories with several parameters under control such as

temperature, dust, cleaning, laminar flow hoods, Milli Q water production, glassware,
quartz cuvettes, high-resolution double-beam spectrophotometer with filters for your
QA, and high-purity chemicals. For this reason, its use is restricted to laboratories and
not to be used at clinical environments.

4. Reference dosimetry

It refers to the measurement of the absorbed dose in water with an ionization
chamber in the beam of the user’s Institution. The reference conditions used in the
calibration laboratory must reproduced, and the influence quantities (T, P, U) are
measured at the time of data acquisition and correction accordingly.

Step 1: Calibration of a user’s chamber at the level of the National Laboratory or of
an SSDL according to interface [3].

NDw,Q ¼
labDw,Q
labMw,Q

(9)

where:
NDw,Q = calibration coefficient provided by SSDL or PSDL to the user;
labDw,Q = absorbed dose to water determined in the SSDL by the standard instru-

ment under reference conditions, that is, SSD = 100 cm, radiation field 10 � 10 cm2

and the chamber centered at a depth of 5 cm in water;
labDw,Q = reading of the user’s chamber called reference chamber, performed on

the same beam and under the same conditions as in the SSDL or PSDL.
Step 2. With the calibration coefficient NDw,Q :

These measurements are performed at the user’s institution with its reference
chamber to obtain the absorbed dose to water with a beam of the same quality as the
SSDL under the reference conditions: SSD =100 cm, radiation field 10 x 10 cm2 and
depth of 5 cm in water according to the Eq. (10):

uDw,Q ¼ uMw,Q ∙ND,w,Q (10)

where:
uDw,Q = dose measured in the user’s beam under reference conditions;
uMw,Q = average reading of the reference chamber in the user’s beam;
ND,w,Q = calibration coefficient provided to the user for a given beam quality by

the Calibration Laboratory, in general gamma rays of 60Co.
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As the calibration coefficient is normally defined for a 60Co gamma ray beam, if
the user has a different beam (e.g., photons with 6, 10, 15 MV) a Kq factor well
described by Andreo et al. [6] should be used to adjust the detector’s response to this
new beam quality according to the Eq. (11):

uDw,Q ¼ uMw,Q ∙ND,w,Q ∙ kQ (11)

where:
uDw,Q = dose measured in the user’s beam under reference conditions;
uMw,Q = average reading of the reference chamber in the user’s beam;
ND,w,Q = calibration coefficient provided to the user for a given beam quality by

the Calibration Laboratory, in general gamma rays of 60Co.
kQ = factor that adjusts the value measured in the quality of the user’s beam

defined from the relationship between the readings taken on the water phantom, with
a 10 x 10 cm2 radiation field size defined at 20 cm and measured at 10 cm in depth in
the same geometry, that is, according to the definition of the TPR20,10 as shown in
Figure 8.

The numerical value of this factor varies with the type of materials used in the
chambers, whose beam quality is expressed by the TPR20,10 ratio, which empirically
represents the variation in the interaction and absorption behavior of each of the
materials due to the different cross sections. Typical behavior of Kq values as a
function of the beam quality, defined by the TPR20,10, is shown in Figure 9.

Figure 8.
Geometry that should be used for measurement of the quality of the Q beam, to obtain the kQ factor from the
TPR20,10 ratio, for a source chamber distance (SCD) of 100 cm, 10 x 10 cm2 field and measurements at depths of
10 and 20 g/cm2 of water as recommended by the TRS#398 [1].
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The graph clearly shows a dependence of the Kq value with the type of the
chamber, in this case for photons of different energies, using Farmer-type cylindrical
chambers from various manufacturers, built with different materials. TRS#398 [1].

The measurement system that best suits this application at the user level is the
ionization chamber, in which case there is no need to know its volume as the calibra-
tion coefficient considers the chamber’s response and not its real volume.

The TPR20,10 can also be estimated from the Percentage Depth Dose measurements
using the empirical relationship, according to Eq. (12):

TPR20,10 ¼ 1:2661 ∙PDD20:10 � 0:0595 (12)

where,
TPR20,10= ratio of ionization measurements at 20 cm and 10 cm depth in water for

a constant source to chamber distance and with a 10 x 10 cm field at the plane of the
detector.

PDD20:10 = ratio between the values measured at 20 and 10 cm depth for a 10 x
10 cm2 field at a source camera distance of 100 cm.

5. Relative dosimetry

In the clinical environment various measurements are performed under non-
reference conditions where the calibration coefficient does not need to be used. These
measurements are called relative, such as: dosimetry of other radiation fields (values
compared with the reference field, output factors), wedge filter factor (ratio between
readings performed with and without filter on the same geometry), measurements of
depth dose (normalized to the values obtained at the maximum dose point for that
specific radiation field and type of beam).

In these cases, there is a variety of detectors that can be used without compromis-
ing on having their values related to the true value of the quantity.

Figure 9.
Typical behavior of Kq values as a function of the beam quality, defined by the TPR20,10.
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For example: diodes, TLDs, micro-cameras, detector array, alanine, film, MOSFET
among others, all of them with their well-defined and different characteristics, such as
(sensitivity, short term repeatability, long-term stability, angular, dose rate and energy
dependence, detector size, leakage, signal fading) among others must be considered.

6. Key points

Check and consider, if applicable, the following:

• energy dependence with depth of water.

• Dose rate dependence, especially on FFF (flattening filter-free) beams.

• Directional dependence due to the detector geometry and volume.

• Signal-to-noise ratio as a function of field size, detector shape and size, and signal
sensitivity.

• Permanent defects caused by dose storage

• volume that results in loss of spatial resolution.

Special cases where the reference conditions are not able to follow TRS#398 [1]
recommendations are called non-reference conditions. Small fields used in radiosur-
gery show a more complex spectrum and require ionization chambers with other
dimensions, additional geometric conditions, and specific formalism.

In this case, the TRS# 483 [20] should be used as a reference, the most suitable one
at this time, where a relatively small variety of detectors are used, generally limited by
the field size and the loss of lateral electronic balance.

Replace the entirety of this text with the main body of your chapter. The body is
where the author explains experiments, presents, and interprets data of one’s research.
Authors are free to decide how the main body will be structured. However, you are
required to have at least one heading. Please ensure that either British or American
English is used consistently in your chapter.

7. Conclusion

This entire chain of measurements and formalism must take into account the
specific physical conditions of the interaction processes between the radiation beam
with the detector in the measurement processes, aiming to ensure the least possible
uncertainty in the dose delivered to the patient.

The different levels of complexity and duties of the metrological stakeholders are a
result of the complexity of the experimental arrangements, the quality of the mea-
surement systems, the degree of control over the environmental conditions and the
high cost, which makes it not compatible with the clinical environment.

However, the metrological consistency between the different levels guarantees a
level of final uncertainty of the dose delivered to the patient compatible with the
recommendations of international organizations.
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Therefore, if we keep the instruments (electrometer + cable + camera) accompa-
nied by a quality assurance program, with its periodic calibrations and care to main-
tain its functional integrity, the final quality of the measurements will always be in
accordance with the concept of the best practice.

Conflict of interest

The authors declare no conflict of interest.

Author details

Carlos Eduardo de Almeida1 and Camila Salata2*

1 Radiological Sciences Department, Rio de Janeiro State University (UERJ),
Rio de Janeiro, Brazil

2 Department of Medical and Research Facilities, National Nuclear Energy Authority
(CNEN), Rio de Janeiro, Brazil

*Address all correspondence to: salata@cnen.gov.br

© 2022TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

89

Absolute, Reference, and Relative Dosimetry in Radiotherapy
DOI: http://dx.doi.org/10.5772/intechopen.101806



References

[1] IAEA. Technical Report
Series TRS#398, Absorbed dose
determination in external beam
radiotherapy. Vienna, Austria: IAEA; 2010

[2] IAEA. Technical Reports Series 469-
Calibration of Reference Dosimeters for
External Beam Radiotherapy. Vienna,
Austria: IAEA; 2009

[3] Andreo P, Burns DT, Nahum AE,
Seuntjens J, Attix FH. Fundamentals of
Ionizing Radiation Dosimetry. 1st ed.
Weinheim, Germany: Wiley-VCH; 2017

[4] Radiation quantities and units ICRU
report 33. United States: International
Commission on Radiation Units and
Measurements; 1980

[5] Peixoto JGP, de Almeida CE.
Implementation of a Brazilian primary
standard for x-ray. In: International
Symposium on Standards and Codes of
Practice in Medical Radiation Dosimetry.
Vienna, Austria: NIST; 25–28 November
2002

[6] Allisy, Contribution à la mesure de
l'exposition produite par les photons
émis par le Cobalt 60. Metrologia: IAEA;
vol. 3, no. 2, pp. 41–51, 1967. DOI:
10.1088/0026-1394/3/2/003.

[7] Boutillon M, Niatel M-T. A study of a
graphite cavity chamber for absolute
measurements of 60Co gamma rays.
Metrologia. 1973;139:146. DOI: 10.1088/
0026-1394/9/4/001

[8] Buckley LA, Rogers DW. Wall
correction factors, Pwall, for thimble
ionization chambers. Med Phys. 2006;
33(2):455-464. DOI: 10.1118/1.2161403

[9] de Almeida CE, Niatel MT.
Comparison Between IRD and. BIPM
Exposure and Air-Kerma Standards for

Cobalt-60 Gamma-. Rays. Sèvres: Bureau
International des Poids et
Mesures (BIPM); 1986. pp. 86-92.
Rapport BIPM-1986/12

[10] de Almeida CE, Malamut C,
Rodrigues LN. Experimental arrangement
and data acquisition system at the LNMRI
for exposure and air kerma measurement
of Cobalt-60 gamma rays. Journal of
Medical Physics. 1996;21:1-5

[11] de Almeida CE, Rodrigues LN,
Cecatti ER, Malamut C. Exposure and air-
kerma standards for cobalt-60 gamma
rays. Revista de Física Médica Aplicada e
Instrumentação. 1990;5:211-228

[12] Duftschmid K. Private
Communication. 1986

[13] Hubbell JH, Seltzer SM. Tables of
x-ray mass attenuation coefficients and
mass energy-absorption coefficients 1
keV to 20 meV for elements z = 1 to 92
and 48 additional substances of
dosimetric interest. United States: IAEA;
1995

[14] Allisy-Roberts PJ, Boutillon M,
Rodrigues LN. Comparison of the
standards of air kerma of the LNMRI and
the BIPM for 60Co γ-rays. Bureau
International des Poids et Mesures. 1996,
Rapport BIPM-96/3.

[15] Alissy-Roberts PJ, Kessler C,
Mello da Silva CN. Comparison of the
standards of air-kerma of the LNMRI
and the BIPM for 60Co gamma rays.
Bureau International des Poids et
Mesures. 2005, Rapport BIPM-2005/01

[16] Malcolm E. Primary standards of air
kerma and absorbed dose AAPM.
Summer School. Medical Physics
Publisher; 2009

90

Dosimetry



[17] Rosado PH, De Almeida CE. Water
Calorimeter for absolute determination
of absorbed dose in water. Work in
Progress

[18] Boutillon M, Niatel MT. A study of
graphite chambre for absolute
measurements of 60Co gamma Rays.
Metrologia. 1973;9:139-146. DOI:
10.1088/0026-1394/9/4/001

[19] De Almeida CE, Ochoa R,
de Lima MC, David MG, Pires EJ,
Peixoto JG, et al. A feasibility study of
fricke dosimetry as an absorbed dose to
water standard for 192Ir HDR sources.
PLoS One. 2014;9:e115155. DOI: 10.1371/
journal.pone.0115155

[20] Alfonso R et al. A new formalism
for reference dosimetry of small and
nonstandard fields. Med Phys. 2008;35:
5179–5186

[21] Klassen NV, Shortt KR, Seuntjens J,
Ross CK. Fricke dosimetry: The
difference between G(Fe3+) for 60Co
γ-rays and high-energy x-rays. Phys Med
Biol. 1999;44:1609-1624. DOI: 10.1088/
0031-9155/44/7/303

91

Absolute, Reference, and Relative Dosimetry in Radiotherapy
DOI: http://dx.doi.org/10.5772/intechopen.101806





Chapter 5

Thermoluminescence Dosimetry
Technique for Radiation Detection
Applications
Hossam Donya

Abstract

Due to the risk of radiation exposure, radiation dosimetry is performed regularly to
ensure the occupational safety of personnel and radiation workers. Therefore, various
dosimeters are widely used to detect neutrons, gamma, X-ray, and proton irradiation
fields. As an example, in medical applications, routine personal dosimetry is used to
monitor and limit workers’ long-term occupational exposure. Radiation workers who
undertake X-ray diagnostic, radiotherapy operations, in clinical and industrial appli-
cation. Although, the overheads of running an in-house TLD (Thermoluminescent
dosimetry) service for monitoring doses to eyes, pacemakers and so on seems rather
high for the benefits conferred, however, it is still widely used for reporting doses
accurately in various medical centers over the world. TLD also is widely used for
measuring entrance doses on a handful of patients to validate a new LINAC/TPS
combination. As well as in the industrial field as if petroleum, companies or nuclear
reactor, RSO (radiation safety officer) used TLD badges to report delivered doses. In
this chapter, we focus on the TLD technique for measuring doses of various ionizing
radiation detection. Different methods for evaluations of TL Kinetics are covered.
Modern TLD applications in the clinical field are also investigated. Some recommen-
dations on advance dosimetry failure of TLD are concluded.

Keywords: TLD, TL kinetics, radiotherapy, hybrid-functional density theory,
modern clinical applications

1. Introduction

TLD method is considered an important technique as it can store radiation in trap
centers for long period. Glow peaks of thermoluminescence dosimeters are later
measured and discussed based on some models related to the physical changes in the
band structure of dosimeter because of ionizing radiation exposure. A wide range of
substances exhibits thermoluminescence (TL) phenomena after being exposed to
nuclear radiation such as activated LiF and CaSO4. Thermoluminescent dosimeter
(TLD) emits light when heated up after being irradiated. Due to this special property,
TLD could be used as a radiation dosimeter. TLD has many advantages and sensitive
to different types of radiation. A dosimeter of higher TL response to thermal neutrons
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is most commonly used in mixed radiation fields (neutron and gamma ray). The
sensitivity of TLD to neutrons depends on the detector compound type, environment
and neutron energy. For neutron dosimetry purposes, the neutron and gamma ray
dose contribution must be separated by using two different detector types of TLD.
The first one should be sensitive to gamma and the other should be sensitive to
neutrons plus gamma (as LiF-700 and LiF-600) [1, 2].

The response of fast neutrons depends on the cross-section for the interaction in
TLD material and the relative TL efficiency, which depends on the linear energy
transfer (LET) of the reaction products in the first place. The response to
intermediate-energy depends mainly on the cross-section of the reaction, which may
take place with the composite material of the TLD.

1.1 TLD applications in neutron and gamma ray dosimetry

Generally, there are three types of TLD used for neutron dosimetry as follow:

1.1.1 Albedo neutron dosimeter

A considerable fraction of intermediate and fast neutrons can be slowed down to
epithermal neutron energy and backscattered in the human body, interacting with the
sensitive TL material. An albedo neutron dosimeter is a type of neutron monitor and is
typically used in the neutron energy range of 0.2 eV to around 0.5 MeV. The slow
neutrons interact with TL material, usually through 6Li (n,α) 3H reaction, and the
resulting induced charged particles to stimulate the TL material. Recently, some of
albedo TLD dosimeters depend on 10B (n, α) 7Li reactions. Because neutron TL
sensitive material responds to gamma radiation, and neutrons are accompanied by this
gamma radiation, another TLD is usually utilized in conjunction with TLD with a
gamma ray.

The neutron albedo dosimeter measures (a) direct fast neutrons, (b) direct thermal
neutrons, and (c) albedo neutrons reflected from the body. This type of dosimeter
uses Lexan polycarbonate and/or CR-39 foils, as well as two 10B (n, γ) 7Li converters
in a cadmium cover, to efficiently measure the three neutron dosage components
independently [3–5]. Fast neutron dose is assessed in CR-39 by counting proton recoil
tracks, while thermal neutron dose is determined by counting α particles created
during the process. Because the albedo dosimeter has a sensitivity range of 0.3–
30 mSv, it is advised that it be used as a backup dosimeter to assist in the assessment
of high dose values in the event of accidents or patients receiving neutron therapy.

In another application, the 10B (n, α) 7Li reactions with the backscattered albedo
neutrons employed with Electret’s ionization chamber proposed by Seifert et al. [6, 7].
In this chamber, induced 7Li from the ionization of the gas in the chamber worn on the
body’s surface in the above reaction instance. Under saturation conditions, produced
charge carriers with the corresponding polarity travel to the surface of the electret. As
a result, the change in the electrets voltage is a direct measure of albedo neutron
fluence and an indirect estimate of primary neutron fluence. In general, the advan-
tages of albedo TLD dosimeter are: they are relatively inexpensive and can be reused,
easily fabricated, lightweight to wear, Readout is simple and can be automated,
Insensitive to humidity.

While their disadvantages are: Some of TLD exhibit fading, TLD is sensitive to
gamma-ray, they must be worm properly or serious errors can be resulted, the
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measured values of TLD does not give permanent record as the track detectors, their
sensitivity is highly dependent on the angle and energy of incidence radiation.

1.1.2 Hydrogenous radiator TLDs

In this type of dosimeters, the fast neutrons knock out protons from hydrogenous
material mixed with the phosphor, and the protons dispel their energy in the dosim-
eter. In this method, the hydrogenous substances are called proton radiators [8]. This
technique has demonstrated that TL materials mixed with hydrogenous material can
detect fast neutrons, but the sensitivity needs to be improved by one order of magni-
tude before using in personnel neutron dosimetry.

1.1.3 LET-dependent deep trap TLD glow peaks

The fast neutron interacts directly with the TL material as calcium fluoride (CaF2:
Tm) which is commercially called TLD-300. This type has a glow curve with two glow
peaks and the peak temperature Tm centered 150 and 250°C, respectively. The higher
temperature peak (250°C) has a greater response to the fast neutrons. TLD-300
dosimeter CaF2: Tm (0.35 Mol. %) showed a lower detection limit of about 0.3 mSv
from 241Am-Be source.

2. Characteristic of TLD phosphors

2.1 The glow curve

The term “Glow curve” refers to the graph of TL as a function either of tempera-
ture or of time as shown in Figure 1.

Glow curves have the following features:-

• The glow curve of a certain phosphor probably best characterizes that phosphor.
For example, the appearance of glow peaks only at low temperatures implies that
the phosphor loses its stored TL with time, and therefore would be unsuitable for
long-term measurements.

Figure 1.
TLD glow curve and time–temperature profile (TTP).
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• A peak at very high temperatures indicates a phosphor that will produce infrared
radiation at the temperature necessary to release the TL. This is a problem for the
instrumentation.

• A glow curve without well-defined peaks makes the selection of the appropriate
end for integration difficult. Ideally then, a glow curve should reveal only a single
thermoluminescent peak, which occurs at a temperature high enough to ensure
room temperature stability but not so high as to present instrumental problems.
However, the temperature at which a TL peak appears is quite affected by the
heating rate.

The following factors may affect the shape of the glow curve:

2.2 TL sensitivity

The sensitivity of TLD should be evaluated for competitor’s materials to determine
the dose linearity, sub linearity or supralinearity behavior of phosphors. The sensitiv-
ity and thermal stability of glass samples were found to be dependent on both the
starting materials and the method of preparation in Refs. [9–13].

2.3 Dose rate dependence

TL dosimeters, in general, have demonstrated no dose rate effects over a wide
range.

2.4 Stability

TL is the release, in the form of visible light, of energy absorbed from previous
irradiation. The rate at which this energy is released is dependent upon the phosphor
temperature and increases sharply at a higher temperature. Even though the concept
of “glow peak temperature” that temperature at which the maximum of the glow peak
occurs, is both useful and easily demonstrated. It should be remembered that a finite
rate of loss of stored energy exists even for much lower temperatures. If a phosphor
shows an insignificant loss of TL at room temperature, it is said to have good stability.

3. TL kinetics

The physical process leading to the emission of TL from a sample is related in most
cases to the traffic of charge carriers, usually electrons and holes, between different
imperfection states in the solid sample. Studying the kinetics of the TL process means
the investigation of electron–hole transitions between energy states in cases of both
the irradiation of the TL sample and the readout processes. Although, in most exper-
imental situations the TL curve consists of several overlapping peaks, it is appropriate
to start the discussion by dealing with a single peak to understand the basic process.
For most purposes, it is not necessary to assume that the glow curve consists of only
one peak. The analysis of a single peak may just be valid if a series of peaks occur,
provided that the peak of interest is sufficiently separated from others, either because
it appears separately or because we have an efficient method to isolate it from the rest
of the curve.
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3.1 First kinetics order

If n is the number of trapped electrons in the sample, which is maintained at
constant temperature T, n decreases with time t as:

�dn
dt

¼ P n (1)

From Eq. (1) we get:

�dn
dt

¼ nS exp
�E
KT

� �
(2)

The rate of photonemission, andhence the rate of release of electrons fromtraps to their
rate of arrival at luminescence centers, determine the strength of the TL glow peak [14].

Iα� dn
dt

! I ¼ �C
dn
dt

¼ nCS exp
�E
KT

� �
(3)

Where C is a luminescence efficiency constant.
When the dosimeter is heated with rate β =dT/dt. Then we may write dn=dt as:

dn
dt

¼ dn
dT

dT
dt

¼ β
dn
dT

(4)

Substitute in Eq. (2), we get:

! dn
dT

¼ �nS
β

exp
�E
KT:

� �

!
ðn
no

dn
n

¼ �S
β

ðT
To

exp
�E
KT

� �
dT

Where no denotes the number of electrons in the trap at a given time and temper-
ature, to and To, respectively.

n ¼ no exp
�S
R

ðT
To

exp
�E
KT

� �
dT

� �
(5)

Substitute in Eq. (3)

I ¼ noSC exp
�E
KT

� �
exp

�S
β

ðT
To

exp
�E
KT

� �
dT

� �
(6)

It should be noted that I(T) in Eq. (6) dependents on two physical parameters, the
activation energy E, and frequency factor S, and the heating rate β. The activation
energy is the minimum energy required to release the electrons from their traps.
Differentiation of Eq. (6) with respect to the temperature gives:

∂I
∂T

¼ noSC exp
�E
KT

� �
exp f Tð Þð Þ ∂f Tð Þ

∂T
þ exp f Tð Þð Þ exp �E

KT

� �
E

KT2

� �� �
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Where, f Tð Þ ¼ �S
β

Ð T exp �E
KT

� �
dT

At T ¼ Tm ! ∂I
∂T ¼ o

! s
β
exp

�E
KTm

� �
¼ E

KT2
m

(7)

where Tm is peak position or the temperature at maximum intensity.
Equation (7) describes the condition of the occurrence of the maximum intensity

and the determination of the corresponding temperature, which we call,Tm. The
reduction in the second exponential function is faster than the growth in the first
exponential function above this temperature, and the product function decreases until
the traps are fully depopulated. This accounts for the end of the peak. A theoretical
(calculated) glow peak plotted using Eq. (6) is shown in Figure 2. The main feature of
the first-order peak is that the asymmetric, is such that at temperatures over Tm, the
reduction is faster than the rise at low temperatures.

The initial concentration no appears in the first kinetics order acts only as a con-
stant multiplying the temperature-dependent factors. In this particular case of the
first kinetics order, changing the initial concentration no has no effect on the curve’s
form because adjusting the intensity at each temperature has the same proportional
effect. Figure 3 shows several glow peaks with different no. One of the aspects of this
fact is that Tm is independent of the initial concentration no.

This appears well in the condition of the Tm described by Eq. (7), where no does
not appear in the equation. This property of the independent of Tm on no is specified to
the first-order case, and will not occur for most of the other kinetics possibilities [13].
Eq. (7) can be written in the following form:

βE
K

¼ ST2
m exp

�E
KTm

� �
(8)

We see that changing the heating rate βmust change Tm in a such way that equality
still holds. The term T2

m exp �E
KT

� �
is monotonically increasing with Tm, therefore

increasing the rate β will immediately cause Tm to increase. Since T2
m exp �E

KT

� �
is a very

rapidly increasing function of Tm, only a small change of Tm may accompany a large
variation in the heating rate β, this variation is usually rather easily observable.

Figure 2.
Theoretical glow peak plotted using the first kinetics order equation.
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3.1.1 Second kinetics order

One assumption made up by Randall and Wilkins [14] which led to the first
kinetics order was that once a charge carrier is thermally elevated into the band, it is
bound to recombine rather quickly with an opposite sign carrier trapped in a recom-
bination center. Gralick and Gibson [15] considered another case in which the free
carriers may re-trap with equal retrapping recombination probabilities with the fur-
ther assumption that the concentration of electrons in traps and holes in recombina-
tion centers are equal during the entire process. Denoting the total number of traps of
the given type (free electrons or holes) by N, they found the kinetics equation:

I ¼ �dn
dt

¼ S
N

� �
n2 exp

�E
KT

� �
(9)

where (S/N) is a constant having units of m3s�1, which we may denote by S0. Then
we have

I ¼ �dn
dt

¼ S0n2 exp
�E
KT

� �
(10)

where S0 is called “pre-exponential factor” which does not have the same meaning
of “frequency factor” as was in the first kinetics order.

For linear heating rate β, we have:

I ¼ �dn
dt

¼ �dn
dT

yields
!

dn
dT

¼ �Ś
β

n2 exp
�E
KT

� �

yields
!

1
n
� 1
no

¼ Ś
ðT

exp
�E
KT

� �
dT

yields
!

n ¼ no 1þ Ś
 !

no
ðT

exp
�E
KT

� �
dT

( )�1

(11)

Figure 3.
Glow curves plotted using the first-order kinetics equation for different no.
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Substitute in Eq. (10),

I ¼ Śn2o exp
�E
KT

� �
1þ Ś

 !
no

ðT
exp

�E
KT

� �
dT

( )�2

(12)

where Eq. (12) represents the intensity of a glow peak according to the second
kinetics order model. At high temperature, the second decreasing function dominates
so that the product function is decreasing. Somewhere between two regions the glow
curve, therefore, reaches its maximum. Figure 4 Displays a hypothetical glow peak
plotted using Eq. (12).

The condition of the maximum is found by setting the derivative of Eq. (12) to
zero (dI/dT = zero) [16], then we may find:

dI
dT

¼ Śn2o

�2 exp
�E
KT

� �
1þ Śno

β

� �Ð T exp �E
KT

� �
dT

n o�3 Śno
β

 !
exp

�E
KT

� � !

þE=KT2 exp
�E
KT

� �
1þ ´Sno

β

� �Ð T exp �E
KT

� �
dT

n o�2

8>>>><
>>>>:

9>>>>=
>>>>;

dI
dT

¼ 0atT ¼ Tmyields
!

2Śno
β

exp
�2E
KTm

� �
1þ

´Sno
β

 !ðTm

exp
�E
KTm

� �
dT

( )�3

E
KT2

m
exp

�E
KTm

� �
1þ

´Sno
β

 !ðTm

exp
�E
KTm

� �
dT

( )�2

Multiply by 1þ Ś
β

� �
no
Ð Tm exp �E

KTm

� �
dT

n o3
and rearrange, one gets

1þ Ś
β

 !
no
ðTm

exp
�E
KTm

� �
dT

( )
¼ 2KT2

mŚno
βE

exp
�E
KTm

� �
(13)

Then Eq. (13) represents the condition of the peak maximum according to the
second kinetics order. As can see no appears in the equation and therefore we expect
that Tm will depend on no. It can be shown numerically or analytically, that increasing

Figure 4.
Theoretical glow peak plotted using the second-order kinetics equation.
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no causes Tm to decrease. An exception to this rule of the shift of a second-order peak
with no can be found by Wrzesinska [17], who writes Eq. (10) with S0 ¼ S

no
. The

resulting peak has all the regular features of a second-order peak (e.g., symmetry
properties) except one can write S instead of noS’ and thus Eq. (10) turns out to be
independent of no. The ensuring Tm is, therefore independent of no. It is not clear,
however, what physical circumstances result in S0 being equal to S/no [17]. Other
aspects of the dependence of the glow curve on the initial concentration no are
paramount importance when we are interested in a TL as a dosimetric tool. In many
cases, one associated the initial concentration with the imparted dose and then the
dependence of different parts of the glow peak on no is important. In the first kinetics
order, since the intensity at each point is multiplied by the same factor while changing
no, the total area varies with the same amount so that the total area is proportional to
no. Its occurrence in second-order peak can be illustrated by integrating Eq. (9) with
respect to time from zero to infinity;

ð∞
0
I tð Þdt ¼ �

ðn
no
dn ¼ no � n∞ ¼ no (14)

Both in the first order and second order, as well as other cases, n ∞ is zero and
therefore the integral, which represents the area under the glow peak is equal (in
appropriate units) to no.

Now we can consider the dependence of different portions of the second-order
peak on no. First, we shall study the dependence of I on no for a given temperature T.
In the initial rise range, Eq. (12) reduces to:

I Tð Þ ffi n2oS
0 exp

�E
KT

� �
(15)

This shows immediately that for a given temperature in this range the dependence
of I on no is superlinear, namely I α no. It is to be emphasized that it is true only in the
initial rise region; as already shown the total area is proportional to no and different
dependencies are expected on other portions of the curve. Using the maximum con-
dition equation and approximation to

Ð T exp �E=KTð ÞdT, it can be shown that the
two terms in the brackets in Eq. (12), namely unity and no S0

β To exp �E=KTð ÞdT are
more or less equal at T = Tm. At higher temperature, the latter term increases
substantially and the unity can be neglected so that we obtain:

I ffi S0no2 exp
�E
KT

� �
S0

β

� �
no
ðT

exp
�E
KT

� �
dT

� ��2

yields
!

I ffi S0 exp
�E
KT

� �
S0

β

� �ðT
exp

�E
KT

� �
dT

� ��2

(16)

The main point in Eq. (18) is that the term includes no cancel. This means that at
a higher temperature range the TL intensity is independent of no for any given
temperature [17].

Figure 5 shows plotted glow peaks using Eq. (12) for different no. In the low-
temperature range, the TL intensity appears to depend on no. As no increases,Tm

decreases which makes the peaks appear to be shifted to the low-temperature side. As
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the temperature increases the effect of no on the peak starts to decrease which makes
the peaks approach each other’s on the high-temperature side.

3.1.2 A single TL peak analysis

As seen in Figure 6, the concentration of the trapping state is denoted by N (m�3),
with n(t) (m�3) being filled by electrons at time t(s). These electrons can be thermally
elevated into the conduction band by crossing an energy barrier of E (eV) at a rate
proportional to exp.(�E/kT), resulting in a concentration of free electrons nc(t)
(m�3). Following that, these can be retrapped in a similar trap with a re-trapping
probability An or recombined with a trapped hole in a center with a recombination
center probability Am, generating a photon with the recombination center energy h. A
set of three simultaneous differential equations governs this operation. The following
factors influence the recombination process:

Iαncmyields
!

I ¼ �dm
dt

¼ Amncm (17)

where n, m, and nc are the trapped electron, hole in the center, and free-electron
concentrations, respectively, and (dm/dt) is the recombination rate. This means that
the amount of light emitted is proportional to the pace at which m decreases. The rate
of recombination is proportional to both the instantaneous concentration of free

Figure 5.
Plotted glow peaks using the second-order kinetics equation for different no.

Figure 6.
A general treatment of the charge carriers’ transitions in the TL sample.
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electrons nc and the concentration of hole centers m, the proportional constant Am
(m3 s�1). The product of cross-section recombination σ (m2) and thermal velocity is
commonly used to calculate this value (m.s�1). The second equation is concerned with
the movement of electrons that have been thermally liberated from the trapped
condition. The rate of release of these electrons –dn/dt is proportional to the trapped
electron concentration n (m�3) and the Boltzman constant exp.(�E/KT), with S
serving as the proportional constant (s�1).

However, the actual rate of change of n is also related to the retraping term. The
rate of retraping is proportional to the concentration of free electrons nc, and the
unoccupied trapping states N-n, the proportional factor being the recombination
probability An(m

3s�1). Thus, the second combined equation is given by:

�dn
dt

¼ Sn exp
�E
KT

� �
� Annc N � nð Þ (18)

The third equation is that of charge neutrality. In its simplest form, it should read
m = n + nc. Taking the first derivative with respect to time, the charge neutrality
condition can be written as:

dm
dt

¼ dn
dt

þ dnc
dt

(19)

yields
!

dnc
dt

¼ Sn exp
�E
KT

� �
� nc mAm þ N � nð ÞAnf g (20)

This equation has been given by Adirovitch [18] for phosphorescence and by
Halperin and Braner [19].

Now let us discuss the kinetics of the process in more general terms and see how
the simplified cases of first, second, and more general cases emerge from Eqs. (17)–
(20). Two simplifying assumptions were first made by Adirovitch [18] and later by
many other investigators [19–23]. These are related to the relation between the con-
centration of the electrons in the conduction band and in traps and to the rate of
change of these concentrations, namely:

dd
dt

����
����≪

dn
dt

����
����, nc ≪ n (21)

Although, it seems to be the same connection between these two conditions,
basically they are two separate relations and the occurrence of one does not necessar-
ily imply the other. With these assumptions, Helperin and Braner [19] found the
expression:

I ¼ �dm
dt

¼ mAm

mAm þ An N � nð Þ Sn exp
�E
KT

� �
(22)

Since this equation contains two unknown functions, n(t) and m(t), it cannot be
solved without further assumption. As mentioned, Randall and Wilkins [14] wrote
their first-order equation assuming strong recombination. This can be expressed in
more specific terms. If we assume with relation to Eq. (22) that:

mAm ≫ N � nð ÞAn
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The condition of Eq. (22) is the relation between functions rather than parameters.
It is, therefore, possible that at the low-temperature range of a glow peak, the strong
inequality holds, and at higher temperatures where m and n decreases, the inequality
“weakens” may be inverted. This may result in a shift from first-order behavior to
non-first-order behavior within the same peak [24].

Then, one can say that:

mAm þ N � nð ÞAn ffi mAmyields
!

mAm

mAm þ An N � nð Þ ffi 1

Then Eq. (22) will take the following form:

I ¼ �dm
dt

¼ Sn exp
�E
KT

� �
(23)

Then we see that Eq. (23) takes the same form of Eq. (3). For linear heating rate
function, the general solution of Eq. (23) is given by Eq. (24):

I ¼ noS exp
�E
KT

� �
exp

�S
β

ðT
exp

�E
KT

� �
dT

� �
(24)

Then from Eq. (22) with Randall and Wilkins [14] assumptions, we reached the
first kinetics order equation.

The abovementioned second kinetics order, resulting from different assumptions
associated with Eq. (22). In one set of assumptions, one can take n(t) = m(t) which is
not very different from the parametric equality no = mo once the assumption nc ≪ n is
made.

In addition, we have to assert the retraping dominates [15]

An N � nð Þ≫mAm (25)

We also suppose that the trap is far from being saturated, i.e., the retrapping
duration.

n≪N (26)

Then, from Eq. (26) one can write:

mAm

mAm þ An N � nð Þ ffi
mAm

An N � nð Þ (27)

Using the condition of Eq. (26) in Eq. (27) one gets:

mAm

mAm þ An N � nð Þ ffi
mAm

An N � nð Þ ffi
mAm

NAn
(28)

and since we have assumed that n(t) = m(t),

mAm

mAm þ An N � nð Þ ffi
mAm

An N � nð Þ ffi
mAm

NAn
ffi nAm

NAn
(29)
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Then, apply to Eq. (22), we get:

I ¼ �dm
dt

¼ AmS
AnN

n2 exp
�E
KT

� �
(30)

Alternatively, one can assume, in addition to the concentration equality, that
An = Am [18] which yields:

I ¼ �dm
dt

¼ S
N
n2 exp

�E
KT

� �
(31)

Then Eq. (22) takes the same form of Eq. (8) which is found by Gralick and Gibson
[15]. Where Eq. (30) sums up both these possibilities by employing the parameter S0

(m3s�1), the pre-exponential factor that replaces AmS
AnN

in one case and S/N in the other.
The solution of Eq. (30) is given by Eq. (32)

I ¼ S0no2 exp
�E
KT

� �
1þ S0

β

� �
no
ðT

exp
�E
KT

� �
dT

� ��2

(32)

It should be emphasized that two cases discussed so far, namely first and second
kinetics order, are only special cases in a sense, extreme cases and the general case
described by equations Eq. (17) through Eq. (19) may be neither first nor second order
even if the simplifying conditions of Eq. (21) are assumed to be general. The resulting
Eq. (20) consists of many intermediate cases that do not have a distinct kinetics order.
Although, some researchers still attempt to determine for every TL peak a first or
second kinetics order [25].

Several attempts [16, 26] have been made to add a third parameter to the two basic
ones, the activation energy E and the pre-exponential constant S0 (or S), all the attempts
extend the “order parameter” implied when talking about first or second-order peak.
The order parameters considered so far as a discrete magnitude assuming the value of 1
and 2 can be extended to be a continuous parameter. It is to be noted, however, that the
addition of a third parameter is in principle one step in the right direction since the
general treatment should include eight parameters (E, S, Am, An, N, no, mo, nc). The
best-known way of including the third parameter is that of general kinetics order, b,
according to which one can assume that the glow peak is governed by [25].

I ¼ �dn
dt

¼ S0nb exp
�E
KT

� �
(33)

The kinetics order, b, is normally considered to be between 1 and 2, but it can
occasionally exceed this range [13]. The rationale behind writing Eq. (33) is as follows:
it is readily seen that a first-order peak is asymmetric, where a second order peak is
nearly symmetric. Following Halperin and Braner [19] and Chen [16] we can define
the symmetry factor μg as:

μg ¼
δ

ω
(34)

where δ ¼ T2 � Tm,ω ¼ T2 � T1 as it is shown in Figure 7, and T1 and T2 are the
low and high temperatures on half- maximum intensity, respectively. It has been
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shown [16] that for the first kinetics order, μg ffi 0:42 and the second kinetics order,
μg ffi 0:52.

Of course, intermediate symmetries represented by different values of μg are found
and the simplest way to present them by taking 1< b< 2 in Eq. (30). Chen [16] has
shown that μg changes from 0.42 to 0.52 as b increasing from 1 to 2. The solution of
Eq. (33) for linear heating rate β, is given by:

I ¼ Sno exp
�E
KT

� �
b� 1ð ÞS

β

ðT
To

exp
�E
KT

� �
dtþ 1

� � �b
b�1

(35)

where S ¼ S0nb�1
o : Eq. (35) represents glow peak intensity according to the general

kinetics order.
A few words of caution are in order with respect to this treatment. First, although

Eq. (34) has been shown to quite accurately described measured TL peaks [27, 28], it
is to be noted that in most cases it is only an empirical presentation and is not based on
the three differential equations [Eqs. (17) up to (19)], seem to be more physically
significant. However, the general order case is still important because it can handle
intermediate circumstances and smooth the first and second-order cases as b1 and b2,
respectively.

3.1.3 General-order kinetics

May and Partridge supposed the empirical equation that has been suggested to explain
the thermoluminescence glowpeak if the first or second-order kinetics donot describe the
glow peak. The equation is namely the general- order kinetics and written by:

I ¼ n0 s00 exp �E=KTð Þ
1þ b� 1ð Þs00=β½ �Ð TT0

exp �E=T0 Kð ÞdT0
h ib b�1ð Þ

Hence s00 ¼ s Nn0ð Þ is called the pre-exponential factor, b the order of kinetics and
the rang supposed between 1 and 2 but sometimes this rang has able to be greater than

Figure 7.
Parameters used in the calculation of the symmetry factor.
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those. The pre-exponential factor s00 is constant for given the dose, however, it differs
with changing the absorbed dose with n0.

3.1.4 Trap parameters evaluation techniques

3.1.4.1 Empirical methods

We can deduce that the higher the peak temperature Tm, the higher the activation
energy Urbach [29], and Urbach [30] found empirically for KCl crystals:

E eVð Þ ¼ Tm Kð Þ
500

(36)

This can also be written as E = 23KTm and it differs according to the types of the
sample. Halperin [19] deduced E = 38 KTm for NACL samples, and Miller and Bube
[31] arrived at E = 39 KTm for LiF.

The maximum intensity of the peak, according to Randall and Wilkins [12, 13],
occurs around the temperature where the electron escape probability is 1 s-1. As a
result of Eq. (1), we have:

P ¼ S exp
�E
KTm

� �
¼ 1yields

!
E ¼ KTm ln Sð Þ (37)

3.1.4.2 Initial rise method

According to Eqs. (6), (12) and (3), we can say that at the start of the glow peak
(initial rise region) the TL intensity is proportional to exp �E=kTð Þ, irrespective of
whether the first kinetics order is obeyed or not [32]. This temperature relationship
persists until the quantity of trapped electrons is drastically reduced. Hence, by
plotting Log (I) versus 1/T, the value of E can be obtained from the slope of the
straight line obtained. As a result, using the equation: it is possible to calculate E
without knowing the frequency factor S:

E ¼ �K
ln Ið Þ

1
T

(38)

From Eq. (6), we see that when T is slightly greater than Tm, the argument of the
second exponential is very small and therefore the value of the exponential function is
close to unity and varies very slowly with temperature. The temperature dependence
of I(t) is therefore dominated by the first exponential function, however the
second exponential function decreases with increasing temperature and at higher
temperatures it decreases very rapidly [13].

Therefore, the range of the initial rise must be chosen in which the second
exponential function has minimum influence on the TL intensity temperature depen-
dence. Therefore, it is necessary to restrict the temperature range such that the TL
intensity does not exceed one-tenth of the maximum intensity [32].

Between temperatures T1 and T2 (both < Tm) corresponding to values equal to
a1Im and a2Im respectively as in Figure 8, where:
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a2 ≤0:5,
a2
a1

≥ 5 (39)

On the temperature scale, a series of points were taken at equal intervals and
plotted as ln(I) versus (1/T). The value Ec can then be calculated from the slope of the
straight line as the energy determined by the initial rise technique; this value is smaller
than the real activation energy E by the amount that grows as a1 and a2 increase.
Christodoulides [33] devised the following expression for the corrected energy E in
terms of the measured values Ec, a1, and a2:

E ¼ 1þ 0:74a1 þ 0:082a2ð ÞEc � 2a1 þ 0:22a2ð ÞTm

11605
(40)

The range of applicability of this equation is restricted by:

10≪
E

KTm
≪ 100 (41)

3.1.4.3 Peak shape method

Grossweiner [34] established the first peak shape approach for first-order peaks,
writing:

E ¼ 1:41K
TmT1

τ
(42)

Where: Tm is the temperature at the maximum intensity,T1 is the temperature at
the half of the maximum intensity in low-temperature side, τ ¼ Tm � T1 as in
Figure 9. Grossweiner used the coefficient 1.51, which was later [20] amended to 1.41.
Lushchik [35] developed a method for evaluating the activation energy by utilizing the
high-temperature half width δ ¼ T2 � T1 for first peaks he suggested:

E ¼ KT2
m

δ
(43)

Figure 8.
Extracted parameters from “Christodoulides expression” are to correct the value of the activation energy evaluated
by the initial rise method.
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and for second-order peak:

E ¼ 2
KT2

m

δ
(44)

Chen [16] improved these equations by adding a factor of 0.976 in front of the
former and replacing the factor 2 by 1.71 in the latter.

Halperin and Braner [19] have derived their equations for both first [Eq. (45)] and
second kinetics orders [Eq. (46)]:

E ¼ 1:51K
T2
m

τ
� 3:16KTm (45)

E ¼ 1:81K
T2
m

τ
� 4KTm (46)

Chen [16] managed to establish expressions for general kinetics order, which is
dependent on the geometry factor of the glow peak which is defined by Eq. (35):

E ¼ Cφ
KT2

m

φ
� bφ 2KTmð Þ (47)

Where φ stands for τ, δ,ω and the values of Cφ and bφ for the three methods are:

Cτ ¼ 3 μg � 0:42
� �

þ 1:51 (48)

Cδ ¼ 7:3 μg � 0:42
� �

þ 0:976 (49)

Cω ¼ 10:2 μg � 0:42
� �

þ 2:52 (50)

bτ ¼ 4:2 μg � 0:42
� �

þ 1:58 (51)

bω ¼ 1 (52)

bδ ¼ 0 (53)

where μg is geometrical shape factor that equal δ
ω :

Figure 9.
Peak shape method used to calculate the activation energy.
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3.1.4.4 Various heating rates method

Asmentioned above about Eq. (7), Tm changes with the heating rate β, writing Eq. (7)
twice for heating rate β1 and β2 with maximum temperatures Tm1 and Tm2 we get [36]:

E ¼ kTm1Tm2

Tm2 � Tm1
ln

β1
β2

� �
� ln

T2
m1

T2
m2

 !( )
(54)

The activation energy that will be evaluated from Eq. (54) will be of course in
accord with the first kinetics order only. However, Chen and Winer [37], Chen and
Kirsh [38] showed that it can be used as a very good approximation for nonfirst-order
cases as well.

The maximum condition, Eq. (16), can also take the following form:

� ln
β

T2
m

 !
¼ E

K
1
Tm

þ ln
E
SK

� �

According to this equation, Hoogenstraaten [39] suggested using several heating
rates, a plot of ln(β/T2

m) vs. (1/Tm) should yield a straight line of slope E/K, so that the
activation energy is evaluated. Extrapolation to 1/Tm ! 0 gives the value of ln(E/SK)
from which the frequency factor is immediately found. It was shown that a plot of ln
(Im) versus 1/Tm for various heating rates usually yields a straight line too and the
activation energy can be extracted similarly. It is to be noted from the theoretical
point of view that β should be varied in as board a range as possible. However, this
may cause various experimental difficulties. At very low heating rates, the maximum
intensity will be low and in fact, the peak smeared, thus not allowing effective
extraction of the experimental parameters. At high heating rates, a delay between the
sample temperature and that of the measuring device impairs the temperature mea-
surement. Moreover, temperature gradients within the sample usually occur at high
heating rates which result in a smearing effect of a different kind. In practice, one
should therefore compromise on a relatively narrow range of heating rates [10].

3.1.5 Three points method

A new technique was developed by Rasheedy [25], to evaluate the trap parameters
from the measured glow curve according to the general kinetics order.

The behavior of a phosphor’s TL intensity is determined by the following equation,
[40], for generic kinetics order.

I ¼ �dn
dt

¼ nb

Nb�1 S exp
�E
KT

� �
(55)

Where I is the intensity of the TL, n (cm�3), is the electron concentration trapped
at time t(s), N (cm�3) is the traps concentration and K (eV/oK) is the Boltzman
constant. Eq. (55) is more general than the two equations describing the first and
second kinetics orders.

Eq. (55) is a modification of Eq. (33) in which the pre-exponential factor is defined
as: S0 ¼ S

Nb�1 instead of 0 ¼ S
nb�1
o
. The solution of Eq. (55) is given by Rasheedy [40]:
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I ¼ noS} exp � E
KT

� �

1þ b�1ð ÞS}
β

Ð T
To
exp � E

KT

� �
dT

n o b
b�1

(56)

Where the pre-exponential factor S″ = S(no/N)b�1 which is constant for a given
dose but it varies with changes in the absorbed dose, i.e., with n0.

This method is based on the proportional of the concentration of populated traps
during the running of the TL to the area under the glow peak.

Ix is the TL intensity at temperature Tx at any portion of the glow peak as shown in
Figure 10, then Eq. (55) becomes:

Ix ¼ Ab
x

Nb�1 S exp
�E
KTx

� �
(57)

Where Ax is the area under the glow peak between the temperatures Tx and Tf (the
final temperature of glow peak). Similarly, we have:

Iy ¼ Ix
y
¼ Ab

y

Nb�1 S exp
�E
KTy

� �
(58)

Iz ¼ Ix
z
¼ Ab

z

Nb�1 S exp
�E
KTz

� �
(59)

Where Iy and Iz are the TL intensities at temperatures Ty and Tz, respectively.
From Eq. (57) and Eq. (58), we shall get

E ¼ ln yð Þ � bln
Ax

Ay

� �� �
KTxTy

Tx � Ty

� �
(60)

And from Eq. (57) and Eq. (59), we shall get:

E ¼ ln zð Þ � bln
Ax

Az

� �� �
KTxTz

Tx � Tz

� �
(61)

Figure 10.
Three points method used by Rasheedy [25] to investigate the equations used to calculate the trap parameters.
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The order of kinetics, b can be obtained using Eqs. (60) and (61) which leads to:

b ¼ Ty Tx � Tz½ � ln yð Þ � Tz Tx � Ty
� �

ln zð Þ
Ty Tx � Tz½ � ln Ax

Ay

� �
� Tz Tx � Ty

� �
ln Ax

Az

� � (62)

Then, the order of kinetics b can be obtained from Eq. (62). Once the order of
kinetics b is determined, the activation energy E(eV) can be determined by using
Eq. (60) or Eq. (61).

Since, at T ¼ Tmyields
!

∂I
∂T ¼ 0

From Eq. (56) and using Eq. (59) leads to the following expression [41]:

S} ¼
β E exp E

KTm

� �

bKT2
m

� �� b� 1ð ÞE exp E
KTm

� �Ð Tm

To
exp � E

KT

� �
dT

(63)

A simple analytical method has been developed to obtain the relative value of no in
the case of general kinetics order [41]:

no ¼
Im exp E

KTm

� �

Ś
(64)

where Tm, and Im can be obtained from the shape of the glow peak.
Thus, by calculating the kinetics order b, the activation energy E, and the initial

trapped electrons number for many points that cover sufficient range on the glow
peak, and taking the average value for each parameter, one can determine the trap
parameters according to the general kinetics order.

3.1.6 Glow curve analysis (peak shape methods)

A review of the expression used in an intercomparison of glow curve analysis
computer programs to evaluate TLD-100 glow curve is given in Ref. [42] where I(T)
is written in the following form:

I Tð Þ ¼ AS exp
�E
KT

� �
1þ S b� 1ð Þ

β

ðT
To

exp
�E
KT

� �
dt

� � b
1�b

(65)

where: A = area (counts); b = kinetics order; E = activation energy; I = intensity
(counts per s, counts per K); S = frequency factor (s�1).

On the other hand, Eq. (66) is based on first order kinetics which was used by
Puchalska, [43], to develop glow-curve analysis software, in the following form:-

I Tð Þ ¼ Im exp
E

KTm
� E
KT

� �
exp

E
KTm

α
E

KTm

� �� � 

� T
Tm

� �
α

E
KT

� �� �
exp

E
KTm

� E
KT

� �! (66)
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Where the parameter α is defined in Eq. (67) as

α xð Þ ¼ 1� ao þ a1xþ a2x2 þ a3x3 þ x4

bo þ b1xþ b2x2 þ b3x3 þ x4
(67)

where the constants a0, a1 … and b0, b1 … are listed in the followings: -

ao ¼ 0:26777bo ¼ 3:9584

a1 ¼ 8:63476b1 ¼ 21:099653

a2 ¼ 18:05901b2 ¼ 25:63295

a3 ¼ 8:573328b3 ¼ 9:573322

Equation (68) will be used throughout our results which give better fitting to the
resultant deconvoluted peaks. Different software was developed by Ratovonjanahary
et al. [32], which uses the first kinetics order with an approximation of the second
kinetics order. In this software the following equation was used:

I Tð Þ ¼ Im exp 1þ E
KT

T � Tm

Tm
� T2

T2
m
exp

E
KT

� T � Tm

Tm

� �
1� Δð Þ � Δm

( )
(68)

where,

Δ ¼ 2KT
E

,Δm ¼ 2KTm

E

Such a technique was also developed to analyze the glow curve using Eq. (53) by
Rasheedy [41], which used the value of the trap parameters obtained by the three
points method.

4. Modern clinical applications of TLD

TLD is widely used in various clinical fields for different purposes. The key reasons
are undoubtedly their widespread availability, well-studied dosimetric characteristics,
and applicability across a broad dose range. Imaging and Radiation Oncology Core-
Houston IROC-H conducts remote dosimetry audits on MV photon and electron beams.
IROC-H usually used integration between TLD-100 and other dosimetry system like
nanoDot or diode systems for achieving the dose commissioning and calibrating dosim-
etry systems in an acrylic mini-phantom [44]. The failure rate was recorded in dose
curves after modeling of the TPS (RayStation-Elekta Inc.) using phantom tests, which
was not observed by patient-specific IMRTQA. Such failure was related to little changes
in the MLC leaf-tip offset rather than leaf-tip width. Koger and his team [45] in IROC-H
prosed four labeled TLD distributed in an anthropomorphic head-and-neck phantom
for correcting such failure, (see Figure 11). It was utilized a 3D diode array were used in
addition to assess the detectability of modeling mistakes [45].

Another crucial issue is to increase the staff’s awareness about radiation safety and
enhance radiation protection against unnecessary radiation doses. For such purpose, TLD-
100was recently used to validate occupational doses both inside and outside the nuclear

113

Thermoluminescence Dosimetry Technique for Radiation Detection Applications
DOI: http://dx.doi.org/10.5772/intechopen.102728



medicine department, radiation protection purposes as well as the dose rate distribution
around the positron emission tomography or computed tomography (PET/CT) [46].

Some recent studies were envisaged to see how the department compared to
reports from other centers across the world in terms of the annual number of pro-
cedures and exposure limits, and to see if there was an opportunity for further
radiation protection enhancements. As an example, personal TLD was calibrated to
estimate the personal equivalent dose Hp (10) and Hp (0.07) at PET/CT. It was used
for assessing the employee’s exposure [47]. On the other hand, TLD rings personal
dosimeters were worn by surgeons in their fingers through sentinel node biopsy
procedure to measure personal doses Hp(10) and Hp(0.07), as well as ambiental dose
for operating theater and during injection [48]. This will assure that personal equiva-
lent doses are within the acceptable annual determined limits [49].

Other important recent TLD application in diagnostics is using an anthropomor-
phic phantom that modeled the reference person to get a conversion coefficient
connecting dose area product (DAP) to effective patient dosage. They concluded that
the effective dosage at the clinical dark-field radiography system, which generates
both attenuation and dark-field pictures, is within the range of chest radiography
standard dose values [50].

TLDs showed to be an excellent choice for skin dosimetry. Omojola et al. [51] used
TLD in measurements of 3D skin dosimetry and verify their results using TPS plan-
ning verification at specific spots in the phantom. A full perspective of the dose
distribution was achieved; however, they revealed that regions outside the PTV
require special attention [52–54].

In addition, in the field of proton therapy, a novel tissue-equivalent TLD-sheet of
manganese doped lithium triborate showed a valuable and effective dosimetry tech-
nique. It may also be a great in vivo skin dosimetry instrument for proton treatment
due to its flexible and reusable properties. Despite the presence of significant energy
dependences in the Bragg peak region, the response properties studied in this work,
including as reproducibility, fading effects, dosage linearity and dose homogeneity are
acceptable [55].

Figure 11.
TLDs were labeled in head-and-neck phantom at IROC-H [45].

114

Dosimetry



Monte Carlo (MC) simulation is considered a good tool to understand well the TLD
[56]. Some algorithm methods based on MC as if pencil beam could be involved in
accurate dose in MV radiotherapy calculations. It could be useful to calculate the
spectrum inside the detector based on four categories primary photon and electrons
and secondary photon and electrons [57].

On the other hand, Low-energy (100 keV) photons (x-rays and gamma) have been
widely employed in biological research and medical applications for more than a
century, including mammography, fluoroscopy, general radiography, computed
tomography, and brachytherapy treatment, among others. The majority of electrons
created by low photon energy beams have energies below 10 keV, according to
research. The physical processes through which these low-energy electrons interact
with matter, on the other hand, are still unknown. Furthermore, it is commonly
thought that all energy put within a dosimeter-sensitive volume is converted into a
response. However, this assumption could be inaccurate because some of the depos-
ited energy could be utilized to build flaws or damages at the molecular and atomic
levels [58].

The hybrid-functional density theory (H-DFT) has shown to be a promising tool for
localizing secondary electrons within a dosimeter volume and calculating the energy
spent on creating defects or colors centers, among other things, when it comes to the
relationship between the energy deposited and the response of a dosimeter. Following
that, the quantity of energy that can be truly turned into a dosimeter response following
exposure to ionizing radiation would be more accurately determined.

5. Conclusion

The aim of this chapter is concerned with TLD materials, measurements and
recent various applications in clinical and industrial fields. TL kinetics are also covered
in details due to their importance in knowing traps parameters and band structure-
related phenomena that are responsible for TL phenomena. Modern clinical applica-
tions of TLD are also covered like quality assurance purposes for proton, x-ray and
gamma radiotherapy based on phantom tests. In addition, we shed spot on using TLD
for recent accurate methods for skin dose evaluation under IMRT/VMAT radiother-
apy. Special attention should be oriented to hybrid-functional density theory Monte
Carlo simulation to model TL dosimeters. Recent studies proved a promising tool for
localizing secondary electrons within a dosimeter volume and calculating the energy
spent on creating defects or colors centers, among other things, when it comes to the
relationship between the energy deposited and the response of a dosimeter. Such
methods could give knowledge about misunderstanding behaviors of some TLD and
could eliminate its disadvantages like missing TL signal or fading; angle and energy of
incidence ionizing radiation. In general, the properties of TLD like its inexpensive cost
and reusability; easily fabricated, lightweight to wear, readout is simple and can be
automated, insensitive to humidity make it advantageous in different clinical and
radiation safety applications.
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Chapter 6

Comparative Dosimetric Study
between 60Co and 192Ir BEBIG High
Dose Rate Sources, Used in
Brachytherapy, Using Monte Carlo
N-Particle Extended
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Taoufiq Bouassa and Lahcen Ait Mlouk

Abstract

The purpose from this work is the investigation for dosimetric parameters of the
two new BEBIG sources, 60Co and 192Ir used in high-dose-rate brachytherapy.
According to the full report of AAPM and ESTRO; air-kerma strength, dose rate
constant, radial dose function, and 2D along & away dose rates tables were
calculated. Moreover, a comparison was made between the calculated dosimetric
parameters for the HDR sources simulated in this study. We used the MCN-PX to
investigate the dosimetric parameters of both sources. The geometry of each source
was defined in the input program of MCNPX, and each simulation was performed
with an appropriate number of particle histories to get an acceptable Type A statistical
uncertainty. The results obtained were tabulated and presented in graphical format;
these results show a good agreement with other previous studies. The comparison
made between the two simulated sources in this work shows a minor difference
observed in the generated 2D along & away tables for complementing the commis-
sioning of these sources within a TPS. This difference is considered negligible by the
clinical specialists.

Keywords: Co-60 versus Ir-192, Monte Carlo investigation, dosimetric comparison,
HEBD working group

1. Introduction

The widespread sources in afterloading devices operated in high-dose-rate brachy-
therapy (HDR) are 60Co and 192Ir. This work aimed to investigate the dosimetric
parameters for both HDR sources manufactured by BEBIG (Eckert & Ziegler BEBIG
GmbH, Germany), 60Co model: Co0.A86 and 192Ir model: GI192M11, used in HDR
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brachytherapy. According to the TG-43 U1 and HEBDWorking Group Report, recom-
mendations for high-energy photons emitting brachytherapy sources [1] were provided.
The dosimetric parameters were calculated; The air-kerma strength, dose rate constant,
radial dose function, and the 2D along & away dose rate table in Cartesian coordinates
are calculated for both new BEBIG sources, except the 2D anisotropy function.

Several studies were made for the HDR brachytherapy sources with different
geometries and nuclides; we have cited some of them in this work. Varieties of Monte
Carlo codes have been used to investigate the HDR brachytherapy sources. The BEBIG
Co0.A86 was investigated using Geant4 by Granero et al., (2007) [2], PENELOPE
used by Guerrero et al., (2014) [3], a study was made by Anwarul et al., (2012) using
the Monte Carlo code EGSnrc [4], and H. Badry et al., (2018) used EGS5 for simula-
tion of the same source model [5].

For the 192Ir model: GI192M11, a study was made by Perez-Calatayud et al., (2012)
using the Geant3 Monte Carlo code [1], Geant4 was used by Granero et al., (2005)
for the same source model [6]. The comparison was also made in the case of radial
dose function with the results obtained for the source model BEBIG Ir2.A852 simu-
lated by Granero et al., (2008) [7] and Belousov et al., (2014) [8]. The obtained results
in this study were in good coherence with the published data. Monte Carlo simulations
were provided following the records cited in the report of the research committee
Task Group 268 from AAPM [9]. MCNPX code was already used in some previous
studies we cited the use of the version: 2.4 by Alizadeh et al., (2015) for the HDR 192Ir
source Flexisource model [10]. Also, we have investigated the dosimetric parameters
of the same 60Co source in our previous study Elboukhari et al., (2020) using the
version 2.7 of the code Monte Carlo N-Particles eXtended (MCNPX) [11], this new
version of the code operates the new updated tables of cross sections from ENDF/B-
VII.1 data. MCNPX is a general-purpose three-dimensional simulation tool providing
the transports of 37 different particle types for criticality, dosimetry, shielding,
detector response, and many other applications. On the contrary of previous
MCNPX Monte Carlo codes, the version used in this work of MCNPX provided a high
precision, and the uncertainties depending on cross section tables are considered
negligible.

To evaluate the difference between the two sources simulated in this study within
a clinical use, we have generated the 2D along & away tables for complementing the
commissioning of these sources within a clinical treatment planning system. A minor
difference was observed in the generated along & away dose rates for the range of
distances considered in this work. These results could help in the choice of the appro-
priate nuclide to use in the treatment regarding operation costs and frequency for
source change, especially for developing countries such as in North Africa. Also,
different studies were performed concerning the clinic practice. A study of M.
Andrassy et al., (2012) concerned the behavior in the treated volume [12]. In addition,
the studies of Venselaar et al., (1996) and Candela et al., (2013) mentioned that the
behavior of the two nuclides at shorter distances from the treated volume is different
from that at larger distances [13, 14]. This result is also mentioned in the study of
Strohmaier and Zwierzchowski in 2011 [15].

2. Materials and methods

In this study, Monte Carlo simulation for HDR brachytherapy sources was
performed following the recommendations of the American Association of Physicists
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in Medicine (AAPM) and the European Society for Radiotherapy and Oncology
(ESTRO) in the HEBD working group report [1]. The formula proposed for 2D dose
rates is:

_Dðr, θÞ ¼ SkΛ
G r, θð Þ

G r0, θ0ð Þ gLðrÞFðr, θÞ (1)

Where:

• - _D(r, θ) is the dose rate in water at the distance r in centimeters from a line
source,;

• θ the polar angle specifying the point of interest;

• SK the air-kerma strength in units of cGy cm2 h�1;

• Λ the dose rate constant expressed in cGy h�1 U�1;

•
G r, θð Þ

G r0, θ0ð Þ is the geometry factor with the reference point (r0 = 1 cm and θ0 = 90);

• gL(r) the radial dose function (L = 3.5 mm for both of the simulated sources in
this work, Co0.A86 and GI192M11);

• F(r,θ) is the 2D anisotropy function.

3. Sources descriptions and geometries

3.1 60Co HDR source

The 60Co HDR source (model Co0.A86, manufactured by BEBIG) was simulated
in this work, and all the comparisons were made for the same source model. It is
composed of homogeny cobalt 60 cylindrical core with L = 3.5 mm (length) and
0.5 mm in diameter (density = 8.09 gcm�3). The active core is surrounded by air shell
and encapsulated in a stainless steel cylindrical capsule with 0.15 mm thickness and
1 mm for the external diameter. We considered 0.9 mm and 2 mm for the source cable
diameter and length, respectively, Figure 1a. The activity of the cobalt source used in
this work was A0 = 81.56 GBq, and the cobalt 60 half-life is t1/2 = 5.27 years. The
density used for the stainless steel is 8.03 gcm�3 for both the capsule and the source
cable [2].

3.2 192Ir HDR source

For the 192Ir HDR source, model GI192M11, manufactured by E & Z BEBIG, was
simulated in this work, the comparisons with the published data included: Ir2.A852,
Flexisource, and GammaMed models. The BEBIG GI192M11 simulated in this study
was composed of homogeny iridium 192 cylindrical core with L = 3.5 mm (length) and
0.6 mm in diameter, the density of iridium used in this work was 22.56 gcm�3. The
active core is surrounded by an air shell and then encapsulated in a stainless steel
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cylindrical capsule of 0.15 mm thick and 1 mm for the external diameter, The source
cable length and diameter used in this study, we consider, are 2 mm and 1 mm,
respectively, Figure 1b; the activity of the iridium source used in this work was
A0 = 370GBq, and the iridium 192 half-life is t1/2 = 73.81 days. The density used for the
stainless steel is the same as used for the 60Co (Co0.A86) source.

4. Monte Carlo calculations

For this work, we use the MCNPX version: 2.70 (license: C00810MNYCP) origi-
nally developed in the Los Alamos laboratory (Radiation Safety Information Com-
puter Center, US). With the visual Editor VisedX_24E, this edition includes the
package MCNP6.1/MCNP5–1.60/MCNPX-2.7.0. In addition, different tools were used
for geometry modeling, particles transport, and 3D viewing of the defined geometry
for the source and detectors with a dynamic model of simulation. To define the
dosimetric parameters, MCNPX has different tallies to estimate each type of calcula-
tion. We consider the 60Co source used this study composed of two gamma energies:
1.173 MeV and 1.332 MeV. The radiation spectrum of the 192Ir source used was
obtained from the database of (National Nuclear Data Center) neglecting the β spec-
trum for both of the simulated sources, since its contribution to the dose rate distri-
bution is negligible due to the encapsulation [6, 16]. The Monte Carlo code fulfills all
the recommendations of the report, “Dosimetric prerequisites for routine clinical use
of photons emitting brachytherapy sources with average energy higher than 50 keV”
of the AAPM and ESTRO. The following compilation options were used: CHEAP,
DEC, PLOT, MCPLOT, GKSSIM, XS64, CEM, INCL, HISTP, MESHTAL, RADIOG,
and SPABI. The physic models of MCNPX used in this study operating the new
updated photons and electrons, the photons cross sections libraries mcplib02 and
mcplib84 updated from mcplib04 photon Compton broadening data for MCNP5 [17],
and the el03 for electrons.

Figure 1.
(a) Schematic representation for the 60Co source (model: Co0.A86). (b) Schematic representation for the 192Ir
source (model: GI192M11) (dimensions in mm).
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The spectrum of gamma rays used in the simulations was obtained from the
(National Nuclear Data Center) [18]; we use a cutoff energy of 10 keV for both of
photons and electrons. Up to 2 � 109 photon histories were simulated in this study
using an Intel® Xeon (R) CPU E5620@2.40GH � 16, HP-Z600 work station. No
technique of variance reduction was used. To calculate the 2D along & away in water,
the source was located in the center of a spherical phantom 40 cm in radius; acts like
an unbounded phantom up to 20 cm from the source center for both 60Co and 192Ir
sources. The density for the liquid water was 0.998 gcm�3 at 22°C according to the
HEBD Working Group report. The coordinate axes used are shown in Figure 1. To
obtain the radial dose function, and the along & away dose rate in the 2D Cartesian
look-up table, we use a cylindrical rings system of 400*800 with 0.05 cm thick
concentric to the longitudinal axis.

The high gamma energy of the 60Co source takes electronic disequilibrium up to a
distance of about 0.7 cm in water. Thus, we cannot approximate kerma by the dose in
the near region to the source as in the case of 192Ir. Consequently, the doses have been
scored in distances near the source. The scored values for dose rate were included in
the tables given in this study for the located points at distances where electronic
disequilibrium exists. For distance greater than 1 cm from the source, to decrease the
statistical uncertainty, the dose was approximate by the scored kerma; a previous
study of Ballester et al., (2005) mentioned that the differences between dose and
kerma are negligible at distances greater than 1 cm [19]. 109 Photon histories were

Element Medium

Water (%) Air (%) Stainless steel (%)

H 11.010 0.073 —

C — 0.012 0.03

N — 75.032 0.01

O 88.900 — —

Si — — 0.75

P — — 0.045

S — — 0.03

Ar — 1.274 —

Cr — — 17.0

Mn — — 2.0

Fe — — 65.543

Ni — — 12.0

Mo — — 2.5

Co — — —

Ir — — —

Total mass percentage 99.910 76.391 99.908

Density (g/cm3) 0.998 0.012 8.03

Table 1.
Elemental composition used in this study by mass percentage for: sources and water phantom, (international
commission on radiation units and measurements, ICRU report 44, 1989) [20].
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simulated to obtain dose rate values in the region of electronic disequilibrium and
2.109 photon histories to score kerma for the 60Co source. 109 photon histories were
used to estimate kerma for the 192Ir source.

To investigate the air-kerma strength, we kept the source in the center of a cubic
phantom with 5 � 5 � 5 m3 in dimensions. Then, the air-kerma was scored at 1 m in
the transversal axis of the source using 1 mm thickness cylindrical rings, concentrated
from distance 99.5 cm to 100.5 cm, filled with air, with relative humidity of 40% and
mass density 0.001205 g cm�3. In addition to that, to avoid the correction for photon
attenuation and scatter in air, we have considered outside the scoring cells filled with
vacuum. Elemental composition of materials used in this simulation is shown in
Table 1, taken from the (ICRU 44 report) [20].

The dose rate constant was calculated using Eq. (2), by dividing the scored value of
dose in a cubic voxel, with 0.1 � 0.1 � 0.1 mm3 in dimensions by the air-kerma
strength. Therefore, the scoring zone located in 1 cm from the active core center in the
transversal axis (Y-axis), in a spherical phantom of 40 cm in radius filled with water.

Λ ¼
_D r, θð Þ
Sk

(2)

The values of and Λ were compared with the published data and presented in
Table 2.

5. Air kerma strength

The TG-43 formalism and the full report for the HEBD Working Group of the
AAPM and ESTRO recommend for HDR brachytherapy specifying photon-emitting
sources in terms of the air-kerma strength SK, taking into account correction for atten-
uation and scattering in air. The relation between SK and Kair is given by Eq. (3) [21]:

SK ¼ Kairdref � d2
ref (3)

Monte Carlo study SK/A (*10�7UBq�1) Λ (cGyh�1 U�1) Source model

60Co

Geant4 (Granero et al. 2007) — 1.087 � 0.011 BEBIG Co0.A86

EGSnrc (Anwarul et al. 2012) 3.039 � 0.004 1.097 � 0.001 BEBIG Co0.A86

PENELOPE (Guerrero et al. 2014) 3.046 � 0.007 1.094 � 0.003 BEBIG Co0.A86

EGS5 (H.Badry et al. 2018) 3.042 � 0.007 1.092 � 0.008 BEBIG Co0.A86

MCNPX (This work) 3.030 � 0.002 1.092 � 0.001 BEBIG Co0.A86

192Ir

Geant3 (Perez Calatayud et al. 2012) 1.091 1110 BEBIG GI192M11

Geant4 (Granero et al. 2005) — 1.108 � 0.003 BEBIG GI192M11

MCNPX (This work) 1.092 � 0,004 1.108 � 0.004 BEBIG GI192M11

Table 2.
Per unite source activity and Λ, obtained with MCNPX, compared with the values obtained in other previous
studies.
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Where the reference air-kerma rate is defined at dref = 1 m.
The air-kerma per source photon depends to the photon fluence by the equation:

Kair ¼ 1:602 10�10 ∗
ðEmax

Emin
ф Eð ÞE μen Eð Þ

ρ

� �
dE (4)

Where Kair is air kerma per source photon in Gy, the factor 1.602 10�10 converted
the result from MeV g�1 into Gy, photon fluence (cm�2) at the energy E (MeV) per
initial source photon at the distance d, and the mass-energy absorption coefficient
(cm�2 g�1) at the energy E [22].

To obtain the total air-kerma, we use the following Eq. (8) [22].

_Kair ¼ 1:602 10�10 ∗
XEmax

Emin

ф Eið ÞEi μen Eið Þ
ρ

� �
ΔE (5)

The total air-kerma per incident photon, Ei the midpoint for an energy bin, ΔE
the bin size in MeV, for this study we use the photon fluence spectrum in 10 keV
intervals. Thus, we introduce the Eq. (5) by using the MCNPX F6 tally, which is a
track-length estimator [23], providing results in (MeV/g) [10, 24], converted into
Gy by using the appropriate FM card tally multiplier (FM = 1.60210�10). The
composition for air is taken from the tables of X-ray mass attenuation coefficients and
mass energy-absorption coefficients (NIST) [25]. The HEBD recommended a short-
hand notation for the air-kerma strength: 1 U = 1μGym2 h�1 = 1cGycm2 h�1.Then to
calculate the air-kerma strength per unit of source activity in (Gym2s�1 Bq�1), we use
Eq. (6) below:

Sk
A

¼ _KairðdrefÞdref2N (6)

Where A is the source activity (Bq) and N the number of photons per decay,
considered equal 2 for the 60Co source, and 2.21 for the 192Ir source.

6. Radial dose function

The radial dose function gL(r) described in the protocol of the (HEBD) takes into
account scattering and absorption in the transversal axis of the source; it was calcu-
lated in a spherical phantom filled with water using concentric cylindrical rings to the
longitudinal axis, with 0.05 cm thickness for the ranging distance from 0.25 cm to
20 cm for both of the simulated sources in this study. The results obtained are
presented in Table 3.

7. Along & away absorbed dose

The along & away absorbed dose rates were investigated for the ranging distance
from 0.25 cm to 7 cm in the transversal axis and from 0 cm to �7 cm in the longitu-
dinal axis. The 2D along & away was compared with the published data. The results
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are tabulated in the form recommended by the HEBD Working Group report [1],
Tables 4 and 5, respectively, for 60Co and 192Ir.

8. Uncertainties

The uncertainties evaluated in this study are the type A (k = 1) statistical
uncertainty contribution dependent on the Monte Carlo technique. No technique of
the variance reduction was used as mentioned before. All MCNPX results are normal-
ized to be per initial particle history printed in the output with an additional number
beside, which is the estimated statistical uncertainty. In this work statistical uncer-
tainties are less than 0.8% and 0.4% type A uncertainty (k = 1) respectively for 60Co
and 192Ir, derived by considering the contribution of the different simulated parame-
ters for both of the simulated sources. In addition to the contribution of the propa-
gated uncertainty for both of radial dose function and the 2D along & away in the
relative uncertainties of the MCNPX output tallies. For the cobalt source dose rates,
uncertainties were calculated from the quadrature sum of uncertainties obtained for
the dose scored in the near distance to the source, and the scored kerma for the
distance where the electronic equilibrium is reached.

Type B uncertainties are difficult to evaluate because of different contributions
such as uncertainties of the cross section and energy spectrum, uncertainties in the
modeled geometry of the source, and uncertainties in the scoring dose and kerma

Radial distance r (cm) gL(r)

BEBIG Co0.A86 60Co BEBIG GI192M11 192Ir

0.25 1.0705 � 0.0041 0.9943 � 0.0002

0.5 1.0221 � 0.0046 0.9987 � 0.0002

0.75 0.9938 � 0.0048 0.9990 � 0.0003

1 1 � 0.0002 1 � 0.0003

1.5 0.9926 � 0.0002 1.0037 � 0.0004

2 0.9874 � 0.0002 1.0090 � 0.0004

3 0.9689 � 0.0003 1.0086 � 0.0005

4 0.9539 � 0.0003 1.0088 � 0.0006

5 0.9378 � 0.0003 1.0052 � 0.0007

6 0.9205 � 0.0003 0.9974 � 0.0007

7 0.9035 � 0.0003 0.9874 � 0.0008

8 0.8867 � 0.0003 0.9748 � 0.0008

9 0.8683 � 0.0003 0.9593 � 0.0009

10 0.8513 � 0.0003 0.9418 � 0.0009

12 0.8156 � 0.0003 0.9011 � 0.0010

15 0.7593 � 0.0003 0.8272 � 0.0011

20 0.6628 � 0.0003 0.6870 � 0.0014

Table 3.
Radial dose function obtained for 60Co and 192Ir using MCNPX in a water.
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process. Thus we considered type B uncertainty negligible, and we reduced the
uncertainty to statistical uncertainty. A description of the methodology used to esti-
mate the type B uncertainties is mentioned in the updated report of the TG-43 [21]
and the HEBD working group report [1].

9. Results and discussion

Table 2 illustrates the results obtained in this study for both the air-kerma strength
and the dose rate constant for the two studied sources compared with the quoted
results in previous studies. The value calculated for the air-kerma strength for the
60Co source was 3.030 � 0.002 (10�7 U Bq�1), this value agrees well with the value
3.039 � 0.004 (*10�7 U Bq�1) obtained by (Anwarul et al., 2012) in their study [4].
Also, H. Badry et al., (2018) obtained the value 3.042 � 0.007 (*10�7 U Bq�1) in their
work [5], and Guerrero et al., (2014) found the value 3.046 � 0.0070 (*10�7 U Bq�1)
with a maximum difference of 1.6%. For the 192Ir source [3], the value obtained for
the air-kerma strength, which is 1.092 � 0.004 (*10�7 U Bq�1), was compared with
the available quoted value from Perez-Calatayud et al., (2012) [1], the difference was
within 0.1%.

For the constant of dose rate, we found for the 60Co a value of
1.092 � 0.001 cGy h�1 U�1. This result was compared with the published data quoted
in Table 2, and we found a maximum difference of 0.5% with Granero et al. (2007)
and Anwarul et al., (2012) [2, 4]. The result found for the 192Ir source was
1.109 � 0.004 cGy h�1 U�1, compared with the published data we found a maximum
difference of 0.1% with the results obtained by Perez-Calatayud et al., (2012) and
Granero et al. (2005) in their work [1, 6].

The radial dose function obtained for the 60Co source in this work (Table 3) was in
good agreement with the obtained results in other studies using different Monte Carlo
codes, especially, for distances (>1 cm) (Figure 2a). The Figure 2b represented the
ratio gL(r) reference /gL(r) this work calculated to evaluate the deviation of our results
from the published data. We observe for the distance greater than 1 cm a maximum
relative difference of 0.94% compared with H. Badry et al., (2018) [5]. For the near
distance to the source, a maximum relative difference of 6% was found compared
with Guerrero et al., (2014) [3], 2.14% compared with H. Badry et al., (2018) [5], and
1.65% compared with Granero et al., (2007) [2]. These results can be attributed
partially to the variety of the physics models for radiation transport used in each
Monte Carlo code, on the one hand. On the other hand, it can be assigned to the
differences in simulated geometries impact. For the 192Ir source (GI192M11), the
obtained radial dose function in this work using MCNPX is presented in Figure 3a.
The comparison with previous works, for the range of distance from 0.25 to 20 cm,
was performed using the expression gL(r) reference/gL(r) this work presented in the
Figure 3b. For the distance near to the source, we observe a maximum relative
difference of 0.40% compared with D. Granero et al., (2005) [6]. For distances
greater than 1 cm, the maximum relative difference found was 0.74%. The compari-
son in the case of the 192Ir was also made with the results obtained for the BEBIG Ir2.
A852 source model. The maximum difference was found to be within 1.51% compared
with D. Granero et al., (2008) [7] and 0.50% if the comparison is made with Belousov
et al., (2014) [8].

The radial dose functions investigated using MCNPX for both 60Co and 192Ir were
compared between each other by calculating the ratio gL(r) Co-60/gL(r) Ir-192 illustrated
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in Figure 4. We observe that the radial dose function calculated for 60Co decrease
faster than the 192Ir radial dose function. This difference between the two radial dose
functions reached 10% for the distance of 9 cm. This makes the absorbed dose around
the two sources different. In addition, regarding the slow decreases of radial dose
function for the 192Ir source, we conclude that the 192Ir source could deliver a bit
overdoses to the organs at risk more than the 60Co source, especially for tumors of
high dimensions in gynecological applications.

The 2D along & away dose rates per unit of air-kerma strength were investigated
for the BEBIG 60Co and 192Ir using the same geometry of detectors as mentioned
before. The results obtained are tabulated (Tables 4 and 5), compared with the

Figure 2.
(a) The curve of radial dose function for 60Co (Co0.A86) obtained with MCNPX compared with the published
data for the same model source. (b) The curves of ratio gL(r) This work/gL(r) reference for

60Co (Co0.A86) obtained
with MCNPX compared with previous studies for the same source model.
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published data, the results are in good consistency. A comparison was made for the
maximum dose rate per U, located in the distance 0.25 cm away in the transversal axis.
For the BEBIG 60Co source, we obtain a maximum dose rate per U, which is
16.98 cGy h�1 U�1 agreeing well with value found by H. Badry et al., (2018) [5], which
is 16.55 cGy h�1 U�1. Furthermore, Granero et al., (2007) [2] found a value of
15.15 cGy h�1 U�1. Otherwise, For the BEBIG 192Ir source, we found a value of
15.41 cGy h�1 U�1 in this study, and Granero et al., (2005) [6] obtained

Figure 3.
(a) The curve of radial dose function for 192Ir (GI192M11) obtained with MCNPX compared with the available
published data. (b) The curves of ratio gL(r) This work/gL(r) reference for

192Ir (GI192M11) obtained with
MCNPX compared with the previous studies for the same source model, and the source model Ir2.A852.
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15.50 cGy h�1 U�1 in their work for the same model. Moreover, Granero et al., (2006)
[26] found in their study for Flexisource 192Ir HDR source model a value of
15.56 cGy h�1 U�1. Also E. Reys et al., (2016) found 15.57 cGy h�1 U�1 in their work
for the GammaMed HDR Plus 192Ir source model [24].

For the comparison made between the results obtained in this work for both
BEBIG sources, we observe that the generated 2D along & away dose rates per unit of
air-kerma strength for the near distance to the source are greater for the 60Co than for
192Ir. On the contrary, for distances greater than 1 cm, we observe that the values
calculated for the 192Ir source are a little greater than for 60Co source, this difference
increases by increasing the distance away in the transversal axis, Figure 5. Regarding
the contribution of different dosimetric parameters in the treatment planning sys-
tems, this difference can be considered negligible within the agreement, concerning
the clinic practice for the treated volume [12].

Outside of the treated volume, a study made by Venselaar et al. (1996) mentioned
that the absorbed dose in peripheral organs at risk showed opposite behavior
(192Ir doses >60Co doses) at distances near the treated volume in contrast to the
behavior (192Ir doses <60Co doses) at larger distances [13]. In addition, recent study
of dose delivered to organs has been calculated on a reference male phantom for a
typical implant of the prostate in HDR brachytherapy using Monte Carlo method [14].
For the closest organs, equivalent delivered doses by 60Co were less (8–19%) than for
192Ir. However, increasing the distance beyond 10 cm, high equivalent doses were
delivered by 60Co. The overall result is that effective doses per clinical absorbed dose
from a 192Ir source are about 18% greater than from a 60Co source [14].

10. Conclusion

In conclusion, the minor differences on the absorbed dose around the two sources
observed in the radial dose function decrease and the 2D along & away dose rate per
unit of air-kerma strength. For 60Co and 192Ir is considered negligible within the
agreement by the specialists evaluated the use of 60Co in the afterloading devices as

Figure 4.
The curve of the ratio gL(r) 192-Ir/gL(r) Co-60, calculated to compare the differences between the results obtained
for gL(r) for both sources Co0.A86 and GI192M11.
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192Ir equivalent. Their studies show that there are no significant differences between
the two sources concerning the prescribing dose in a typical brachytherapy applica-
tions, neither in the treatment planning nor isodose distributions to target on the one
hand. On the other hand, economic aspects make the 60Co an important option for
clinics over the world. The recent introduction of miniaturized 60Co sources by Eckert
& Ziegler BEBIG is considered as a mutation for this nuclide in HDR brachytherapy.
The previous study announced that 60Co sources have potential logistical advantages
and replacement intervals due to decay. One exchange of the 60Co source required 25
source exchanges for 192Ir, and this reduced operating costs, and makes 60Co a good
option to be considered for applications in brachytherapy HDR, especially for the
developing countries.

Figure 5.
A comparison between dose rate per unit of air-kerma strength of 60Co (Co0.A86) and 192Ir (GI192M11) sources
in different away distances (a = 0.25 cm, b = 1 cm, c = 3 cm, d = 5 cm, e = 7 cm).
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Chapter 7

Intensity Modulated Radiation 
Therapy Plan (IMRT) Verification 
Using Indigenous Heterogeneous 
Phantom
Payal Raina, Rashmi Singh and Mithu Barthakur

Abstract

The dose distribution given by intensity-modulated radiotherapy (IMRT) is highly 
conformal, compared to conventional radiotherapies; however, due to the presence 
of the large numbers of fields and irregular shape and size of the treatment segments, 
the accuracy of IMRT delivery needs to be verified via dose measurement. Different 
dosimetry techniques are available that measures part of or the whole treatment 
immediately before a patient is treated and give us the total treatment delivery 
picture. But the majority of the commercially available phantoms are of homogeneous 
density, whereas the actual human body is a complex medium of different density 
patterns. Additionally, the very few heterogeneous phantoms, which are available 
commercially (i.e., anthropomorphic phantoms) are very costly and are not procured 
by most of the radiotherapy centers, especially in developing countries. Therefore, an 
indigenous heterogeneous phantom has been designed to verify the dose distribution 
prior to patient treatment.

Keywords: heterogeneous phantom, three dimensional conformal therapy,  
intensity modulated radiation therapy, multi-leaf collimator, Hounsfield unit

1. Introduction

Radiation therapy would not exist without physics. It begins with the discovery of 
X-rays. This therapy uses ionizing radiation, which is delivered by a linear accelerator. 
Linear accelerator is a device that uses high-frequency electromagnetic waves to accel-
erate charged particles, such as electrons to high energies through a linear tube. The 
high-energy electron beam itself can be used for treating a superficial target, or it can 
be made to strike a target to produce x-rays for treating a deep-seated target. Radiation 
therapy works by damaging the DNA of cancerous cells. Photons cause indirect 
ionization, which happens as a result of the ionization of water, forming free radicals, 
which then damage. Charged particles, such as electrons, protons, boron, carbon, and 
neon ions can cause direct damage to target through high-LET (linear energy transfer) 
[1]. The main focus of physics in radiation therapy is to increase the level of precision 
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and accuracy of dose delivery to the target volume. From the 1950s to the late 1980s, 
the approach to radiation therapy was based on a two-dimensional (2D) approach. 
In 2D radiation therapy, plans were created manually, and a single beam used to be 
given from one to four directions [2]. Shielding blocks were used to collimate the 
beam. Advances in imaging technology like Ultrasound (US), Computed Tomography 
(CT), Magnetic Resonance Imaging (MRI), etc. significantly changed the practice of 
radiation therapy from the 2D method to a Three Dimensional Conformal Therapy 
(3DCT), which conforms to the high radiation dose with uniform intensity to tumor. 
For precise shaping of treatment field to the target volume, Multi-Leaf Collimator 
(MLC) system was developed in place of shielding blocks [3]. Advanced form of 
radiation therapy called Intensity Modulated Radiation Therapy (IMRT) has been 
developed in the mid-1990s and early 2000s. IMRT can provide conformal dose dis-
tribution compared with 3DCRT [3]. Intensity-Modulated Arc Therapy (IMAT) uses 
the Multi-Leaf Collimator (MLC) dynamically to shape the fields, as well as rotate the 
gantry in the arc therapy mode. Intensity-Modulated Arc Therapy (IMAT) was further 
improved with the addition of variable gantry rotation speeds and dose rates and was 
introduced as volumetric-modulated arc therapy (VMAT) in 2007. Brief descriptions 
of all these techniques are discussed in the following sections.

2. Three-dimensional conformal radiotherapy (3DCRT)

Three-Dimensional Conformal Radiation Therapy (3DCRT) means conformal 
dose distribution in terms of adequate dose to the tumor and minimum possible 
dose to normal tissue based on 3D anatomic information. The main distinction 
between treatment planning of 3DCRT and that of conventional radiation therapy 
is that treatment planning system optimizes dose distribution in accordance 
with the clinical objectives using anatomic information. Depending on imaging 
modality, visible tumor, the suspected tumor spread, patient motion uncertain-
ties, critical structures, and relevant landmarks are outlined slice by slice by the 
radiation oncologist. This technique, however, fails in achieving conformal dose 
distribution for patient geometries where Organ at Risks (OARs) are located 
in close proximity to or are even embedded within complicated tumor shapes. 
Due to lesser conformity of dose distribution in Three-Dimensional Conformal 
Radiation Therapy (3DCRT), it may be insufficient to allow adequate escalation 
of tumor dose and there is a need for further improvement. It is possible only with 
intensity-modulated radiotherapy.

3. Intensity modulated radiotherapy (IMRT)

Intensity-modulated radiotherapy (IMRT) is an advanced form of 3-D conformal 
radiation therapy that allows modifying the intensity of the beam by considering each 
radiation beam as multiple rays or beamlets, and assigning different beam strengths 
to the individual rays [4]. The radiation intensity is adjusted according to the shape, 
size, and location of the tumor with the use of computer-controlled, moveable 
“leaves” called Multi-Leaf Collimator (MLC) systems. It consists of pairs of highly 
absorbing tungsten leaves that can either block or allow the passage of radiation from 
the many beams as shown in Figure 1 to deliver a high dose to the target volume and 
acceptably low dose to the surrounding normal structures [5].
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It uses advanced imaging procedures such as Ultrasound (US), Computed 
Tomography (CT), Magnetic Resonance Imaging (MRI), Positron Emission 
Tomography (PET), and PET/CT, to achieve precise treatment modality for cancer 
patients [6]. A computer-controlled multileaf collimator has been programmed in 
three different ways to deliver IMRT [7].

1. Multi-segmented Static field Delivery: The patient is treated by multiple fields 
and each field is subdivided into a set of subfields [8]. The subfields are created 
by the MLC. The radiation beam is turned off when the leaves are moving from 
one field segment to another and is turned on only when the leaves reach and 
stop at the designated segment positions [9]. This method of IMRT delivery is 
also called “step-and-shoot” or “stop-and-shoot” [10].

2. Dynamic Delivery: In this technique, the beam is kept on while the correspond-
ing leaves sweep simultaneously to produce the desired intensity modulation 
throughout the treatment delivery [11].

3. Intensity-modulated Arc therapy: Yu has developed an Intensity Modulated Arc 
Therapy (IMAT) technique. IMAT technique is similar to IMRT, which uses the 
dynamic mode of dose delivery to shape the fields with gantry rotation and the 
beam is on all the time [12].

4. Volumetric modulated arc therapy (VMAT)

Intensity-Modulated Arc Therapy (IMAT) has been improved with the addition 
of variable gantry rotation speeds and dose rates and was introduced as Volumetric-
Modulated Arc Therapy (VMAT) in 2007 to describe rotational Intensity Modulated 
Radiotherapy (IMRT) delivered in a “single arc” [13]. VMAT can provide highly 
conformal dose distributions and can significantly improve the Intensity Modulated 
Radiotherapy (IMRT) delivery efficiency. The faster treatments reduce the effects 
of intra-fractional motion on both tumors and organs, and of course, the shorter 

Figure 1. 
Multileaf collimators (MLCs).
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treatment times also increase patient comfort. The high plan quality and fast treat-
ment delivery of Volumetric-Modulated Arc Therapy (VMAT) are attractive, and it 
has been widely applied to many disease sites.

5. IMRT plan verification

In external beam radiation therapy, the energy deposition is three-dimensional in 
nature. As such particles not only interact with the tumor site but also deposit some 
of their energy into the adjacent area. Consequently, neighboring normal tissues 
also receive some amount of radiation dose in this process. Therefore, normal tissue 
dose tolerance becomes a limiting factor to the success of the treatment. Therefore, a 
scheduled quality assurance program should be established to verify the plans gener-
ated on Treatment Planning System (TPS).

The dose distribution given by Intensity Modulated Radiation Therapy (IMRT) is 
highly conformal, compared to conventional radiotherapies. But due to the presence 
of large numbers of fields and irregular shape and size of the treatment segments, 
the accuracy of Intensity Modulated Radiation Therapy (IMRT) delivery needs to be 
verified via measurement of dose. Based on the recommendations of the International 
Atomic Energy Agency (IAEA) published in technical reports series number 277 and 
398, there are several techniques to attain accuracy in dosimetry.

Different dosimetry techniques are available to compare the planned dose with 
delivered dose using an ionization chamber and commercially available phantom, 
such as slab phantom that measures the point dose at a particular desired reference 
depth. For reference dosimetry, radiographic film or radiochromic film is placed at a 
particular depth in slab phantom, and a planned dose is delivered on it. The film qual-
ity assurance dosimetry system, for instance, OmniPro IMRT correlates the resultant 
density of film with the planned dose at each point.

Luminescence dosimetry is also performed using an optically stimulated lumines-
cence (OSL) system and thermoluminescent dosimeters (TLD). It can be also used 
for in vivo dosimetry in which OSL or TLD are placed on patient’s body at reference 
points for measurement. The electronic portal imaging device is also utilized for 
reference dosimetry. In addition, many detector-based phantoms are available, for 
reference dosimetery, such as Accua Check, Delta 4 phantom.

To evaluate an institution’s ability to deliver the planned dose to patients, an 
indigenous heterogeneous phantom has been designed.

6. Designed phantom

The majority of the commercially available phantoms are of homogeneous density, 
whereas the actual human body is a complex medium of different density patterns [14]. 
Additionally, the very few heterogeneous phantoms, which are available commercially 
(e.g. anthropomorphic phantom) are very costly and are not procured by most radio-
therapy centers, especially in developing countries. It is known that human body is 
composed of fat, tissue, bones, and air cavities having different electron densities that 
influence the interaction of photon and electron energy deposition affecting the dose 
delivery to a target volume. Therefore, this study was conducted to develop an indig-
enous heterogeneous pelvic phantom similar to the patient’s anatomy and perform a pre-
treatment verification in a realistic clinical scenario to obtain reproducible dosimetry.
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A heterogeneous pelvic phantom was designed, shown in Figure 2, which was 
made of wax, a male pelvic bone (Figure 3), water, and borax powder. To construct 
the phantom, male pelvic bone with a density equivalent to that of human pelvic 
bone was placed in a cylindrical-shaped container. After placing it, a round plastic 
ball filled with water was placed for bladder. Borax powder with glue and water was 
placed below the bladder for rectum. Subsequently, molten wax was poured into it 
and allowed to solidify. After complete solidification of the wax, the outer container 
was cut and removed. A cavity was prepared at approximately geometrical center of 
phantom volume, and a 0.6 cm3 ion chamber was kept in the same position till the end 

Figure 3. 
Male pelvic and femur bone used in developed phantom.

Figure 2. 
Designed pelvic phantom.
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of experiment, Figure 4. The three fiducially lead markers were put on two bilateral 
points, and one anterior point was placed on the surface of the phantom in the same 
cross-sectional plane to make three reference points [15].

Brivo CT 325 2-slice CT (Wipro GE Healthcare, WI, USA) has been utilized for 
computed tomography (CT) of the phantom and the CT images were taken at a slice 
thickness of 3 mm for planning purposes. The CT images were imported into the 
treatment planning system. The width and height were measured using the length 
measuring tool available in Treatment Planning System (TPS). The mean width and 
height were measured as 29 cm and 25 cm in CT images of heterogeneous pelvic phan-
tom, respectively. These geometries of the phantom show that it can accommodate 
delivered beam field sizes and shapes. It allows the establishment of 3D locations. It is 
easy to transport, set up, align, and takedown in an accurate and efficient manner.

7. Hounsfield unit (CT number)

Computed Tomography (CT) works on the principle of amount of the X-ray 
energy absorbed. The amount of X-ray energy absorbed is proportional to the density 
of the body tissue. The computer generates a grayscale image, where the tissue density 
is indicated by shades of gray. The Hounsfield Unit (HU) is a relative quantitative 
measurement of radio density used in the interpretation of computed tomography 
images. The Hounsfield unit was named after Sir Godfrey Hounsfield, recipient of the 
Nobel Prize, for the invention of Computed Tomography (CT) [16]. It is proportional 
to the degree of x-ray attenuation and is defined as:

 ( )é ù= m -m m ´ë ûtissue tissue water waterHU / 1,000  (1)

Figure 4. 
CT slice of developed phantom with different parts.
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where μ is the linear attenuation coefficient for water and tissue. On the 
Hounsfield scale, air is represented by a value of −1000 (black on the grayscale) and 
bone between +700 (cancellous bone) to +3000 (dense bone) (white on the gray-
scale). The linear attenuation coefficient is a function of both electron density and 
atomic number of the tissue within a pixel.

8. Electron density

The electron density is the measure of the probability of an electron being present 
at a specific location. It is calculated from its mass density and its atomic composition.

8.1 Comparison of Hounsfield units and relative electron densities of organs

The Hounsfield Unit (HU) and relative electron density of bone, fat, air cavity, 
bladder, and rectum in Computed Tomography (CT) images of a heterogeneous 
phantom and an actual patient were measured and has been given in Table 1. All 
the measurements were calculated by using Computed Tomography (CT) scanner 
console in terms of mean and stander deviation due to density variation in different 
CT slices. For the actual patient, a CT image of one patient was taken.

According to the results obtained from the Computed Tomography (CT) images 
of a heterogeneous pelvic phantom, relative electron densities for bone, fat (wax), air 
cavity, bladder (water), and rectum (borax powder) were 1.632, 0.896, 0.159, 1.037, 
and 1.051, respectively. On the other hand, relative electron densities for bone, fat, air 
cavity, bladder, and rectum were 1.335, 0.955, 0.158, 1.039, and 1.054, respectively, in 
an actual patient Computed Tomography (CT) image.

8.2 Radiation treatment plan creation

Various Intensity Modulated Radiation Therapy (IMRT) plans for prostrate 
patients were generated on the Monaco planning system. Plans were created with 
5, 7, 9, and 12 coplanar 6MV photon beams. Couch and collimator angles were kept 

S.No. Pelvic 
Organs

Material In CT images of a 
heterogeneous phantom

In CT images of an actual 
patient

HU ± SD Relative 
electron 
density

HU ± SD Relative 
electron 
density

1 Bone Male Pelvic 
Bone

1037 ± 179 1.632 556 ± 187 1.335

2 Fat Wax −162 ± 45 0.896 −109 ± 108 0.955

3 Air 
cavity

Air −846 ± 143 0.159 −847 ± 79 0.158

4 Bladder Water −5 ± 5 1.037 −3 ± 8 1.039

5 Rectum Borax 
Powder

19 ± 53 1.051 20 ± 26 1.054

CT: Computed Tomography; HU: Hounsfield Units; SD: Standard Deviation.

Table 1. 
Comparison of Hounsfield units and relative electron densities of organs.
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as 0°for all plans. Calculation parameters such as grid spacing, fluence smoothing, 
and statistical uncertainty were 0.3 cm, medium, and 1% per plan respectively. 
Furthermore, the Monte Carlo algorithm was used for the plan optimization, and all 
the plans were generated in step and shoot mode.

8.3 Gamma analysis

The difference between measured and planned dose distribution is evaluated using 
quantitative evaluation methods. The Quality Assurance (QA) procedures of Treatment 
Planning System (TPS) narrated by Van Dyk et al. subdivides the dose distribution 
comparisons into high and low dose gradients regions, each with a different acceptance 
standard. In regions of low gradient, planned and measured doses are compared directly, 
with an acceptance tolerance placed on the difference between the measured and calcu-
lated doses. On the other hand, in high dose gradient regions, a small spatial error, either 
in measurement or calculation, results in a large dose difference between measurement 
and calculation. Therefore, in the region of high dose gradient, the concept of a Distance-
To-Agreement (DTA) distribution is used to determine the acceptability of the dose 
calculation. The Distance-To-Agreement (DTA) is the distance between a measured data 
point and the nearest point in the calculated dose distribution exhibiting the same dose. 
The Dose-Difference (DD) and Distance-To-Agreement (DTA) evaluations complement 
each other when used as determinants of dose distribution calculation quality.

8.4 Pre-treatment verification

Two kinds of phantoms were chosen for absolute dosimetry of plans already done for 
the treatment. First one is heterogeneous pelvic phantom developed for radiotherapy qual-
ity assurance. Second one was Delta4 phantom (Scandidos, Uppsala, Sweden). CT scan of 
both the phantoms was done and images were transferred to the Monaco planning system.

After the complete optimization of the Intensity Modulated Radiation Therapy 
(IMRT), the plans were exported to a pelvic phantom and Delta4 phantom for a pre-
treatment verification. After position verification, all Intensity Modulated Radiation 
Therapy (IMRT) plans were delivered by a linear accelerator.

9. Absorbed dose calculation

There are various methods to achieve accuracy in dosimetry and they are based on 
International Atomic Energy Agency (IAEA) recommendations published in techni-
cal reports series number 277 [17] and 398 [18].

In this study, absorbed dose at reference depth was calculated according to the 
Technical Reports Series No. 398 (TRS398) of the International Atomic Energy 
Agency (IAEA) [18] using the relation:

 Q D,W Q , T,P SD M N K K K KQo pol= ´ ´ ´ ´ ´  (2)

where, MQ is the electrometer reading (charge), ND,W is the tor, kQ,Qo chamber 
specific factor, kT,P temperature–pressure correction factor, Kpol polarity correction 
factor, KS ion recombination factor.
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9.1 Chamber calibration factor, ND,W

The ND,W is the calibration factor in terms of absorbed dose to water for a dosim-
eter at a reference beam quality Qo. The chamber calibration factor ND,W for the ion-
ization chamber (PTW 0.6 cm3; TN 30013–006353) is 5.386 x 107 Gy/C as obtained by 
BARC, Mumbai.

9.2 Chamber specific factor, KQ,Qo

The KQ,Qois a factor that corrects for the difference between the response of the ion 
chamber in the reference beam quality Qo used for calibrating the chamber and in the 
actual user beam quality Q. The subscript Qo is omitted when the reference quality is Co-60 
gamma radiation i.e. KQ always corresponds to reference quality Co-60. The chamber-
specific factor KQ,Qois 0.99 for the ionization chamber (PTW 0.6 cm3; TN 30013–006353).

9.3 Temperature pressure correction factor, KT,P

The mass of air in the cavity volume is subject to atmospheric variations. The correction 
factor to be applied to convert the cavity air mass to the reference conditions is given by:

 ( )
( )T,P

273.2
K

273.2
O

O

T P
T P
+
+

=  (3)

where, P and T are the cavity air pressure and temperature at the time of the 
measurements, and PO and TO be the reference values (generally 101.3 kPa and 20°C).

9.4 Polarity factor, Kpol

The polarity factor is used to correct the response of an ionization chamber for the 
effect of change in polarity of the polarizing voltage applied to the chamber. It can be 
accounted for, by using a correction factor

 polK
2

M
M

M+ -+
=  (4)

where, M+ and M− are the electrometer readings obtained at positive and negative 
polarity, respectively, and M is the electrometer reading obtained with the polarity 
used routinely (positive or negative).

9.5 Ion recombination factor ks

The incomplete collection of charge in an ionization chamber cavity owing to the 
recombination of ions requires the use of correction factor ks.
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where, ao = 2.337, a1 = −3.636, a2 = 2.299 and M1 and M2 are the electrometer 
readings at the polarizing voltages V1and V2, respectively, measured using the same 
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irradiation conditions. V1 is the normal operating voltage and V2 is a lower voltage; 
the ratio V1/V2 is equal to two.

In a pelvic phantom, the dose for each plan was measured by PTW UNIDOS 
E electrometer connected with 0.6 cm3ion chambers using Eq. 1 according to 
International Atomic Energy Agency (IAEA) published, Technical Reports Series-398 
(TRS 398) protocol. These measured doses were compared with doses planned on the 
treatment planning system (TPS).

For Delta4 phantom, TPS calculated dose fluence was compared with measured 
dose fluence using the gamma evaluation method with critically acceptable criteria 
of 3 mm Distance-To-Agreement (DTA) and 3% Dose-Difference (DD). Before the 
evaluation of an Intensity Modulated Radiation Therapy (IMRT) plan, two more mea-
surements were done by delivering 100 cGy with a 10 × 10 cm field at gantry angles 
of 0° and 90° in order to check the phantom for positional corrections and linear 
accelerator output constancy.

Table 2 shows the planning parameters, including number of fields, segments, 
and monitor units, and the percentage variation between planned doses and mea-
sured doses for each test case using pelvic phantom.

The gamma analysis results of each test case, including Dose-difference (DD), 
Distance-To-Agreement (DTA), and Gamma Index passing rates, are presented in 
Table 3.

Plan 
No.

Field 
Number

Segment 
Number

Monitor 
Unit

Dose 
Difference

DTA Gamma 
Index

P1 5 14 734.20 79.5% 97.9% 98.4%

P2 7 19 820.31 80.1% 95.1% 97.3%

P3 9 15 775.48 81.4% 94.3% 97.5%

P4 12 14 724.53 80.8% 95.3% 98.8%

DTA: Distance to agreement.

Table 3. 
Result of dose difference, distance to agreement and gamma index using Delta4 phantom.

Plan No. Algorithm Energy No. of 
fields

Measured 
Dose

Planned 
Dose

% 
Variation

P1 Monte Carlo 6 MV 5 190.34 185.8 2.44 (+)

P2 Monte Carlo 6 MV 7 202.15 207.5 2.58(−)

P3 Monte Carlo 6 MV 9 172.46 176.1 2.07(−)

P4 Monte Carlo 6 MV 12 194.57 191.84 1.42(+)

Mean 2.13

SD 0.52

MV: Mega Voltage; SD: Standard deviation.

Table 2. 
Percentage variation between planned dose on treatment planning system and measured dose on linear accelerator 
using heterogeneous pelvic phantom.
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9.6  Test case P1: intensity modulated radiation therapy (IMRT) plan with 5 
coplanar beams

The percentage variation between planned dose and measured dose was noted as 
2.44% in an indigenously designed heterogeneous pelvic phantom.

Dose distribution at axial projection on the heterogeneous phantom, Delta4 
phantom, and on actual patient CT image are shown in Figure 5a–c respectively.

The same plan was verified by using Delta4 phantom. The gamma passing rate for 
test P1 was 98.4%, whereas the pass percentages of Dose-Difference (DD) and Distance-
To-Agreement (DTA) were 79.5% and 97.9%, respectively shown in Figure 5d.

9.7  Test case P2: intensity modulated radiation therapy (IMRT) plan with  
7 coplanar beams

The percentage variation between planned dose and measured dose was noted as 
2.58% in the designed pelvic phantom.

The same plan was verified by using Delta4 phantom. The gamma passing rate 
for test P2 was 97.3%, whereas the pass percentages of Dose-Difference (DD) and 
Distance-To-Agreement (DTA) were 80.1% and 94.3%, respectively.

9.8  Test case P3: intensity modulated radiation therapy (IMRT) plan with  
9 coplanar beams

Similarly, with 9 coplanar beams, the percentage variation between planned dose 
and measured dose was noted as 2.07%.

Figure 5. 
(a) Dose distribution in heterogeneous phantom, CT slice for test case P1. (b) Dose distribution in Delta4 
phantom, CT slice for test case P1. (c) Dose distribution in patient, CT slice for test case P1. (d) Dose distribution, 
dose deviation, distance to agreement and gamma index of test case P1.
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The Dose-Difference (DD) and Distance-To-Agreement (DTA) and Gamma Index 
were 81.4%, 94.3%, and 97.5% respectively.

9.9  Test case P4: intensity modulated radiation therapy (IMRT) plan with  
12 coplanar beams

For the Intensity Modulated Radiation Therapy (IMRT) with 12 coplanar beams, 
the percentage variation between planned dose and measured dose was noted as 
1.42%.

The Dose-Difference (DD) and Distance-To-Agreement (DTA) and Gamma Index 
were 80.8%, 95.3%, and 98.8%, respectively.

For all the four Intensity Modulated Radiation Therapy (IMRT) plans the percent-
age variation between the planned dose and measured dose was found to be within 
the tolerance limit (< ± 3%) prescribed by International Commission on Radiation 
Units and Measurements (ICRU 83) [19]. Additionally, Gamma evaluation results are 
based on the critically acceptable criteria of 3 mm DTA and 3% DD given in Table 3.

10. Conclusion

In radiation therapy, Quality Assurance (QA) is an essential aspect to ensure that 
the most accurate treatments are being delivered to a patient. When a new linear 
accelerator is commissioned at a hospital, the dosimetric parameters, for example, 
percentage depth dose, radiation beam symmetry, and flatness, are tested to verify 
the manufacturer’s specifications and recommended guidelines. The machine is then 
periodically tested on a daily, monthly, and yearly basis to make sure that it remains 
within the specifications. This ensures that the machine continues to deliver what is 
indicated by a plan. For simple, traditional treatment methods, the Quality Assurance 
at the machine level is sufficient because possible errors are considered to be accept-
able. However, for Intensity-Modulated Radiotherapy and Volumetric Modulated Arc 
Therapy planned treatments, the increased complexity along with high dose gradi-
ents, result in dosimetric errors and require empirical testing.

The main goal of radiation therapy is to deliver a prescribed dose to a target while 
minimizing the dose to the surrounding normal tissue. As new techniques are devel-
oped to achieve this goal, the treatments become more complex and the importance 
of having accurate dosimetry methods for both initial systems commissioning and 
ongoing Quality Assurance (QA) increases. Currently, it is mandatory that a patient-
specific quality assurance test be performed prior to each new treatment course. 
Therefore, this study was conducted to develop an indigenous heterogeneous pelvic 
phantom similar to patient anatomy and perform a pre-treatment verification in a 
realistic clinical scenario to obtain reproducible dosimetry. Very few heterogeneous 
phantoms which are available commercially e.g. anthropomorphic phantom are very 
costly, and are not procured by most radiotherapy centers, especially in low-budget 
centers in developing countries [20].

In this study, an indigenous heterogeneous phantom was developed using wax 
for fat, artificial pelvic bone for pelvic bone, water for bladder, and borax powder 
with glue for rectum. Hounsfield unit and relative electron density of the phantom 
for different materials used for mimicking the patient were compared with the 
actual patient pelvic region. A comparison of Hounsfield Unit and electron density 
shows that the material used for the construction of phantom is almost equal to the 
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patient tissue heterogeneity as well as shape and tissue content. Materials used for the 
construction of phantom were locally available, cost-effective, and strong enough to 
maintain structural integrity.

In this study, Intensity Modulated Radiotherapy was verified using an indigenous 
heterogeneous pelvic phantom. For validation of heterogeneous phantom, similar 
plans were also verified using the Delta4 Phantom. The results obtained for all the 
studies were found to be within the tolerance limit which is <3% as prescribed by  
the International Commission of Radiation Protection (ICRU 83). This indicates 
that the phantom can be used successfully for routine patient-specific verification 
practices.
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Chapter 8

Nuclear Medicine Dosimetry in 
Paediatric Population
Dimitris A. Verganelakis and Maria Lyra-Georgosopoulou

Abstract

Nowadays, the value of paediatric nuclear diagnostic medical imaging has been 
well established within the medical community. Despite decades of nuclear medi-
cine practice, studies in nuclear medicine to achieve the lowest possible radiation 
dose to the patient while ensuring the optimized image quality have to be contin-
ued. Numerous studies highlighted a long list of objectives, in order to obtain the 
minimum possible absorbed dose, achieve short scan times and generate images 
with a high signal to noise ratio (SNR) and spatial/temporal resolution. For the 
development of guidelines, it is necessary to study the handling of radiopharmaceu-
ticals, the dose splitting processes, the quality control protocols, the plan design of 
infrastructures, the availability of optimized dose calibrators for the corresponding 
radiopharmaceuticals, the development of new more sensitive radiopharmaceuticals, 
and optimized protocols for diagnostic or therapeutical examination of the patient. 
Anthropomorphic phantoms are used to model paediatric patients, but anatomical 
models and their pharmacokinetic data are not applied directly to any specific patient. 
There is a need for the development of personalized dosimetry in children. Factors 
regarding age, weight and biological and molecular background of the pathology 
must be included in paediatric personalized dosimetry. The developmental process of 
the child, as shape, mass, volume, anatomy, physiological indices (metabolism, heart 
rate, etc.) and variations due to pathologies should be taken under consideration. 
Corrections of radiation time of the target organ, in relation to neighbouring tissues, 
blood supply, estimation of residual activity/time and clearance rate are parameters 
in the calculations of paediatric dosimetry in nuclear medicine. In hybrid imaging 
examinations with computed tomography modality, the contribution of absorbed 
dose from CT to the paediatric patient must also be calculated.

Keywords: paediatric dose phantoms, PDRL, effective dose, image gently,  
paediatric radiosensitivity, individualize dosimetry

1. Introduction

The aim of this chapter is to briefly describe the topic of paediatric dosimetry in 
nuclear medicine. Paediatric administrated doses are considered, firstly.

Too high administrated activities increased radiation dose without adding diag-
nostic information but too low activities may not permit an adequate examination. 
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The optimal activity amount gives the desired diagnostic information with the 
minimum patient radiation exposure.

The next session of this chapter refers to the rules and procedures that are estab-
lished for the evaluation of quantities as absorbed dose, effective dose or Paediatric 
Dose Reference Levels (PDRL).

In general, patient-specific dosimetry for a child examination in nuclear medicine 
differs from that of an adult due to different biodistribution and kinetics and variabil-
ity of body size. It requires the knowledge of many factors like age, weight, biological 
and molecular background of the pathology and of the developmental process of the 
child, shape, mass, volume, anatomy, physiological indices.

Different values of instrumental parameters will be used for personalized 
dosimetric measurements in planar, SPECT, PET, or hybrid (SPECT/CT, PET/CT) 
examinations in children’s studies.

Single Photon Emission Computed Tomography (SPECT) is a nuclear medicine 
imaging modality that generates 3-dimensional pictures of the examined body.

Positron Emission Tomography (PET) investigates areas of abnormal activity by 
revealing relative glucose metabolic activity in tissues and organs.

SPECT and PET can be combined with Computed Tomography (CT) or Magnetic 
Resonance Imaging (MRI) producing the so-called “hybrid” imaging.

Nuclear medicine imaging examinations are performed in paediatric patients for 
diagnosis of diseases or injuries. The necessity of these examinations by radiopharma-
ceuticals must be ensured and then should be performed securely.

The International Atomic Energy Agency (IAEA) helps medical professionals 
to improve quality and safety by providing standards and guidelines, training and 
information resources. Radiation Protection of Patients (RPOP) is also the lead-
ing resource for patients and the public on the safe and effective use of radiation in 
medicine (IAEA, Radiation Protection of Patients).

World Health Organization (WHO) has edited leaflets and posters titled: ‘Nuclear 
medicine exams in children: what do we need to know?’, for patients and families with 
many simple advices on what do they need to know about nuclear medicine examina-
tions in children.

The performance of a nuclear examination should be based upon the ‘justification’ 
radioprotection rule as well as the ‘optimization’ rule. Both are part of responsible and 
ethical medical practice.

2.  International guidelines in pediatric nuclear medicine (EANM, ICRP, 
IAEA, image gently, SNMMI, ACR)

Paediatric applications of nuclear medicine provide invaluable information in the 
diagnosis and follow-up of many pathological disorders as well as in therapy.

In North America, the ‘Image Gently’ Campaign encouraged the formation of 
an expert group to overcome the lack of paediatric guidelines and to look into the 
possibility of developing paediatric harmonized guidelines. These guidelines were 
approved by the Society of Nuclear Medicine and Molecular Imaging (SNMMI), the 
Society for Pediatric Radiology (SPR) and the American College of Radiology (ACR).

Although the North American and European Association of Nuclear Medicine 
(EANM) guidelines use different models, both have concluded in the development 
of a set of international guidelines, also referred to as “Pediatric Radiopharmaceutical 
Administration: Harmonization Guidelines” [1].
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A modified version of the EANM dosage card incorporating the suggested 
changes is available online. Data on the biokinetics and dosimetry of commonly 
used radiopharmaceuticals in paediatric nuclear medicine is missing; an appreciable 
increase, in obtaining more and better data on image quality and biokinetics, 
focuses on dosimetry as a basis for further improving the recommended adminis-
tered activities.

Application of the guidelines will allow many paediatric nuclear medicine patients 
to receive radiopharmaceutical doses lower than those that are traditionally given, 
resulting in an overall reduction of radiation exposure in these patients.

Paediatric patients are a particular challenge, as body size and the spatial relation-
ships of individual organs can be very different compared to those of a typical adult.

Effective dose is a useful method for assessing the potential radiationally induced 
effects as a result from various practices within a population group, or more specifi-
cally to children within a similar age group, but attention should be paid used when 
comparing the radiation risks between the groups considering that the organ-weight-
ing factors are averaged over both age and gender [2].

The International Commission on Radiological Protection (ICRP) has published 
numerous reports addressing the issue of radiation dose with respect to administrated 
activities in diagnostic nuclear medicine procedures. ICRP Publication 17, published 
in 1971 and updated in ICRP Publications 53, 80 and 106, address the absorbed dose 
for various used radiopharmaceuticals. In more details, these reports represent a 
collection of available data that may be used to estimate radiation dose, expressed as 
radiation dose to specified target organs, as well as the effective dose, to a population 
of patients to whom a specific radiopharmaceutical has been administered. They 
provide conversion factors for the administered activity to effective dose (in mSv/
MBq) based on models of patients of different ages, such as 1, 5, 10 and 15 years-old, 
as well as adults).

Efforts of standardizing and optimising administered activities of radiophar-
maceuticals in paediatric nuclear medicine produced fruitful results. Two major 
guidelines providing administered activities recommended for children, have been 
developed: one in Europe and the other one in North America.

The European Association of Nuclear Medicine (EANM) issued guidelines for 
administered activities in children that included a dosage card which provides recom-
mended administered activities for a variety of diagnostic nuclear medicine proce-
dures and radioisotopes correspondingly. EANM’s dosage card aim is to secure similar 
radiation dose levels for all patients undergoing a particular type of nuclear medicine 
procedure. Therefore, for each radiopharmaceutical, recommended administered 
activities were calculated (Figure 1) so that patients in various age groups receive 
similar estimated effective doses.

Effective Doses in paediatric PET examinations are included in the following 
(Figure 2), per age group in mSv/MBq.

The Society of Nuclear Medicine and Molecular Imaging (SNMMI) of North 
America, the American College of Radiology (ACR), the Society of Pediatric 
Radiology (SPR) and the Image Gently campaign developed also guidelines for dose 
optimization by identifying best practices [3]. The North American harmonic so-
called guidelines are strictly weight-based for 10 out of the 12 procedures included in 
the guideline, with recommended administered activities corrected for patient size 
(expressed as mCi/kg or MBq/kg). Consequently, for each nuclear medicine proce-
dure, these guidelines tend to result in similar levels of image noise and thus image 
quality, for patients of all sizes.
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European and North American guidelines differ due to the different models used 
to develop them. In addition, for some radiopharmaceuticals, there are considerable 
variances between the two guidelines in the reference adult administered activities, 
which are used in order to calculate children’s activities.

Differences in the effective doses resulting between the two ‘schools’ were more 
pronounced in younger patients. For ages 1 year or 5-year olds, the EANM’s admin-
istered activities result in an estimated effective dose at least 20% greater than that 
provided by the North American guidelines.

The critical organ is independent of the administered activity of radiopharmaceu-
ticals. The most common critical organ is the urinary bladder. At the administered 
activities recommended by the two guidelines, the highest radiation absorbed doses 
to other critical organs are those produced by Tc99m-MDP to bone and I123-MIBG 
to the liver. Normal renal function is assumed when dose estimates are calculated. 

Figure 1. 
EANM dosage card- Radiopharmaceutical activities are calculated for administration to paediatric patients by 
weight coefficient in all age groups. Effective doses are estimated for various diagnostic examinations.

Figure 2. 
Effective doses in paediatric PET examinations by common PET radiopharmaceuticals for age groups 5-, 10-, and 
15- (ICRP publications).
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Age-specific or disease-specific alteration in organ function can change the biokinetics  
of a radiopharmaceutical and thus change radiation exposure.

The ICRP allows an adjustment for abnormal renal function or for unilateral 
ureteral blockage when calculating the absorbed radiation dose from renal imaging 
agents. For example, infants with biliary atresia have an underdeveloped or absent 
gallbladder, so the gallbladder is unlikely to be the critical organ during a performance 
of hepatobiliary scintigraphy in these children.

2.1 Image gently

The Image Gently Alliance was formed to help change practice and increase aware-
ness about radiation exposure to children by medical imaging. The effort of Image 
Gently Alliance was supported by SNMMI, the SPR and the ACR.

A Nuclear Medicine Working Group has assisted to standardize radiopharmaceuti-
cal administered activities in the practice of paediatric nuclear medicine across North 
America and to harmonize these practices with those in Europe.

The Nuclear Medicine Global Initiative project (NMGI) was formed in 2012 by 
13 international organizations to promote human health by advancing the field of 
nuclear medicine and molecular imaging. The first project focused on the standard-
ization of administered activities in paediatric nuclear medicine and resulted in two 
articles [4, 5].

Guidelines have a positive effect on the practice of many nuclear medicine 
departments dealing with children. Resources useful for radiation dose estimation 
of paediatric nuclear medicine examinations can be obtained in Paediatric Injected 
Activity Tool (SNMMI) for estimation of injected activity in children and Nuclear 
Medicine Radiation Dose Tool (SNMMI) for an approximate effective dose estimation 
either by ICRP185, 2015 model or by RADAR model 2017 in various paediatric nuclear 
medicine examinations.

3. Paediatric dose phantoms

Paediatric model-derived pharmacokinetics to compare absorbed dose and 
effective dose estimates for F18−FDG in paediatric patients, using S values generated 
from two different geometries of computational phantoms; Cristy-Eckerman styl-
ized phantoms (C−E) and University of Florida/National Cancer Institute (UF/NCI) 
hybrid computational phantoms.

Time−integrated activity coefficients of F18−FDG in brain, lungs, heart wall, 
kidneys and liver, retrospectively, were calculated. The absorbed dose calculation was 
performed in accordance with the Medical Internal Radiation Dose (MIRD) method 
using S values generated from the UF/NCI hybrid phantoms. The effective dose was 
computed using tissue−weighting factors from ICRP publication 60 and 103 for the 
C−E and UF/NCI, respectively.

Differences in anatomical modelling features among computational phantoms 
used to perform Monte Carlo−based photon and electron transport simulations for 
F18, effect internal organ dosimetry computations for paediatric nuclear medicine 
studies.

Paediatric pharmacokinetic data are collected for diagnostic imaging agents, 
relevant to paediatric studies and the field conversions from older stylized phantoms 
to more detailed computation hybrid phantoms were created. The effective doses, 
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computed by the UF/NCI hybrid phantom S values, were different than those seen 
using the C−E stylized phantoms for newborns, 1-year-old and 5 years old, Figures 3 
and 4 [6].

Since hermaphrodite Cristy-Eckerman phantoms are used to represent the 
newborn, 1-year-old and 5-year-old anatomies, the OLINDA/EXM (Organ Level 
INternal Dose Assessment/EXponential Modelling) code developed by the Radiation 
Dose Assessment Resource (RADAR) Task Group of the Society of Nuclear Medicine, 
output for these age groups provides organ−absorbed doses for both paediatric male 
and female tissues.

In contrast, the University of Florida hybrid phantoms are gender-specific and 
these tissues are specifically modelled age-wise. The dose estimates for breast and 
ovaries obtained by the University of Florida F/NCI hybrid phantom were higher for 
newborn, 1-year-old and 5-year-old ages. The effective dose coefficient computed by 
OLINDA/EXM version 1.0 uses an effective dose coefficient that is based on radiation 
and tissue weighting factors specified in ICRP Publication 60 (1991). Later publica-
tion 103 (2007), readjusted the tissue weighting factor for breast from 0.05 to 0.12 
and for gonads from 0.20 to 0.08.

The understanding of transitioning from the older phantoms and tissue−weighting 
factors to the most recently updated phantoms that are now being adopted by ICRP 
is essential (OLINDA/EXM version 2.0).

The OLINDA/EXM has standardized dose calculations for diagnostic and thera-
peutic radiopharmaceuticals. The previous generation of anthropomorphic phantoms 
based on the Oak Ridge models, employed geometrical shapes in order to define the 
body and its organs.

Nowadays, these models have been replaced with realistic, Non-Uniform Rational 
B-Spline (NURBS) type models based on the recent standardized masses defined by 
the ICRP in its Publication 89. NURBS is a mathematical model using B-splines that is 
commonly used in computer graphics for representing curves and surfaces.

These and other new models have been implemented in a new version of the 
OLINDA/EXM 2 code. The new generation of models is now available in the 

Figure 3. 
Three-D visualization of Cristy-Eckerman (C-E) stylized phantoms [6].
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OLINDA/EXM code and represents a significant improvement in standardized dose 
calculations. OLINDA/EXM version 2.0 employs realistic NURBS-style phantoms [7].

ICRP in Publication 143, Paediatric Computational Reference Phantoms, 2020, has 
adopted a set of reference phantoms that were derived from the University of Florida 
phantoms. ICRP phantoms will be used to calculate ICRP dose coefficients. The 
publication is supported by a series of annexes. The last annex gives a description of 
the electronic files available for download and use of each of the 10 paediatric refer-
ence computational phantoms.

A reference set of phantoms and dose coefficients for external exposures and 
intakes of radionuclides will promote consistency in the assessment of doses.

4. Paediatric dose estimations

4.1 RADAR—OLINDA/EXM 2

Based on the OLINDA/EXM version 2.0 software and on 2007 recommendations 
of the ICRP, a new generation of voxel-based, realistic human computational phan-
toms was developed by the RADAR committee of the SNMMI.

It was used to develop the dose estimates as well as the most recent biokinetic 
models. These estimates will be made available in electronic form and can be modified 
and updated, as models are changed and new radiopharmaceuticals are added, MIRD 
Pamphlet No. 21 [8].

RADAR Dose Estimates Report in 2018 based on OLINDA/EXM Version 2.0 for 
Radiopharmaceutical Dose Estimates [9].

Figure 4. 
Three-D visualization of University of Florida/National Cancer Institute (UF/NCI) hybrid computational 
phantoms for various age groups [6].
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• The MIRD method uses the term A˜ (cumulated activity) for the time–activity 
integral and presents the dose factor by the S factor.

• RADAR uses the terms N (number of disintegrations) and dose factor, respectively.

The ICRP has a method for internal dose calculations, originally described in ICRP 
Publication 30. This schema has been repeated, with modifications, several times, the 
latest being in ICRP Publication 130.

In many ICRP documents, slightly different names are given to some terms, but all 
the concepts are identical [8, 9].

OLINDA/EXM 2.0 used biokinetic models for 100 radioisotopes and adult and 
paediatric phantoms in order to develop dose estimate tables. Data within the ICRP 
task group on radiopharmaceutical dosimetry was considered. Tables for males and 
females were generated for 1-y olds, 5-y olds, 10-y olds, 15-y olds and adults.

The dose estimate tables give male and female dose values for approximately 25 target 
organs, as well as sex-averaged values for the five phantom-ages considered (1-y olds, 
5-y olds, 10-y olds, 15-y old and adults). In these estimations, individual organ doses 
are given in units of equivalent dose (e.g., mSv) and not of absorbed dose (e.g., mGy), 
as quality factors applied may be non-unity for some emitters. For example, OLINDA/
EXM 2.0 uses:

• for emissions a default radiation weighting factor.

• variable radiation weighting factors adjusted by the user.

• effective doses that are expressed in the same units as equivalent doses, by apply-
ing individual tissue weighting factors.

• a bone model that is the same as that used in OLINDA/EXM versions 1.0 and 1.1.

• unlike the Cristy-Eckerman phantoms, no breast tissue that was assigned in 
children 10 years old or younger.

• several new organs that have been defined in the RADAR phantoms.

Biokinetic models for nearly 100 radiopharmaceuticals can be used with the 
OLINDA/EXM 2.0 paediatric phantoms to develop dose estimate tables. Male and 
female tables for 1-year-olds, 5-year-olds, 10-year-olds, 15-year-olds can be generated.

In ICRP Publication 103, a sex-averaged rule is described for the development of 
relative data.

Individual organ doses are given in units of equivalent dose (mSv) and not in units 
of absorbed dose (mGy).

5. Paediatric diagnostic reference levels (PDRLs)

The International Commission on Radiological Protection (ICRP) Publication 
73 was first to introduce the term ‘Diagnostic Reference Level’ (DRL) in 1996, a 
concept that was further developed further. The DRL has been proven to be an 
effective tool towards the optimisation of protection in the medical exposure of 
patients in diagnostic procedures.
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5.1 Planar-SPECT imaging procedures

For planar nuclear medicine imaging, DRLs have been set either by administered 
activity (MBq) or by administered activity per body weight (MBq/kg).

For SPECT imaging procedures, DRL values should be used in the same way as 
for planar nuclear medicine procedures. DRL values for SPECT studies are usually 
slightly higher than for the same radiopharmaceuticals used for planar imaging.

5.2 Positron emission tomography (PET)

Specific radiopharmaceuticals are used for PET imaging, depending on the scope 
of the study. F18-fluorodeoxyglucose (F18-FDG) is used for diagnosing, staging and 
assessing therapeutical schemes in cancer, inflammation, viable myocardium and 
brain diseases by revealing relative glucose metabolic activity in tissues and organs. 
N13-ammonia or Rb82-chloride assesses myocardial perfusion. Ga68-DOTATATE and 
DOTATOC in neuroendocrine tumours reflecting the status of somatostatin recep-
tors. As the physical half-lives of radionuclides and biological half-times of radiophar-
maceuticals are different, DRL values have to be set for each one.

European guidelines provide a calculation system according to body weight, image 
acquisition method (two-, or three-dimensional), scan speed (minutes per table posi-
tion) and table overlap during the following PET acquisitions.

5.3 Hybrid imaging (PET-CT, SPECT-CT and PET-MRI, SPECT-MRI)

PET and SPECT have been combined with the modality of CT generating the 
so-called hybrid systems of PET-CT and SPECT-CT accordingly. Nowadays, they 
have been combined with the Magnetic Resonance Imaging (MRI) modality too, as 
these combinations increase diagnostic accuracy by providing both functional and 
anatomical images of the body.

The acquisition of accurately co-registered anatomical and functional images 
is a major strength of combined modality (hybrid imaging) devices. The patient 
dose from a PET-CT or SPECT-CT examination is the combination of the radiation 
exposures caused by the radiopharmaceutical and by the CT study via the exposure to 
ionising radiation.

The MRI component of PET/MRI or SPECT/MRI does not increase the patient 
dose considering that it uses non-ionising radiation, so from a radiation protection 
point of view, this hybrid imaging is preferable in paediatric examinations.

In the framework of a PET/CT or SPECT/CT, the CT portion of the examination 
consists of a localiser radiograph and the helical CT scan. If a CT is solely performed 
for attenuation correction and co-localisation, the acquisition parameters (tube 
current, voltage, slice thickness, rotation time, and pitch) should be selected in order 
to minimise the patient’s radiation exposure. A low-dose CT used in hybrid imaging is 
sufficient for attenuation correction and anatomic localisation and proper for paedi-
atric examinations.

5.4  Paediatric diagnostic reference level of examinations in nuclear medicine 
(PDRL)

Establishing Dose Reference Level values for children is more challenging than for 
adults, due to the broad range of sizes of paediatric patients. Weight in children can 
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vary by a factor of more than 100 from a premature infant to an obese adolescent. The 
amounts of radiation used for examinations of children can vary extremely due to the 
great difference in children’s size and weight.

Patient age groups have been used in the past in order to establish Paediatric DRL 
values. However, it has been recognized that age alone is not a representative param-
eter. Weight categories have to be included and should be used whenever possible. 
The difference in patient dose due to patient weight is expected and therefore weight 
ranges are recommended for establishing Paediatric DRL values.

Age groups around the ages of 0, 1, 5, 10 and 15 years can be used if age is the 
only available quantity. For examinations including the head, age grouping is recom-
mended for establishing PDRL values. In paediatric imaging, sufficient data is an 
issue and therefore it has been suggested that the DRL quantity could be a function of 
patient’s weight.

For nuclear medicine imaging, the DRL quantities and DRL values are set 
as administered activity per body weight (MBq/kg) as a practical and simple 
approach.

Activities for administration should be adjusted based on size or weight associated 
factors.

When regional or national DRL values, relevant for paediatrics, are not available, 
the local practice may be compared with appropriate available published data.

For CT used in a hybrid system SPECT/CT or PET/CT, the DRL quantities are 
Computed Tomography Dose Index (CTDIvol) and Dose Length Product (DLP), 
based on calibration with a 32-cm-diameter phantom for body examinations and a 
16-cm-diameter phantom for head examinations.

The CTDIvol and the DLP are common methods to estimate a patient’s radiation 
exposure from a CT procedure. The exposures are the same regardless of patient size, 
but the size of the patients is a factor in the overall patient’s absorbed dose.

The unit of CTDIvol is the gray (Gy) and it can be used in conjunction with 
patient size to estimate the absorbed dose. The CTDIvol and absorbed dose may differ 
by more than a factor of two for small patients such as children. On the other hand, 
DLP measured in mGy.cm is a measure of CT tube’s radiation output/exposure. It is 
related to volume CT Dose Index (CTDIvol). CTDIvol represents the dose through a 
slice of an appropriate phantom and DLP accounts for the length of radiation output 
along the long axis of the patient. DLP = (CTDIvol) [in units: mGy.cm]. DLP does not 
take into account the size of the patient and is not a measure of absorbed dose or the 
patient’s effective dose.

The effective dose depends on factors including patient size and the region of 
the body being scanned. Values for these quantities should be obtained from patient 
examinations. Most CT scanners permit the determination of effective diameter or 
patient equivalent thickness. This is an additional improvement for setting Paediatric 
DRL values.

Size Specific Dose Estimate (SSDE) measured in mGy, is a method of estimating 
CT radiation dose that takes a patient’s size into account. SSDE may be used in addi-
tion to the recommended DRL quantities as an extra source of information for the 
evaluation of the absorbed dose value.

Results from the largest international dose survey in paediatric computed 
tomography (CT) in 32 countries are included in ICRP Publication 135 where 
international DRL for Paediatric computed tomography were established [10]. 
Patient data were recorded among four age groups: <1 year, 1–5 years, <5–10 years 
and <10–15 years.
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5.5 Views related to paediatric DRLs

The risk of harmful radiation effects is greater in children than in adults and 
optimisation of paediatric imaging is of particular importance because they have a 
longer life expectancy during which these effects may appear.

The amount of radiation used for examinations of children can vary greatly due to the 
excessive difference in patient size and weight from neonates to adult-sized adolescents.

Variation in patient radiation dose for two paediatric patients with the same size, 
same exposed area of anatomy should be the minimum. If not, this could be due to 
poor technique, or failure to adapt imaging protocols to account for both paediatric 
diseases and paediatric patient sizes. Weight or size-adjusted paediatric DRL values 
are therefore particularly important in optimization.

A number of factors need to be considered when communicating the development 
of DRL values for children. Some parameters are the same for adults and children. 
These include the choice of DRL quantities, the percentile of the distribution of the 
DRL quantity and whether to collect data from patient examinations or from mea-
surements with phantoms.

DRL values for children, there cannot be as a single standard patient due to the 
large size range of paediatric patients [11].

Weight in children can vary by a factor of more than 100, from that of a premature 
infant.

Within the first 6 months of life, a typical baby’s body weight doubles, and during 
the first year, it increases 3-fold. Ideally, five or more size ranges should be established 
between premature to infants (newborn, >1, >5, >10 and >15 years) [12].

It is preferable creation of groups based on paediatric patient body size and that 
body size be determined for individual patients before performing diagnostic imaging 
procedures by radiation sources.

In 1999, the European Commission issued Radiation Protection 109 (RP 109) 
with the title: ‘Guidance on diagnostic reference levels (DRLs) for medical exposure’. 
This document indicates the critical need of establishing DRLs for high-dose medi-
cal examinations of patients sensitive to radiation, such as children. This work used 
average-sized adult phantom or standard size phantoms.

However, the same approach has not been considered appropriate for children due 
to the wide variation in body habitus.

DRL values for paediatric patients are only available for some common radiologi-
cal examinations and there is a need to generate appropriately more.

The European Commission recognized this need and approved the 27-month tender 
project, European Diagnostic Reference Levels for Paediatric Imaging (PDRL) on the 
establishment of European DRLs for paediatric patients in December 2013. PDRL is 
coordinated by the European Society of Radiology (ESR, Eurosafe Imaging), Figure 5 [12].

The Japanese Society of Nuclear Medicine (JSNM) in 2014 has published the 
consensus guidelines for paediatric nuclear medicine. JSNM proposes dose optimiza-
tion in paediatric nuclear medicine studies and widely discusses imaging techniques 
for the appropriate conduct of paediatric nuclear medicine procedures, considering 
the features of children imaging in order to produce harmonic PDRL [13].

Scientists in nuclear medicine departments must be familiar with

• the increased radiosensitivity of children,

• the risks of low dose radiation,
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• the patterns of dedicated clinical results when radiation activities in paediatric 
patients are minimized.

Regarding the reduction of radiation exposure to paediatric patients, continuous 
education and thoughtful application of techniques for radiation dose management 
may lead to the improvement of risk-benefit ratios when performing diagnostic imag-
ing in children by radiopharmaceuticals.

Technology provides options such as new software and new hardware (collima-
tors, computer components, etc.) for reducing radiation exposure while maintaining 
image quality driving to a minimum variation in PDRL values, globally.

6. Radiobiology in nuclear medicine and molecular imaging

Paediatric patients are referred to nuclear medicine from nearly all paediatric spe-
cialities including urology, oncology, cardiology, gastroenterology or orthopaedics. 
Radiation exposure is associated with a potential small risk of inducing cancer in the 
patient, later in life; this danger is higher in younger patients.

In the field of nuclear medicine imaging, which uses very small amounts of radioac-
tive substances (radiopharmaceuticals) to diagnose and treat disease, the radiophar-
maceuticals injected into the patient’s body are detected in very precise images of the 
part of the body being imaged.

6.1 The role of radiobiology in nuclear medicine

In 2021, the EANM published a position paper on the role of radiobiology in 
nuclear medicine [14]. For that paper, a group of EANM radiobiology, physics and 
dosimetry experts summarized the main issues concerning radiobiology in nuclear 
medicine. The position of the EANM is that radiobiology will contribute to the opti-
mization of radiotherapy to ensure that they are effective and safe for each individual 
patient, considering age and weight.

Figure 5. 
The calculated PDRLs may help in the standardization of the appropriate activity in paediatric nuclear medicine [18].
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There is a need to generate and apply more radiobiologic knowledge specific to 
nuclear medicine diagnostic and therapeutic procedures, as DNA damage induction 
and repair strongly because of the comparatively low dose rates varying over time 
with physical decay and kinetic clearance.

While the role of radiobiology for diagnostics remains to be clarified, its role in the 
benefits of radiopharmaceuticals in therapy is clear.

It is expected that a better understanding of radiobiological parameters can 
contribute to fully exploiting the abilities of new and existing nuclear medicine 
applications; how can be effective and safe for each individual patient, child or adult. 
Radiobiology plays an important role in supporting optimizations, in an increase of the 
use of radiopharmaceuticals for diagnostic or therapeutic nuclear medicine.

A better understanding of radiobiologic parameters will enhance the capabilities 
of new and existing nuclear medicine applications in adults and paediatric patients. 
There is a need to better define the dose-effect relationships of radiopharmaceutical 
radiation in tumours and normal tissue. To reach this target, the EANM recommends 
a strong link between all scientists involved (Radiobiologists, radiochemists, radio-
pharmacists, medical physicists, and physicians). So, an improved understanding 
of the biological processes, with special regard to the effects of ionizing radiation to 
normal tissues and tumours, for any living matter, will be gained.

When ionizing radiation interrupts living matter, it deposits energy along its 
path leading to atomic ionization, thereby damaging biological molecular structures 
(Figure 6).

DNA damage induced by radiation is considered critical. DNA, as well as proteins, 
lipids and metabolites can potentially be modified by ionizing radiation. As first action, 
absorption of ionizing radiation will occur at the site of the atoms of the cellular mol-
ecules. Following ionization events may cause the breakage of chemical bonds. It may also 
convert atoms and molecules into free radicals with very sensitive unpaired electrons that 
can further interact with close molecules, after which a damaging sequence may occur.

Figure 6. 
Interaction of ionizing radiation with cellular matter- DNA and others. DNA and other cell elements are 
potential targets for ionizing radiation damage. Ionizing radiation also influences cell signalling pathways like 
oxidative stress, cell death and survival pathways, premature ageing and inflammation [14].
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6.2 Molecular imaging: how it works

Molecular imaging provides detailed images at the molecular and cellular levels. 
Molecular imaging indicates how the body is functioning and gives the prospect 
to measure its chemical and biological processes. It offers exclusive insights into 
the human body that patients can obtain personalized care. In diagnostic molecular 
imaging, diseases are identified in the earliest stages and the exact location can be 
determined, avoiding more invasive procedures such as biopsy or surgery.

When disease occurs, the biochemical activity of cells begins to change. Cancer 
cells may multiply at a much faster rate and are more energetic than normal cells. As 
the disease progresses, this abnormal cellular activity begins to affect body tissue and 
structures, causing anatomical changes; Cancer cells may form a mass or tumour. 
Molecular imaging detects cellular changes early in the course of the disease. A 
variety of imaging agents are used to visualize cellular activity, such as the chemical 
processes involved in metabolism, oxygen use or blood flow. The imaging agent in 
the body accumulates in a target organ or attaches to specific cells. The distribution 
pattern of the agent helps to distinguish how well organs and tissues are functioning.

6.3 Radiosensitivity of children

Children are more radiosensitive as the organs and cells in children are undergoing 
constant self-renewal, therefore are more sensitive to radiation. Measurement of DNA 
synthesis by PET Radiopharmaceuticals that identify increased DNA synthesis can be 
used to identify increased cellular proliferation in tumours.

Children, due to increased mitotic activity and longer life expectancy, are more 
radiosensitive than middle-aged adult by a factor of up to 10 and girls are considered 
more radiosensitive than boys [12].

Radiosensitivity decreases with age, exhibiting lifetime attributable cancer 
mortality risks per unit dose as a function of age at a single acute exposure. This 
was estimated by the Committee on the Biological Effects of Ionizing Radiations 
(BEIR) [15, 16] and the International Commission on Radiological Protection 
(ICRP) [17].

Children are two to three times more susceptible to radiation for the development 
of leukaemia. Adults exposed to radiation during childhood have an increased likeli-
hood of emerging breast or thyroid cancer.

The National Academy of Sciences BEIR V committee and the ICRP report 60 have 
estimated the lifetime cancer mortality risks per unit dose at a single acute exposure 
as a function of age. They have shown a rapid increase in lifetime risk with decreasing 
age at exposure (Figure 7).

This indicates that radiosensitivity decreases with age. Neonates are more radio-
sensitive than infants, infants are more radiosensitive than children and children are 
more radiosensitive than adolescents.

6.4 Radiation life-time risk

Radiation-induced cancers tend to appear at the same age as spontaneous cancers 
of the same type. So, it takes half a century or more to judge the impact of radiation 
exposure, especially when children are included in the exposed individuals.

Exposed to radiation individuals in their first decade of life, the risk is approxi-
mately 15% per Sv, while for adults in their late middle age, the risk drops to 1 or 2%/Sv.  
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There is also a clear gender difference, especially at early ages, with girls being more 
radiosensitive than boys (Figure 7).

7. Paediatric patient-specific dosimetry

7.1 Individualized dosimetry

Paediatric Dose Reference Levels (PDRLs) must be established, especially in a 
national level and then effective dose estimations from images data can be obtained. 
The calculated PDRLs may help in the standardization of the appropriate activity in 
paediatric nuclear medicine.

Individualized dosimetry and iterative algorithms may reduce further the admin-
istered dose resulting in safer children’s examinations.

To limit radiation exposure to children from diagnostic nuclear medicine proce-
dures to the lowest levels consistent with quality imaging, a study has been established 
[18] to correlate administered activity/weight- to an effective dose in paediatric 
nuclear medicine imaging.

In radiopharmaceutical schedules for children, fractions of adult administered 
amounts and formulae based on the child’s body parameters are used. Recommended 
activities could also be obtained by EANM dosage-card or North American 
Guidelines.

The paediatric administered activities are determined by the formula that reduces 
adult administered activity as:

Paediatric dosage [MBq] = (Child Weight [Kg] x Adult Reference Activity 
[MBq])/70.

Radiopharmaceutical dosages for five diagnostic radiopharmaceuticals (Tc99m-
DMSA, Tc99m-DTPA, Tc99m-MAG3, Tc99m-MDP & I123-MIBG) were calculated for 
100 paediatric imaging procedures and administered in terms of activity/kg.

Figure 7. 
The above risk estimate is an average for a population comprised of all ages. It is apparent that the risk varies 
dramatically with age (from Eric J. Hall, 2002), [15].
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Knowledge of physical and biological parameters is required for the calculation of 
the absorbed dose.

Absorbed dose is the average deposition of energy in the tissue from the adminis-
tered radiopharmaceutical.

The radioactive elements, used in the diagnosis, are distributed to the human body 
following the rules of pharmacokinetics & pathophysiology (Figure 8).

The RADAR dosimetry program was used by Plousi et al [18] in order to estimate 
the effective dose per child per weight/age for various radioisotopes, with reduced 
reference adult activity being incorporated, Figure 9.

Weighting Factor of administered activities per weight (kg) were varied from 
(0.1–0.86%) for 3Kg weight of a neonate to 40Kg weight of an adult.

Figure 8. 
The absorbed dose depends on: The administered activity. The active time of its stay in an organ. The parameters 
fixed in time, that is: radioisotope characteristics, shape and size of the radiating organ (source), the irradiated 
organ (target) and the distance and mass of the target) [18].
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For neonates and infants’ cases, a minimum administered activity is applied 
considering that the use of a fraction of the administered activity of adults would 
result in an uncompleted study. Planar whole-body and SPECT imaging studies were 
performed on a γ-camera equipped with a high-resolution collimator.

Regarding I123-MIBG, the lower limit [30 MBq for neonatal] and upper limit [110 
MBq] was established to give the least effective dose with the best quality imaging.

For newborn cases, it is necessary to apply a minimum activity, as the activity cal-
culated according to weight is less than the recommended minimum activity. When 
the suggested weight-based administered activities are used, the resulting effective 
doses range in ages 1–10 years old are, Figure 10.

Activities for Tc99m-DMSA for planar and 3D imaging are lowering as filtering 
and iterative reconstruction methods were used. In dynamic studies of paediatric 
patients, the SNMMI/EANM Guidelines for Diuresis Renography in infants and 
children were followed [19]. The lowest burden is estimated for Tc99m-MAG3.

Optimal protocols, with improved image reconstruction methods and advanced 
instrumentation, facilitate the dosage reduction and provide the maximum image 
quality at a minimum of effective dose [20].

A graphic relation of Administered Activity versus weight of all patient groups, 
from neonates to adolescents, is presented in Figure 11A.

In Figure 11B, a positive correlation of the effective dose (mSv) with patient ages 
(0–26years) is shown. No differences were observed between boys and girls of the 
same age [18].

7.2  Dosimetry aspects in hybrid molecular imaging applications in paediatric 
patients

Dose reduction in PET/CT and SPECT/CT studies with children can be achieved by 
optimized CT parameters and the administered activity of the radiopharmaceutical, 

Figure 9. 
The absorbed dose in neonates is extremely higher (because the activity is distributed over smaller volumes). 
Significant differences -about a factor of two and sometimes three in activity and effective dose were measured 
between underweight, average weight and corpulent children of the same age [18].
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Figure 11. 
(A) Administered Activity (MBq) to patient. Weight in Kg/from neonates to adolescents. (B) Positive relation of 
the effective dose (mSv) with patients’ age (0–26 years). No differences were observed between boys and girls of 
the same age [18].

Figure 10. 
Effective doses for ages between 1 and 10 years old.
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without compromising the diagnostic information needed for high-quality examina-
tion. Effective doses to the paediatric patient examined by PET/CT or SPECT/CT 
depend on the CT protocol of the accompanying CT scan. The co-registered CT scan 
can be optimized to meet the patient’s diagnostic needs and may be performed either 
as a diagnostic-type CT scan or as an attenuation-correction only [21].

The hybrid molecular imaging examination by PET or SPECT and the CT should 
be acquired without child-patient movement. Attention to the respiratory phase dur-
ing the CT imaging for PET/CT is also of a semantic point.

High-quality biokinetic data must be known for the calculation of dose estimates 
of new PET radiopharmaceuticals. Then, standardized dosimetry codes as OLINDA/
EXM can provide information of doses to organs and effective doses [22].

In addition to the molecular imaging agents 18F-FDG (PET) and 123I-MIBG 
(SPECT) that are frequently used in children, other PET and SPECT imaging agents 
may have promise for molecular imaging in children.

• C-11-methionine by PET has been shown in several studies to better depict 
paediatric brain tumours when compared to FDG.

• SPECT/CT may be used to localize sites of abnormal I-131 uptake in thyroid 
cancer patients who are post-thyroidectomy or

• Tc-99m-HMPAO-labeled white blood cells may be used with SPECT/CT to local-
ize areas of inflammation [21].

PET/MRI use in children with systemic malignancies may benefit from the reduced 
radiation exposure offered by PET/MRI. The effective dose of a PET/MRI scan is only 
about 20% that of the equivalent PET/CT examination. Simultaneous acquisition of 
PET and MRI data combines the advantages of the two previously separate modalities. 
One disadvantage of PET/MRI is that in order to have an effect, a significantly longer 
examination time is needed than with PET/CT. PET/MRI has turned out to be a stable 
hybrid imaging modality, which generates paediatric safe diagnostic studies [23].

7.3 Foetal doses from nuclear medicine examinations

Doses are provided for “early pregnancy” (dose to the nongravid uterus in the 
RADAR reference adult female model) and doses to the foetus at 3, 6, and 9 months of 
gestation (OLINDA/EXM 2.0 software).

Uncertainties in using these estimates for a specific subject are noteworthy, both in 
the physiology of the radiopharmaceutical kinetics and in the assumed geometry of 
the maternal and foetal organs [23].

Foetal whole-body doses from common nuclear medicine examinations in early 
pregnancy as well as at terms have been calculated by Russell and Stabin using ICRP 
53 and ICRP 80.

For Example:

1. A pregnant woman at 4 months’ gestation is administered 370 MBq of 18FDG. 
The estimated foetal dose at 3 months is 4.8 mGy and at 6 months is 3.1mGy. An 
estimate of 5 mGy is reasonable and conservative [24].
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2. Foetal thyroid doses are much higher than foetal whole-body doses, 5–15 mGy/
MBq for 123I and 0.5–1.1 Gy/MBq for 131I (Figure 12).

8. Discussion

8.1  Dosimetry in paediatric nuclear medicine: from acquisition to image 
processing, image gently

The radiation burden in nuclear medicine depends principally on the administered 
radiopharmaceutical properties and the biological parameters-pharmacokinetics 
properties of the radiopharmaceutical within the patient. So,

• Activity determination is one of the fundamental bases in nuclear medicine 
dosimetry.

• The calculation of effective dose in a paediatric patient varies also due to ana-
tomical differences.

• The basic schema for dosimetry calculations involved in the MIRD formalism for 
radiopharmaceutical dosimetry.

• The ICRP models underlying the application of dosimetry.

• Imaging value in dosimetry is the best conversion of image data to absolute 
values of uptake.

To limit radiation exposure to children from diagnostic nuclear medicine proce-
dures to the lowest levels with reliable qualitative imaging, a correlation of adminis-
tered activity with weight-effective dose in radiopharmaceutical imaging is valued.

Administered activities in paediatric subjects are distributed over smaller volumes 
generating higher absorbed doses. In diagnostic examinations, fractions of adult 
administered amounts and formulae based on child’s body parameters are used. 
Recommended activities could be obtained by EANM dosage-card or North American 
Guidelines—Paediatric dosage card.

Cumulated activity calculation from the time-activity curve will lead to a total 
number of disintegrations. Absorbed dose algorithms and image processing deter-
mine the radiation transport, energy deposition and the radiation burden of the 
subject; Advanced approaches such as Monte-Carlo modelling in nuclear medicine for 
imaging and dosimetry are successfully used.

Figure 12. 
Foetal thyroid doses for 30MBq 123I or 0.55 MBq 131I in early pregnancy and at 9 months.
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For newborn subjects, it is necessary to apply the minimum dose, because the 
activity calculated according to newborn weight is less than the recommended mini-
mum activity, resulting to worsen diagnostic imaging quality.

8.2 Optimization—Conclusion

Optimization in medical imaging is the balancing of the amount of ionizing radia-
tion and image quality. The minimum radiation dose for the paediatric patient must 
assure that the image quality provides satisfactory information to meet the clinical 
requirement. Optimization involves both the imaging systems as testing and quality 
control as well as imaging body parameters and administered activity [25].

Optimal protocols, with improved image reconstruction methods and advanced 
instrumentation, facilitate the dosage reduction and provide the maximum image 
quality at a minimum effective dose. Optimization of imaging protocols and estab-
lishment of diagnostic reference levels achieve the goals of good quality images at 
reduced radiation doses. Standardized methods for performing dose calculations for 
radiopharmaceuticals by various steps in the process and models for calculating time–
activity integrals as urinary bladder or intestines can be used [26].

In hybrid imaging PET/CT or SPECT/CT, deep learning-based reconstruction 
(DLR) may facilitate CT radiation dose reduction in children. Lower-dose DLR 
images were compared with standard-dose iterative reconstruction images. DLR 
use at 80-kVp results in substantial dose reduction with preserved or even improved 
image quality. So, the use of DLR allows greater dose reduction for paediatric CT than 
current image reconstruction techniques [27].

Clinical dosimetry in targeted radionuclide therapy in children supports the treat-
ment decisions and should be a strong indication that treatment results are dependent 
on the absorbed dose delivered to the treated organ as well as to the critical organs.
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