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Abstract 

The need for clinically intuitive quality assurance procedures has been well-

documented; current QA methods such as 2D gamma analysis have been shown (Nelms, 

Zhen et al. 2011) to be inadequate in predicting clinically relevant errors.  This thesis 

investigates the accuracy of a novel "transform method" (Oldham, Thomas et al. 2012) 

which claims to create "measured" patient dose-volume histograms (DVHs) through the 

use of 3D dosimetry techniques; a measured 3D phantom dose distribution is 

"transformed" back onto the patient geometry, enabling a clinically relevant analysis 

through the DVHs.  The transform method was tested by inducing a series of known 

mechanical and delivery errors onto simulated measurements of six different head-and-

neck treatment plans; the accuracy of this method was then examined through the 

comparison of the transformed patient dose distributions and the known actual patient 

dose distributions through dose-volume histogram metrics and normalized dose 

difference analysis (Jiang, Sharp et al. 2006).  Through these metrics, the transform 

method was found to be highly accurate in predicting measured patient dose 

distributions for these types of errors.  Further work is needed to investigate other types 

of errors, such as beam model errors, and treatment sites of great inhomogeneity, such 

as the lung. 
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1. Introduction  

1.1 Historical Development of Advanced Radiation Therapy 
Techniques 

Over the past two decades, radiation therapy techniques have improved, 

resulting in better treatment outcomes and reduced treatment side effects for patients.  

Some of these advances include intensity modulated radiation therapy (IMRT), in which 

multileaf collimator (MLC) leaves are constantly in motion during beam-on in delivery, 

in 1994, and volumetric modulated arc therapy (VMAT), in which both the MLC leaves, 

the dose rate, and the gantry are in motion during delivery, in 2001.  Stereotactic 

radiosurgery (SRS), stereotactic body radiation therapy (SBRT), total body irradiation 

(TBI), and respiratory gating have become ubiquitous as the quality of medical linear 

accelerators has improved in terms of accuracy and precision.  In addition, new "special" 

techniques such as CyberKnife and TomoTherapy have gained prominence in the field.  

However, these new techniques have become more and more complicated, resulting in a 

need for better dose calculation software as well as new quality assurance methods.  In a 

2006 report by the Radiological Physics Center (Ibbott 2010), 30% of 106 institutions 

failed a head-and-neck IMRT credentialing study, even with generous margins of 7% 

dose difference or 4 mm distance-to-agreement.  This shows the need for more rigorous 

quality assurance methods on advanced treatment techniques.  The AAPM Task Group 

142, released in 2007, provides new guidelines for the medical physics community, for 

non-IMRT, IMRT, and stereotactic delivery machines.   
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1.2 Current Methods for Quality Assurance  

Quality assurance can be divided into two main categories: machine QA and 

patient-specific QA.  Machine QA is done on a daily, monthly, and annual basis to 

ensure that the tabulated values for the linear accelerator's properties and performance 

are accurate.  Patient-specific QA is performed before a course of radiation therapy 

begins to make certain that the planned dose (or fluence) is being accurately delivered.  

Here, the focus is on patient-specific quality assurance; use of the term "quality 

assurance" henceforth in this thesis will refer specifically to patient-specific quality 

assurance, unless otherwise noted. 

Table 1 displays some of the basic types of quality assurance methods; these 

methods are discussed in detail in Section 1.2.1 through 1.2.3. 

Table 1.  Basic Properties of patient-specific quality assurance methods. 

 

Measurement Device Comparison Metric

Fluence verification
2D Gamma

Planned and delivered dose 

distribution in patient

Composite in patient:

2D Gamma, agreement 

of isodose lines

2D Gamma, agreement 

of isodose lines on 

several planes

2D/3D Gamma, 

agreement of isodose 

lines, DVH in phantom

2D/3D Gamma, 

agreement of isodose 

lines, DVH in patient

QA Method

Full measurement 

transformed back to patient 

Film, Diode array, IC array

Delta
4
, ArcCHECK

Radiochromic plastic, polymer 

gels, Fricke gels

Radiochromic plastic

Partial sampling through 

composite dose distribution

Full measurement 

throughout composite dose 

Planned and delivered dose 

distribution in phantom

Planned and delivered dose 

distribution in phantom

Single plane through 

composite dose distribution

Planned and delivered dose 

distribution in phantom

Planar-- Per-beam:

Planar-- Cumulative:

Per-beam fluence maps
EPID, Film, Diode array 

(MapCHECK)

Semi-3D:

Full 3D:
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1.2.1 Planar Quality Assurance 

Many institutions use planar QA methods to routinely verify patient-specific 

treatment plans.  For the patient-specific quality assurance, a treatment verification plan 

is created in the treatment planning system, planned on the appropriate QA phantom 

CT dataset.  This verification plan is then delivered to the QA phantom. 

The use of film dosimetry has been shown to be useful in verifying the radiation 

distribution (or fluence) within each treatment field (LoSasso, Chui et al. 2001).  The film 

can be inserted into flat or cylindrical phantoms.  For quality control, additional films 

from the same film batch are exposed to a known standard dose.   In addition, an 

ionization chamber measurement can be taken concurrently with the film measurement, 

to translate relative dose into absolute dose.  Although film is useful in making a full-

density measurement, it does so only on a single plane of the radiation field. 

Film in quality assurance measurements is being replaced with the use of on-

board Electronic Portal Imaging Devices (EPIDs), which are flat-panel amorphous 

silicon (aSi) measurement tools.  An EPID has the advantage over film of performing 

faster, digital measurements (Van Esch, Depuydt et al. 2004).  However, because there is 

not sufficient build-up, EPID measurements are made in terms of machine "calibration 

units," and thus absolute dose measurements are not possible; additionally, the EPID is 

not capable of making a full-density measurement and has a pixel size of between 0.4 to 

0.8 mm (Clements, Luchka et al. 2002),(Menon and Sloboda 2004).  The EPID 
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measurement can be taken separately for each treatment beam, or a single composite 

measurement can be taken for all gantry angles reset to 0°, which decreases the accuracy 

of the analysis and verification. 

The use of an air-filled ionization chamber array, such as MatriXX  (IBA 

Dosimetry), is another common patient-specific QA method.  The MatriXX device 

consists of 1020 air-vented ionization chambers which are located an average distance of 

7.62 mm apart, center-to-center.  Ion chamber arrays have the benefit of fast readout; 

however, there is a large dose bias for angular incidence; dose discrepancies of up to 

11% exist for PA beams, even in ion chamber arrays designed specifically for rotational 

therapy QA, such as the MatriXX Evolution series (IBA Dosimetry) (Wolfsberger, Wagar 

et al. 2010). 

Diode arrays are also commonly used in patient-specific QA; for example, the 

MapCHECK device (Sun Nuclear Corp), which consists of 445 diode detectors spaced 

7.07 mm apart.  Diode arrays have high sensitivity, high spatial resolution, and fast 

response time compared to ion chambers; however, they do have several distinct 

disadvantages in their dose-rate, temperature, energy, and angular dependence 

(Gutierrez and Calvo 2010). 

2-dimensional measurements are typically chosen for patient-specific QA simply 

for the ease of use and ease of verification.  However, their very 2D nature makes them 

inadequate measures, especially for treatments such as IMRT and rotational therapies.  
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The use of a single-gantry-angle method of quality assurance, which is the primary 

method of QA in over 32% of institutions (Nelms and Simon 2007) reduces even further 

the value of the quality assurance check.  Furthermore, the metrics used to evaluate 2D 

measurements, such as 2D gamma passing rates, can often mask important dosimetric 

inaccuracies, even when per-beam evaluations are performed (Kruse 2010). 

1.2.2 "Semi-3D" Quality Assurance 

In recent years, new quality assurance techniques have been commercialized 

which make semi-3D measurements; that is, 3-dimensional arrays consisting of discrete 

measurement points.  The two most prevalent dosimeters are of either the "X" 

configuration, which consists of two planar diode arrays crossed into an "X" axial cross-

section shape, and the "O" configuration, which is a hollow circular diode array with an 

available central ionization chamber insert.    

The "X" configuration, which is seen in the commercial Delta4 (ScandiDos AB), 

consists of 1069 p-type silicon diodes spaced at 0.5 cm intervals over the central 6x6 cm2 

of the planes and spaced at 1.0 cm intervals over the remainder of the planes.  The Delta4 

device records measured dose in relation to the individual accelerator pulses, facilitating 

time-dependent 4-dimensional applications (Bedford, Lee et al. 2009).  The device comes 

with software which can optionally interpolate the measured doses on the planes to 

calculate the dose received between the two detector planes; however, this is not a direct 

measurement and is intended to be used for interpretation and visualization of results.  
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Although the diodes have an angular sensitivity, the Delta4 software accounts for this by 

compensating for the known gantry angle.   

The "O" configuration, commercially seen in the ArcCHECK (Sun Nuclear Corp), 

consists of 1386 p-type silicon diodes arranged in a cylindrical pattern inside a donut-

shaped phantom, spaced 1.0 cm apart both longitudinally and circumferentially in a 

helical pattern.  Like the Delta4 device, the ArcCHECK device is capable of time-

dependent applications.  The software is capable of comparing the measured and 

reference dose in either relative or absolute dose.  The device has been shown to have 

limitations due to field-size and angular response dependencies (Feygelman, Zhang et 

al. 2011). 

1.2.3 Full Density 3D Quality Assurance 

There are a variety of 3D dosimetry techniques: ferrous sulfate (Fricke) gels, 

polymer gels, and radiochromic dosimeters are some of the most prevalent.   

Ferrous sulfate, or Fricke, gel dosimeters are based on the dose-dependent 

transformation of ferrous ions (Fe2+) into ferric ions (Fe3+); through the different 

relaxation times of ferrous and ferric ions and with MR readout, the concentration of 

ferric ions, and thus the delivered dose to a sample, can be determined.  Alternatively, a 

dose-readout can be performed using an optical-CT (OCT) system.  Fricke gels are tissue 

equivalent over a very large photon energy range, and spatial dose determination is 

possible very soon after irradiation; however, there are time constraints between  
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irradiation and measurement-- the measurement must take place very soon after 

irradiation due to ion diffusion (Schreiner 2004). 

Normoxic polymer gels utilize radiation-sensitive chemicals which polymerize 

upon irradiation as a function of the absorbed radiation dose.  The polymers change the 

optical turbidity and relaxation properties of the gel, allowing for MR, x-ray CT, or OCT 

readout.  Polymer gels have the advantage over Fricke gels of being very stable, due to 

the lack of diffusion seen in Fricke gels.  However, both Fricke and polymer gels have 

the disadvantage of needing an external container to lend structural support, which are 

usually not tissue equivalent (Baldock, De Deene et al. 2010). 

Radiochromic dosimeters consist of an optically clear polyurethane matrix, 

containing a leuco dye which exhibits a radiochromic response when exposed to 

ionizing radiation; dose distributions can be determined from OCT readout.  

Radiochromic dosimeters have the advantage over other 3D gel dosimeters from 

insensitivity to oxygen, radiation induced light absorption contrast rather than 

scattering contrast, and the lack of the requirement of an external container (Guo, 

Adamovics et al. 2006).  In addition, radiochromic dosimeters can be self-clearing and 

thus reusable.  A linear dose response has been well-documented, and the dosimeters 

have been shown to have no dose-rate effects (Pierquet, Thomas et al. 2010).  However, 

temperature and large volume effects may present a challenge and are still being 

investigated. 
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1.3 How can Quality Assurance be made more clinically 
intuitive? 

When quality assurance is performed, the results are analyzed by comparing the 

measured dose distribution (or fluence distribution) to the planned dose (or fluence).  

One of the most common metrics for evaluating the quality assurance is the gamma 

index, which is a function of the dose difference and the distance-to-agreement (DTA) 

between the planned and delivered doses; from this metric, a global passing rate is 

defined.  However, it has been shown that gamma passing rates are not clinically 

significant; that is, gamma passing rates are not an effective metric in predicting 

clinically relevant patient dose errors (Nelms, Zhen et al. 2011),(Zhen, Nelms et al. 2011).  

Thus, the need for quality assurance methods which is more clinically relevant is seen. 

Commercial software, such as 3DVH (Sun Nuclear Corp), is now available, 

which calculates an estimated dose received to the patient through a "Planned-dose 

Perturbation (PDP)."  This software requires the input of the planned patient dose as 

well as the results from the user's QA method; any discrepancies between the planned 

dose on the phantom and the measured dose on the phantom is processed as a 

"perturbation," which is applied to the patient plan and dataset.  However, this may still 

have limited usefulness; independent verifications of the software has shown that it can 

reliably predict 93%-98% of voxel doses, within 3% dose difference or 3 mm DTA (Jarry, 

Martin et al. 2011).   
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Recently, the utilization of 3D dosimetry techniques in making clinically relevant 

quality assurance measurements through patient dose-volume histograms (DVHs) has 

been studied (Oldham, Thomas et al. 2012).  This thesis will introduce a method 

developed and used by Oldham et al and will present an evaluation of the accuracy of 

this method under a variety of conditions.  

1.4 Scope and Aims 

This thesis aims to evaluate the accuracy of a novel "transform method" 

(Oldham, Thomas et al. 2012) which converts a measured 3D phantom dose distribution 

into a "transformed" patient dose distribution, from which a "measured" patient dose-

volume histogram can be computed.  This will be done by inducing a variety of known 

mechanical and delivery errors onto a patient treatment plan, and using this error-

induced treatment plan as a simulated measurement.  Only simulated measurements are 

being used; no physical measurements or data acquisitions are being performed.  This 

thesis will focus exclusively on the errors of rotating the gantry, collimator, or treatment 

couch ±5° from the planned location and the error of changing the prescription dose per 

fraction by ±5%.  A set of head-and-neck treatment sites will be the focus; no other 

treatment sites are being considered at this time.
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2. Methods 

2.1 The Transform Method 

If an accurate, full-density 3D phantom dose reading can be acquired using the 

phantom verification plan, the reading can be "transformed" back into the patient 

geometry by using a matrix which accounts for differences in geometries and 

heterogeneities in the phantom and the patient; this matrix is called the "transformation 

matrix."  Then the transformed patient dose distribution can be directly compared with 

the original planned patient dose distribution, as shown in Figure 1. 

  

Figure 1.  A 3D patient dose distribution is calculated using the Transform Method; it 

can then be compared to the planned patient dose distribution. 
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2.1.1 Creating the Transformation Matrix: Basic Principle 

The transformation matrix is created by assuming a linear relationship between 

the patient's treatment plan and delivered dose, and the phantom's treatment 

verification plan and delivered dose, as given in Equation (1): 

 

 
Patient Dose in TPS

Phantom Dose in TPS
�

Delivered Patient Dose

Delivered Phantom Dose
 (1) 

 

To generate the transform matrix, one can note that the delivered patient dose is 

the ratio of the planned patient dose distribution to the phantom verification plan dose 

distribution, multiplied by the delivered phantom dose.  Thus, the transformation 

matrix is a voxel-by-voxel division of the planned patient dose distribution and the 

phantom verification plan dose distribution, both of which are generated in the 

treatment planning system.  Figure 2 shows the generation of the transformation matrix, 

T. 

After this transformation matrix has been created, it is multiplied voxel-by-voxel 

with the measured full-density phantom dose distribution obtained during the patient-

specific quality assurance to produce a "measured" patient dose distribution.  Thus for 

any given voxel, the dose to the patient is should be given by Equation (2): 

 D��������

�������
�

D� �����

�������

D
� �����

�!���"�
# D��������

�!���"�
� T # D��������

�!���"�  (2) 
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Figure 2.  The transformation matrix is acquired by a voxel division of the patient 

calculated dose and the phantom calculated dose, in the TPS.  Corrections are 

required, as described in Section 2.1.2. 

 

The "measured" patient dose distribution is then overlaid on the patient CT set.  

This enables the generation of a measured dose-volume histogram in the patient 

geometry.  Thus, by creating a measured patient DVH, the results of the quality 

assurance check can be analyzed based on clinically relevant differences between the 

planned and the measured dose distributions in the PTV as well as in organs at risk. 
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2.1.2 Corrections to the Transformation Matrix 

The accuracy of the transformation matrix's modeling of differences in 

attenuation and path-length is limited by the accuracy of the treatment planning system 

in which the patient plan and phantom verification plan doses were calculated.  In order 

to increase the accuracy of measured patient dose, the calculation volume was restricted 

to include only those voxels receiving 1% or more of the maximum dose; this effectively 

removes the outer penumbral regions where dose calculation algorithms are generally 

less accurate, especially at inhomogeneous interfaces such as the sinus cavities (Van 

Esch, Tillikainen et al. 2006),(Tsiakalos, Theodorou et al. 2004).  This correction was 

further modified to account for large delivery errors; if a large dose (>10% maximum 

dose) was measured in a region that had planned dose values of less than 1% of the 

maximum, these voxels were included again into the transformation calculation volume. 

2.2 Validation of the Transform Method 

For this study, six base of skull head-and-neck IMRT patient cases were chosen at 

random; these six cases ranged in type, location, and size of the PTV as well as the 

number of beams  and the number of treatment fractions.  Table 2 displays the 

characteristics of these six patients (Oldham, Thomas et al. 2012), and Figure 3 shows the 

axial cross sections and relative dose distributions.  All patient doses were calculated 

using Eclipse Analytic Anisotropy Algorithm (AAA) at 2.5 mm3 isotropic resolution, 
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with the heterogeneity correction applied, and all phantom verification plans were 

recalculated on a tissue-equivalent polyurethane anthropomorphic head phantom.   

Table 2.  Characteristics of study patient PTVs. 

Patient Disease PTV volume (cm
3
) 

# IMRT 

Beams 

Dose 

Prescription 

HN 1 Lt acoustic neuroma 4.28 7 180 cGy x 28 fx 

HN 2 Meningioma 29.42 6 180 cGy x 28 fx 

HN 3 OptNerve Meningioma 4.37 5 180 cGy x 29 fx 

HN 4 Meningioma 46.18 9 180 cGy x 30 fx 

HN 5 LtCav Sinus meningioma 5.20 7 1250 cGy x 1 fx 

HN 6 Lt schwannoma 7.61 7 180 cGy x 28 fx 

 



 

Figure 3.  Axial cross sect

2.2.1 Proof of Concept

The scope of this thesis focuses on simulated measurements performed 

making dose calculations in Eclipse AAA with 2.5 mm

patient treatment plan was created into a verification plan on the patient CT data, so as 

to prevent recalculation of leaf motion from the inverse planning of IMRT.  After the 

verification plans were created, an assortment of mechanical and delivery errors were 

15 

.  Axial cross sections of the six original study patients and relative 

distributions. 

Proof of Concept 

The scope of this thesis focuses on simulated measurements performed 

making dose calculations in Eclipse AAA with 2.5 mm3 isotropic resolution

patient treatment plan was created into a verification plan on the patient CT data, so as 

calculation of leaf motion from the inverse planning of IMRT.  After the 

verification plans were created, an assortment of mechanical and delivery errors were 

 

and relative dose 

The scope of this thesis focuses on simulated measurements performed by 

isotropic resolution.  Each 

patient treatment plan was created into a verification plan on the patient CT data, so as 

calculation of leaf motion from the inverse planning of IMRT.  After the 

verification plans were created, an assortment of mechanical and delivery errors were 
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introduced onto each plan, and the dose distribution was recalculated.  These errors 

were to rotate the gantry, the couch, and the collimator ±5° for all beams, and to deliver 

105% or 95% of the prescription dose; thus, there were a total of 8 error-induced plans 

for each patient.  These dose distributions serve as the actual dose that would be 

delivered to the patient should these errors occur during delivery; they are the "gold 

standard" to which the transformed dose distributions will later be compared. 

The same procedure was performed on the phantom verification plans, so that 

each error-induced patient plan had a corresponding error-induced phantom plan.  

These phantom plans act as the simulated measurements.  It is worth noting that these 

simulated measurements differ from clinical measurements in that the dose is calculated 

over the entire phantom volume, instead of only a region where a dosimeter would be 

present.  The simulated measurements also exclude any noise or artifacts that may be 

present in real measurements in a dosimeter.  For the proof of concept of this method, it 

is preferential to eliminate these external sources of error, so that any errors seen are a 

direct result only of the transform method itself. 

After these plans were created, they were exported in DICOM format from 

Eclipse into the CERR analysis tool (Deasy, Blanco et al. 2003) in MATLAB, which is 

where the data manipulation was performed.  After the original (error-free) patient and 

phantom plans and the error-induced patient and phantom plans were imported into 

CERR, the phantom plans were shifted so as to align the isocenters and the dose 
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distributions.  Then, using a  MATLAB script, the transformation matrix was calculated, 

as described in Section 2.1 above, and was multiplied by the error-induced simulated 

phantom dose measurements, yielding the transformed error-induced "measured" 

patient dose distribution. 

The transformed patient dose distribution can then be compared to the gold 

standard, the error-induced dose distribution from the TPS.  Clinically relevant metrics 

such as patient dose-volume histograms can be obtained when the dose distributions are 

overlaid on the patient CT data with contoured structures; additionally, metrics such as 

3D gamma passing rates can be computed to determine the accuracy of the transform 

method. 

2.2.2 Using Data from a 3D Dosimeter 

Clinically, the transformation matrix is most effective when using a full-density 

3D measurement quality assurance device, as described in Section 1.2.1; Oldham et al 

(Oldham, Thomas et al. 2012) focused on the use of a radiochromic polyurethane 

dosimeter called PRESAGE® (Heuris Pharma), whose radiation response is well-defined 

(Sakhalkar, Adamovics et al. 2009), coupled with an in-house built optical-CT scanner, 

DLOS (Thomas, Newton et al. 2011).  The results of this study were promising; however, 

the limited active volume of the dosimeter for the phantom measured dose, as well as 

dosimeter artifacts and edge effects, reduce the accuracy of the transform method.  
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Other 3D dosimeters could also be used; the accuracy of the transform method would 

depend on the accuracy and performance of the chosen dosimeter and read-out system. 
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3. Results 

The "transformed" dose distribution was calculated from the simulated phantom 

measurements from all six patients; this transformed dose distribution was then 

compared to the "gold standard" dose distribution from Eclipse according to two 

metrics: dose-volume histogram (DVH) based metrics, and the Normalized Dose 

Distribution (NDD) (Jiang, Sharp et al. 2006). 

3.1  Dose-Volume Histogram based Metrics 

DVHs were created for each error-induced plan, for each patient, showing each 

structure.  From these DVHs, valuable clinical information can be obtained, such as the 

maximum, minimum, and mean dose delivered to a structure.  The equivalent uniform 

dose (EUD) and tumor control probability (TCP) or normal tissue complication 

probability (NTCP) can also be derived from the DVHs. 

3.1.1  Results from Collimator Errors 

The collimator was rotated ±5° for all beams, for each patient plan.  Dose-volume 

histograms and normalized dose distribution passing rates were calculated for all plans, 

for both errors.  For all of the patient cases, the DVHs for the collimator errors showed 

very good agreement between the actual error-induced planned and the transformed 

dose distributions.  Figure 4 shows an example of this for patient HN2, with the 

collimator rotated +5° for all beams. 



 

Figure 4.  Good agreement between planned (actual) and transformed dose

histogram lines for patient HN2 with error Collimator+5°.
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Good agreement between planned (actual) and transformed dose

histogram lines for patient HN2 with error Collimator+5°.

 

Good agreement between planned (actual) and transformed dose-volume 

histogram lines for patient HN2 with error Collimator+5°. 



 

3.1.2  Results from Couch Rotation Errors

The treatment couch was rotated ±5° for all beams, for each patient plan.  

5 shows the DVH results of HN3

showed good agreement between the actual and the transformed dose distributions.  

Any deviations, such as the slight deviation in the left optic nerve 

very small and clinically are 

Figure 5.  Good agreement is seen between the DVH lines of the actual planned dose 

(solid) and the transformed dose (dashed) for patient HN3 

 

3.1.3  Results from Gantry Rotation Errors

The gantry was rotated ±5° for all beams, for each patient plan.  

error produced the worst agreement between the transformed dose and the error

induced planned dose.  Figure 
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3.1.2  Results from Couch Rotation Errors 

The treatment couch was rotated ±5° for all beams, for each patient plan.  

shows the DVH results of HN3 error Couch-5°.  The DVHs for this type of error 

showed good agreement between the actual and the transformed dose distributions.  

Any deviations, such as the slight deviation in the left optic nerve at low dose levels, 

very small and clinically are perhaps rather inconsequential. 

.  Good agreement is seen between the DVH lines of the actual planned dose 

(solid) and the transformed dose (dashed) for patient HN3 with the induced error of 

Couch-5°. 

3.1.3  Results from Gantry Rotation Errors 

ntry was rotated ±5° for all beams, for each patient plan.  In general, this 

error produced the worst agreement between the transformed dose and the error

Figure 6 shows the DVH of HN4 Gantry +5°, which is a 

The treatment couch was rotated ±5° for all beams, for each patient plan.  Figure 

The DVHs for this type of error 

showed good agreement between the actual and the transformed dose distributions.  

at low dose levels, are 

 

.  Good agreement is seen between the DVH lines of the actual planned dose 

with the induced error of 

In general, this 

error produced the worst agreement between the transformed dose and the error-

Gantry +5°, which is a 



 

representative DVH for the patient plans with this error.  

HN1 Gantry +5°, which was the worst

the lines for the PTV and the GTV; in general, the transform method here is 

underestimating the dose t

volume" effects, where voxels in the structure are omitted due to being in penumbral 

regions; more likely, this is just a failure in the transform method.  This degree of failure 

was not seen in any of the other patient plans, with the exception of HN1 Gantry 

shown in Figure 8, in which the transform 

PTV, exactly the opposite of what is seen in 

 

Figure 6.  Very 

(solid) and transformed (dashed) dose distributions, as shown in patient HN4 with 
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representative DVH for the patient plans with this error.  Figure 7 shows the DVH of 

, which was the worst-case result.  There is some discrepancy between 

the lines for the PTV and the GTV; in general, the transform method here is 

underestimating the dose to structures.  This discrepancy could be due to "partial 

volume" effects, where voxels in the structure are omitted due to being in penumbral 

regions; more likely, this is just a failure in the transform method.  This degree of failure 

of the other patient plans, with the exception of HN1 Gantry 

, in which the transform overestimated the dose distribution for the 

y the opposite of what is seen in Figure 7 with HN1 Gantry +5°.  

 good agreement is seen between the DVH lines of the actual 

(solid) and transformed (dashed) dose distributions, as shown in patient HN4 with 

error Gantry +5°. 

shows the DVH of 

case result.  There is some discrepancy between 

the lines for the PTV and the GTV; in general, the transform method here is 

o structures.  This discrepancy could be due to "partial 

volume" effects, where voxels in the structure are omitted due to being in penumbral 

regions; more likely, this is just a failure in the transform method.  This degree of failure 

of the other patient plans, with the exception of HN1 Gantry -5°, as 

estimated the dose distribution for the 

with HN1 Gantry +5°.   

 

good agreement is seen between the DVH lines of the actual 

(solid) and transformed (dashed) dose distributions, as shown in patient HN4 with 



 

Figure 7.  Cumulative DVH of 

method underestimated the dose to the PTV and GTV

 

Figure 8.  Cumulative DVH of

agreement between planned and transformed dose distributions; however, here the 

transform method overestimates the dose to the PTV
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.  Cumulative DVH of patient HN1 with error Gantry +5° shows 

method underestimated the dose to the PTV and GTV

.  Cumulative DVH of patient HN1 with error Gantry -5° shows relative 

agreement between planned and transformed dose distributions; however, here the 

form method overestimates the dose to the PTV. 

 

shows the transform 

method underestimated the dose to the PTV and GTV. 

 

shows relative 

agreement between planned and transformed dose distributions; however, here the 
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3.1.4  Results from Dose Delivery Errors 

The prescription dose for each plan was modified by ±5% for each patient plan.  

This type of error produced the best results with the transform method; DVH lines of the 

transformed dose were indistinguishable from the DVH lines of the error-induced plan.  

This is true for all six of the patient cases.  This result could be predicted because the 

transformed dose is just the product of the original dose and the new normalization 

value; for example, if the dose is increased by 5%, then the error-induced and 

transformed doses will both be 1.05 times the original, error-free dose. 

Figure 9 shows an example of the DVH of the transformed error-induced dose 

distribution and the DVH of the error-induced TPS dose distribution for the case of HN1 

with the error dose +5% of the prescription.   

 



 

Figure 9.  Cumulative DVH for HN1 Dose +5%

values are indistinguishable from calculated dose values

 

3.1.5  Comparison of the Transformed and Planned Dose Values

From the DVHs for all the plans, the minimum, maximum, and mean doses to 

the PTV were found for both the error

dose distribution.  The max

which receives greater than 2

are clinically significant, were also taken from the DVHs.

transformed dose values and error

plotting the transformed dose value ve

perfect correlation and perfect agreement, all of the points should fall along the line y

and have R2=1.   
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DVH for HN1 Dose +5% Prescription Dose.  Transformed dose 

values are indistinguishable from calculated dose values, indicating perfect or  near

perfect dose distribution agreement. 

3.1.5  Comparison of the Transformed and Planned Dose Values

for all the plans, the minimum, maximum, and mean doses to 

the PTV were found for both the error-induced plan from the TPS and the transformed 

dose distribution.  The maximum dose to the brainstem, the volume of the brainstem 

which receives greater than 20 Gy, and the maximum dose to the chiasm, all of which 

are clinically significant, were also taken from the DVHs.  Correlations between the 

transformed dose values and error-induced planned dose values can be found by 

plotting the transformed dose value versus the error-induced planned dose value; for 

perfect correlation and perfect agreement, all of the points should fall along the line y

 

Prescription Dose.  Transformed dose 

, indicating perfect or  near-

3.1.5  Comparison of the Transformed and Planned Dose Values 

for all the plans, the minimum, maximum, and mean doses to 

induced plan from the TPS and the transformed 

dose to the brainstem, the volume of the brainstem 

dose to the chiasm, all of which 

Correlations between the 

induced planned dose values can be found by 

induced planned dose value; for 

perfect correlation and perfect agreement, all of the points should fall along the line y = x 



 

Figure 10 shows this 

PTV for all cases.  For the maximum dose, the linear fit 

0.9998; for the minimum dose, y

best fit is given by y = 0.9997

agreement between the transformed and the "gold standard" dose distributions

Figure 10.  The maximum, minimum, and mean dose delivered to the PTV for all 

cases; transformed dose vs. error

Figure 11 shows the same plot, but for the maximum dose received to the 

brainstem and the volume of the brainstem
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shows this plot for the maximum, minimum, and mean dose to the 

For the maximum dose, the linear fit is given by y = 1.00

; for the minimum dose, y = 0.9968x and R2 = 0.9995; for the mean dose, the line of 

0.9997x and R2 = 0.9999.  These data show a high level of 

agreement between the transformed and the "gold standard" dose distributions

.  The maximum, minimum, and mean dose delivered to the PTV for all 

cases; transformed dose vs. error-induced TPS dose. 

 

shows the same plot, but for the maximum dose received to the 

brainstem and the volume of the brainstem which receives greater than 20 Gy (V

plot for the maximum, minimum, and mean dose to the 

1.0004x, with R2 = 

; for the mean dose, the line of 

.  These data show a high level of 

agreement between the transformed and the "gold standard" dose distributions. 

 

.  The maximum, minimum, and mean dose delivered to the PTV for all 

 

shows the same plot, but for the maximum dose received to the 

which receives greater than 20 Gy (V20), 



 

which is a clinically significant metric for predicting the probability of

experiencing nausea and vomiting

the maximum dose to the brainstem is given by y

best fit for the V20 data is given by y = 

level of agreement between the transformed estimated dose distribution and the 

treatment planning system's actual dose distribution.

Figure 11.  Maximum dose and V
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which is a clinically significant metric for predicting the probability of the patient 

experiencing nausea and vomiting (Monroe, Reddy et al. 2008).  The line of best fit for 

the maximum dose to the brainstem is given by y = 0.9987x with R2 = 0.99

data is given by y = 0.9999x with R2 = 0.9999.  This again shows a high 

between the transformed estimated dose distribution and the 

treatment planning system's actual dose distribution. 

.  Maximum dose and V20 for the brainstem; transformed estimate dose v

actual dose. 

the patient 

The line of best fit for 

0.9999.  The line of 

ain shows a high 

between the transformed estimated dose distribution and the 

 

for the brainstem; transformed estimate dose vs. 



 

Figure 12.  Maximum dose to the chiasm; transformed dose vs. actual dose.

 

Figure 12 shows the same plot for the maximum dose to the optic chiasm; the 

line of best fit here is given by 

This same method of comparing the transformed 

actual dose distribution can be used with any DVH

structures. 

3.2 NDD Results 

The Normalized Dose Distribution metric, or NDD, is a metric similar to the 

gamma analysis but which combines the dose difference and distance
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.  Maximum dose to the chiasm; transformed dose vs. actual dose.

shows the same plot for the maximum dose to the optic chiasm; the 

line of best fit here is given by y = 1.0001x and has a value of R2 = 0.99996

This same method of comparing the transformed dose distribution with the 

actual dose distribution can be used with any DVH-based metric and for any of the 

The Normalized Dose Distribution metric, or NDD, is a metric similar to the 

gamma analysis but which combines the dose difference and distance-to

 

.  Maximum dose to the chiasm; transformed dose vs. actual dose. 

shows the same plot for the maximum dose to the optic chiasm; the 

= 0.99996. 

dose distribution with the 

based metric and for any of the 

The Normalized Dose Distribution metric, or NDD, is a metric similar to the 

to-agreement into 
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one metric, called the "Maximum Allowed Dose Difference (MADD)."  This metric has 

been shown to be effective in both low- and high-gradient regions, regardless of grid 

size.  NDD also has the benefit over traditional gamma analysis in that its values can be 

positive or negative, indicating the sign of the error. 

3.2.1  Results Averaged Over All Errors 

NDD values were calculated over both the entire patient volume for a global 

passing rate as well as for the PTV and a series of critical structures: the brainstem, the 

optic chiasm, the left and right eyes, and the left and right optic nerves.  2% dose 

difference and 2 mm distance to agreement were used.  Table 3 shows these pass rates, 

averaged over all errors for each of the different patient cases. 

Table 3.  Average NDD Pass Rates for the transformed dose distribution vs. the actual 

(error-induced) distribution, with 2%/2mm criteria. 

 
Global PTV GTV Brainstem Chiasm 

HN # Avg StDev Avg StDev Avg StDev Avg StDev Avg StDev 

1 99.59 0.55 97.02 8.26 95.79 11.63 99.99 0.02 100.00 0.00 

2 99.45 0.53 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

3 99.38 0.65 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

4 99.56 0.45 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

5 99.39 0.64 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

6 99.71 0.29 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 
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Eye, L Eye, R Optic Nerve, L Optic Nerve, R 

HN # Avg StDev Avg StDev Avg StDev Avg StDev 

1 99.67 0.67 100.00 0.00 100.00 0.00 100.00 0.00 

2 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

3 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

4 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

5 100.00 0.00 99.93 0.20 100.00 0.00 100.00 0.00 

6 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 

 

Overall, the Normalized Dose Distribution analysis of the transformed dose 

distribution compared to the error-induced dose distribution from the treatment 

planning system showed a very good agreement between the two.  Most structures for 

most patient plans of all types of errors had 100% passing rates. 

3.2.2  NDD Results for the Collimator Error 

The NDD passing rates for the collimator error were very high; as shown in 

Table 4, the passing rates were 100% for all structures and were near 100% for all global 

values.  The minimum global passing rate for this error is 99.81% for patient HN2 with 

the collimator rotated +5°.   

Figure 13 shows a cross-axial slice of the dose distributions from the TPS and the 

transform method and shows the NDD analysis for this slice.  For the NDD analysis, 

voxels with an NDD value between -1 and +1 pass the given 2%/2mm criteria; voxels 

with values outside these bounds are failures.  In the cross-axial slice shown in Figure 

13, there are no failing voxels. 
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Table 4.  NDD percent passing rates for the transformed dose distribution 

compared to the actual error-induced dose distribution from the TPS.  For all patients, 

for the error Collimator ±5°. 

HN1 HN2 HN3 

Coll+5 Coll-5 Coll+5 Coll-5 Coll+5 Coll-5 

Global 99.94 99.93 99.81 99.86 99.93 99.94 

PTV 100 100 100 100 100 100 

GTV 100 100 100 100 100 100 

Bstem 100 100 100 100 100 100 

Chiasm 100 100 100 100 100 100 

Eye, L 100 100 100 100 100 100 

Eye, R 100 100 100 100 100 100 

ON, L 100 100 100 100 100 100 

ON, R 100 100 100 100 100 100 

 

HN4 HN5 HN6 

 

Coll+5 Coll-5 Coll+5 Coll-5 Coll+5 Coll-5 

Global 99.94 99.95 99.94 99.93 99.93 99.94 

PTV 100 100 100 100 100 100 

GTV 100 100 100 100 100 100 

Bstem 100 100 100 100 100 100 

Chiasm 100 100 100 100 100 100 

Eye, L 100 100 100 100 100 100 

Eye, R 100 100 100 100 100 100 

ON, L 100 100 100 100 100 100 

ON, R 100 100 100 100 100 100 

 



 

Figure 13.  Actual (TPS)

with the 2%/2mm NDD analysis of the two

 

3.2.3  NDD Results for the Couch Error

The NDD analysis for the couch error also showed very good agreement 

between the transformed dose distribution and the error

the TPS, as shown in Table 

exception of patient HN5 for the right eye; those passing rates were 99.98% and 99.42% 

for the couch +5° and -5°, respectively.  Global passing rates were also very high

patient plans, with the minimum passing rate being 98.46% for patient HN5,

error Couch-5°. 

Figure 14 shows a transaxial slice of patient HN3 with error Couch +5° with the 

actual dose distribution from the treatment planning system, 
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.  Actual (TPS) (left) and transformed (center) relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN2 with error 

Collimator +5°. 

3.2.3  NDD Results for the Couch Error 

The NDD analysis for the couch error also showed very good agreement 

between the transformed dose distribution and the error-induced dose distribution from 

Table 5.  Passing rates were 100% for all structures with 

exception of patient HN5 for the right eye; those passing rates were 99.98% and 99.42% 

5°, respectively.  Global passing rates were also very high

patient plans, with the minimum passing rate being 98.46% for patient HN5,

shows a transaxial slice of patient HN3 with error Couch +5° with the 

actual dose distribution from the treatment planning system, the transformed dose 

 

dose distributions 

, for patient HN2 with error 

The NDD analysis for the couch error also showed very good agreement 

induced dose distribution from 

.  Passing rates were 100% for all structures with the 

exception of patient HN5 for the right eye; those passing rates were 99.98% and 99.42% 

5°, respectively.  Global passing rates were also very high for all 

patient plans, with the minimum passing rate being 98.46% for patient HN5, for the 

shows a transaxial slice of patient HN3 with error Couch +5° with the 

the transformed dose 
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distribution, and the comparison of the two using the NDD criteria of 2%/2mm.  This 

particular case had an NDD passing rate of 98.98%, as seen in Table 5. 

Table 5.  NDD percent passing rates for the transformed dose distribution 

compared to the actual error-induced dose distribution from the TPS.  For all patients, 

for the error Couch ±5°. 

HN1 HN2 HN3 

Couch+5 Couch-5 Couch+5 Couch-5 Couch+5 Couch-5 

Global 99.76 99.61 99.04 99.28 98.78 98.98 

PTV 100 100 100 100 100 100 

GTV 100 100 100 100 100 100 

Bstem 100 100 100 100 100 100 

Chiasm 100 100 100 100 100 100 

Eye, L 100 100 100 100 100 100 

Eye, R 100 100 100 100 100 100 

ON, L 100 100 100 100 100 100 

ON, R 100 100 100 100 100 100 

 

HN4 HN5 HN6 

 

Couch+5 Couch-5 Couch+5 Couch-5 Couch+5 Couch-5 

Global 99.18 99.26 98.76 98.46 99.28 99.5 

PTV 100 100 100 100 100 100 

GTV 100 100 100 100 100 100 

Bstem 100 100 100 100 100 100 

Chiasm 100 100 100 100 100 100 

Eye, L 100 100 100 100 100 100 

Eye, R 100 100 99.98 99.42 100 100 

ON, L 100 100 100 100 100 100 

ON, R 100 100 100 100 100 100 

 



 

Figure 14.  Actual (TPS) (left) and transformed (center) 

with the 2%/2mm NDD analysis of the two (right), for patient HN3 with Couch +5°.

 

3.2.4  NDD Results for the Gantry Error

In general, the NDD passing rates for the plans with the gantry error were lower 

than the passing rates for other errors

maximum global passing rate was 99.52% for patient HN6 for the gantry ±5°, and the 

minimum global passing r

Figure 15 shows a transaxial slice of the actual and transformed dose 

distributions for patient HN4 with error Gantry

Figure 15.   
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.  Actual (TPS) (left) and transformed (center) relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN3 with Couch +5°.

3.2.4  NDD Results for the Gantry Error 

In general, the NDD passing rates for the plans with the gantry error were lower 

for other errors.  Table 6 shows these passing rates.  The 

maximum global passing rate was 99.52% for patient HN6 for the gantry ±5°, and the 

minimum global passing rate was 98.42% for patient HN3 for the gantry

shows a transaxial slice of the actual and transformed dose 

distributions for patient HN4 with error Gantry +5°; an NDD analysis is also shown in 

 

relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN3 with Couch +5°. 

In general, the NDD passing rates for the plans with the gantry error were lower 

shows these passing rates.  The 

maximum global passing rate was 99.52% for patient HN6 for the gantry ±5°, and the 

ate was 98.42% for patient HN3 for the gantry-5°. 

shows a transaxial slice of the actual and transformed dose 

+5°; an NDD analysis is also shown in 
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Table 6.  NDD percent passing rates for the transformed dose distribution 

compared to the actual error-induced dose distribution from the TPS.  For all patients, 

for the error Gantry ±5°. 

HN1 HN2 HN3 

Gant+5 Gant-5 Gant+5 Gant-5 Gant+5 Gant-5 

Global 98.84 98.61 98.79 98.81 98.97 98.42 

PTV 76.59 99.58 100 100 100 100 

GTV 67.02 99.3 100 100 100 100 

Bstem 99.93 100 100 100 100 100 

Chiasm 100 100 100 100 100 100 

Eye, L 99.16 98.19 100 100 100 100 

Eye, R 100 100 100 100 100 100 

ON, L 100 100 100 100 100 100 

ON, R 100 100 100 100 100 100 

 

HN4 HN5 HN6 

 

Gant+5 Gant-5 Gant+5 Gant-5 Gant+5 Gant-5 

Global 99.08 99.03 99.17 98.88 99.52 99.52 

PTV 100 100 100 100 100 100 

GTV 100 100 100 100 100 100 

Bstem 100 100 100 100 100 100 

Chiasm 100 100 100 100 100 100 

Eye, L 100 100 100 100 100 100 

Eye, R 100 100 100 100 100 100 

ON, L 100 100 100 100 100 100 

ON, R 100 100 100 100 100 100 

 



 

Figure 15.  Actual (TPS) (left) and transformed (center) relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN4 with Gantry +5°.

It is worth noting the reduced accuracy for HN1 f

predicted in the DVHs in Section 3.1

have much lower agreement in the transformed dose distribution vs. the actual error

induced dose distribution.  Only 67% of the voxels in the GTV in the transformed 

distribution were within 2%/2 mm of the actual dose distribution; less than 77% of the 

voxels in the PTV met this criteria as well.

case; the voxels within the GTV (magenta) and PTV (brown) display high levels of 

failure in this slice.  The values are seen to be 

method underestimated the dose to these voxels; this agrees with the DVH results 

for this same case previously in Section 3.1.3 and in 
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Actual (TPS) (left) and transformed (center) relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN4 with Gantry +5°.

 

It is worth noting the reduced accuracy for HN1 for the PTV and the GTV

predicted in the DVHs in Section 3.1.3 above, the PTV and GTV for HN1 Gantry +5° 

have much lower agreement in the transformed dose distribution vs. the actual error

induced dose distribution.  Only 67% of the voxels in the GTV in the transformed 

ribution were within 2%/2 mm of the actual dose distribution; less than 77% of the 

voxels in the PTV met this criteria as well.  Figure 16 shows the NDD analysis for 

case; the voxels within the GTV (magenta) and PTV (brown) display high levels of 

failure in this slice.  The values are seen to be -1, which indicates that the transform 

method underestimated the dose to these voxels; this agrees with the DVH results 

for this same case previously in Section 3.1.3 and in Figure 7. 

 

Actual (TPS) (left) and transformed (center) relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN4 with Gantry +5°. 

or the PTV and the GTV.  As 

above, the PTV and GTV for HN1 Gantry +5° 

have much lower agreement in the transformed dose distribution vs. the actual error-

induced dose distribution.  Only 67% of the voxels in the GTV in the transformed 

ribution were within 2%/2 mm of the actual dose distribution; less than 77% of the 

shows the NDD analysis for this 

case; the voxels within the GTV (magenta) and PTV (brown) display high levels of 

1, which indicates that the transform 

method underestimated the dose to these voxels; this agrees with the DVH results seen 



 

Figure 16.  Actual (TPS) (left) and transformed (center) relative dose 

with the 2%/2mm NDD analysis of the two (right), for patient HN

High levels of failure are seen in the PTV (brown) and GTV (magenta), indicating an 

underestimation of dose by the transform method

 

3.2.5  NDD Results for Do

The dose errors (±5% of the prescription dose) all showed 100% passing rates for 

the NDD analysis between the transformed and the actual dose distributions.  This was 

true for the global passing rates as well as for each structure, and for all pa

results could be expected with inspection of the indistinguishable DVH lines of the 

actual and transformed dose distributions shown in Section 3.2.4.  

axial cross section of patient HN1 with the prescription dose increased by +5%.  The 

actual (TPS) and transformed dose distributions are shown in the left and center panes, 

and the NDD analysis of these two distributions are shown in t

shows that all NDD values are equal to zero; this is true for the entire volume of the 

patient.  
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.  Actual (TPS) (left) and transformed (center) relative dose 

with the 2%/2mm NDD analysis of the two (right), for patient HN1 with Gantry +5°

High levels of failure are seen in the PTV (brown) and GTV (magenta), indicating an 

underestimation of dose by the transform method. 

3.2.5  NDD Results for Dose Errors 

The dose errors (±5% of the prescription dose) all showed 100% passing rates for 

the NDD analysis between the transformed and the actual dose distributions.  This was 

true for the global passing rates as well as for each structure, and for all pa

results could be expected with inspection of the indistinguishable DVH lines of the 

actual and transformed dose distributions shown in Section 3.2.4.  Figure 
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The dose errors (±5% of the prescription dose) all showed 100% passing rates for 

the NDD analysis between the transformed and the actual dose distributions.  This was 

true for the global passing rates as well as for each structure, and for all patients.  These 

results could be expected with inspection of the indistinguishable DVH lines of the 

Figure 17 displays an 

axial cross section of patient HN1 with the prescription dose increased by +5%.  The 

actual (TPS) and transformed dose distributions are shown in the left and center panes, 

he right pane.  This slice 

shows that all NDD values are equal to zero; this is true for the entire volume of the 
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Table 7.  NDD percent passing rates of the transformed dose distribution 

compared to the actual dose distribution, for the dose normalization error.  All 

passing rates are equal to 100%. 

HN1 HN2 HN3 

Dose+5 Dose-5 Dose+5 Dose-5 Dose+5 Dose-5 

Global 100 100 100 100 100 100 

PTV 100 100 100 100 100 100 

GTV 100 100 100 100 100 100 

Bstem 100 100 100 100 100 100 

Chiasm 100 100 100 100 100 100 

Eye, L 100 100 100 100 100 100 

Eye, R 100 100 100 100 100 100 

ON, L 100 100 100 100 100 100 

ON, R 100 100 100 100 100 100 

 

HN4 HN5 HN6 

 

Dose+5 Dose-5 Dose+5 Dose-5 Dose+5 Dose-5 

Global 100 100 100 100 100 100 

PTV 100 100 100 100 100 100 

GTV 100 100 100 100 100 100 

Bstem 100 100 100 100 100 100 

Chiasm 100 100 100 100 100 100 

Eye, L 100 100 100 100 100 100 

Eye, R 100 100 100 100 100 100 

ON, L 100 100 100 100 100 100 

ON, R 100 100 100 100 100 100 

 



 

Figure 17.  Actual (TPS) (left) and transformed (center) relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN1 with
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.  Actual (TPS) (left) and transformed (center) relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN1 with

Prescription Dose +5%.   

 

 

.  Actual (TPS) (left) and transformed (center) relative dose distributions 

with the 2%/2mm NDD analysis of the two (right), for patient HN1 with the error 
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4. Discussion 

4.1  The Accuracy of the Transform Method 

A high degree of accuracy was seen in the transform method, even when 

presented with relatively large mechanical and delivery errors; this is evidenced in the 

agreement of dose-volume histogram lines between the transformed and the actual dose 

distribution values as well as very high NDD passing rates under a very stringent 

criteria of 2% dose difference and 2 mm distance to agreement.  This high level of 

accuracy in the transform method leads to the feasibility of performing clinically-

relevant analysis of patient-specific quality assurance. 

However, there was one plan that did stand out as showing a failure in the 

transform method, which was HN1 Gantry +5°.  Although there was high agreement in 

the DVH lines and NDD passing rates for the critical structures, the transformed dose 

distribution underestimated the dose to the PTV by approximately 1-1.5 Gy at each 

voxel, or about 2.5%.  Less than 80% of all voxels in the PTV and the GTV passed the 

NDD criterion of 2% dose difference, 2 mm distance to agreement.  The NDD passing 

rate was recalculated with 3% dose difference, 2 mm distance to agreement criteria, 

shown in Figure 18; the PTV and GTV both had 100% passing rates.  It is interesting to 

note that when this error was induced on the phantom geometry, the dose in the 

equivalent PTV was reduced relative to the error-free plan; however, in the patient 

geometry, the dose to the PTV was increased relative to the error-free plan.  Because the 



 

41 

transform method relies on this relative dose measurement in the phantom geometry, in 

this instance the transform method assumed a decreased dose to the PTV and thus 

underestimated the actual dose.   

Inspection of the treatment plans yields a possible explanation for this 

discrepancy: in the error-free (original) plan, there was a beam passing obliquely 

through the junction of two immobilizing head masks; when the gantry was rotated +5°, 

this beam then passed normally through this head mask junction, thus decreasing the 

attenuation and increasing the dose in the treatment planning system.  However, this 

volume was not taken into account in the transformation matrix, and the phantom 

geometry did not experience this decreased attenuation; thus the transform method did 

not take this difference into account.  When using the transform method to estimate the 

received dose to the patient, care must be taken to anticipate potential sources of 

discrepancies, such as what is seen here. 

 



 

Figure 18.  Actual (TPS) (left) and transformed (center) relative dose 

distributions with the 3%/2mm NDD analysis of the two (right), for patient

 

This limit on the accuracy of the transform method displays one of its 

disadvantages: the measurement is a composite measurement from all treatment beams, 

and so when there is a discrepancy between the planned and the measured dose

distributions, it can be difficult to pinpoint exactly where that error occurred.
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An important point to make is the dependence

transformation matrix and

Although this study exclusively used the AAA algorithm in Eclipse TPS, any dose 

calculation method could be used, such as pencil beam convolutions
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This limit on the accuracy of the transform method displays one of its 

disadvantages: the measurement is a composite measurement from all treatment beams, 

and so when there is a discrepancy between the planned and the measured dose

distributions, it can be difficult to pinpoint exactly where that error occurred.

4.2  The Role of the Treatment Planning System on the 
Transformation Matrix 

An important point to make is the dependence, or rather independence,

and the treatment planning system's calculation algorithm.  

Although this study exclusively used the AAA algorithm in Eclipse TPS, any dose 

method could be used, such as pencil beam convolutions (PBC)

 

.  Actual (TPS) (left) and transformed (center) relative dose 

distributions with the 3%/2mm NDD analysis of the two (right), for patient HN1 with 

This limit on the accuracy of the transform method displays one of its 

disadvantages: the measurement is a composite measurement from all treatment beams, 

and so when there is a discrepancy between the planned and the measured dose 

distributions, it can be difficult to pinpoint exactly where that error occurred. 

4.2  The Role of the Treatment Planning System on the 

, or rather independence, of the 

the treatment planning system's calculation algorithm.  

Although this study exclusively used the AAA algorithm in Eclipse TPS, any dose 

(PBC) or Monte 
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Carlo algorithms, and the same level of accuracy could be expected.  The treatment 

planning system is key to the transformation matrix only in modeling the differences in 

attenuation and path-length between the patient and phantom geometries.  Any errors 

in the dose calculation algorithm could be expected to cancel out within a nominal 

degree in the transformation matrix, because the same error would apply to the original 

patient plan as well as the anthropomorphic phantom verification plan. 

An example of this is commissioning errors in which the percent depth dose 

(PDD) values are incorrectly acquired and thus, the tissue-maximum ratio (TMR) values 

are incorrect.  The same TMR values are used in calculating both the planned dose 

distribution to the patient as well as in the verification dose distribution in the phantom.  

This error cancels out when the planned patient dose distribution is divided by the 

verification phantom dose distribution.  Thus, when the transformation matrix is 

multiplied by the measured phantom dose distribution, the result is the transformed 

patient dose distribution, which does not have any beam-model errors present.   

The same holds true for many different types of commissioning errors, such as 

errors in measuring the beam penumbra and inter- and intra-leaf leakage for MLCs. This 

shows another potential use for the transform method: it has been shown (Nelms, Zhen 

et al. 2011) that current quality assurance techniques and analysis methods are 

inadequate at catching commissioning errors, specifically studied in the cases of shallow 

beam penumbras and incorrect MLC leaf transmission values.  Although the theoretical 



 

44 

transform method's performance can detect these beam-model errors, an investigation of 

these types of errors were beyond the scope of this thesis and should be studied in the 

future. 

Further investigation is needed to examine the accuracy of the transform method 

in regions of great inhomogeneities, such as lung sites.  Because the treatment planning 

system is responsible for the differences in attenuation and path length in the 

transformation matrix, in theory the transform method should be equally effective at 

any treatment site.  However, more work is needed to verify the accuracy at other 

treatment sites, especially the lung. 

 

4.3  Limitations on the Physical System 

A discussion on the accuracy of the transform method to predict clinically-

relevant errors would not be complete without a discussion on the physical limitations 

of the quality assurance system.  As mention briefly before, the accuracy of the 

measurement in the phantom is limited greatly by the 3D dosimetry system.  The study 

by Oldham et al (Oldham, Thomas et al. 2012) which first demonstrated the transform 

method used radiochromic polyurethane dosimeters with a diameter of 10 cm and 12 cm 

in length, but due to edge artifacts the outer 0.5 cm rind was removed; only the inner 9 

cm diameter and 11 cm length provided useful information.  Thus, the dose was only 

measured for this volume, compared to the full-volume simulated measurement 
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presented in this thesis.  Thus, peripheral structures such as the eyes and potential the 

optic nerves and chiasm may not be included in the measurement and transformed 

calculation; other surrounding structures such as the brainstem may have partial 

volume effects where only part of the structure is located in the dosimeter region in the 

equivalent phantom geometry.  The most useful information, therefore, will come from 

the PTV, which should be centered in the dosimeter.  

After the irradiation of the phantom, the change in optical density was read with 

an optical CT scanner, and the change in optical density was converted to dose by a 

known scaling factor.  The accuracy and resolution of the measured phantom dose 

distribution data is dependent on the dosimeter properties as well as the readout 

system; any dose "drift" within the dosimeter, a non-linear relationship between the 

change in optical density and dose delivered, and noise and imaging artifacts will 

degrade the accuracy of the transform method.  
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5. Conclusions 

With the use of 3D dosimetry methods, the transform method transforms a 

measured phantom dose distribution into the patient geometry.  The accuracy of this 

transform method was investigated by inducing a series of known mechanical and 

delivery errors onto a simulated measurement.  Analysis was performed by comparing 

the transformed dose distribution to the actual dose distribution through DVH metrics 

as well as through an  NDD comparison. 

The transform method was found to respond to the induced errors very 

accurately.  The DVHs showed very good agreement between the transformed and the 

actual dose distributions.  The delivery errors, where the plan normalization was 

increased or decreased by 5% of the planned prescription dose, showed 

indistinguishable DVH lines, indicating that the transform method produced perfect or 

near-perfect dose distributions.  The mechanical errors, where the collimator, the couch, 

or the gantry were rotated ±5° from the planned values , also showed very good 

agreement in the DVH lines, although some slight deviations could be seen.  Only one 

case provided an exception to this, which was for patient HN1 where the gantry was 

rotated +5°; the transform method underestimated the dose to the PTV by ~2.5%. 

NDD metrics comparing the transformed dose distribution with the actual dose 

distribution showed similar results: all of the transformed plans showed very good 

agreement with the actual dose distributions when the NDD was performed with 2% 
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dose difference, 2 mm distance-to-agreement criteria.  The delivery errors where the 

dose normalization was changed by ±5% of the prescription dose had 100% pass rates 

for the global NDD as well as for each structure.  The mechanical errors also showed 

very good passing rates for the same 2%/2mm criteria, especially for the collimator and 

couch errors, where the global passing rates were very high and the passing rates to the 

structures were at or near 100% for all patient plans.  The gantry errors had the lowest 

NDD passing rates for the 2%/2mm criteria, but in general these passing rates were still 

very high (>98%).  The exception was again with patient HN1 with the gantry rotated 

+5°, as noted before with the DVH metrics.  The GTV and PTV both had low passing 

rates of less than 80%; however, when NDD passing rates were computed for 3% dose 

difference, 2 mm distance-to-agreement, the GTV and the PTV both had 100% passing 

rates, and the global passing rate was 100% as well. 

In summary, the transform method was shown to work very accurately for the 

types of errors that were induced.  These errors were rather large, certainly beyond what 

would be seen within the clinic, but the transform method continued to perform 

accurately. 

  



 

48 

References 

Baldock, C., Y. De Deene, et al. (2010). "Polymer gel dosimetry." Phys Med Biol 55(5): R1-

63. 

Bedford, J. L., Y. K. Lee, et al. (2009). "Evaluation of the Delta4 phantom for IMRT and 

VMAT verification." Phys Med Biol 54(9): N167-176. 

Clements, R., K. Luchka, et al. (2002). Initial Comparison of Three Am-Si EPIDs Using 

the QC-3V Phantom. The 7th International Workshop on Electronic Portal 

Imaging -- EPI2K2. Vancouver, BC. 

Deasy, J. O., A. I. Blanco, et al. (2003). "CERR: a computational environment for 

radiotherapy research." Med Phys 30(5): 979-985. 

Feygelman, V., G. Zhang, et al. (2011). "Evaluation of a new VMAT QA device, or the "X" 

and "O" array geometries." J Appl Clin Med Phys 12(2): 3346. 

Guo, P. Y., J. A. Adamovics, et al. (2006). "Characterization of a new radiochromic three-

dimensional dosimeter." Med Phys 33(5): 1338-1345. 

Gutierrez, A. and O. Calvo (2010). "Diode Arrays and QA of Advanced Techniques." 

Journal of Physics: Conference Series 250(1). 

Ibbott, G. (2010). "QA in Radiation Therapy: The RPC Perspective." Journal of Physics: 

Conference Series 250(1). 

Jarry, G., D. Martin, et al. (2011). "Evaluation of IMRT QA Using 3DVH, a 3D Patient 

Dose and Verification Analysis Software " Med. Phys. 38(6). 

Jiang, S. B., G. C. Sharp, et al. (2006). "On dose distribution comparison." Phys Med Biol 

51(4): 759-776. 

Kruse, J. J. (2010). "On the insensitivity of single field planar dosimetry to IMRT 

inaccuracies." Med Phys 37(6): 2516-2524. 

LoSasso, T., C. S. Chui, et al. (2001). "Comprehensive quality assurance for the delivery 

of intensity modulated radiotherapy with a multileaf collimator used in the 

dynamic mode." Med Phys 28(11): 2209-2219. 



 

49 

Menon, G. V. and R. S. Sloboda (2004). "Quality assurance measurements of a-Si EPID 

performance." Med Dosim 29(1): 11-17. 

Monroe, A. T., S. C. Reddy, et al. (2008). "Factors associated with radiation-induced 

nausea and vomiting in head and neck cancer patients treated with intensity 

modulated radiation therapy." Radiother Oncol 87(2): 188-194. 

Nelms, B. E. and J. A. Simon (2007). "A survey on planar IMRT QA analysis." J Appl Clin 

Med Phys 8(3): 2448. 

Nelms, B. E., H. Zhen, et al. (2011). "Per-beam, planar IMRT QA passing rates do not 

predict clinically relevant patient dose errors." Med Phys 38(2): 1037-1044. 

Oldham, M., A. Thomas, et al. (2012). "A Quality Assurance Method that Utilizes 3D 

Dosimetry and Facilitates Clinical Interpretation." Int J Radiat Oncol Biol Phys. 

Pierquet, M., A. Thomas, et al. (2010). "An investigation into a new re-useable 3D 

radiochromic dosimetry material, Presage." J Phys Conf Ser 250(1): 1-4. 

Sakhalkar, H. S., J. Adamovics, et al. (2009). "A comprehensive evaluation of the 

PRESAGE/optical-CT 3D dosimetry system." Med Phys 36(1): 71-82. 

Schreiner, L. J. (2004). Review of Fricke Gel Dosimeters. Third International Conference 

on Radiotherapy Gel Dosimetry, IOP Publishing. 

Thomas, A., J. Newton, et al. (2011). "Commissioning and benchmarking a 3D dosimetry 

system for clinical use." Med Phys 38(8): 4846-4857. 

Tsiakalos, M. F., K. Theodorou, et al. (2004). "Analysis of the penumbra enlargement in 

lung versus the quality index of photon beams: a methodology to check the dose 

calculation algorithm." Med Phys 31(4): 943-949. 

Van Esch, A., T. Depuydt, et al. (2004). "The use of an aSi-based EPID for routine 

absolute dosimetric pre-treatment verification of dynamic IMRT fields." 

Radiother Oncol 71(2): 223-234. 

Van Esch, A., L. Tillikainen, et al. (2006). "Testing of the analytical anisotropic algorithm 

for photon dose calculation." Med Phys 33(11): 4130-4148. 

Wolfsberger, L. D., M. Wagar, et al. (2010). "Angular dose dependence of Matrixx TM 

and its calibration." J Appl Clin Med Phys 11(1): 3057. 



 

50 

Zhen, H., B. E. Nelms, et al. (2011). "Moving from gamma passing rates to patient DVH-

based QA metrics in pretreatment dose QA." Med Phys 38(10): 5477-5489. 

 

  


