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A B S T R A C T

Purpose: The aim of this review article is to provide a useful reference for dose
comparison techniques within the frame of treatment plan verification. Each technique is presented with a general description given along with advantages and
disadvantage and the rationale for its development.
Methods: The review was conducted in PubMed from 1993 to 2019 including articles referring to the methodology of dose comparison for treatment plan ver-
ification.
Results: The search identified thirty-one dose comparison methods that were categorized according to the number of physical parameters that take into account for
dose comparison.
Conclusions: Among the available methods for the comparison of two dose distributions, the γ-analysis (gamma analysis) has been widely adopted as the gold
standard in verification procedures. However, due to various intrinsic limitations of gamma index, the development of a better metric taking into account both
statistical and in clinical parameters is required.

1. Introduction

Since the introduction of Intensity Modulated Radiation Therapy
(IMRT), the need for extensive and patient-specific quality tests prior to
treatment has become an indispensable part of daily routine. This re-
quirement is highlighted in the recommendations by the American
Association of Physicists in Medicine (AAPM) [1] and European Society
of Radiotherapy and Oncology [2]. For the treatment delivery of IMRT
and VMAT, various compartments of the linear accelerator are co-
operating in coordinated movements, a complex process that can pos-
sibly introduce unexpected errors [3]. The dosimetric outcome of such a
treatment is practically impossible to be tested with conventional
methods or oversimplified calculations.

Therefore, various solutions and dosimetric systems were in-
troduced in clinical routine, incorporating detectors placed in two (2-D)
and three (3-D) dimensional layouts, “in silico” machine log files
quality control etc [4–6]. These solutions are aiming at adequately -
capturing the dosimetric outcome of these complex movements in
multiple dimensions.

Whatever the sophistication of the dosimetric equipment, in the
end, every verification procedure comes down to a dose distribution
comparison: Machine-delivered (reference) versus calculated by a

Treatment Planning System-TPS dose distribution (evaluation). This
comparison is, in general, unstraightforward and each result should be
carefully reviewed. Every analysis-comparison of the distributions tries
to answer two fundamental inquiries: how large (quantitative aspect)
and clinically significant (qualitative aspect) are these deviations.

The first question is the easiest to be answered, while the second one
is undoubtedly the trickiest. A variety of mathematical and statistical
methods have been developed to provide practical answers to both
questions in a clinical environment. Each one is aiming to carefully
compare the reference and the delivered dose distribution in an effec-
tive way, which would elevate the level of confidence in treatment
execution.

Nevertheless, dose comparison remains not a trivial task to be
evaluated, as the means of comparison are primarily statistical, while
the results should be clinically relevant as well. Furthermore, statistical
tests do not provide information regarding the importance or the source
of disagreement. These constitute the principal reasons which led
Childress et al. [7] to describe the ideal dose comparison index. Ac-
cording to their analysis the ideal index should have the following
seven characteristics: a) biological significance, b) physical meaning, c)
fast in terms of computational time, d) independence of image/volume
size and represented dose range, e) direct comparability between
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institutions, and f) consistency over time.
The combination of the aforementioned characteristics is formid-

able to meet in a single index. As this ideal index has not however been
developed, it is commonplace practice to evaluate distributions with
more than one method or acceptance limits depending on the case.

A dose distribution within a certain volume should be evaluated
both in dose and space domain. Treatment plan evaluation methods
that consider only the parameter of dose include: dose difference (ΔD),
isodose contours superimposition and for further analysis of spotted
mismatches, dose profile superimposition, dose difference image and
dose difference histograms (based on the dose difference image) that
indicate the presence of systematic or random errors [8]. Treatment
plan verification using dose volume histograms (DVHs) enables straight
comparison of the measured data from the verification process with the
calculated ones from the TPS. However, DVHs do not provide spatial
information while integral histograms mask errors in small volumes
[9].

Information concerning the space domain is given by distance-to-
agreement (DTA) [10]. DTA is defined as the distance between a dose
point in the reference distribution and the most adjacent point in the
evaluated dose distribution that appears to have the same dose value or
at least a dose value within a tolerance limit. In low dose gradient areas,
dose comparison methods performed better than DTA whereas DTA
provides more valid results in high dose gradient regions. The combi-
nation of the dose difference method and DTA (composite analysis)
utilizing respectively two independent acceptance criteria, was first
introduced by Harms et al [11].

The aim of this paper is to provide an overview of evaluation
techniques and approaches that have been developed for plan ver-
ification. All the methods described are presented with their formalism
wherever possible along with their advantages and disadvantages.

2. Materials and methods

An extensive review of the academic literature was conducted in
PubMed including published papers dated from 1993 up to 2019. The
keywords used were (treatment plan verification) and (techniques) and
(IMRT) and (Radiation Therapy) and (Radiation Oncology). From the
identified articles, only those referring to the methodology of dose
comparison were included in the current review. Articles concerning
specific plan verification tools or clinical cases were excluded. Finally,
the number of citations of these papers was recorded, as a measure of
the support of the Medical Physics community towards each method,
using Scopus.

3. Results

The search identified fifty-three (53) relevant papers and reports
that revealed thirty-one (31) dose comparison methods. The current
study presents all the methods that analyze verification plans both in
dose and space domain and the upgrades of the most popular method,
gamma index.

3.1. Analysis in dose and space domain

3.1.1. Normalized agreement test (NAT)
Normalized agreement test (NAT) [7] was developed as a supple-

mentary tool to dose comparison indices as it was designed to include
clinical correlation to the statistical tests. A NAT matrix consists of
pixels that represent the percent deviation from the criteria set for plan
verification.

In this approach, the authors distinct and evaluate PTV area dif-
ferently from the rest of the image based on its biologic significance. In
a normalized dataset, areas with dose lower than a fixed percentage of
75% of the maximum computed dose value are considered healthy
tissue, while areas with dose values above 75% are PTV.

NAT value is calculated over the NAT matrix in a two-part equation:

=i NATvalue. 0 (1)

when:

a) a pixel’s value within dose (ΔDm) or space (Δdm) acceptance criteria
b) a pixel’s value falls outside acceptance criteria in healthy tissue area

but has a measured value lower than the computed one, assuming
that this disagreement will actually benefit the patient.

ii. In any other pixel NAT value is given by the following equation:

= × −NATvalue D δ( 1)scale (2)

where:
δ is the lesser value of the |ΔD/ ΔDm| or space |Δd/Δdm| term and:

=D
computedormeasureddose whicheverisgreateratthepixel

maximumcomputeddose
( )

scale
(3)

Employing the average of the NAT values and Dscale over the whole
matrix the NAT index can be calculated as follows:

= ×NATindex
AverageNATvalue

AverageoftheD matrix
100

scale (4)

This index represents the average deviation from acceptance dose
and space criteria ignoring areas of acceptance, and is expressed as a
sole value analogously to the dose uniformity concept.

3.1.2. Gradient compensation method
Moran et al. [12] developed this method/tool to evaluate local

dosimetric differences based on the dose gradient at each point in the
field. Therefore, the local dose gradient is computed for each point in
the dose distribution. To account for geometric uncertainties (dose grid
dimensions or shift of the distributions), the user specifies a distance
parameter (e.g. 1 mm) which in fact represents the geometric tolerance
that should be accepted in each dose point. Each dose gradient is
multiplied by this parameter to produce a dose value that is relevant to
the uncertainty of this point. In this way, dose differences that could be
attributed to geometric uncertainties are removed from the analysis,
including only discrepancies originating from other sources. The au-
thors state this method could assist dose comparison as it reveals the
magnitude and clinical relevance of the differences; nevertheless, it
should be used in conjunction with other dosimetric comparison tools.

3.1.3. Fractal analysis
This method was proposed by Wu et al. [13] for 2D verification

procedures including films (or portal dosimetry) and is supposed to
provide more valid results than visual inspection which is susceptible to
errors. This interesting idea incorporates the fractal theory to match
calculated and measured data. According to their theory, fractal di-
mension, which represents a ratio of the changes of a fractal pattern
with the scale which is measured, is a statistical index of complexity
and a unique fingerprint for each isodose contour. The compared iso-
doses are considered identical when their fractal dimensions are within
1% which is translated to a 2% dose difference. However, this theore-
tical concept seems that has not been applied yet in a clinical en-
vironment.

3.1.4. Gamma index
Dose distributions as described earlier need to be compared both in

dose and space domain. Nevertheless, sensitivities of dose and space
comparison seem to complement each other in low and high dose
gradient region, respectively. Reviewing dose distributions in a two-
step procedure with different acceptance criteria could be a laborious
task and more importantly, results could be misleading. The need for a
unified measure to compare dose distribution was profound. The pro-
blem that prevented this unification was that dose deviation (ΔD) and
distance to agreement (DTA) metrics are expressed in different units
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(Gy and mm respectively).
Low et al. in 1998 [14,15] introduced gamma index and offered an

elegant solution to this problem. Dose difference and distance to
agreement metrics were merged into a unitless quantity, by dividing
each metric by its corresponding acceptance limit. For example, 3% for
ΔD and 3mm for DTA.

→ → =
⎧
⎨
⎩

→ − →
+

→ − → ⎫
⎬
⎭

γ r r min
r r

DTA
D r D r

D
( , )

| | | ( ) ( )|
Δref m

ref m ref m
2

2

2

2
(5)

where
→ − →r r| |ref m is the distance and → − →D r D r| ( ) ( )|ref m is the absolute dose

difference between the reference and evaluated points.
In this way, an acceptance ellipse is created around each point of the

reference dose distribution, which should encompass the measured
dose distribution for the point to pass gamma test and is valid both in
shallow or steep dose gradient regions (Fig. 1A). Mathematically, this is
expressed by gamma being less than or equal to unity. According to this
unified criterion, points are categorized by passing and failing. In order
for the whole distribution to pass the test, a certain percentage of
successfully tested points should be reached as advocated by AAPMs
TG-119 Report [1] and later publications. Usually, this percentage is set
to 90 or 95%.

Gamma can be calculated using local or global normalization. To
perform the first one, local dose differences are being taken into ac-
count in gamma formula. To perform global normalization, the local
dose difference is divided by a normalization dose value that could be
defined anywhere in the dose distribution. Both methods have ad-
vantages and limitations. Local gamma highlights differences in high
dose gradient areas and low dose regions, while global gamma hides
these differences, highlighting instead errors in high dose areas [16].

3.1.5. Gamma histograms
The concept of gamma index can be easily extended to provide

additional tools for verification evaluation. Therefore, analogously to
dose volume histograms (DVHs), gamma histograms (GH) could be
produced indicating the percentage of the voxels that are covered by a
certain gamma value [17]. There are two types of such histograms a)
frequency gamma volumes histograms (fGVHs) and b) cumulative
gamma volume histograms (cGVHs). If the dosimetric data is obtained
by using a two-dimensional detector or a film, areas of interest can be
used instead of volumes, which would produce frequency gamma area
histograms (fGAHs) and cumulative gamma area histograms (cGAHs)
respectively.

Fig. 1. A. Coarsely spaced detectors (in larger spaces than the radius of the acceptance ellipsoid) in a measurement device can have a severe impact on the final
gamma calculation. The measured dose in detectors A, B, G, H could erroneously produce failed gamma values, a problem that can be eliminated with dose point
interpolation. Fig. 1Β. depicts the elegant alternative to time-consuming interpolation, offered by methods such as χ-evaluation and delta envelope. The creation of a
constant acceptance barrier which follows the shape of the original distribution could classify correctly all dose points.
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3.1.6. Gamma angle
Gamma angle method [18,19] uses gamma index’s vectorial prop-

erties to point out if a given mismatch is attributed to dose discrepancy
or spatial distance (Fig. 2). If the discrepancy is only due to dose dif-
ference, gamma index vector would be parallel to dose axis, while if it is
attributed to spatial difference, gamma vector would be parallel to DTA
axis. Considering as the zero angle the first scenario, gamma vector
should always be between 0 or π/2. Gamma angle is a helpful tool in
dose distribution analysis, with angles closer to zero indicating the
dominance of the dosimetric influence to the result and angles closer to
π/2 spatial mismatches.

=
⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

−

→ − →

→ − →γ tanangle

r r
DTA

D r D r
D

1

| |

| ( ) ( )|
Δ

ref m

ref m
(6)

For a gamma vector position, the percentage of each contribution is
given from the following equations:

= ∗γΔDinfluence(%) cos( ) 100angle (7)

= − ∗γDTAinfluence(%) [1 cos( )] 100angle (8)

3.2. Gamma index upgrades - in search of a “better” gamma index

The elegant simplicity and universality of this unitless approach
established gamma index as the gold standard for treatment verifica-
tion. Nevertheless, the methodology of gamma index has some pitfalls
and drawbacks if it is to be applied in clinical routine, where non-
continuous data exists and a clinical decision follows each measure-
ment. Through the years a group of variants of the primary technique
has been developed to provide results faster, highlight clinical im-
portant mismatches, provide a reasonable strategy for setting accep-
tance criteria, and disengage results from the dose grid dependence.
The following section summarizes these efforts.

3.2.1. Dose grid dependence limiting methods
3.2.1.1. “Box” method. Introduced by Jiang et al. [20], the box method
combines advantages from dose difference test, composite analysis, and
gamma analysis. The acceptance area forms an error ''box'' in dose and
space domains where the side lengths corresponds to dose and space
acceptance limits.

The main idea is based on the conversion of the spatial constitute of
gamma index to a dose equivalent measure. To achieve that, the
''equivalent dose tolerance'' concept was invented that corresponds to
gamma’s spatial tolerance. Under this scope, a new unified tolerance
limit is determined, under the term of “maximum allowed dose differ-
ence'' (MADD). Using MADD, the spatial deviation can be expressed in a
single-valued dose limit. On the other hand, dose acceptance criterion

can vary in magnitude depending on the point under examination. This
”adaptive“ index is produced when dose difference is being scaled by
the ratio of MADD to dose criterion (normalized dose difference (NDD)
concept). Therefore, MADD value (which is insensitive to dose grid
resolution) is stricter in low than in high dose gradient areas, providing
a more reasonable dose comparison method.

3.2.1.2. Chi-evaluation acceptance Interval-Acceptance test tube. Bakai
et al. [21] tried to limit the dependence of grid resolution by
modifying the original gamma test acceptance region. In their
approach, a new evaluation factor chi (χ) was developed by using a
dose gradient dependent tube that engulfs continuously the reference
distribution profiles. The radius of the tube is determined by dose and
spatial tolerance limits while the curvature of the tube depends on dose
local gradient. Evaluation points with values smaller than |χ| pass the
test similarly to gamma analysis. In this way, the detection of false
negative results can be restricted. In addition, the “creation” of this tube
around the reference points renders meaningless the need for
continuous interpolation. Therefore, calculations with this method
can become 120 times faster than the original gamma index method,
provided that both reference and evaluated distributions have the same
grid resolution. Under any other circumstance, an initial point
interpolation has to be performed in order to equalize spatial density.
The latter is the most significant drawback of this technique, compared
to gamma which can be applied in any case. Furthermore, using only
local dose gradient makes this method inaccurate in the case of non-
zero second derivatives. A similar approach was applied by Bak et al.
[22,23] who proposed the modified dose difference (MDdiff) method.
They defined a dimensionless factor β which depends on the dose
gradient and the ΔD to DTA criteria ratio. Furthermore, they proposed
as a critical value to accept a point MDdiff = (1/2)ΔD.

3.2.1.3. Delta envelope. A similar method to chi-evaluation was
developed by Blanpain and Mercier [24] termed “δ-envelope”. Being
consistent with the initial gamma index idea, authors tried to expand
chi-evaluation to a more accurate technique even where the dose
gradient changes (Fig. 1.B) in no interpolated data. This method
requires the pre-calculation of a tolerance envelope using the minimal
and maximal doses allowed per reference dose point. All reference
points are taken into account, forming a continuous envelope that
delimits the tolerance area which is independent of local gradient.
Because of the continuity of the envelope, interpolation is unnecessary.
The shape of the envelope could become narrower on its external
border in high dose gradient regions, where the density of reference
points becomes sparser. Even in this case, interpolation to correct this
drawback is of lesser importance. Furthermore, the authors suggest
three similar but different in interpretation indices, δα, δb, δc, which are
analogous to γ-index, in order to provide useful information about the
large deviations outside the envelope. The absence of interpolation
offers reduced computational time even for the case of δc index where
multiple envelopes have to be computed.

3.2.2. Calculation time reduction methods
3.2.2.1. Fast algorithm for gamma evaluation. A real gamma evaluation
can take from minutes to hours to be calculated, especially for complex
treatment plans. To speed up gamma calculation process, Wendling
et al. [3] designed an algorithm for fast gamma analysis. The idea is to
reduce calculation time by limiting search area for points that could
pass the gamma criteria in a sphere with a chosen radius. However, the
actual gamma formula does not change. The maximum search distance
(radius of the sphere) should be much larger than the DTA criterion. A
presorted table of distances is calculated only once from the center
towards the periphery of the sphere with increasing steps in the space
domain. For the interpolation of values of the evaluated dose
distribution, the surrounding points of a certain point in dose matrix
are weighted using interpolation factors and then summed. For even

Fig. 2. An example of gamma angle calculation.
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further time saving, the calculation can be stopped for points that are
improbable to result in a minimal gamma (points in a distance that
itself alone raises gamma above unity).

3.2.2.2. Geometric interpretation of the gamma index. In 2008 Ju et al.
[25] proposed “geometric interpretation of the gamma dose
distribution comparison technique” as an interpolation-free
calculation variation of the original gamma analysis. This technique
provided an accurate and fast way of computing gamma which
overcame the aforementioned limitations. The authors pointed out
the interpolation problem of gamma which is caused by the high
dependence on dose grid size or spatial resolution. For accurate results,
one of the distributions should have dose points spaced in significantly
smaller distances than DTA criterion, which is not always the case
especially in high dose gradient regions. If not so, the closest point to
the reference dose distribution may not be the actual closest one as it
would have been in case of a continuous dose surface, leading to false
negative results. To avoid this pitfall, the authors used simplexes – line
segments, triangles, and tetrahedral for one, two and three-dimensional
dose distributions respectively- to subdivide the evaluated distribution.
In this way, the closest distance between the reference distribution and
the simplexes of the evaluated distribution can be computed using
matrix algebra without the highly time-consuming process of
interpolation. This method proved more efficient than the
interpolation as it produces equally accurate results even with poorer
dose grid resolutions in reduced time. Finally, to further reduce
calculation time, authors suggest limiting the search for minimum
distance around any given point to an area according to DTA criterion
and the maximum gamma value that needs to be recorded:

= ×Area of search Maximum gamma value to be recorded DTA criterion

Using the conventional interpolation method and the original
gamma index, similar accuracy levels could be achieved for at least 16
times finer grid resolution.

3.2.2.3. GPU method. Gu et al. [26] employed graphical processing
unit (GPU) instead of traditional central processing unit (CPU)
calculations to speed up gamma results. GPUs are composed of
hundreds of cores that can handle thousands of threads
simultaneously in contrast to CPUs that consist of few cores.
Therefore, the main idea was to perform minimum distance search
for each voxel, which is a highly demanding task, using GPU. Gamma
was calculated by using the geometric technique proposed by Ju et al.
[25] and the pre-sorting technique mentioned above by Wendling et al.
[3]. By this combination, the authors managed a calculation time
reduction in the order of 45–70 times compared to CPU calculations.
Similar results were found by Persoon et al. [27] with the use of GPU
reducing time 57 ± 15 times over conventional CPU calculations [16].

3.2.2.4. Filter cascade method. In University Hospital of Leuven,
Belgium, an algorithm for rapid and accurate comparison of IMRT
dose distributions has been developed, based on gamma index
methodology. The so-called filter cascade method [28], evaluates
distributions following a three-step sequence. On the first level, the
algorithm searches for measured points that seem to fulfill the smaller-
than-unity gamma equation, without further investigating which point
produces the lowest gamma value, as indicated from gamma index
theory, saving computational time. In the second step, only the points
that failed the initial check are considered to avoid false negatives
especially in steep gradient areas. There, while the evaluated
distribution fulfills acceptance criteria, the sampling points could fall
outside the gamma ellipsoid. Based on the previous assumption, that
only a binary pass/fail result matters instead of the actual gamma
value, authors proposed the following to avoid time consuming
calculations: if dose difference (ΔD) for at least two data points
(points A & B) is of different sign, then the ΔD value becomes zero

somewhere (point C) in between. Therefore, gamma at point C is lesser
than unity. These points are classified as accepted and the rejected ones
are propelled to the subsequent step. The third and final filter examines
if the remaining rejected points laying on the outer boundary of the
acceptance ellipsoid have a different sign of a point that lies within. In
that case, linear interpolation is performed between these two points
and if any part of the line intersects the ellipsoid, the point is accepted.
This methodology can be extended to even more levels, although the
authors state there is no significant possibility for each rejected data
point to have been misclassified after this triple filter cascade method.

3.2.2.5. Fast Euclidean distance transformation. This method was
designed in another attempt to reduce vast calculation times required
in the classic gamma distribution. In this approach [29], a pre-
calculation of a gamma indices table is performed via Euclidean
distance calculations, based on the reference distribution. The
evaluated distribution is compared to the reference by searching this
table’s values. Hence, there is a hundredfold speeding up of calculations
in two dimensions and around 104-105 times for three-dimensional dose
matrices. Furthermore, the creation of such a gamma table enables the
easy calculation of the derivatives of gamma in dose and space domain.
This could result in the determination of the dominant source of errors
in the evaluated distributions and the guidance to corrective actions.

3.2.3. Biological-Anatomy related methods
3.2.3.1. Anatomy corresponding method. This method was proposed to
link gamma information to patient anatomy [30]. To overcome the
absence of regional information in simple gamma analysis, the authors
suggested a method that cross-examines gamma results on patient’s
digital reconstructed radiographs (DRRs). The analysis is performed
field by field by applying each gamma map on its corresponding
treatment field DRR. Fluences and images are acquired by 2D-
detectors like films or portals. This method is restricted to static-field
IMRT plans and can be optimally performed in cases that the position of
target volumes and organs at risk are directly related to bony structures
depicted in DRRs, such as head and neck treatments.

3.2.3.2. Gamma plus (+) index. An extension of the original gamma
index was developed by Stathakis et al. [31] toward the incorporation
of radiobiological concepts in the plan verification process. The new
index named gamma plus (γ+) index and is expressed mathematically
as follows:

→ → = ⎧
⎨⎩

+ ⎫
⎬⎭

γ r r min
r

DTA
F D

D
( , )

|Δ | |Δ ( )|
Δref m

ij i j
2

2
,

2

2
(9)

where r|Δ |ij is the spatial shift of the voxel (i,j) and F D|Δ ( )|i j, is the
absolute dose difference between the reference and evaluated points of
a function F(D) of physical dose which includes radiobiological
information. This information could be the Equivalent Uniform Dose
(gEUD), the equivalent to 2 Gy per fraction dose (EQD2) or biologically
effective uniform dose

−
D( ).

Prior to any gamma calculation, the physical dose map has to be
converted to a corresponding radiobiological matrix, and therefore a β/
values should be assigned to all voxels. Authors used 10 Gy as a β/ in
PTV region, 3 Gy at OARs area, and EQD2 for dose conversion. This
index is more clinically relevant than the original gamma analysis as
radiobiological effects of the dose are taken into account.

3.2.3.3. Radiobiological gamma index (RGI). Sumida et al [32–34]
introduced the term of Radiobiological Gamma Index (RGI) in an
effort to transfuse clinical meaning to the physical gamma index (PGI).
In their analysis, voxels of the dose distribution matrix that failed
gamma analysis are further investigated by calculating their TCP and
NTCP values. The RGI can be calculated by the following equations:
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= <RGI PGI ifPGI( 1) (10)

= × >RGI PGI n ifPGI( 1) (11)

n is a factor with different values for target area and healthy tissue
area.

Therefore, for the i-th voxel:

= ⎧
⎨⎩

+ −
+ −

n
TCP ToleratedTCP forthetargetvolumes

NTCP ToleratedNTCP forthehealthytissues
1 | |

1 | |
i

i (12)

The radiobiological gamma passing percentage is defined as the
number of voxels with an RGI lower or equal to unity divided by the
total number of voxels in each organ multiplied by 100. This approach
enables medical physicists to spot clinically significant divergences that
could remain hidden under the classic gamma analysis as pointed out
by Nelms et al [35] and Zhen et al [9].

3.2.4. Reasonable criteria of acceptance setting methods
3.2.4.1. Surface-based distance method. As dose and space difference
limits in gamma analysis are rather empirically determined, Li et al
[36] proposed a technique in order to obtain proper criteria depending
on the complexity of the reference distribution. Considering the
reference and evaluation dose distribution as surfaces, they defined
the dose gradient factor according to the equation:

=
∇

a
mean D x y z

1
(| ( , , )|) (13)

Utilizing this factor and the original gamma equation they reached
to the following equation:

=D d
a

Δ Δ
m

m
(14)

which means that a) for different treatment plans, with different
dose gradients, acceptance criteria should also vary according to mean
dose gradient and b) dose and space criteria are not independent of
each other, but are related through the dose gradient factor a.

Dose gradient factor should be determined prior to dose and space
criteria definition and consequently gamma analysis. In this way,
gamma analysis becomes more relevant to actual IMRT and QA system
capabilities than simply setting a pair of predetermined criteria.

Finally, the authors note that the detection limit of gamma index
(for a certain pair of dose and space acceptance criteria) varies linearly
(linear coefficients always < 1) relatively to the global shift of the
distributions.

3.2.4.2. Squared gamma method. Squared Gamma (γ2) method [37] is a
simple method that could be used as a supplement to the gamma index
method without further modifications or exhaustive calculations.
Authors have shown that the squared gamma index distribution can
have similar properties to the statistical chi-squared distribution with
one degree of freedom when gamma acceptance criteria are replaced by
the standard deviations of dose and space uncertainties. Therefore,
squared gamma method can be used to signify the statistical
significance of the measured deviations from gamma analysis and as
a consequence to determine in a more statistical manner the plan
acceptance tolerance rate.

3.2.4.3. Gamma index modification with uncertainty features. This
probabilistic modification of gamma index analysis was introduced as
a more reliable technique with respect to the primary method as it takes
into account the uncertainties related to the hardware and software
involved in the process [38]. It enables tolerance levels to be adjusted
close to the achievable accuracy and uses simple and physically
meaningful parameters to characterize experimental devices,
computations, and their uncertainties.

The measured distribution is considered suitable for treatment when
every point satisfies the probability test. In case of a passing rate

smaller than 100%, the failures cannot be attributed just to measure-
ment uncertainties, pointing out a problem with the dose delivery
procedure.

3.2.4.4. Unbinned Multivariate test. This method [39] aims at
establishing a global criterion to determine whether a mismatch
detected by the gamma method is attributed to the uncertainty
associated with the measuring system or it is an actual error. To
perform such an analysis a statistical test should be used like χ2 test,
which is widely used in physics. If this test is to be applied to dose
verification, data from reference and evaluation distributions should be
represented in histograms. Nevertheless, the number of the bins of the
histograms may alter the result of the χ2 test. Therefore, the authors
proposed an alternative statistical test, T2, similar to χ2 test, but
without the unwanted bin dependency. In particular, this test is
described by the following formula:

∑= ⎛
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− ⎞
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−
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γ γ
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d i
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i exp i mean

i γ

2

0

, ,

,

2
d

(15)

where,

Nd is the number of points or detectors of the system
γi exp, is the expected gamma value for the ith-detector
−
γi mean, is the average measured gamma values for the ith-detector
and σi γ, is the standard deviation of γi

The parameters,
−
γi mean, and σi γ, must be calculated beforehand. The

positioning error and the intrinsic uncertainties of the detectors are
simulated (considering Gaussian positional uncertainties and in-
dependent detectors), compared against the reference dose matrix and
producing a simulated gamma matrix. This process is repeated nu-
merous times in order to calculate the required parameters. In this way,
the whole dosimetric system is characterized. The statistical sig-
nificance is set to the cutoff of p= 0.01. As the authors state, although
the test is more powerful than common gamma criteria, its main
drawback lays in determining highly localized discrepancies, such as
unexpected peaks.

3.2.4.5. Inverse gamma with fixed ΔD (IGΔD). Inverse gamma method
(IGΔD) [40] calculates gamma index value by keeping fixed the dose
difference criterion (ΔD) and gradually increasing the distance-to-
agreement criterion (Δd) up to the value needed to achieve a
specified acceptance rate. This approach is a fast estimation of the
magnitude of spatial error which can be compared against a tolerance.
In addition, a fixed tolerance ratio of ΔD to Δd could be defined,
producing different combinations which lead to a specified gamma
passing rate.

4. Discussion

The crux of this paper is to provide a comprehensive review of dose
comparison methods implemented for treatment plan verification. The
paper focuses on the methods that the reference dose distribution is
compared to the evaluated one. The presentation of dose verification
tools, including 2D detectors, 3D phantoms, fluence detectors, machine
log files [4–6], etc. is out of the scope of the current study. Low et al
[15,41,42] discussed other approaches of dose comparison techniques.
A thorough description of gamma index upgrades was also presented by
Hussein et al [16]. TG-218 report by AAPM [43] reviewed IMRT dose
distribution verification and patient-specific QA, including practical
implementation of gamma index and a description of other worth
mentioning dose comparison methods. To the best of our knowledge,
the current paper is the first to include and summarize all the existing
dose comparison techniques for IMRT and VMAT plan verification.

The presented categories of the dose comparison methods concern

S. Diamantopoulos, et al. Physica Medica 67 (2019) 107–115

112



Ta
bl
e
1

A
n
ov

er
vi
ew

of
al
l
ga

m
m
a
in
de

x
va

ri
an

ts
an

d
th
e
lim

it
at
io
ns

of
th
e
or
ig
in
al

ga
m
m
a
te
ch

ni
qu

e
th
at

ar
e
tr
yi
ng

to
ov

er
co

m
e.

M
et
ho

d
(C

it
at
io
ns
)

Bi
ol
og

ic
al

in
te
rp
re
ta
ti
on

Ph
ys
ic
al

in
tu
it
io
n

D
os
e
gr
id

si
ze

in
de

pe
nd

en
ce

C
al
cu

la
ti
on

ti
m
e

re
du

ct
io
n

R
ea
so
na

bl
e
cr
it
er
ia

of
ac
ce
pt
an

ce
Li
m
it
at
io
ns

G
am

m
a
H
is
to
gr
am

s
(6
7)

+
N
o
sp
at
ia
l
in
fo
rm

at
io
n.

Su
pp

le
m
en

ta
ry

to
G
am

m
a
In
de

x
G
am

m
a
A
ng

le
(1

6
2)

+
Su

pp
le
m
en

ta
ry

to
G
am

m
a
In
de

x
Bo

x
M
et
ho

d
(8
1)

+
+

N
o
di
re
ct

sp
at
ia
li
nf
or
m
at
io
n,

D
TA

is
tr
an

sl
at
ed

to
a
do

se
eq

ui
va

le
nt

co
m
po

ne
nt

χ-
Ev

al
ua

ti
on

(1
4
2)

+
N
ee
d
fo
r
in
te
rp
ol
at
io
n
if
di
st
ri
bu

ti
on

s
ar
e
no

t
of

th
e
sa
m
e
gr
id

si
ze
.

Po
ss
ib
ly

in
ac
cu

ra
te

fo
r
sl
op

e
ch

an
gi
ng

ar
ea
s

D
el
ta

En
ve

lo
pe

(2
2)

+
H
ig
h
do

se
-g
ra
di
en

t
ar
ea
s
m
ay

aff
ec
t
th
e
pa

ss
in
g
ra
te
.N

ee
d
fo
r

in
te
rp
ol
at
io
n

Su
rf
ac
e-
ba

se
d
di
st
an

ce
m
et
ho

d
(3
4)

+
C
on

st
an

t
do

se
gr
ad

ie
nt

fa
ct
or

do
es

no
t
re
pr
es
en

t
th
e
sh
ar
pn

es
s
of

lo
ca
l
do

se
gr
ad

ie
nt
.B

ia
se
d
to

fi
el
d
si
ze

G
am

m
a2

(3
)

+
Su

pp
le
m
en

ta
ry

to
G
am

m
a
In
de

x
M
et
ho

d
G
eo

m
et
ri
c
In
te
rp
re
ta
ti
on

of
ga

m
m
a
(6
8)

+
+

G
am

m
a
in
de

x
lim

it
at
io
ns

in
te
rm

s
of

se
le
ct
io
n
of

pr
op

er
ac
ce
pt
an

ce
cr
it
er
ia

an
d
bi
ol
og

ic
al

si
gn

ifi
ca
nc

e
of

er
ro
rs

Fa
st

A
lg
or
it
hm

(1
1
3)

+
N
ee
d
fo
r
in
te
rp
ol
at
io
n.

G
PU

M
et
ho

d
(4
5)

+
Se

e
G
eo

m
et
ri
c
In
te
rp
re
ta
ti
on

of
ga

m
m
a

Fi
lt
er

C
as
ca
de

M
et
ho

d
(3

8
3)

+
+

N
o
co

nt
in
uo

us
(m

in
im

um
)g

am
m
a
va

lu
e
ca
lc
ul
at
io
n.

Pa
ss
/f
ai
lr
es
ul
t

Fa
st

Eu
cl
id
ea
n
D
is
ta
nc

e
Tr
an

sf
or
m
at
io
n

(2
8)

+
+

+
D
is
cr
et
iz
at
io
n
of

do
se

va
lu
es

le
ad

s
to

ro
un

di
ng

er
ro
rs

(b
ut

w
it
hi
n

th
e
in
tr
in
si
c
no

is
e
le
ve

l)
A
na

to
m
y
C
or
re
sp
on

di
ng

M
et
ho

d
(8
)

+
A
pp

lie
d
to

2D
di
st
ri
bu

ti
on

s
on

ly
G
am

m
a
+
(3
)

+
V
is
ua

li
ns
pe

ct
io
n.

Be
tt
er

us
ed

in
pa

ra
lle

lw
it
h
do

se
–r
es
po

ns
e
cu

rv
es

R
G
I
In
de

x
(1
7)

+
N
ee
d
fo
r
w
ei
gh

ti
ng

fa
ct
or
s
pe

r
or
ga

n
to

in
cr
ea
se

se
ns
it
iv
it
y
of

th
e

in
de

x
G
am

m
a
w
it
h
U
nc

er
ta
in
ty

Fe
at
ur
es

(4
)

+
Th

e
co

m
bi
na

ti
on

of
la
rg
e
do

se
or

sp
ac
e
un

ce
rt
ai
nt
ie
s
w
it
h
la
rg
e

to
le
ra
nc

e
lim

it
s
co

ul
d
le
ad

to
ac
ce
pt

an
in
ad

eq
ua

te
ca
se

U
nb

in
ne

d
M
ul
ti
va

ri
at
e
Te

st
(0
)

+
C
an

no
td

et
er
m
in
e
hi
gh

ly
lo
ca
liz

ed
di
sc
re
pa

nc
ie
s
su
ch

as
un

ex
pe

ct
ed

pe
ak

s
In
ve

rs
e
G
am

m
a
(0
)

+
Su

pp
le
m
en

ta
ry

to
G
am

m
a
In
de

x
M
et
ho

d

S. Diamantopoulos, et al. Physica Medica 67 (2019) 107–115

113



methods that analyze verification results equally in dose and space
domain. This kind of techniques is dominated by gamma index and its
major variants (Gamma Histograms and Gamma Angle) which focus on
appointing physical intuition to the results of dose comparison. The rest
gamma index upgrades are structured according to the primary lim-
itation of the original gamma index method they are trying to over-
come. Therefore, these upgrades are grouped in a) variants that are
trying to limit dose grid dependence, b) variants that are setting more
reasonable criteria of acceptance, c) methods that reduce calculation
time of gamma index and d) methods that correlate mismatches to
anatomy or radiobiology of the patient. Nonetheless, the aforemen-
tioned categorization is not absolute. Some of the methods may -
fall under more than one category. For example, Box method limits as
well dose grid dependence, similar to the geometric interpretation of
gamma index. Furthermore, Fast Euclidean transformation apart from
time reduction offers physical a biological interpretation of the results.

Category a) has a total of 313 citations, category b) has 41, c) has
637 and d) has 56. These numbers reveal the major interest of the
community was shifted towards time reducing methods followed by
dose grid independent methods. Surprisingly, categories b) and d)
which represent methods that assist in correlating verification results to
clinical practice fall way behind. This trend can be explained as follows.
Verification procedure is a quite laborious task, which should be in-
cluded in a clinical setting. Therefore, most of the researchers focused
their efforts on constituting patient specific quality assurance efficient
under clinical limitations which means valid (dose grid independent
methods) and fast (calculation time reduction methods).

Gamma index analysis offered a successful combination of two
metrics for better dose comparison and has been widely adopted in
daily routine. The majority of the identified papers shows that gamma
index is calculated with 3%/3mm acceptance criteria. AAPM's report
TG-218 on tolerance levels and methodologies for IMRT verification QA
recommends 3%/2mm [43]. Published studies on stereotactic treat-
ment QA used further reduced values (3%/2 mm, 3%/1.5mm, 3%/
1mm and 3%/0.3mm) as Hussein et al. [16] have reported.

Although gamma index in its primal form is specified in space and
can be compared to the sources off errors, the passing rate approach
used in clinic (usually 95%) includes some intrinsic limitations. This
statistical approach of plan evaluation with passing rates fails to be
clinically intuitive and easily interpretable, while the rather arbitrary
adoption of acceptance criteria does not reflect the QA accuracy that
could be achieved [44]. Furthermore, gamma passing rates do not
provide spatial information on where the mismatch occurred. It has
been reported that there is a weak correlation between gamma index
passing rates and PTV coverage in terms of DVH, while there is no
correlation with the DVH changes for organs at risk [45]. The lack of
anatomical/biological information could have been partially re-
plenished by a faulty dose level indication. However, gamma fails to
provide this kind of information as well [9]. In addition, the sign of the
mismatch is not being pointed out, e.g. if the measured point has higher
or lower dose value than expected.

Gamma index passing rates are equally susceptible to technical
limitations. Many of the follow-up techniques were developed to avoid
the interpolation (necessary to produce valid results) of the data. If an
exhaustive search of dose points is performed over the whole dis-
tribution, this method could be extremely time-consuming.
Computational time is equal to the third power of grid size [46].
Otherwise, if the search region is restricted, gamma could be over-
estimated. Two things have greatly reduced this issue. The first is that
Ju et al [25] developed an extremely fast algorithm for calculating
gamma index with automated interpolation, and second, that compu-
ters are significantly faster than they used to be.

Dose grid dependence is a limitation that every method experiences.
Gamma index shows a great dependence to dose grid size relative to the
distance criterion (Fig. 1A), resulting in faulty results under certain
circumstances [35,47]. Ju’s et al. [25] approach limits this problem as

well. Noisy data could lead to undetectable differences by affecting the
closest distance where the minimum dose difference could be found
[15,41,46]. In addition, the presence of noise biases gamma to lower
values in the evaluated distribution. More reliable results could be
produced by calculating a full 3D gamma distribution instead of 2D or
2.5D [19,48]. But even in datasets free of noise, gamma could accept
points with larger mismatches than the nominal values of the criteria
under some combinations of DD, DTA and acceptance passing rate
limits [36,49,50].

The limitations of gamma passing rate approach have been revealed
even under the scope of the receiver operating characteristic (ROC)
analysis [51,52]. It has been shown that the predictive power of patient
treatment verification is limited by the size of error to be detected. Even
though mismatches that are relatively large (> 3mm) can be success-
fully detected, lower sized errors are harder to be spotted.

These constitute the main reasons that since gamma index valuable
introduction, many research groups are trying to develop variants,
which would eliminate the aforementioned drawbacks and flaws while
exploiting its indisputable advantages. These extensions or variations of
the original gamma method are described in detail and are listed in
Table 1, alongside with the limitation that they try to overcome.

Nowadays, as many of the technical problems have been solved, the
community should shift its interest towards methods that could
“translate” verification outcome to patient related information. A DVH
analysis of the verification result is a step towards this direction;
however, the lack of spatial information is a drawback. Additionally, a
DVH approach can not be utilized during a TPS commissioning or other
routine QAs. In those occasions, methods that take into account ex-
perimental uncertainty should be considered to clarify possible mis-
matches. Whenever gamma analysis is used for patient verification,
results should be analyzed with acceptance criteria that are linked to
the radiobiological impact of the mismatches. A DVH evaluation of the
measured distribution is encouraged to be used if available alongside
with a refined gamma index calculation (such as the geometric inter-
pretation of the gamma method [25]). Other radiobiological related
methods such as gamma+or RGI are also suggested to complement
analysis, especially for cases where the plan “passes” but with a rate
close to the limit of acceptance. Furthermore, the analysis is suggested
to be performed at least in two different regions of interest (marked as
PTV and OARs) by using 90% of the prescription dose as a boundary.
Doses from that value and up (high dose region) could be associated
with PTV coverage. Below that value mismatches would mostly affect
OARs. A further subdivision of the OAR region to high gradient (90%-
50%), mean dose (50%-30%) and low dose (30%-20%) zones could
provide a better overview of the location of the errors, as already
proposed by Stojadinovic et al. [53].

5. Conclusions

It is evident that among the available methods for the comparison of
two dose distributions, the γ-analysis (gamma analysis) prevails. It has
been widely adopted as it offers a global evaluation tool, for every point
of the distributions, independently of local dose gradients. It is estab-
lished as the gold standard in verification procedures and clinical de-
cisions are made upon its results. However, high passing rates in plan
verification do not necessarily guarantee accurate dose delivery as per
literature. Since gamma index introduction, many efforts have been
conducted focusing on refining it. Nevertheless, due to various intrinsic
restrictions the generation of an ideal index is still a challenge. The
medical physics community should not rest on gamma index familiarity
but instead should strive for a better metric taking into account both
statistical and in clinical parameters.
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