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A B S T R A C T

Goal: In-beam Positron Emission Tomography (PET) is a technique for in-vivo non-invasive treatment monitor-
ing for proton therapy. To detect anatomical changes in patients with PET, various analysis methods exist, but
their clinical interpretation is problematic. The goal of this work is to investigate whether the gamma-index
analysis, widely used for dose comparisons, is an appropriate tool for comparing in-beam PET distributions.
Focusing on a head-and-neck patient, we investigate whether the gamma-index map and the passing rate are
sensitive to progressive anatomical changes.
Methods/materials: We simulated a treatment course of a proton therapy patient using FLUKA Monte Carlo
simulations. Gradual emptying of the sinonasal cavity was modeled through a series of artificially modified
CT scans. The in-beam PET activity distributions from three fields were evaluated, simulating a planar dual
head geometry. We applied the 3D-gamma evaluation method to compare the PET images with a reference
image without changes. Various tolerance criteria and parameters were tested, and results were compared to
the CT-scans.
Results: Based on 210 MC simulations we identified appropriate parameters for the gamma-index analysis.
Tolerance values of 3 mm/3% and 2 mm/2% were suited for comparison of simulated in-beam PET
distributions. The gamma passing rate decreased with increasing volume change for all fields.
Conclusion: The gamma-index analysis was found to be a useful tool for comparing simulated in-beam PET
images, sensitive to sinonasal cavity emptying. Monitoring the gamma passing rate behavior over the treatment
course is useful to detect anatomical changes occurring during the treatment course.
1. Introduction

Thanks to the possibility to realize highly conformal dose distribu-
tions, proton therapy allows for the effective treatment of tumors with
complex or irregular shapes [1–3]. However, anatomical changes occur
frequently during the treatment course. A well-known example is emp-
tying and filling of the sinonasal cavity, sometimes occurring during
the treatment course of head-and-neck patients. Anatomical changes
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can potentially lead to dose distortions, and one or more control CTs
are generally acquired along the treatment course to verify whether the
treatment plan should be modified: adaptive proton therapy [4–7]. The
scheduling of the CT scan is decided by the radiation oncologist, mostly
based on clinical experience and group-based protocols. Depending on
the CT outcome, the radiation oncologist may decide for replanning. In-
vivo range monitoring can be a useful tool to support clinical personnel
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to estimate whether dose deviations occur, and to eventually reschedule
the control CT.

Positron-Emission-Tomography (PET) is a well-established non-inva
sive monitoring technique, based on the detection of the 511 keV
annihilation photons following the 𝛽+ decays of isotopes like 15O and
11C, produced through nuclear interactions in the patient [8,9]. In in-
beam PET acquisition, data are acquired while the patient is on the
treatment couch. This modality is attractive, since it provides informa-
tion about the dose delivery during treatment. It can thus provide useful
information, complementary to pre-treatment imaging techniques like
Cone-Beam CT imaging. PET scanners with different geometries have
been developed for in-beam data acquisition, including the planar dual
head geometry.

One of the major problems in PET monitoring is the clinical inter-
pretation of the PET images. The most widely used methods to compare
two PET images include the Beam-Eye-View (BEV) method [10] and
the Most-Likely-Shift method [11,12], which both focus on detecting
inter-fractional differences at the end of range of the activity distri-
butions with respect to expectations. Although promising results were
recently obtained, the method is basically 2-D, focusing on differences
in the distal fall-off area. More recently, a 3D-voxel based method was
proposed [13], however this requires a large amount of Monte Carlo
simulations and an excellent agreement between the simulation model
and the data.

In dose comparisons a widely used metric is the 𝛾-index analy-
sis [14,15]. The gamma index test is a metric that was introduced to
overcome problems related to calculations of dose difference (DD) and
distance-to-agreement (DTA) calculations, typically failing in high and
low dose gradient regions, respectively. The gamma index combines
them into a single metric. The degree of agreement between two dose
distributions can be calculated voxel-by-voxel by setting appropriate
tolerance criteria, and visualized superimposed on the CT scan. It is
clinically widely applied in quality-assurance procedures, for instance
to compare measured with predicted dose distributions, to compare
Monte Carlo calculated dose distributions with analytically calculated
dose distributions, to compare different treatment modalities, and so
on [14–17].

Regarding comparisons of PET activity distributions, it is not a-
priori clear whether the gamma index is a reasonable metric. To the
best of our knowledge, it was applied to PET distributions in a few peer-
reviewed works [18–21]. The work by Wang et al. regarded diagnostic
intra-radiotherapy PET images [18]. Knopf et al. [19] analyzed offline
PET data for proton treatment monitoring, comparing simulations and
off-line PET data. They included several different patients and tumour
sites and applied the 2-D gamma analysis in the iso-center plane. The
work by Zhang et al. [20] was also done with off-line PET data, pre-
senting comparisons of PET data and simulations on a PMMA phantom.
They performed a 3D gamma analysis between predictions and mea-
surements. Finally, in a preparatory study done by our group different
analysis methods were compared for in-beam PET data, including the
gamma analysis, for one field [21].

The goal of the present work is threefold. First, we will confirm
the suitability of the gamma-analysis, as suggested in [21], as ap-
propriate tool for comparison of in-beam PET images. A dual head
planar PET scanner geometry will be considered. Given the intrinsic
problems of resolution, statistics and image artifacts of such images,
it is not a-priory clear whether the gamma index analysis can be
applied to in-beam PET images at all. Moreover, the gamma index
method was originally developed for dose distributions, which are
much more homogeneous and regular than in-beam PET distributions.
Hereby we apply a 3D gamma analysis, so that we will not be limited
to the isocenter plane, allowing for consideration and evaluation of the
entire PET volumetric distribution. Different parameters in the gamma
analysis will be considered, and different fields will be investigated.
Second, focusing on the detection of cavity emptying in head-and-neck
2

treatments, we will investigate whether regions identified by the 3D
gamma index map are correlated with the regions where anatomical
changes were found , and with the delivered dose. Third, we investigate
whether the gamma passing rate is correlated with the size of the
anatomical changes. The above aspects were not considered in other
studies.

This feasibility study will be based on a large number of FLUKA
Monte Carlo simulations of a patient treatment including cavity empty-
ing. This can gradually occur during the treatment course and can cause
serious dose deviations if not detected timely [4,6,22–24]. Being able
to detect such anatomical changes non-invasively and during treatment
would be highly useful.

2. Methods and materials

2.1. Creation of dataset

We used the Computed Tomography (CT) scan of a 70 year old
patient treated in 2018 for Squamous Cell Carcinoma (SCC) with proton
therapy (IMPT) at the National Center for Oncological Hadrontherapy
(CNAO) in Pavia, Italy. A planning CT scan with resolution 0.98 𝑥 0.98
𝑥 2 mm3 was available with the corresponding structure set. In Fig. 1(a)
a slice of the planning CT scan is given, with the low-dose clinical target
volume (CTV-low) and the high-dose clinical target volume (CTV high)
indicated. The sinonasal cavity is seen to be located inside the CTV-
low, that received 60 Gy in 30 fractions. The CTV-high received 66 Gy
in 33 fractions (2 Gy per treatment session). An intensity modulated
proton therapy (IMPT) treatment plan was available for this CT scan,
the details of which are given in Table 1.

A gradual emptying of the sinonasal cavity was mimicked as in [13].
The volumes that were changed are given in Table 2. In Figs. 1 a, b and
c we show a slice of the CT scan for the emptying volumes of 0.0, 7.3
and 13.1 ml, respectively.

2.2. FLUKA MC simulations

We extended the dataset of simulations previously performed [13]
from one field to three fields. A tool previously developed for the
INSIDE in-beam PET scanner in hadrontherapy verification and docu-
mented elsewhere [13,25,26], was used for the Monte Carlo simulation
of the PET signal of the planar PET scanner. First, the reference PET
signal was simulated, i.e., the signal in absence of anatomical changes.
Shortly summarizing, the framework included the FLUKA Monte Carlo
simulation of the CNAO beamline, the pencil beam transverse dimen-
sion and shape, the time structure of the delivered protons, and the
patient geometry, obtained by importing the CT scan in a voxel FLUKA
geometry. Radiation transport and interactions of protons in the patient
were simulated, as well as the generation and decay of the 𝛽+ emitting
isotopes. With the help of a user scoring routine we extracted the
spatial coordinates and decay time of the 𝛽+emitting isotope (11C, 15O,
and so on). This collection of isotopes is referred to as the isotope
production map (IPM). The annihilation decay and transport of the
511 keV photons in the patient was simulated. The geometry of a
planar in-beam PET scanner, described in detail elsewhere [27,28]
was included, including the energy deposition of the photons in the
individual pixelated LSF crystals. Coincidences were selected that oc-
curred between the start of treatment, in between the beam spills, up to
about 6 min. The lines-of-responses (LORs) were created and the image
was reconstructed with an iterative maximum likelihood expectation
maximization (MLEM) procedure. We simulated separately the three
fields (beam direction, see Table 1). For each field 3-D PET image was
obtained, with a field-of-view (FOV) of 22.4 × 11.2 × 26.4 cm3, with
1.6×1.6×1.6 mm3 voxels, just like in data. The obtained images suffered
from reconstruction artifacts in the direction perpendicular to the two
PET detector planes, a well-known problem for planar PET scanners.

We applied a median filter of 3.2 mm (2 voxels) in all directions in
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Fig. 1. (a) Slice of the planning CT of the SCC patient, with the CTV high and CTV low indicated in magenta and cyan contours. (b) Same but now including an artificially
introduced anatomical change. The yellow circle indicates the region of interest, where the partly emptied sinonasal cavity is visible. (c) The same, but now including the totally
emptied sinonasal cavity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
Relevant treatment plan characteristics of the SCC patient. The field angles are expressed in International Electrotechnical
Commission (IEC) standard.

Treatment modality IMPT

Nr. of fractions 33

Dose prescription CTV low 60 Gy
CTV high 66 Gy

Dose per fraction CTV low 2 Gy
CTV high 2 Gy

Field Angles Nr. of protons/day Nr. of spots Min. energy Max. energy

1 270 ◦IEC 2.13×1010 4419 66.3 MeV 167.7 MeV

2 0 ◦IEC 2.62×1010 7022 67.2 MeV 136.5 MeV

3 180 ◦IEC 2.13×1010 4847 66.3 MeV 144.4 MeV
𝑟

Table 2
List of the generated intermediate CTs, with the cor-
responding absolute and relative reduction in tissue
volume in the cavity [13].
mod. CT 𝑗 𝛥𝑉 [ml] 𝛥𝑉 [%]

0 0 0
1 1.9 15
2 3.8 29
3 5.7 44
4 7.3 56
5 10.2 78
6 13.1 100

order to decrease statistical fluctuations. The FLUKA simulation was
repeated ten times by changing the random seed in the simulation.

For each volume change, the above procedure was repeated, so
that in the end we obtained 210 PET distributions (3 × 7 × 10=210,
corresponding to 3 fields, 7 volume changes, and 10 random seeds). The
simulation procedure was conducted using a 23-core Intel(R) Xeon(R)
CPU X5650 2.67 GHz. For simulating one PET distribution the total
simulation time was approximately 16 h. It must be noted that this
dataset of simulations is three times larger than the one used in our
previous work [13]. In Fig. 2, we show a PET distribution for each field
and for three volumes (0 ml, 7.3 ml, and 13.1 ml). The activity that can
be seen outside the patient contours is due to the limited resolution in
the direction perpendicular to the PET system (𝑥-direction), that causes
activity generated outside the patient.
3

2.3. PET gamma index

To compare two PET images, various analysis techniques have been
developed in the past, including the analysis range differences applied
in one dimension [29] and two dimensions (Beam-Eye view and Most-
likely-Shift methods) [10–12]. Moreover a statistics-based 3D method
was tested on simulations [13]. In this study we test whether the
gamma index analysis method, a method traditionally used for dose
comparisons, can be used to compare inter-fractional PET images.
The gamma test [14] is a metric that was introduced to facilitate
quantitative dose comparisons and to overcome problems related to
calculations of dose difference (DD) and distance-to-agreement (DTA)
calculations. The gamma index combines them both into an abstract di-
mensionless metric resembling a distance. Here, rather than comparing
dose images, we compare the simulated PET images of the reference
PET distributions with those corresponding to sinonasal cavity empty-
ing. To facilitate the interpretation, we decided to maintain the same
terminology conventionally used in works regarding dose comparison.
In our case, when an evaluated PET data distribution 𝐷𝑃𝐸𝑇

𝑒 is compared
to a reference PET data distribution 𝐷PET

𝑟 , given at grid points 𝑟𝑒 and
𝑟⃗, respectively, the gamma index 𝛾PET(𝑟𝑒) is given by:

𝛾PET
(

𝑟𝑒
)

= min
[

𝛤PET
(

𝑟𝑒, 𝑟𝑟
)]

∀ 𝑟𝑟 (1)

where

𝛤PET
(

𝑟𝑒, 𝑟𝑟
)

=

√

√

√

√

𝛥𝑟2
(

𝑟𝑒, 𝑟𝑟
)

+
𝛥𝐷

(
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Fig. 2. Upper figures: Slice of the planning CT of the SCC patient together with the simulated PET distribution for field 1 for the situation without anatomical change (a), a
sinonasal cavity emptying of 7.3 ml (b) and a sinonasal cavity emptying of 13.1 ml (c). Middle row: the same, but for field 2. Lower row: the same, but for field 3. The beam
directions are indicated by the white arrow.
Here 𝛥𝑟(𝑟𝑒, 𝑟𝑟) = |𝑟𝑒 − 𝑟𝑟| is the spatial distance between 𝑟𝑒 and 𝑟𝑟,
𝛥𝐷(𝑟𝑒, 𝑟𝑟) = 𝐷PET

𝑒 (𝑟𝑒) − 𝐷PET
𝑟 (𝑟𝑟) is the value of the PET data difference

(image grey value differences), and the parameters 𝐷𝑇𝐴 and 𝐷𝐷
are the acceptance criteria for distance-to-agreement and PET data-to-
agreement respectively. In other words, the evaluated point with the
smallest 𝛤PET corresponds best to the reference point and is referred to
as the 𝛾PET index in that grid point, as in common dose gamma calcu-
lation [14]. If 𝛾PET ≤ 1, the point is accepted (compatible distributions
in that grid point), and if 𝛾PET > 1 the point is rejected (incompatible
distributions in that grid point). The 𝛾𝑃𝐸𝑇 distribution has the same
dimensions as the PET distribution.

Regarding the parameter 𝐷𝐷, this can be calculated relative to
a global value like the maximum data value of the distribution, or
relative to the local value expected in 𝑟𝑟. For example, in a global
gamma index calculation, a DD of 2% usually refers to 2% of the
maximum value in the distribution (in dose comparisons the prescribed
dose can also be used). The two types of 𝛾-index have advantages
and disadvantages, as discussed for instance [30–32] and references
therein, all regarding dose distributions comparison. In these works it
was demonstrated that the local 𝛾 tends to highlight failures in high
dose gradient regions and in low dose regions. On the other hand
the global 𝛾 tends to mask these errors but shows the errors within
the higher dose regions. In dose evaluations the most widely applied
method seems the global gamma index evaluation [14,15,17,31]. Still
regarding dose verification, the parameters used for 𝐷𝑇𝐴 and 𝐷𝐷
acceptance criteria are widely varying, from 1 mm and 1% to 5 mm
and 5%, respectively [14,17,30,33,34]. Examples of widely applied
values are 3 mm/3% and 2 mm/2%. In the published works regarding
PET image comparisons, a global gamma analysis was applied with
4

tolerances of 𝐷𝑇𝐴 = 3 mm and 𝐷𝐷 = 45% of the maximum value [19],
whereas tolerances of 𝐷𝑇𝐴 = 3 mm and 𝐷𝐷 = 3% of the maximum
value were used in [20].

Another parameter which needs to be chosen is a threshold value
𝑇 . Below this threshold, the gamma index is not calculated because it
is considered clinically irrelevant. In dose comparisons, a threshold of
10% of the maximum dose is usually applied [17,34], but again a va-
riety of thresholds has been used. In works regarding PET distributions
a threshold of 5% was used by Knopf et al. [19] and a threshold of 1%
of the maximum activity value per mm was used by Zhang et al. [20].
When we report a gamma threshold in this manuscript, this indicates a
threshold relative to the maximum value of the reference distribution.

We can also define a gamma passing rate, 𝑃𝑅, for PET comparisons,
as the percentage of evaluated points satisfying the condition 𝛾PET ≤ 1:

𝑃𝑅 =
𝑁𝑝(𝛾𝑃𝐸𝑇 ≤ 1)

𝑁𝑝
(3)

where 𝑁𝑝(𝛾𝑃𝐸𝑇 ≤ 1) is the number of evaluated points inside the
patient with a value above the defined threshold that has 𝛾𝑃𝐸𝑇 ≤ 1,
and 𝑁𝑝 is the total number of evaluated points above threshold. In dose
comparisons, 90% or 95% are typically used passing criteria.

To the best of our knowledge, no indications or recommendations
for PET image comparisons are given in literature, and no systematic
studies exist about the impact of the parameters. In this work we
therefore test several tolerances and thresholds, compare them, and
investigate whether the gamma index can be used to reveal differ-
ences between the reference PET distribution and the modified PET
distributions.
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Fig. 3. Slice of the planning CT with the expected activity mask, including the irradiated zone. The expected activity map of field 1 is indicated by red, while that of the opposite
fields 2 and 3 is indicated by blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
2.4. Analysis strategy

The analysis strategy was based on two steps. First, we systemati-
cally studied the tolerances and thresholds by comparing a reference
PET image with a PET image corresponding to a maximum volume
change (13.1 ml), for the three fields. Here we included:

• Threshold values in the range from 1% to 10%.
• PET data tolerances 𝐷𝐷 ranging from 2% to 7%.
• Distance tolerances 𝐷𝑇𝐴 ranging from 2 mm to 7 mm.
• Local versus global 𝛾PET-index calculation.

The evaluated points in the gamma calculation were always required
to lay inside the skin region of the patient, and also inside a mask
(expected activity mask) covering the total irradiated zone for each
field (Fig. 3). Here different colors are used to indicate the different
fields (red for field 1, and blue for the opposite fields 2 and 3). The
obtained 3D gamma index distributions was superimposed to the CT
scan that contained the morphological change and compared to the
planning CT scan. By comparing the various gamma index distributions
with the CT scan, appropriate parameters were identified.

Second, using a set of fixed parameters from the first step, we
investigated whether the gamma index analysis can possibly be used to
reveal anatomical changes that occur in time. For this purpose we used
the series of PET distributions that corresponded to a gradual cavity
emptying over time (Section 2.1). For a given field and volume change,
the corresponding PET distribution was compared with the 10 reference
PET images (10 different random numbers). This was done for all the
volume changes, and repeated for all fields. In total, the gamma index
analysis was performed 210 times (3 fields × 7 volumes × 10 random
numbers), which was computationally challenging. The gamma 𝑃𝑅 was
evaluated for each of them, where the evaluation points were always
required to be above the threshold 𝑇 , inside the patient, and inside the
expected activity mask.

Third, we evaluated the gamma index for dose 𝛾𝐷𝑜𝑠𝑒, which is
defined exactly as Eq. (1), but evaluated on the dose distribution. This
was compared with the PET gamma index distribution 𝛾𝑃𝐸𝑇 . Both 𝛾𝐷𝑜𝑠𝑒
and 𝛾𝑃𝐸𝑇 were obtained using the global gamma analysis with various
tolerance levels and thresholds. Concerning the calculation of the 𝑃𝑅,
it must be noted that the involved regions are not necessarily the same
in 𝛾𝐷𝑜𝑠𝑒 and 𝛾𝑃𝐸𝑇 , because the thresholds are referring to the maximum
of the reference distribution, which is completely different for PET and
dose.

We made use of the gamma index function already implemented in
PyMedPhys [35], which refers to [33]. This function requires to set an
interpolation factor 𝑝, which was set to 10 as recommended [33] (see
discussion).
5

3. Results

3.1. Effect of threshold

In Fig. 4 we show the gamma index that results from comparing
the reference PET distribution with that of a cavity emptying volume
of 13.1 ml (the largest volume) for field 1, using tolerance criteria
of 𝐷𝐷 = 3%, 𝐷𝑇𝐴 = 3 mm, while varying the threshold value, 𝑇 .
The global gamma index calculation was used. Only gamma index
values above 1 are displayed, so that only the regions where the PET
distribution are incompatible are highlighted. The beam direction of
field 1 is indicated.

First of all, we observe that the emptied volume is clearly high-
lighted with these tolerance criteria (yellow box), for all values of 𝑇 .
Second, the region of the beam-overshoot, indicated with a red arrow,
is seen to change with decreasing threshold: the higher is the threshold,
the smaller is the highlighted region. The emptying of the cavity, where
liquid material is replaced by air, results in an overshoot of the pencil
beams that cross the cavity. As a result, activity is generated beyond
this region. If the threshold is large (10% of the maximum), the gamma
index is not calculated in this region. This is because the associated
activity is small here, and below threshold. The lower the threshold,
the more voxels are included in the gamma index calculation, and the
better the overshoot can be revealed. Thus, we believe that for moni-
toring PET distributions aimed at revealing possible beam overshoots,
a low threshold such as 1% is more appropriate than large values like
10% as recommended for dose comparisons [17] (see also discussion).
For the other two fields, we confirmed that a low threshold was more
appropriate than a high threshold to reveal a beam overshoot.

3.2. Global and local 𝛾-index calculation

The local and global criteria were compared for tolerance criteria
of 2 mm/2% and 3 mm/3% using a threshold of 1% of the maximum
expected activity. Fig. 5 shows the resulting gamma index distributions
for the three fields, comparing the global and local gamma index for a
tolerance of 2 mm/2% and 3 mm/3%.

For field 1, Fig. 5(a) and (b) show the global and local gamma index
calculation for 2%∕2 mm, respectively. For the same field Fig. 5(c) and
(d) give the global and local gamma index calculation for 3 mm/3%. By
comparing (a), (b), (c) and (d), we observe that the regions with 𝛾 > 1
(incompatible) are mostly similar. However, for the same tolerance
criteria and threshold, the global calculation results in a lower 𝛾PET-
index values (see discussion). Also, for the same tolerance criteria, there
is more noise in the local calculation. The results for field 2 and field
3 are given in Fig. 5 (e-h) and (i-l), respectively.

Given the larger amount of noise found for the local gamma anal-
ysis, we opt to report the global 𝛾-calculation in the remaining part of
this work.
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Fig. 4. Gamma index resulting from comparing the reference PET distribution with that of a cavity emptying volume of 13.1 ml for field 1. The tolerance criteria were 𝐷𝐷 = 3%,
𝐷𝑇𝐴 = 3 mm, and the threshold value was 1% (a), 2% (b), 5% (c) and 10% (d) of the maximum value. Only gamma index values above 1 are displayed.

Fig. 5. Gamma analysis between the reference PET distributions and that obtained for a 13.1 ml volume change (cavity emptying): the comparison between the global and local
𝛾-index calculation for tolerance criteria 𝐷𝐷 = 2%, 𝐷𝑇𝐴 = 2 mm and 𝐷𝐷 = 3%, 𝐷𝑇𝐴 = 3 mm for field 1 (a, b, c, d), field 2 (e, f, g, h) and field 3 (i, j, k, l).
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Fig. 6. Gamma analysis between the reference PET distributions and that obtained for a 13.1 ml volume change (cavity emptying): comparison between different tolerance criteria
for the global 𝛾PET-index calculation with 𝑇 = 1% for field 1 (a-d), field 2 (e-h), and field 3 (i-l), with 𝐷𝐷 = 3%, 𝐷𝑇𝐴 = 3 mm (a, e, i), 𝐷𝐷 = 4%, 𝐷𝑇𝐴 = 4 mm (b, f, j), 𝐷𝐷 = 5%,
𝐷𝑇𝐴 = 5 mm (c, g, k) and 𝐷𝐷 = 7%, 𝐷𝑇𝐴 = 7 mm (d, h, l).

Fig. 7. A slice of the CT with maximum volume change (13.1 ml), together with the location of example in-beam PET activity profiles along 𝑧 for field 1 (a), field 2 (b) and field
3 (c). The corresponding example profiles are shown in (d), (e) and (f) for field 1, field 2 and field 3, respectively. The red double arrow indicates the position of the volume
change. The scale indicated in the CT slices is in mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. The gamma passing rate (global) using 𝐷𝐷 = 3%, 𝐷𝑇𝐴 = 3 mm and 𝑇 = 1% as a function of the volume change for field 1 (a), field 2 (b) and field 3 (c).
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Fig. 9. Left column: a slice of the reference CT scan with the dose (a) and PET (d) distribution. Center column: a slice of the CT scan with maximum volume change (13.1 ml)
with the dose (b) and PET (e) distributions. Right column: a slice of the modified CT scan with the gamma distribution for dose (c) and PET (f). The tolerances were 3%/3 mm
and a threshold of 1% of the maximum of the reference distribution.
3.3. Tolerance criteria

Fig. 6 (a-d) shows an example of the global gamma index distribu-
tion for field 1 when comparing the reference PET distribution with
that obtained when the volume change was 13.1 ml. The gamma index
distribution for tolerance criteria of 3 mm/3%, 4 mm/4%, 5 mm/5%,
and 7 mm/7% are shown in Fig. 6(a), (b), (c) and (d), respectively.
The threshold was 1% of the maximum. Fig. 6 (e-h) shows the same for
field 2, and Fig. 6 (i-l) for field 3. The results for 2 mm/2% are shown
in Fig. 5 in the left column (a, e, and (i). We note that with increasing
tolerances, the highlighted zone decreases in size and intensity. Also,
the noise disappears when the threshold increases. This is logical, as the
two PET distributions are increasingly compatible when the tolerance
grows.

By comparing the different fields in Fig. 6, we notice that for field 1
both the emptied region and the resulting beam overshoot are revealed.
For field 2 and 3, only the overshoot is clearly revealed. The reason
is that the air, replacing the tissue, is reflected in the activity in a
different way in each of the three beam directions. This is illustrated in
Fig. 7, where 3 profile examples along the beam axis are shown for the
reference PET image (black solid line) and the one including a volume
change of 13.1 ml (blue dashed line). For field 1, the air gap has a
dimension of about 3 cm (red double arrow), which is approximately
reflected in the profile. Moreover the beam overshoot is well visible.
For field 2, the length of the airgap is about 2 cm (red double arrow)
and it is located in a zone with very strongly decreasing activity in a
highly heterogeneous region. The air gap is not clearly visible in the
profile, however the beam overshoot is still well visible. For field 3, the
situation is similar and the overshoot is well visible. Thus, it depends
on the field direction how and whether an airgap is revealed in the PET
signal. Finally it must be noted that in none of the fields the activity
drops to zero in the airgap. This is due to resolution effects.

3.4. Gamma passing rate

The gamma passing rate (global gamma) as a function of the volume
change is shown in Fig. 8, using 𝐷𝐷 = 3%, 𝐷𝑇𝐴 = 3 mm and 𝑇 = 1%
9

for field 1 (a), field 2 (b) and field 3 (c). The error bar represents the
standard deviation value, calculated from the 10 independent simula-
tions done for each volume change. A few observations can be made.
First of all, the first point, where no volume change was present, shows
a gamma passing rate much below 100%. In other words, even though
the CT scan is the same, using another random seed in the simulation
results in a gamma passing rate that deviates from 100%. This is due to
the large statistical fluctuations in the planar PET distributions in the
simulations. Second, we see that the gamma passing rate decreases for
all the fields in a similar manner, when the volume change increases.
Thus, there is a clear tendency that the gamma passing rate decreases
with increasing volume change. Such a trend in the gamma passing
rate is a useful quantity that can be used as indication of an ongoing
anatomical change.

3.5. Comparison with dose gamma analysis

In Fig. 9 the gamma index distributions for dose and PET are given
for field B1 when comparing the reference situation with that of a
volume change of 13.1 ml, showing the coronal view. When comparing
the PET and the dose gamma distribution, we see that the beam
overshoot is well identified in both distributions. The air gap is only
identified in the 𝛾𝑃𝐸𝑇 distribution, because the dose in air does not
noticeably change. Using a tolerance of 3%/3 mm and a threshold of
1% of the maximum of the reference, the gamma passing rate for dose
and PET distributions were found to be 94% and 82% for dose and PET
gamma index, respectively (see discussion). The other fields were also
investigated, revealing the beam overshoot in a similar way.

4. Discussion

The popularity of the gamma index is evidenced by the number of
citations in scientific peer-reviewed literature. In the Elsevier Scopus
citation database, it was found that the original 𝛾 paper by Low [14]
has been cited 2136 times in the literature since it was published, as
of May 2023. The tool is used primarily for dose comparisons, but
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Fig. 10. Top figures: a slice of the maximum volume change (13.1 ml) CT scan with the 𝛾𝐷𝑜𝑠𝑒 distribution for 3%/3 mm tolerances and a threshold of 1% (a) and 10% (b). Bottom
figures: the same but showing the 𝛾𝑃𝐸𝑇 distribution with a threshold of 1% (c) and 10% (d).
mathematically there is nothing that hampers the usage for PET image
comparisons. From a physics point of view, in-beam PET distributions
suffer from substantial inhomogeneities, low statistics and artifacts.
This makes that the application of the gamma index analysis cannot be
taken for granted. There are several issues in the analysis that deserve
a more profound discussion.

The main drawback of our study is that it is limited to the MC sim-
ulation of one patient, with one type of anatomical change. The FLUKA
simulation of a full PET simulation is complex and computationally
heavy (see Methods and Materials): with 16 h for a single simulation, it
took a considerable amount of computing time to simulate 210 PET dis-
tributions. As a starting point, we therefore used the dataset generated
in a previous study [13], but we extended it from 70 to 210 simulations
by adding the fields 2 and 3, resulting in a large amount of novel and
independent PET distributions. Furthermore, the gamma analysis was
computationally expensive: the amount of time required ranged from
about 20 min to several hours, depending on the specific parameters
chosen. Despite this limitation, this feasibility study clearly showed
10
the usefulness of the gamma-analysis on in-beam PET images, and the
decreasing trend in the gamma passing rate with volume change was
observed independently for all three fields. The simulation of more
patients is a natural next step and part of future research. Regarding
the type of anatomical change studied, sinonasal cavity emptying is a
common type of change in head-and-neck patients, that can lead to
serious dose deviations if it is not detected in due time [4,6,22–24].
More types of anatomical changes, like tumour regression/growth, and
other error sources like positioning errors will be investigated in the
future.

Another drawback is the limited amount of variations that was made
in the parameters in the 𝛾PET-index calculation. No recommendations
exist for PET image comparisons and the method is almost exclusively
used for dose comparisons. Contrary to dose, activity generated during
a proton therapy treatment is time-dependent. It is well known that
the in-beam PET signal depends on factors like the irradiation profile,
the beam intensity, and acquisition time. Thus, a low activity does not
automatically imply that the released dose is small, and vice versa. This
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makes the choice of the tolerance criteria and thresholds non-trivial,
and does not make the application of tolerances used in dose compar-
isons automatically appropriate. For simulated volume changes in the
sinonasal cavity, we found that tolerance parameters of 2 mm/2% and
3 mm/3% were appropriate. This was true for all fields. The latter were
used also by Zhang et al. [20]. These parameters can serve as a starting
point for gamma-index analyses of PET images. More studies including
more patients are needed to assess whether these tolerance levels also
apply to other patients and to acquired PET data.

Regarding the threshold, we noted that a small threshold can reveal
a beam overshoot better. If the activity threshold is too large, the
evaluation points with small expected activity are excluded from the
gamma index calculations, and a range overshoot could be missed. A
zero threshold is best, but in our case the computing time increased
with a factor of 5 with respect that a 1% threshold.

Another point of discussion is the comparison between the gamma
index obtained for dose and PET distribution. The correlation between
dose and PET gamma distributions could possibly be useful to define
action levels, for instance to flag a patient as possible candidate for
replanning. Fig. 9 showed that 𝛾𝑃𝐸𝑇 and 𝛾𝐷𝑜𝑠𝑒 are partially correlated:
he beam overshoot was revealed in both, while the air gap was only
evealed in 𝛾𝑃𝐸𝑇 (field B1). We remind that dose and PET result from
undamentally different physics interactions, and therefor the regions
dentified as anomalous are not automatically the same. Moreover
he size of the regions depend strongly on the gamma parameters
hosen. We investigated the effect of a 10% threshold, as often used
n dose analyses. The result is shown in Fig. 10, where we can see
hat an increased threshold results in a smaller anomalous region of
eam overshoot. It is questionable whether the same tolerances should
e applied for 𝛾𝑃𝐸𝑇 and 𝛾𝐷𝑜𝑠𝑒. To fully investigate this, it would be
ecessary to study the correlations between 𝛾𝑃𝐸𝑇 and 𝛾𝐷𝑜𝑠𝑒 in detail,
nvolving more patients. This is part of future research. We believe that
he parameters suggested in this work can be a starting point for such
study.

Finally, the present work included only in-beam PET simulations.
uture work should include the extension to offline PET and to real
ET data. A careful evaluation of different tolerance criteria should be
one in-house. Such an evaluation should include gamma calculations
ith various tolerance criteria. The tolerance parameters tested in this
ork can be used as starting point.

. Conclusion

In this work we described an application of the gamma index anal-
sis in the context of in-beam PET image analysis, aimed at revealing
gradually occurring sinonasal cavity emptying. We systematically

nvestigated the effect of several parameters in the gamma index cal-
ulation. Regarding the three initial goals of this study, the conclusions
eached are the following.

First, the image artifacts and low statistics of the simulated in-beam
ET images did not hamper the application of the 3D gamma index
o this kind of PET images. Second, it depends on the field whether
he anatomical change is directly displayed in the gamma-index map.
ifferent beam directions may have a different sensitivity to detect
natomical changes. In our case, the gamma index analysis of field
was sensitive to both the air gap and the beam overshoot, while

he gamma index analyses of field 2 and 3 only revealed the beam
vershoot. Third, the gamma passing rate changes with the volume of
he simulated anatomical change, with a decreasing trend with volume
hange, independently for all fields. For field 1 and 3, the gamma
assing rate decreased from about 90% to about 80%, while for field 2
he decrease was from about 92% to 90%. The trend of the PET gamma
assing rate can possibly be used to indicate anatomical changes with
espect to the planned situation. Whether these changes are clinically
elevant and require replanning should be determined with the help of
ther instruments, such as a repeat CT scan.
11
We believe that the advantage of the gamma index calculation
ith respect to the widely applied BEV and MLS methods is that the

egions affected by disagreements can be more clearly localized and
isplayed. For instance, the region affected by the beam overshoot can
e directly displayed on the CT, and dose effects can possibly be better
stimated than with conventionally used methods. We recommend to
se it as complementary to existing methods. With several PET particle
herapy monitoring systems operating or in construction in the world,
he application of new intuitive analysis methods is important to exploit
ET in-vivo monitoring data as efficiently as possible.
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