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Abstract

Background: Patient’s breathing affects the quality of chest images acquired with
positron emission tomography/computed tomography (PET/CT) studies. Movement
correction is required to optimize PET quantification in clinical settings. We present a
reproducible methodology to compare the impact of different movement compensa-
tion protocols on PET image quality. Static phantom images were set as reference val-
ues, and recovery coefficients (RCs) were calculated from motion compensated images
for the phantoms in respiratory movement. Image quality was evaluated in terms of:
(1) volume accuracy (VA) with the NEMA phantom; (2) concentration accuracy (CA) by
six refillable inserts within the electron density CIRS phantom; and (3) spatial resolution
(R) with the Jaszczak phantom. Three different respiratory patterns were applied to the
phantoms. We developed an open-source package to automatically analyze VA, CA
and R. We compared 10 different movement compensation protocols available in the
Philips Gemini TF-64 PET/CT (4-, 6-, 8- and 10-time bins, 20%-, 30%-, 40%-window
width in Inhale and Exhale).

Results: The homemade package provided RC values for VA, CA and R of 102 PET
images in less than 5 min. Results of the comparison of the 10 different protocols
demonstrated the feasibility of the proposed method for quantifying the variations
observed qualitatively. Overall, prospective protocols showed better motion com-
pensation than retrospective. The best performance was obtained for the protocol
Exhale 30% (0.3 s after maximum Exhale position and window width of 30%) with

RCyp = 1.6 £ 1.3,RCy = 0.90 £ 0.09 and RCg = 0.6 £ 0.4. Among retrospective proto-
cols, 8 Phase protocol showed the best performance.

Conclusion: We provided an open-source package able to automatically evaluate
the impact of motion compensation methods on PET image quality. A setup based
on commonly available experimental phantoms is recommended. Its application for
the comparison of 10 time-based approaches showed that Exhale 30% protocol had
the best performance. The proposed framework is not specific to the phantoms and
protocols presented on this study.

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-2401-8240
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40658-022-00509-4&domain=pdf

Martinez-Movilla et al. EJINMMI Physics (2022) 9:80 Page 2 of 20

Keywords: Gated 4D PET/CT, Motion compensation, Experimental phantoms, Open-
source package, Quality assurance

Background

Positron emission tomography/computed tomography (PET/CT) acquisition with 18
F-fluorodeoxyglucose (8F-FDG) as radiotracer has been proven to be of the utmost
importance in the assessment of tumors [1], in the planning of patient treatments [2]
and guiding biopsy [3]. As PET acquisition times are much longer than the respiratory
cycle, patient’s breathing causes respiratory motion, blurring the spatial distribution of
the radiotracer’s concentration and hindering the delineation of tumors [4] in the tho-
racic area. Moreover, the expansion and compression of the lungs while breathing affects
the computation of attenuation coefficients and influences the attenuation correction of
PET images [5]. Consequently, respiratory motion leads to an inaccurate quantification
of tumor size and standardized uptake value (SUV).

Commercially available PET/CT systems have traditionally monitored respiratory
cycle through the use of external hardware [6—8]. PET/CT manufacturers have recently
started implementing data-driven motion correction [5, 9-11], for which the respiratory
signal is derived from the PET list-mode data, and consequently, no external devices
are required. Independently of the method employed to identify the respiratory pat-
tern, 3D images are then reconstructed based on subdivisions of the patient’s breathing
cycle. Two main groups could be distinguished: prospective protocols, where we spec-
ify beforehand in which parts of the breathing cycle data are acquired, and retrospec-
tive protocols, where data are acquired through all the PET acquisition time but then
each breathing cycle is split in the desired number of frames. Breathing cycles could be
divided based on time or on amplitude criteria [7]. The use of these protocols reduces
image smearing and improves definition of the lesion volume and the quantification of
lesion activity [12]. Several respiratory-gated PET/CT acquisitions have been proven
useful in clinical settings [5], with a few comparison studies [13—15]. Most recently
proposed techniques [16, 17] additionally combined the resulted 3D images phases by
choosing one reference frame and registering the other frames with respect to it. The
resulted unique motion-corrected frame preserves all acquisition counts, and therefore,
image noise has been proved to be reduced. The use of mathematical models to com-
pensate the respiratory motion has been also investigated [18]. In order to establish the
best approach, a standard procedure for the comparison of the different compensation
motion methods is desirable.

Standardization and validation of the different motion compensation techniques are
a prerequisite before their clinical use [15]. Phantoms could be employed for the stand-
ardization of respiratory movement correction protocols. In contrast to patient’s exami-
nations, they allow replicability of studies. They also provide nominal values for density,
volume and activity concentration, against which image measurements can be con-
trasted. In addition, phantoms can undergo long PET/CT studies and as many PET/CT
scans as necessary with no safety limitations.

The number of tools for image processing has significantly increased in the last
years and could be divided in two main subgroups: processing packages oriented to
clinical imaging or processing packages oriented to imaging system quality control.
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Within the first group, there are powerful tools such as Nipype, and Nipype-based
software adaptations (such as APPIAN and Pypes), focused on PET/MR neuroimag-
ing. Most of the PET processing packages of the second subgroup are commercially
available and/or exclusively designed for specific phantoms [19-22]. From our knowl-
edge, no packages oriented to PET motion compensation quality control exist neither
as open-source format, nor in the market.

In this study, we present a method for the comparison of the quality of motion com-
pensation protocols, by using experimental phantoms. An open-source package for
automatic analysis was developed with this purpose. PET image quality has been evalu-
ated in terms of resolution, volume accuracy and the accuracy in the estimation of activ-
ity concentration. As a proof of concept, the proposed setup and analysis were applied
for the comparison of the movement compensation protocols available in a PET/CT sys-
tem. Furthermore, in order to demonstrate the general applicability to other phantoms
and to other systems, an additional comparison of two motion compensation protocols
available in a PET/MR system was carried out by using a different phantom.

Materials and methods

Experimental phantoms

This study employed three different phantoms, using each of them to assess a differ-
ent image quality metric, as shown in Fig. 1.

NEMA phantom

The volume quantification phantom (NEMA IEC body phantom, Fig. 2) consists of a
9.7 | phantom and an insert with six hollow spheres of volumes 0.52 ml, 1.15 ml, 2.57
ml, 5.57 ml, 11.49 ml and 26.2 ml. The average activity concentration was 80 kBq ml~!
for the spheres and 15 kBq ml~! for the background within body compartment.

Phantoms Breathing Patterns Protocols
rNEMA IEC ( h ( Prospective A
Body ) ) o
Phantom Sinusoidal 1 Exhale: 40%,
30%, 20%
Inhale: 40%, _ .
Electron 30%, 20% B BEBE
Typical 7
density
phantom Retrosrospective
Typical 8
Jaszczak Mulitphases:
SPECT 4,6,8,10
N L phases mEEE
.
Reference

Without movement

Fig. 1 Materials and methods used for the comparison of the different protocols for respiratory motion

compensation
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Reference segmentations for the 6 spheres of
the NEMA -phantom

40% threshold segmentations for the 6 spheres of

the NEMA -phantom

Fig. 2 Setup employed for volume quantification. Axial, coronal an sagittal view of the PET static image of

NEMA phantom and examples of the references and the automatic segmentations

CIRS phantom

For activity quantification, the electron density phantom (CIRS phantom) was used.
It consists of two plastic disks (Plastic Water®) with 17 holes having 30 mm of diam-
eter (Fig. 3). These holes can be filled with inserts which replicate different densities
observed in the clinical environment (Table 1). In addition, six homemade refillable
inserts were placed within the phantom, three with 33 ml volume (TL) and three of 11

ml (TS). The inserts had an average activity concentration of 900 kBq mI~.

Table 1 Densities for the inserts of the CIRS phantom

Description Physical density (g/cm?3) Electron
density (107
e~ /cmd)

Lung (Inhale) 0.205 0.668

Lung (Exhale) 0.507 1.658

Breast (50% Gland/50% Adipose) 0.99 3.261

Trabecular bone (200 mg/cc HA) 1.16 3.730

Liver 1.07 3516

Muscle 1.06 3483

Adipose 0.96 3171

Dense bone (800 mg/cc HA) 153 4862

Dense bone (1250 mg/cc HA) 1.82 5.663

Water-liquid 1.00 3.340

a
Fig. 3 a Axial, sagittal and coronal slices of static PET/CT image of the CIRS phantom with the six inserts filled
with activity. b CIRS phantom with the inserts’nomenclature
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Jaszczak phantom

For the spatial resolution quantification, the Flangeless Esser PET Phantom (Data Spec-
trum) phantom was employed. It consists of a cylindrical body phantom of 6.1 1, includ-
ing PMMA inserts. It contains solid rods arranged into sectors, with diameters of 4.8
mm, 6.4 mm, 7.9 mm, 9.5 mm, 11.1 mm and 12.7 mm. The average activity concentra-

tion was 7 kBq mI~L.

Respiratory motion simulation

The breathing cycle was simulated with the QUASAR™ Respiratory Motion Plat-
form [23] for PET/CT and with the QUASAR™ MRI*” Motion Phantom for PET/
MR, both by the manufacturer Modus Medical Devices [24]. The first model consists
on a platform where a phantom can be placed (Fig. 4a). Consequently, the movement
of the platform translates on a movement of the phantom. For our PET/CT setup, the
phantoms were NEMA, CIRS and Jaszczak. The QUASARTM MRI*? Motion Phantom
is compatible with the presence of magnetic fields, and the movement is applied to the
specific designed phantom, which consists of a refillable sphere within a cylindrical lung
insert placed in an oval body container (Fig. 4b).

The phantoms were driven in the superior—inferior direction, with periods between 4
and 5 s and different respiratory patterns provided by the manufacturer. For the evalua-
tion of PET/CT, the patterns were: Sinusoidal 1, commonly employed as approach of the
clinical case [6] and Typical 7 and Typical 8, which are real breathing patterns of patients
from the category typical [25], where typical refers to 60% of the population and exhibits
a regular breathing. The mean peak-to-peak amplitude was 28 mm for Sinusoidal 1, 25
mm for Typical 7 and 23 mm for Typical 8. Hysteresis with an amplitude of 3 mm was
applied to Typical 7 and Typical 8 patterns [26]. For PET/MR evaluation 4 patterns were
applied: Sinusoidal, Sinusoidal with rotation simultaneously, Typical 7 and Irregular 4,
all of them provided by the manufacturer.

Equipment

The PET/CT hybrid system Gemini TF-64 (Philips Medical Systems, Cleveland, Ohio,
USA) [27] was used to acquire static and respiratory-gated PET/CT image data. The
transverse spatial resolution at 1 cm from the central axis of the scanner was 4.7 mm,
the temporal resolution was 526 picoseconds and the average energy resolution was

PLACE

< PHANTOM

Fig.4 a QUASAR™ Respiratory Motion Platform. Image taken from [23], b QUASAR™ MRI*P Motion
Phantom. Image taken from [24]
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11.8%. The reconstruction method for all scans was LOR-based ordered-subset iterative
time-of-flight algorithm using spherical coordinates (BLOB-OS-TF) with two iterations
and 33 subsets. For static PET total acquisition time was 11 min and resulting image
had a voxel size of 2 x 2 x 2 mm?3. For movement correction protocols, total acquisition
time was 14 min and resulting image had a voxel size of 4 x 4 x 4 mm?>. To monitor and
record the platform movement, the breathing pattern belt monitor (Bellows device with
Mayo Clinic Respiratory Feedback System) was used. It was connected to the PET/CT
system and fastened around the phantom and the platform.

The SIGNA PET/MR (GE Medical systems, Waukesha, Wisconsin, USA) [28] was
used for the experimental validation of the general applicability of the proposed work-
flow. The radial, tangential and axial spatial resolutions from the central axis of the scan-
ner were 4.4, 4.1 and 5.3 mm, respectively. PET total acquisition time was 12 min, and
resulting image had a voxel size of 2.34 x 2.34 x 2.78 mm?>,

Motion compensation protocols

The protocols provided by the PET/CT and PET/MR systems used were time-based pro-
tocols. (The respiratory signal in each breath cycle was divided in terms of time.) The
movement correction protocols could be divided into prospective and retrospective pro-
tocols. The reference image (static protocol) resulted from imaging phantoms, when no
movement was applied.

Prospective The PET/CT system provides two types of prospective protocols: Inhale,,,
and Exhale max, where the acquisition is done 280 ms after the patient’s inhalation or
exhalation, respectively. For each protocol, we made three reconstructions: 20%, 30%
and 40% of breathing cycle duration. For the PET/MR system, we evaluated the Exhale
protocol (Q.Static-50%) with two different windows (30% and 15%) and with and without
rejection of the irregular breathing cycles obtained during acquisition (with and without
trigger). Irregular breathing cycles are defined as cycles shorter or longer than the aver-
age cycle duration by a relative deviation predefined by the user (12% for Sinusoidal, 25%
for Typical 7 and 50% for Irregular 4).

Retrospective In the retrospective protocol, PET acquisition was reconstructed in the
number N of phases desired; that is, each breathing cycle (defined between two consecu-
tive maximums of amplitude) was divided in N equal time intervals. N final images were
derived from the reconstruction of the data corresponding to each phase. Concretely, 4
retrospective protocols, with 4, 6, 8 and 10 Phases, were evaluated.

Evaluation of image quality

Volume quantification

In the volume quantification analysis, for each sphere of the NEMA phantom the 40%

threshold segmentation method with a region growing algorithm was applied [29, 30].

The segmentations were automatically generated for all images, from the set of 6 seg-

mentations manually performed by the user (reference segmentations in Fig. 2). Detailed

information of the workflow for automation can be found in the package documentation.
To evaluate volume quantification accuracy, the volume recovery coefficient

(RC = %) was defined. It compares the volume segmented on the PET image of
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the phantom without movement (static) with respect to the volume segmented on the
PET images, obtained when motion compensation protocols were applied to the data
acquired with the phantom following a respiratory pattern.

Activity concentration quantification
For the quantification of activity concentration, equal-diameter cylindrical segmen-
tations were manually defined within the 6 refillable inserts of the CIRS phantom.
For all motion compensated images, the segmentations were automatically gen-
erated from the set of 6 segmentations performed by the user on the static image.
Detailed information of the workflow for automation can be found in the package
documentation.

For each segmentation, the mean activity concentration (C) was computed on each
motion compensated PET image. The results were compared to the static image by

computing the activity concentration recovery coefficient (RC = CCS’ZZ’C ) For RC com-

putation, the radioactive decay was compensated in the comparison of activity
concentrations.

Spatial resolution quantification

The aim of this part of the analysis was to evaluate the capability of the system to dif-
ferentiate between structures and display them as separate entities on the image. In
this study, we refer to this ability by the term resolution. To evaluate spatial resolu-
tion, triangular segmentations surrounding each rod sector on the Jaszczak phantom
were required from the user (reference segmentation in Fig. 4) on three slices of the
static PET image. In each triangular segmentation, a threshold of 40% of maximum
was applied. Voxels with intensity lower than 40% of maximum, background (Bg),
corresponded to the rods (see segmentation in Fig. 5). The segmentations were auto-
matically generated for all images. Detailed information of the workflow for automa-
tion can be found in the package documentation.

Reference segmentations for the 6 rod sectors of
“ the Jasczack-ph:

pZak-phantom with motioMyplatform and belt monitor

Fig.5 Setup employed for spatial resolution quantification. Axial, coronal and sagittal slices of the PET static
image of Jaszczak phantom and examples of the references and the automatic segmentations
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For each segmentation, we calculated the recovery coefficients of the number of rods

Rodstatic

Contrast = SIS
Chg

RC = M) In addition, the contrast of each sector was computed

Statistical analysis

The Wilcoxon signed rank test (WSRT) and the Bland—Altman (BA) percentage plot
analysis were used to assess whether the performance of movement correction protocols
was equivalent or not. The p value for significant difference criteria has been adjusted by
using Bonferroni correction. For the BA plots, the criterion for significant bias was 95%
coincidence interval (CI) of the mean differences relative to the mean must comprise
zero [31]. All the statistics were performed using Python.

Results
Open-source package validation
We developed an open-source package in Python programming language [32] to per-
form the analysis described above. The package was divided into two sections, Regis-
ter and resampling and Image Quality Assurance, being freely shared under the GNU
General Public License in the repository Quality Assurance (https://github.com/Andre
aMovilla/Quality-Assurance). The input data required from the user were: the images
corresponding to the ideal response, that in our case were the static reference images
of the 3 phantoms without movement; the set of N 3D images to be compared, that in
our case were the images derived from the 10 different motion compensation protocols
and one set of 6 manual segmentations for each analysis. The scheme of Image Quality
Assurance is presented in Fig. 6. Detailed description can be found in the documentation
of the package.

The homemade package provided RC values for VA, CA and R of 102 PET images in
less than 5 min. The scripts’ performance has been validated with the open-source soft-
ware Medical Imaging Toolkit (MITK) [33].

Comparison of protocols with motion compensation of Gemini TF-64 PET/CT

Volume

For each of the 3 breathing patterns applied to the NEMA phantom, 34 images resulted
from 10 protocols of motion compensation (4 retrospective and 6 prospective) were
evaluated. For each image, the recovery coefficients with respect to the volumes esti-
mated on the static image were calculated for the 6 spheres. Due to partial volume effect
[34], for motion compensation protocols with poorest image quality, we observed fail-
ures in the segmentation of the smallest spheres. For these cases, RC was set to 5 as
common indicator of the volume overestimation. RC averaged over the 3 different pat-
terns is shown in Fig. 7. For retrospective protocols, the mean over the breathing phases
was considered. In addition, boxplots are shown in Fig. 8.

As expected due to the partial volume effect, overestimation is more significant for
smaller spheres, see in Fig. 6 the average values for small spheres and in Fig. 7 the outli-
ers observed for all protocols, corresponding to the sphere of 0.52 ml. In general, bet-
ter volume quantification was obtained for prospective protocols. In Fig. 7, we observed
for prospective protocols more symmetric distributions, less data dispersion and
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Image Quality Assurance

Choose:

Volume Activity Resolution

Directories of: Directories of: Directories of:
- PET images with motion compensation - PET images with motion compensation - PET images with motion compensation
and segmentations and segmentations and segmentations
« PET images without movement - PET images without movement « PET images without movement
and segmentations and segmentations and segmentations
Voxel size (mm"3) of: Starting time s of:
- PET images with motion compensation - PET acquisition with motion compensation
« PET images without movement « PET acquisition without movement

- Automatic segmentations Spreadsh ith RC val - Automatic segmentations

- Spreadsheet with RC values - Spreadsheet with RC values - Spreadsheet with RC values

Fig. 6 Scheme for Image Quality Assurance workflow of the open-source package. Light gray boxes indicate
the inputs necessary for each type of quantification analysis. Brown boxes indicate the outputs of each

analysis
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Fig. 7 Average of the volume RC for the three movements per protocol for each NEMA sphere. RC is 1 for
ideal response

medians closer to 1. Based additionally on the mean value of the RC over all the spheres
(1.5 + 1.2), Inhale 30% showed the best performance for volume quantification. From
the retrospective protocols, 6 Phases showed the best performance with an averaged RC
value over all the spheres of 1.7 £+ 1.3.

In Fig. 9, the static PET image, the Inhale 30% PET image and the 40% PET image
from the 10 Phases protocol are presented. By visual inspection, we could confirm that
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Protocol
Fig. 8 Boxplots of the volume RC per protocol. Each box represents the distribution of the 50% of the data.
The whiskers represent the upper and lower quartiles. The bar color scheme represents the different types
of protocols. Retrospective protocols are depicted in blue, while prospective Exhale and Inhale protocols are
colored orange and green, respectively

Static Inhale 30% 40% 10 Phases
Fig. 9 Coronal, axial and sagittal PET images for reference static protocol, Inhale 30% protocol and 10 Phases
protocol of the NEMA phantom
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Fig. 10 Average of the activity concentration RC of the three movements for each lesion
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Fig. 11 Boxplots of the activity concentration RC per protocol

our results quantify image quality accordingly: Spread of the activity distribution in the
spheres of the image obtained with protocol Inhale 30% is less significant than for the
image obtained with protocol of 10 Phases, which also showed the poorest volume accu-
racy in terms of RC.

Activity concentration

For each image with motion compensation, the recovery coefficients for the activity
concentration of the six inserts within CIRS electron density phantom were calculated
with respect to the static image. Results are shown in Fig. 10. As expected, quantification
improves for large inserts (RCr = 0.95, RC s = 0.76).
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Figure 11 shows the boxplots of the average of the RC for each protocol. In general,
prospective protocols quantify activity concentration better than retrospective proto-
cols. The protocols with less dispersion and medians closer to 1 are Exhale 30%, Exhale
20% and Inhale 30%. Based on mean RC, the best protocol for activity quantification is
Exhale 30% (0.90 £ 0.09). For retrospective protocols, 8 Phases showed the best perfor-
mance with RC = 0.85 & 0.12.

PET images for the static protocol, Exhale 30% protocol and Inhale 40% protocol are
shown in Fig. 12. We qualitatively observed the poorer accuracy in concentration esti-
mation for Inhale 40% with respect to Exhale 30%.

Spatial resolution

For each of the 6 sectors in the Jaszczak phantom, the number of rods observed on
PET image is presented in Table 2. If we were able to identify at least 75% of the rods
within the sector by applying the 40% segmentation, this sector was consider distin-
guished. Only the sector with biggest diameter, 12.7 mm, was distinguished in all pro-
tocols. Protocols Exhale 20%, Exhale 30% and Inhale 30% permitted additionally to
distinguish sector with 11.1 mm of rod diameter. For sectors with rod diameters of

Static Exhale 30% Inhale 40%

Fig. 12 Coronal, axial and sagittal PET images for reference static protocol, Exhale 30% protocol and Inhale
40% protocol of the CIRS phantom
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Table 2 Number of rods distinguished per protocol and per rod sector

Rod diameter (mm) 4.8 6.4 7.9 9.5 111 12.7 Rods Sectors
Total number in phantom 56 32 21 15 10 8 143 6
Reference: static 1 8 21 15 10 8 63 4
10 Phases X X 3 6 7 7 22 1
8 Phases X X 2 5 5 8 21 1
6 Phases X 0 2 4 5 7 18 1
4 Phases X X 2 4 4 7 16 1
Exhale 20% X 0 1 7 9 8 25 2
Exhale 30% X X 2 6 9 9 26 2
Exhale 40% X 0 1 3 7 9 19 1
Inhale 20% X X 2 4 7 8 21 1
Inhale 30% X X 3 4 9 8 24 2
Inhale 40% X X 3 7 7 7 25 1
Segmentation failure marked with an X
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Fig. 13 Boxplots of the rod RC per protocol

4.8 mm and 6.4 mm, segmentation failure was observed in all PET images, even in
static PET protocol. For the rest of the spatial resolution evaluation, only the 4 sectors
with larger diameters have been further analyzed.

In Fig. 13, the boxplots of rod recovery coeflicient for each protocol are presented.
In prospective protocols, median values were closer to one. From the three protocols
able to distinguish two sectors (Exhale 20%, Exhale 30% and Inhale 40%), Exhale 30%
showed the best performance with the largest number of total rods (26) and the best
RC mean (0.6 + 0.4). For retrospective protocols, 10 Phases showed the best perfor-
mance with an averaged RC of 0.5 £ 0.3.

In Fig. 14, static PET image, Exhale 30% image and the image of 75% from 4 Phases
protocol are displayed. In agreement with our RC results, while in the static image
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Static Exhale 30% 75% 4 Phases
Fig. 14 Coronal, axial and sagittal PET images for reference static protocol, Exhale 30% protocol and 4 Phases
protocol of the Jaszczak phantom
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Fig. 15 Bland—Altman and WSRT results for the comparison of Exhale 30% with respect to all protocols. The
columns represent the average value for the relative deviation in percentage between paired series of data.
The error bars represent the interval of confidence. When the interval involves the zero, series are considered
comparable. The protocols not comparable under WSRT are shown in red

four sectors were clearly visible, in the Exhale 30% image the two biggest sectors were
distinguishable to the naked eye and no sectors were recognizable in the image cho-

sen from the 4 Phases reconstruction.

Comparison

From the results obtained for each type of quantification analysis, we could conclude
that the best performance was obtained for protocol Exhale 30%. From the retrospec-
tive protocols, 8 Phases showed the best performance. Performance for Exhale 30% was
compared, in terms of BA analysis and WSRT, with respect to performance obtained for
the other 9 protocols (Fig. 15). Inhale 30% showed a performance comparable to Exhale
30%, with compatible BA analysis results and WSRT (p> 0.05/10, Bonferroni correc-
tion), over all three image quality parameters. In addition, 8 Phases were compared with
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Fig. 16 Bland-Altman and WSRT results for the comparison of 8 Phases with respect to retrospective
protocols. The columns represent the average value for the relative deviation in percentage between paired
series of data. The error bars represent the interval of confidence. When the interval involves the zero, series
are considered comparable. The protocols not comparable under WSRT are shown in red

respect to the other 3 retrospective protocols (Fig. 16). No one of the retrospective pro-
tocols was comparable with respect to 8 Phases.

Moreover, as an indicator of image noise of the protocols with the best performance,
average value of the noise for a 30ml volume within the background of NEMA phan-
tom has been averaged over all respiratory patterns. Image noise was 1404.33 Bq/ml for
Exhale 30% and 1774.84 Bq/ml for 8 Phases.

General applicability to other phantoms and scanners

As a proof of the general applicability of the proposed method to other phantoms and
scanners, we applied the activity concentration analysis to other system, SIGNA PET/
MR, and to other phantom, QUASARTM MRI*? Motion Phantom. We evaluated differ-
ent prospective motion compensation protocols, with (trigger) and without (no trigger)
rejection of irregular breathing cycles.

Based on the results for RCc4 averaged over the 4 breathing patterns, the best protocol
for activity quantification was Exhale 15% (trigger) with RCca = 0.83 £ 0.16. However,
the BA plot analysis showed that the performance of the protocols in the absence and
presence of trigger rejection was comparable.

As was the case for the PET/CT experiment, results for RCcy in the PET/MR experi-
ment also described quantitatively what was observed qualitatively. For example, a more
significant degradation in the quality of PET image was observed by Exhale 15% (no trig-
ger) for the Sinusoidal pattern with rotation than by Exhale 15% (trigger) for the Typical
7 pattern (Fig. 17) and accordingly, RCc4 values were 0.6 and 0.94, respectively.

Discussion
From our knowledge, we provided the first open-source package for the comparison of
respiratory motion compensation PET/CT protocols. The comparison of protocols is
based on the evaluation of PET image quality in terms of volume, activity concentration
and spatial resolution. With this purpose, a specific and easily reproducible experimen-
tal phantom setup is presented. The proposed method has been applied for the compari-
son of the respiratory motion compensation protocols available in the Philips Gemini
TF-64 PET/CT. Additionally, it could be employed with other phantoms and to evaluate
other motion compensation protocols.

Even though 4D-PET/CT acquisition has been proven useful in the clinical setting,
its use is not standardized. Frood et al. [15] review literature surrounding the use of
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Without movement Exhale-15% (no trigger) Exhale-15% (trigger)
Sinusoidal rotation Typical 7

Fig. 17 Coronal, sagittal and axial PET images for reference static protocol and the Exhale 15% (no trigger)
for the Sinusoidal pattern with rotation and the Exhale 15% (trigger) for pattern Typical 7. Reference
segmentations are shown in red

4D-PET/CT in pulmonary lesion characterization and conclude that PET/CT gating
is underutilized because of practical limitations in hardware gating and lack of stand-
ardization of newer techniques. To promote the use of 4D-PET/CT gating, the analy-
sis proposed in this work facilitates 4D protocol optimization for PET/CT systems
by allowing the comparison and validation of different techniques across different
vendors or research groups. The development and sharing of an open-source pack-
age aimed to simplify the validation and standardization of PET protocols. Its auto-
matic nature could facilitate its application. In addition, our evaluation was based on
experimental phantom measurements. The phantoms used for our analysis are usu-
ally available in nuclear medicine (NEMA IEC body phantom, Jaszczak phantom) and
radiotherapy departments (electron density phantom for CT). It therefore facilitates
the reproducibility of our study and the comparison between systems across differ-
ent institutions. Additionally, in contrast to other commercially available packages for
PET quality control, our software could be applied to other phantoms. The only requi-
site is to perform the reference segmentations consequently. However, we would like
to remark that the results of the analysis may be meaningless if the phantoms used
do not meet specific characteristics: Phantoms with different volumes are desirable
for the evaluation of volume accuracy, phantoms with different densities are recom-
mendable for a proper evaluation of the impact of attenuation map on the accuracy in



Martinez-Movilla et al. EJINMMI Physics (2022) 9:80 Page 17 of 20

the estimation of activity concentration and phantoms with a proper spatial pattern
should be involved in the evaluation of resolution.

In our study, PET image quality was evaluated in terms of volume, activity concen-
tration and resolution, which allows the reader to refer to the specific results depend-
ing on the PET image clinical application. Additionally, volume results are separated
for small spheres, with non-negligible partial volume effect < 3FWHM [34] and large
spheres, allowing reader decision making based on the range of lesion sizes involved in
the patient cohort under evaluation.

From the movement compensation protocols provided by the Philips Gemini TF-64
PET/CT system, prospective protocols showed the best overall response. Prospective
protocols are limited to acquire data for a single breathing cycle phase, which might not
be an issue for diagnose, treatment monitoring or the development of predictive models.
However, in some clinical application, as, for example, radiotherapy planning, the loca-
tion of the lesion during the breathing cycle might be of interest [35]. In this case, from
our results we recommend the protocol with 8 Phases. The results reported in this study
are specific to the protocols of motion compensation implemented in the Philips Gemini
TF-64 PET/CT system. These protocols employed the time-based approach, which is the
most common approach in the commercially available PET/CT systems: 3 systems of
Philips (Gemini, Ingenuity and Vereos), 10 of GE (Discovery RX, Discovery 600, ..., Dis-
covery Mi DR), the Celestion PET/CT of Canon, etc. Consequently, our results are of
interest for users of a large number of PET/CT systems available on the market. In addi-
tion, other PET/CT system vendors or developers of motion compensation algorithms
could reproduce our analysis and compare their performance with respect to our results.
The proposed setup and open-source package have been successfully used with a differ-
ent phantom and hybrid system, showing that the applicability of the proposed frame-
work is independent of the phantom, system and protocols presented on this study. The
results derived from the PET/MR experiment could be used to justify the use of move-
ment compensation protocols without trigger rejection.

Previous studies compared 3D-PET/CT acquisition with respiratory-gated PET/CT [4,
6, 12, 13, 36, 37]. However, none of them provided open-source packages which would
allow analysis replication. Most of them were based on clinical data without ground
truth available, the ones based on experimental phantom measurements simulated the
respiratory movement with the simplest approach of a sinusoidal movement without
hysteresis, they did not evaluate all the image quality parameters and no different tis-
sue densities were considered when concentration accuracy was evaluated. Park et al.
[6] evaluated volume RC for NEMA spheres following a sinusoidal movement as func-
tion of the number of phases (2, 5 10 and 20) considered for the retrospectively gated
protocol. In agreement with our work, they rejected retrospectively gating with 10 and
more phases for large overestimation of the volume. 5 Phases showed the most accurate
volume estimation, being 8 Phases (the protocol with the best volume accuracy in our
study) not evaluated.

In contrast to previous publications [6, 18, 38, 39], in our study realistic breathing
patterns representative of 60% of the population have been applied [25]. The breath-
ing patterns chosen for our study had large amplitudes, as it has been proven that they
have a significant impact on image quality [40]. In addition, we simulated hysteresis
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displacement [26]. A limitation of the study is the lack of atypical high irregular breath-
ing patterns. However, in clinical practice, 4D acquisitions are usually preceded by a res-
piratory training and monitoring devices, in order to help the patient to follow a regular
breathing. Another limitation was that the respiratory pattern was applied to the whole
phantom. Consequently, the deformation effect observed in the organs during breathing
was not simulated. The degradation of PET image quality due to this non-rigid move-
ment is expected to be mainly due to attenuation map inaccuracies and with an impact
that would not be as significant as the simulated by our CIRS phantom setup. The use of
digital phantoms such as 4D-MCAT, 4D-XCAT and 4D-CAT [41], mimicking changes
of lung and displacement of abdominal organs, could be recommended as an external
validation of the results.

Conclusion

We present an effective and reproducible methodology for comparing PET/CT
movement correction protocols based on image quality. We additionally provide an
open-source package. The feasibility of the proposed method has been proved by the
comparison of the protocols available in the Philips Gemini TF-64 PET/CT. From the
result of this comparison, Exhale 30% should be recommended.

Abbreviations

PET Positron emission tomography
(@) Computed tomography

e ppg 1 F-fluorodeoxyglucose

SUvV Standardized uptake value

RC Recovery coefficient

VA Volume accuracy

CA Activity concentration accuracy
R Spatial resolution

BA Bland-Altman

WSRT Wilcoxon signed rank test

cl Confidence interval

FWHM Full width at half maximum
3D-PET/CT Three-dimensional PET/CT
4D-PET/CT Four-dimensional PET/CT
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