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In this study, the National Electrical Manufacturers Association (NEMA) image quality tests were
conducted using the General Electric Discovery 690 model — a hybrid system of positron emission
tomography/computed tomography. Quantitative evaluation of image quality within this model pri-
marily involves the use of parameters such as contrast (C), contrast-to-noise ratio (CNR), and contrast
recovery coefficient (CRC). These metrics are considered essential performance indicators, particularly
in standardized assessment protocols such as those proposed by NEMA. The objective of this study
was to evaluate image quality in a NEMA positron emission tomography phantom using *F-FDG at
different signal-to-background (S/Bg) ratios and varying activity concentrations, and to determine the
minimum detectable lesion size. Positron emission tomography images were acquired using a NEMA
2012/IEC 2008 phantom with ®*F-FDG at S/Bg ratios of 4:1, 6:1, and 8:1, across decreasing activity
concentrations ranging from 9.98 to 1.93 MBq/kg. At an S/Bg ratio of 4:1, activity concentrations be-
low 3.90 MBq/kg (as well as at 6:1 below 2.76 MBq/kg) resulted in CNR values less than 5, falling below
the detectability threshold. Regarding the CRC [%] values, for the 4:1 ratio, lesions with diameters of 13
and 10 mm fell outside the acceptable limits at concentrations below 2.89 MBq/kg. Similarly, for the
6:1 ratio, lesions with a diameter of 10 mm exceeded these limits at concentrations below 5.29 MBq/kg.
Multiple acquisitions were performed at different ratios and activity levels, and the lesion detectability
for each condition was determined based on the Rose criterion (CNR > 5).

topics: positron emission tomography (PET) image quality, PET image quality (IQ) phantom, C and
CNR and CRC
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1. Introduction

Positron emission tomography is an advanced
molecular nuclear medicine imaging modality that
enables the evaluation of metabolic processes.
Positron emission tomography/computed tomog-
raphy (PET/CT) imaging, most commonly per-
formed using F-18 fluorodeoxyglucose (*F-FDG),
is widely applied in a variety of clinical fields, partic-
ularly oncology, as well as neurology and cardiology.
Although various positron-emitting radiopharma-
ceuticals are used in PET/CT imaging, 8F-FDG
remains one of the most frequently utilized. The ra-
dionuclide '8F has a physical half-life of 109.8 min
and a maximum positron energy of 0.635 MeV; it is
cyclotron-produced and commercially available [1].
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Image quality (IQ) evaluation is critical for im-
proving diagnostic accuracy, optimizing system per-
formance, and determining the optimal activity of
administered radiopharmaceuticals for patients. In
PET/CT imaging, inadequate image quality may
lead to false-negative or false-positive results, par-
ticularly in cases requiring precise assessments, such
as small lesion detection and staging, which may
result in erroneous clinical decisions and treatment
planning [2].

Recent technological advancements in PET/CT
imaging have significantly improved scanner per-
formance, particularly in terms of axial field of
view (FOV) and system sensitivity. Long-axial
FOV systems offer up to (10-40)x higher sensi-
tivity, enabling improved count statistics even at
reduced activity levels [3]. In addition, artificial
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intelligence (Al)-assisted image reconstruction tech-
niques have begun to transform PET imaging work-
flows.

The key to the success of this technique is the
combination of various physical parameters, includ-
ing image quality, contrast, spatial resolution, noise
level, sensitivity, and accuracy, which are deter-
mined using phantoms [4, 5].

Among the principal metrics used to quantita-
tively assess PET/CT image quality are contrast
(C), contrast-to-noise ratio (CNR), and contrast
recovery coefficient (CRC). These parameters are
widely accepted as fundamental evaluation criteria
in performance assessment protocols, such as those
recommended by the National Electrical Manufac-
turers Association (NEMA) [6].

In PET systems, contrast reflects how distinctly
radiotracer uptake in the target area is visualized
relative to its surroundings. Higher contrast in-
creases lesion visibility. However, contrast alone is
not sufficient; image noise also must be considered.
The CNR allows for a combined assessment of con-
trast and image noise, and provides a more realis-
tic measure of the target’s detectability against the
background.

In 2025, Bharathi et al. [7] reported that AI-based
PET image reconstruction techniques contribute to
noise reduction and overall image quality improve-
ment, supporting their potential role in future dose-
reduction and activity-optimization strategies [7, §].

The higher the CNR, the easier it is to distinguish
lesions within the image. This metric becomes par-
ticularly important in low-dose imaging protocols
or when detecting small lesions [9].

As the technology for long-axial field-of-view
PET becomes more accessible, the total-body con-
cept gains relevance for both clinical and research
applications. These systems demonstrate remark-
able potential for low-dose imaging, faster acqui-
sitions, and whole-body dynamic scanning over
extended timeframes, thereby expanding kinetic
modeling capabilities. In addition, studies published
in 2021 in Phys. Med. Biol. highlight the benefit of
reconstruction optimization strategies for improv-
ing quantitative accuracy in dynamic and low-count
imaging conditions [10, 11].

Historically, CNR, thresholds in the range of 3-5
have been proposed as a measure of detectability.
More recent studies commonly employ the Rose cri-
terion, which defines the detectability threshold as
CNR > 5 [12-15].

The CRC expresses the system’s ability to ac-
curately quantify the true concentration of activ-
ity within a lesion, expressed as a percentage. This
metric is particularly relevant for evaluating partial
volume effects (PVE), especially in small-volume
lesions. PVE is a complex phenomenon influenced
by tumor size and shape, background activity, scan-
ner spatial resolution, voxel size, and reconstruc-
tion technique. It refers to the tendency of imag-
ing systems to underestimate the activity of small
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lesions due to limited spatial resolution, visualizing
them as larger and with diminished activity. In clin-
ical oncologic studies using '8F-FDG, PVE cor-
rection typically accounts for ‘spill-out’ from the
lesion to the background, but not the ‘spill-in’ from
the background to the lesion. Therefore, realistic
models where the lesion is surrounded by relatively
lower activity have been developed. PET NEMA
IQ phantoms were specifically designed to simu-
late such conditions, incorporating both ‘spill-out’
and ‘spill-in’ effects into evaluation [16]. A CRC |%]
value closer to 100% indicates better activity recov-
ery performance. In small lesions, lower CRC val-
ues are expected, reflecting the limitations of spa-
tial resolution and dependence on reconstruction
algorithms.

The aim of this study was to evaluate image qual-
ity in a PET NEMA IQ phantom using '®F-FDG
at different signal-to-background (S/Bg) ratios and
varying activity concentrations, and to determine
the minimum detectable lesion size.

2. Materials and methods

2.1. NEMA image quality testing and
imaging system

The NEMA image quality tests in this study
were conducted using a GE Discovery 690 model
PET/CT system (GE — General Electric).

2.2. Phantom preparation and imaging

The PET NEMA 2012/IEC 2008 image qual-
ity phantom is made of Plexiglas with a water
equivalent density coefficient (1.18 g/cm3) and con-
tains spheres of various inner diameters (10, 13, 17,
22, 28, and 37 mm). A low-density central insert
(0.3 g/cm?), filled with styrofoam, simulates lung
tissue. The total phantom volume is 9.7 1 and was
filled with water mixed with a homogeneous con-
centration of 8F-FDG at 5.18 kBq/ml. The hot
spheres in the phantom served as the signal, and the
remaining volume was defined as the background
(Bg). The phantom was filled with three different
signal-to-background (S/Bg) ratios: 4:1, 6:1, and
8:1. Two larger spheres (28 and 37 mm in diameter),
referred to as ‘cold lesions,” were filled only with
water.

The activity concentrations of the lesions at the
start of imaging were 9.90, 9.85, and 9.82 MBq/kg
for S/Bg ratios of 4:1, 6:1, and 8:1, respectively,
while keeping the contrast ratios constant. The time
intervals between consecutive acquisitions ranged
from a minimum of 44 min to a maximum of 52 min,
with a mean of 48 min, and were kept as consistent
as possible. The activity concentrations of '*F-FDG
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injected into the phantom were measured using a
Biodex Atomlab 500 dose calibrator. The linearity
deviation of the dose calibrator was +1.89%.

Following preparation at each S/Bg ratio (i.e.,
4:1, 6:1, and 8:1), the phantom was placed on the
patient table and scanned for 2 min in a single bed
position. To allow for radioactive decay, a waiting
period of &~ 48 min was applied between succes-
sive acquisitions. After this interval, imaging was
repeated using the same acquisition parameters. Im-
ages were acquired using a 256 x 256 matrix and
a display field of view (DFOV) of 40 cm. Recon-
struction was performed using the VPHD (VUE
Point HD) reconstruction type with a 2 mm post-
filter cutoff, 8 iterations, and 12 subsets of the
ordered subset expectation maximization (OSEM)
algorithm. CT acquisition parameters were as fol-
lows: helical scan type, full rotation, tube voltage
of 120 kV, rotation time of 0.2 s, slice thickness
of 3.75 mm, and DFOV of 70 cm.

2.3. Image acquisition parameters and
quantification

For quantitative analysis, regions of interest
(ROI) matching the internal volume of each hot
sphere were drawn directly on the spheres. Ad-
ditionally, twelve spherical background ROIs were
placed in the same transaxial plane as the hot
spheres.

For hot spheres in the PET NEMA phantom, con-
trast (C) and contrast-to-noise ratio (CNR) were
calculated using, respectively,

contrast (C) = M, (1)
Ng
and
CNR = wv (2)
OB

where Ng is the mean pixel value of the background
ROIs, op is the standard deviation of the back-
ground ROIs, and Ny, is the mean pixel value within
the lesion ROI [17]. Both (1) and (2) were described
earlier in [18].

The detectability of lesions is not limited solely by
lesion size and signal-to-background (S/Bg) ratio,
but is also directly related to the spatial reso-
lution of the PET system. Spatial resolution is
defined by the point spread function (PSF); the
narrower the PSF, the higher the contrast of small
lesions, and thus, the greater the detectability.
Particularly, lesions with diameters of 10-13 mm
are directly affected by PSF and partial volume
effects (PVE) [19, 20].

Therefore, the lesion detection thresholds de-
termined in the present study may have been
constrained by the PSF, and enhancing contrast
through the use of PSF-based reconstruction al-
gorithms could improve the detectability of small
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lesions. In this study, PET IQ images were pro-
cessed using ordered subsets expectation maxi-
mization (OSEM) algorithms. The standard OSEM
algorithm reconstructs PET images iteratively but
does not directly account for the PSF. However, to
reduce the effects of PSF and improve image qual-
ity, PSF modeling can be integrated into the OSEM
algorithm. Such integration is particularly benefi-
cial for detecting small lesions and increasing im-
age contrast. The standard OSEM algorithm was
used in this study. Nevertheless, previous studies
have demonstrated that incorporating PSF mod-
eling into the OSEM algorithm enhances image
resolution and improves the detectability of small
lesions [21-23]. Hence, in future studies, integrat-
ing PSF modeling into the OSEM algorithm may
further improve image quality.

The contrast recovery coefficient (CRC) indicates
how accurately the activity concentration within a
specific volume is measured in PET images and can
therefore be used to assess image quality. Theoreti-
cally, the CRC value should be equal to 1. However,
a CRC values greater than 1 indicates higher image
quality. For spherical volumes, CRC can be defined
as follows
CRC [%] = (Cn/Cp) —1 (3)
(aH/aB) —1
where Cy is the mean count within the ROI drawn
on the hot sphere, Cp is the mean count in the
background ROI, ay is the activity concentration
in the hot sphere, and ap is the activity concentra-
tion in the background. CRC values were calculated
in accordance with the research direction presented
by X. Su et al. [24] and with the NEMA NU-2018
criteria (see (3)) [24, 25].

x 100,

3. Results and discussion

In this study, a PET/CT system was used to per-
form sequential imaging of a PET NEMA phan-
tom filled with '8F-FDG radiopharmaceutical at
lesion-to-background (L/Bg) ratios of 4:1, 6:1, and
8:1, with activity concentrations decreasing over
time. Contrast, CNR, and CRC [%] values were
calculated. To provide a reference for clinical PET
applications, the effect of varying patient doses
in MBq/kg on image quality at these different L/Bg
ratios was also investigated. Thus, the combined im-
pact of changes in lesion-to-background ratio and
patient dose [MBq/kg] on image quality was as-
sessed.

In the experiments conducted in this study, the
PET NEMA 2012/IEC 2008 phantom was used.
PET images acquired at different S/Bg ratios filled
into the phantom are shown in Fig. 1. The six corre-
sponding activity concentration values for L/Bg ra-
tios of 4:1, 6:1, and &:1 are presented in Table I. The
activity concentrations were at their highest levels
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Fig. 1.

TABLE I

Administered '®F-FDG activity concentrations in the
phantom.

L/Bg Activity concentration [MBq/kg]
4:1 9.96 | 7.34 | 5.51 | 3.90 | 2.89 | 2.02
6:1 998 | 7.14 | 5.29 | 3.82 | 2.76 | 1.93
8:1 9.92 | 737 | 548 | 3.73 | 2.79 | 1.96

at the beginning of the acquisition, and the aver-
age interval between consecutive scans was 48 min.
During this period, the activity of '®F decreased,
and in the later acquisitions, the 10 mm diame-
ter hot lesion was no longer visible at concentra-
tions below 5.51 MBq/kg for the 4:1 ratio and
at 1.93 MBq/kg for the 6:1 ratio. For the 8:1 ra-
tio, the lesion was partially visible at an activity
concentration of 1.96 MBq/kg.

Detection limits of tumors in clinical conditions
vary depending on multiple parameters. Clinical
studies in nuclear medicine indicate that the min-
imum detectable lesion — assuming a spherical
shape — is approximately 1.5 cm in diameter,
corresponding to a lesion volume of 1.77 ml [26].
Hashimoto et al. [27] demonstrated that time of
flight (TOF)-based reconstruction and the use of
small voxel sizes significantly improve the de-
tectability of sub-centimeter hot spheres (< 10 mm)
in PET/CT systems at an 8:1 lesion-to-background
ratio. Erdi et al. [28] reported that PET imag-
ing improved tumor detectability by almost an or-
der of magnitude due to a sharp decrease in full
width at half maximum (FWHM). They also noted
that when the imaged object is at least twice the
width of the system’s FWHM, the object contrast
is accurately reproduced by the system. Fukukita et
al. [29] reported that detecting a 10-mm hot sphere
in PET/CT is challenging due to limited spatial res-
olution and count statistics, and emphasized that
acquisition protocols must be optimized according
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PET phantom images at different S/Bg ratios and varying activity concentrations.
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Fig. 2. Variation of contrast values for an L/Bg

ratio of 4:1 depending on lesion diameter and activ-
ity concentration.

to clinical requirements and operational constraints.
They also cautioned that results from hot-sphere
phantom experiments cannot be directly extrapo-
lated to patients with varying body thicknesses.

With increasing '®F activity concentration and
lesion diameter, a corresponding increase in lesion
contrast was observed. For an L/Bg ratio of 4:1,
the highest contrast was obtained in a lesion with a
diameter of 22 mm, while, as expected, the lowest
contrast was observed in a lesion with a diameter
of 10 mm (Fig. 2).

The contrast values for a 6:1 ratio are shown
in Fig. 3. It can be observed that contrast tends
to increase more noticeably as the lesion diameter
increases.

The contrast variation with respect to lesion di-
ameter for an 8:1 ratio is shown in Fig. 4. As
expected, this figure also demonstrates that the con-
trast increases as the lesion diameter increases.

At an L/Bg 4:1 ratio, CNR values fall below 5 at
activity concentrations of 3.73 MBq/kg and lower,
indicating that the lesions are below the detection
threshold (Fig. 5).
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Fig. 3. Variation of contrast values for a 6:1 ratio

depending on lesion diameter and activity concen-
tration.
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Fig. 4. Variation of contrast values for an 8:1 ratio
depending on lesion diameter and activity concen-
tration.

At an L/Bg 6:1 ratio, CNR values fall below 5
for the 10 mm diameter lesion at activity concen-
trations of 2.76 MBq/kg and lower, indicating that
the lesion is below the detection threshold (Fig. 6).

At an L/Bg 8:1 ratio, the CNR values of all lesions
were found to be greater than 5.

Our findings demonstrated that for all ratios,
contrast values increased with increasing activity
concentration and lesion diameter. For example, at
a 4:1 ratio for a 10 mm lesion, the lowest activ-
ity concentration with CNR < 5 was 3.3 MBq/kg,
where the contrast was 1.12; at 4.81 MBq/kg, the
contrast increased to 1.31. This corresponds to
a 32% increase in activity concentration, yielding
a 15% improvement in contrast.

Despite the many factors influencing lesion de-
tectability, CNR was chosen as a practical and well-
established metric. An early study by Rose [13]
recommended an CNR threshold of around 5 for
object detectability. Since then, various alternative
detection indices and observer models have been
proposed, many of which correlate well with human
observer results [15, 30, 31].
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sion diameter for a 4:1 ratio.
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sion diameter for a 6:1 ratio.

In addition to the NEMA standard of using
a 10 mm sphere as the smallest lesion for PET im-
age quality evaluation, upgrades to current PET
imaging guidelines and standardized image qual-
ity phantoms are needed to meet the requirements
of modern PET systems. In our study, the high-
est CNR values, as expected, were observed at an
activity concentration of 9.99 MBq/kg with an 8:1
ratio, reaching 104.42. For 6:1 and 4:1 ratios, the
CNR values were 73.88 and 36.7, respectively. When
designing PET for clinical applications, the Eu-
ropean Association of Nuclear Medicine (EANM)
guidelines recommend adult patient *F-FDG doses
of 14 MBq/kg for PET bed overlap < 30% and of
7 MBq/kg for PET bed overlap > 30% [32].

Consistent with our phantom observations at
lower activity levels, Bharathi et al. [7] reported
that Al-assisted (deep learning) PET reconstruc-
tion can suppress image noise and enhance over-
all image quality while preserving spatial detail,
thereby supporting more reliable contrast and CNR
under low-count conditions. Silosky et al. [15] con-
ducted a %Ga PET phantom study, reporting that



The Effect of Lesion Size and Activity Concentration on. . .

350 8:1
<@+ 9.92 MBq/kg
...... R ]
300 ®--- 7.37 MBqg/kg
5.48 MBq/kg
3.73 MBq/k; -
20 a/ke -
coo@eee 2.79 MBqg/kg e
---®--- 1.96 MBq/kg
200
- .o
g .
s}
150 A
.
100 |8 e e <
50 | Lo @ et ndill N °
PO o o
............. o
o *
8 10 12 14 16 18 20 22 24
Lesion diameter [mm]
Fig. 7. Variation of CNR values depending on le-

sion diameter for an 8:1 ratio.
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Fig. 8. Variation of CRC [%] values depending on

lesion diameter for a 4:1 ratio.

increasing imaging time to improve counts for small
(8 mm) targets with low uptake (standardized up-
take value SUV = 2.4) did not significantly enhance
CNR. Increasing imaging time by 300% (from 5
to 15 min) raised CNR only from less than 1 to 1.6.
However, increasing the lesion-to-background ra-
tio substantially improved CNR [15]. In our study,
CNR values were found to be below 5 at activity
concentrations less than 3.3 MBq/kg for a 4:1 ratio
and less than 2.96 MBq/kg for a 6:1 ratio.

According to the manufacturer’s specifications,
the CRC [%] values for lesions with diameters
of 22, 17, 13, and 10 mm are reported as 50%,
40%, 30%, and 20%, respectively. Accordingly, for
a 4:1 ratio, the 13 mm diameter lesion remains
below the limits after an activity concentration
of <2.89 MBq/kg. The 10 mm diameter lesion
remains below the limits at all examined activity
concentrations (< 9.96 MBq/kg) (Fig. 8).

At a 6:1 ratio, the CRC [%)] values for the 10 mm
diameter lesion remain outside the limits at activ-
ity concentrations below 5.29 MBq/kg. Similarly,
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for the 13 mm diameter lesion, the CRC [%] values
remain outside the limits at activity concentrations
below 3.82 MBq/kg (Fig. 9).

At an 8:1 ratio, the CRC [%] values for all le-
sions were found to be above the limits. For the
13 mm diameter lesion, the CRC [%] values re-
main outside the limits at activity concentrations
below 3.82 MBq/kg (Fig. 10).

Regression analysis was performed between the
S/Bg ratios of 4:1 and 6:1, 4:1 and 8:1, and 6:1
and 8:1, and the coefficient of determination (R?)
was found to be R? = 0.8359, R? = 0.8476, and
R? = 0.9448, respectively. Among these results, the
correlation between 6:1 and 8:1 is stronger than the
others.

Partial volume effect (PVE) occurs due to the
finite spatial resolution of PET imaging systems,
causing spill-over of radioactivity from adjacent re-
gions and reducing the visibility of small lesions
[33]. Blur caused by spatial resolution decreases
image contrast, limiting the detectability of small
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lesion [34]. Among PVE correction methods, con-
trast recovery coefficients (CRCs) — multiplicative
numerical factors — are the simplest and most prac-
tical for clinical use. They are defined as the ratio
of measured PET radioactivity to true radioactivity
within spheres [35]. CRCs are obtained experimen-
tally using phantoms and radionuclides mimicking
small anatomical structures, typically spherical ob-
jects of known size and activity placed in a back-
ground medium [36]. Fukukita et al. [29] reported
CRC [%] values at a 4:1 ratio and 2.65 MBq/kg
activity concentration for lesions of 10, 13, 17,
and 22 mm diameters as 38, 52, 72, and 88, re-
spectively [29]. In our study, CRC [%] values fell
below reference limits after 7.7 MBq/kg at 4:1,
after 2.96 MBq/kg at 6:1, and after 1.48 MBq/kg
at 8:1. Krempser et al. [36], evaluating image qual-
ity with a PET NEMA phantom, reported CRC [%]
values at 5.3 MBq/kg and 4:1 ratio for 22, 17,
13, and 10 mm spheres as 91, 79, 65, and 27, re-
spectively [36]. Compared with our findings at 4:1
and 4.81 MBq/kg, CRC [%] values were 68, 53, 39,
and 10. Bettinardi et al. [18] noted that PVE affects
small and hot lesions and that PVE correction us-
ing recovery coefficients is possible, but the impact
on detectability in small lesions is minimal [16].

In phantom studies focusing on NEMA 1IQ pro-
tocols, it has been shown that increasing the
parameter in the Q.Clear reconstruction algorithm
enhances image uniformity, but at the cost of re-
duced SUV as well as CRC values — particularly
under conditions of lower activity and small lesion
size. This indicates that reconstruction parameter
tuning plays a decisive role when activity is reduced,
as contrast recovery performance becomes increas-
ingly sensitive to noise regularization [37]. In our
study, CRC [%] values exceeded manufacturer lim-
its across all lesion-to-background ratios.

4. Conclusions

Ensuring consistent phantom preparation is vital
to determine the minimum lesion detectability of a
PET system. Therefore, at the start of each scan
at different lesion-to-background ratios, the same
signal-to-background concentration ratio and abso-
lute activity in the field of view were maintained.
The major strength of this study is that multiple
scans were performed at S/Bg ratios of 4:1, 6:1,
and 8:1. This allowed for the determination of the
minimum detectable activity concentration for each
ratio by varying the activity concentration without
changing the ratio.

In this study:

e An activity concentration threshold was pro-
posed for lesion detectability in 90Y micro-
sphere PET imaging, particularly for liver
lesions with low tumor-to-background ratios.
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e The limits of CRC [%] values in partial volume
effect (PVE) correction were evaluated.

Regarding the limitations of this study, it should
be noted that image quality evaluations at decreas-
ing activity concentrations were conducted on only
one PET model. It is recommended to perform simi-
lar studies using different PET devices from various
manufacturers and models.
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