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Abstract

Objective Semi-quantitative positron emission tomography (PET) values, such as the maximum standardized uptake value
(SUV,,.0), are widely used to identify malignant lesions and evaluate the response to treatment. The image quality of ring-
shaped dedicated breast positron emission tomography (dbPET) has been known to decrease the closer it is to the detector's
edge. This study aimed to investigate the effect of radioactivity (RI) outside the detector field of view (FOV) on the image
quality of the ring-shaped dbPET.

Methods A breast phantom containing the left myocardium, which was prepared using a 3D printer, filled with '3F-fluoro-
deoxyglucose (FDG) solution with various RI concentration ratios (RCRs) of myocardium to background and scanned with
the edge of an apex positioned exactly in line with the edge of the FOV of the dbPET scanner. The phantom image quality
was visually and quantitatively evaluated. Following the phantom study, left-right breast differences (the left breast uptake
ratio to the right breast (LUR)) on clinical dbPET images of 74 women were quantitatively evaluated. The relationships
between these parameters, clinical indices, and FDG uptake in the left myocardium on PET/computed tomography (CT)
images were analyzed.

Results The phantom study showed that the higher the RCR of the myocardium and the closer it is to the top edge of the
phantom, the higher is the pixel value of the dbPET images. In a clinical study, LUR was significantly correlated with
myocardial SUV .. (r=0.96, p<0.0001) and metabolic myocardial volume (r=0.63, p=0.001) for whole-body PET/CT
imaging. Although no significant correlations were found between LUR and age (r=0.05, p=0.6865), body mass index
(r=0.03, p=0.8178), or distance between the left myocardial apex and chest wall (r=0.16, p=0.1667).

Conclusions FDG uptake in the myocardium affected dbPET images of the left breast, especially near the chest wall. Further,
the effect of RI outside the FOV, such as in the myocardium, must be considered in the quantitative evaluation of breast
cancer using dbPET.
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Introduction

Breast cancer (BC) is the most common cancer and the
second leading cause of cancer-related deaths among
women with increasing incidences [1]. *F-fluorodeoxy-
glucose (FDG) positron emission tomography/computed
tomography (PET/CT) has become one of the most use-
ful tools for identifying distant metastases or secondary
cancer, staging, and monitoring response to therapy [2,
3]. PET is more quantitative than other conventional diag-
nostic imaging modalities, and semiquantitative values
of PET, such as SUV ., are widely used to differentiate
between benign and malignant tumors, predict prognosis,
and determine the response to treatment.

In the recent years, dedicated breast PET (dbPET),
which specializes in breast imaging, has been developed
to provide better sensitivity and spatial resolution than
whole-body PET [4, 5]. Ring-shaped high-resolution
breast PET scanners have greater sensitivity and can
improve spatial resolution by setting the detector close to
the breast and reducing respiratory movement by scanning
in the prone position. However, dbPET images have high
levels of noise at the edge of the detector (the top of the
detector, that is, the chest wall side) and lower image qual-
ity closer to the edge of the detector than in the center [6,
7]. This may be because the sensitivity of PET detectors
decreases closer to the top and bottom edge of the detec-
tor compared to the center of the detector, and because of
the effect of scattered radiation from FDG accumulated in
the trunk, especially in the left myocardium, which is out-
side the field-of-view (FOV) of the top of the detector. In
PET/CT, on the other hand, there is no radioactivity (RI)
outside the transverse FOV. Although RI exists outside
the longitudinal FOV, the image quality at the top and
bottom edges of the FOV is improved by overlap acquisi-
tion. Because the geometry of organ-specific PET, such
as dbPET significantly differs from that of PET/CT, the
effect of RI outside the FOV must be determined sepa-
rately. Therefore, this study aims to investigate the effect
of RI outside the upper top of the detector FOV on the
image quality of ring-shaped dbPET.

Methods

This single-institution study was approved by the Institu-
tional Review Board of the Kofu Neurosurgical Hospital
and Yamanashi PET Imaging Clinic in accordance with the
Declaration of Helsinki. Because of the retrospective study
design and use of anonymized patient data, the require-
ment for informed consent was waived.

Ring-shaped dbPET

The dbPET scanner (Elmammo, Shimadzu Corp., Kyoto,
Japan) consists of 36 detector modules arranged in three
contiguous rings, with a diameter of 195 mm, transaxial
length of 156.5 mm, and depth-of-interaction measurement
(DOI) capability [8]. The dbPET system uses a 3.4 ns coin-
cidence time window, a random correction using singles
count rates, and a 3 mm thick tungsten top shield for the end
shield. Although undisclosed, a wide energy window is set
up, from the first to the fourth layer of the DOI detector. The
transaxial effective FOV was 185 mm. Each detector block
consisted of a four-layered 32 X 32 array of lutetium oxy-
orthosilicate crystals (1.44 mm X 1.44 mm X 18 mm in size
with a DOI layer 4.5 mm tall) coupled to a 64-channel posi-
tion-sensitive photomultiplier tube via a light guide. Attenu-
ation correction was calculated using a uniform attenuation
map with object boundaries obtained from emission data [9].
Scatter correction was performed using the convolution—sub-
traction method with kernels obtained by background-tail
fitting [10]. The characteristics and standard performance
of this scanner have been previously reported in detail [11].

Phantom design

A phantom that contained the left myocardial cavity in the
background of a cylinder that corresponded to the mammary
gland was custom-designed (Fig. 1). The size and shape of
the left myocardial cavity and its position was designed
based on chest CT measurements of 10 women (age range:
30-66 years; mean: 52 years) in the prone position with the
breast naturally hanging. The myocardial cavity was pre-
pared on a Form3® 3D Printer (Formlabs, USA) operat-
ing with low force stereolithography (LFS) technology. The
build material (Photopolymer Resin) Clear Resin is a UV-
curable plastic with a density of 1.15-1.20 g/mL (25 °C).
The molded myocardial cavity was glued to a commercially
available round acrylic sheet (thickness 5 mm) and acrylic
pipe (9100 mm) using light-curable adhesive. The phantom
was placed so that the apex of the left myocardial cavity was
immediately at the upper edge line of the detector, and then
scanned for 20 min in list mode for each RI concentration
ratios (RCR) of the myocardium.

Data acquisition and image reconstruction

The background RI concentrations at the start of data acqui-
sition were set to 2.1 kBq/mL for dbPET scan. The myocar-
dial cavity was filled with an "*F-FDG solution with RCRs
to the background of 1, 4, 8, and 16. RCRs were determined
based on the findings of the previous studies [12, 13].
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Fig. 1 Dimensions of a custom-made breast phantom with left myo-
cardium in place. Lateral view showing the relationship between the
dbPET detector and the breast phantom (a); cross-sectional view of

The dbPET images were reconstructed using a three-dimen-
sional list mode dynamic row-action maximum-likelihood
algorithm with one iteration and 128 subsets, a relaxation
control parameter of $ =20, a matrix size in the axial view of
236 x200x 236 with a post-reconstruction smoothing Gauss-
ian filter (1.17 mm full width at half-maximum (FWHM)), and
scatter correction. The reconstructed voxel size of the dbPET
images was 0.78 mm x 0.78 mm X 0.78 mm. These conditions
were determined based on those used in the previous study
with dbPET [14].

Analyses of phantom image quality

All quantitative analyses of phantom and clinical PET images
used in this study were performed using an in-house-modified
Metavol [15]. Standardized uptake values (SUVs), as a semi-
quantitative assessment of pixel values, were extracted using
this software.

The SUV of a given was calculated using the following
formula:

RI concentration (Bq/ml)

SUV = -
decay — corrected quantity of RI (Bq)

X phantom volume (ml)

Tumor activity concentration (Bq/ml)

Injected dose (Bq)
X body weight (g).
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the breast phantom (b); and photograph of the phantom (c). The val-
ues in the figure represent the length (mm)

For the quantitative analysis of phantom images, 14
spherical volumes of interest (VOIs) with a diameter of
16 mm were placed on three transverse slices (center of the
detector, and 2 cm and 1 cm from the upper edge of the
detector, Fig. 2). The mean SUVs (SUV ., are the average
values within the VOI. The coefficient of variation (CVyg)

o0
OO
OOQ O

50

Fig.2 Position of the VOI for the measurement of dbPET phantom
images. Fourteen 16 mm diameter VOIs were placed on a dbPET
image of the phantom for the measurement of CVyg and SD s gyvmean
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and uniformity (SD Agyvmean) Of the background were cal-
culated using data from all VOI measurements as follows:

S])BG,l(;mm

CVpg = mean of[ X 100] (%),

BG,16mm

n

! Z (ASUVmean,i)z’

n—1&

SDASUVmean =

where SDgg 16 mm 18 the standard deviation of the back-
ground VOI values for a 16-mm-diameter sphere, Cpg 16 mm
is the average of the background VOI values for a 16-mm-
diameter sphere, and ASUV ., is the relative error of each
background VOI value for a 16-mm-diameter sphere. These
physical assessments were performed according to the previ-
ous reports [7, 14].

Analysis of human images

Subjects of PET scan fasted for at least 6 h before adminis-
tration of '8F-FDG (3 MBq/kg). Chest PET/CT scanning was
performed prior to dbPET 60 min after the injection using a
whole-body PET/CT scanner (Biograph Horizon; Siemens
Medical Solutions, Erlangen, Germany). Chest PET/CT was
performed in the prone position using a device that allowed
the breast to hang naturally. PET/CT images were recon-
structed using the ordered subset expectation maximization
method and the time-of-flight algorithm with four iterations
and ten subsets. The CT data were resized from a 512x 512
matrix to a 180 180 matrix to match the PET data and
construct CT-based transmission maps for attenuation cor-
rection of the PET data with a post-reconstruction smooth-
ing Gaussian filter (5 mm FWHM). After the PET/CT scan,
approximately 90 min after FDG injection, dbPET scanning
was performed also in the prone position. The breasts were
scanned with dbPET for 7 min each, first on the right side
and then on the left side. Clinical dbPET images were recon-
structed under the same conditions as the phantom images.

Between January 2019 and December 2020, 80 women
underwent chest PET/CT and dbPET for BC screening at
our institution. Women who were identified with abnormal
uptakes ("focal", "mass", or "non-mass" uptake based on the
previous report [16]) on the dbPET images by a diagnostic
radiologist of breast imaging and nuclear medicine physi-
cian were excluded. Consequently, a total 74 women were
included in this study.

For quantitative evaluation, nine VOIs with a diameter of
10 mm were placed 20 mm from the edge of the FOV, refer-
ring to the transverse and sagittal images of dbPET includ-
ing the nipple (Fig. 3). Five VOIs were equally placed on
these images including the nipple, avoiding the skin and

without consideration of structures (fat, mammary glands,
etc.) within the VOIs. One VOI located at the intersection
of the transverse and sagittal images was common in both
sections, for a total of nine VOIs were placed for one breast.
The left breast uptake ratio to the right breast (LUR) was
calculated using the following formula:

SUV eants = SUV yean
LUR = — "2t % 100%
SUVmean,Rt
where SUV, .1, and SUV .. ¢, are the average SUV ...

of the nine VOIs for the left and right breasts, respectively.

The average of the values measured once by a nuclear
medicine physician (YS) and a radiological technologist
(MI) were used in the analysis. In addition, the short-
est distance between the apex of the left myocardium and
the chest wall (Dist), the SUV_,, of the left myocardium
(SUV ax,myo)> and volume with an SUV of 2.5 or more (met-
abolic myocardial volume (MMYV) cm?) were measured on
chest PET/CT images. Although “Dist” should be measured
from the FDG accumulation on PET images, in cases where
the FDG accumulation in the myocardium was low, the
boundary of the myocardium on PET images was not clear,
and decrease in the reproducibility of the measurement was
a concern. Therefore, “Dist” was measured from CT, which
has a clearer boundary than PET image.

Statistical analysis

Regression analyses between LUR and the clinical indicators
or PET-derived parameters were performed using Pearson’s
correlation coefficient. The intraclass correlation coeffi-
cient (ICC), based on the two-way random effects model,
was used to assess the agreement of LUR measurements

a b
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Fig.3 Position of the VOI for the measurement of clinical dbPET
images. Nine spherical VOIs (bold circles represent the same VOI)
were placed to calculate the LUR. Transaxial (a) and sagittal (b)
images of dbPET
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between the two readers. Statistical significance was defined
as p<0.05. IMP®16 (SAS Institute Inc., Cary, NC, USA)
was used for all the analyses.

Results
Phantom studies

Transverse images of the dbPET phantoms with different
myocardial RCRs are shown in Fig. 4. The phantom images
showed that the higher the RCR of the myocardium, the
higher was the pixel value of the FOV upper edges (Fig. 4a,
b). In addition, even in the image at the center of the detec-
tor, higher RCRs could result in higher pixel values near the
outer edge of the phantom. An unexpected behavior was
observed in the center of the detector (Fig. 4c), where pixel
values were higher at the lateral edges for RCRs 1, 8, and
16, whereas they were uniform for RCR of 4.

1 4 8 16
Radioactivity concentration ratio of myocardium

Fig.4 Transverse phantom images with different myocardial RCRs
and different positions. Transverse phantom images at 1 cm (a) and
2 cm (b) from the upper edge and at the center of the dbPET detector
(c). Phantom images were displayed with an SUV range of 04

center
=2cm

center
m2cm
2 |m1cm

a 2s b 2
18

o

In the quantitative evaluation of phantom images,
SUV ean and CVy were higher at the edge of the detector
as myocardial accumulation was higher, whereas they did
not vary with myocardial accumulation at the center of the
detector. Furthermore, when myocardial accumulation was
high, SD s guvmean Was also higher and closer to the detec-
tor edge, whereas it did not vary with location within the
detector when myocardial accumulation was low (Fig. 5).

Clinical studies

A total of 74 women (age range 25-84 years; mean age
53 years) were evaluated. Table 1 shows the mean and
range of their body mass index (BMI), Dist, SUV .. 1.,
and MMV. The ICC for LUR was moderate (0.57). There
was no significant correlation between the LUR and age
(Fig. 6a, p=0.6865), BMI (Fig. 6b, p=0.8178), or Dist
(Fig. 6¢c, p=0.1667). In contrast, the median (range) LUR
was 5.98% (from -50.15 to 54.93), which was signifi-
cantly correlated with SUV . ..., (Fig. 6d, r=0.96 and
p<0.0001) and MMV (Fig. 6e, r=0.63 and p=0.001).
Figure 7 shows representative PET images of normal
breasts with high or low FDG uptake in the myocardium.
For a woman with myocardium with higher FDG uptake
on the chest PET/CT image (Fig. 7a, b), noise increased
near the chest wall on the dbPET image (Fig. 7c), which
was located near the upper edge of the detector.

Table 1 Characteristics of 74 participants

Mean [range]

Age (years) 53 [25-84]
BMI 22.64 [15.1-36.05]
Dist (mm) 17.87 [743]
SUV pax myo 5.54 [1.75-17.66]
MMV (cm?) 62.36 [0-226.24]

C o.18

center
0.16 | = 20m
§0.14 [m1cm

=
g
£
>
2 1
2]
05
0
1 4 8

Radioactivity concentration ratio of myocardium

Fig. 5 Quantitative evaluation of phantom images. SUV
RCRs and the position in the detector

mean
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Discussion

In this study, the image quality of a breast phantom with
varying RCR of the myocardium close outside the upper
edge of the detector was first evaluated at different verti-
cal positions in the detector. The results showed that the
SUVs were overestimated and became more heterogene-
ous closer to the edge of the cylindrical detector, and the
degradation was worse with a higher myocardial RCR.
These results were consistent with the previous reports
that found that dbPET image quality decreases at the edge
of the detector [6, 7]. Furthermore, an unexpected behav-
ior was observed at the center of the detector (Fig. 4¢),
where the pixel values were not uniform and higher at
the lateral edges of the FOV when the RCR was 1, 8, and
16. For dbPET attenuation correction, an attenuation map
obtained by detecting the object boundary from dbPET
emission data and assuming that its interior has a uni-
form fat absorption value is used. For the first time, this
unexpected behavior was shown, since previously reported
phantom studies did not consider RI outside FOV [4, 7,
11, 14]. Our results indicated that the RI outside the FOV
prevented to obtain accurate attenuation correction maps,
which may have been one of the reasons for the degraded
dbPET image quality. Recently, it has been reported that a
new organ specific—proximity type of PET system imple-
ments an another attenuation correction method based on
a new maximum-likelihood attenuation correction fac-
tor [17]. It has been shown in the previous study that the
new attenuation correction method can be used to obtain
an attenuation map of the head, including bone, derived
from PET emission data.The next and subsequent phan-
tom-based studies with RIs outside the FOV at various
different RI concentrations and locations should clarify
this behavior.

Commercially available dbPET system for clinical use
have sensitivity and scatter correction implemented [4,
13, 14]. However, our clinical studies suggest that FDG
accumulation in the myocardium would affect the image
quality of dbPET images, mainly in the left breast, espe-
cially on the chest wall side. This means that the correc-
tion methods currently implemented in dbPET scanners
are not sufficient to correct for the effects of RI outside the
FOV. However, given that the degree of myocardial accu-
mulation varies from day to day in the same patient and
that the dbPET image data does not contain information on
the amount and location of RI outside the FOV, it would be
difficult to correct for the true value of FDG accumulation
in the breast using dbPET scans alone.

@ Springer

Based on these results, the use of indicators of myocardial
FDG accumulation obtained from whole-body or chest PET/
CT images acquired prior to dbPET scans may be considered
for the correction of dbPET images. It has been reported
that PET/CT scans in the prone position are more useful for
detecting small lesions in the breast than those in the supine
position [18, 19]. However, it is not widely used in daily
practice because scanning the whole-body from the head to
the lower leg in the prone position is painful for the patient;
therefore, the patient is currently scanned in the supine posi-
tion in routine practice. Nevertheless, the positional relation-
ship between the breast and myocardium in the prone PET/
CT scan used in this study was almost the same as that in the
dbPET scan, and PET/CT can provide anatomical positional
information that cannot be obtained from dbPET. Therefore,
an index based on PET/CT images may be used in the future
to correct dbPET images. If this scanning method is shown
to be useful in improving the quantitative performance of
dbPET images in the future, it should be possible to prepare
a routine protocol for BC patients and study a larger number
of cases.

The usefulness of SUVs, such as their association with
the grade and prognosis of BC, has been shown in many
previous studies [20, 21]. Because SUV_, is the maximum
pixel value contained in the VOI, the measurement is highly
reproducible and easy to use. dbPET and whole-body PET/
CT have also been reported to be useful in differentiating
between subtypes and benign/malignant tumors [5, 16].
Therefore, further studies are needed to define a correction
method for the SUV of dbPET images from whole-body
PET/CT data using a phantom containing hot spheres. In
addition, those spheres should be variable in order to con-
sider the variation in quantification due to their position in
the detector.

Our study has several limitations. First, unlike phantom
studies in general PET studies, our phantom did not contain
a sphere corresponding to the intra-breast lesion. This was
done to avoid the effect of FDG in the sphere on the sur-
rounding image quality for evaluating the fine image qual-
ity at the edges of the high-sensitivity detector. However, a
phantom containing spheres corresponding to breast lesions
may be more clinically relevant. The results of adequate
correction method of SUV on dbPET will be shown in a
future study using a phantom containing hot spheres. Sec-
ond, the design of this clinical study was retrospective, and
the patient cohort was small. If PET/CT scan in the prone
position is shown to be useful for improving the quantita-
tive quality of dbPET images, it could be widely adopted as
a routine protocol for BC patients, allowing future studies
with large amounts of patient data.
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Conclusions

In conclusion, FDG uptake in the myocardium affected
dbPET images of the left breast, especially near the chest
wall. It is necessary to consider the effect of RI outside the
FOV, such as in the myocardium, in the quantitative evalu-
ation of BC with dbPET.
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