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Background: Whole-body PET images can be obtained by using the “step-and-shoot”

(SaS) method (using multiple bed positions) or continuous bed motion (CBM). As

transmission scans are not always feasible, an alternative method where attenuation data

can be generated via emission-based attenuation correction (AC) maps is of interest. The

aim of this preclinical study was to investigate the influence of the acquisition method and

AC on the quantitation accuracy of [18F]FDG-PET.

Methods: [18F]FDG-PET phantom images were acquired using either SaS or

CBM. Transmission scans were recorded for the SaS method using a 57Co-point

source. Emission-based attenuation sinograms were obtained from the images after

segmentation and inverse Fourier rebinning. PET images were reconstructed without

AC, transmission based (TX-AC) and emission-based (EM-AC) attenuation correction.

Moreover, [18F]FDG-PET scans of rats bearing mammary carcinomas acquired using

either SaS or CBM were analyzed retrospectively and quantification in tissues

was compared.

Results: Phantom recovery coefficients (RC) varied greatly, ranging from 0.49 ± 0.01

to 1.15 ± 0.07, dependent on acquisition method, reconstruction algorithm and AC

method. In CBM acquired images, EM-AC improved quantification accuracy when

compared to no-AC images in the phantom studies (RC 0.79 ± 0.02 vs. 0.49 ±

0.01, respectively) and in tumors of rats (DMBA model: 1.16±0.42 SUV vs. 0.86±0.28

SUV, respectively).

Conclusion: The method of AC has a strong influence on the quantification of [18F]FDG.

Our data indicates that EM-AC improves quantification in images obtained by CBM and

SaS. However, the obtained values were still underestimated when compared to TX-AC

corrected images.

Keywords: positron emission tomography, attenuation correction, quantification, FDG, emission-based

attenuation

INTRODUCTION

Quantitative whole-body examinations are one of the key strengths of preclinical positron emission
tomography (PET) and computed tomography (CT) systems. However, due to the restricted
axial field of view (FOV) of several centimeters both in clinical and preclinical PET scanners,
a whole-body scan in humans or larger animals such as rats or rabbits cannot be recorded in
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one single scan acquisition. Therefore, for obtaining a
whole-body scan, two different scanning methods are
commonly applied.

In the first method, the “step-and-shoot” (SaS) method,
several emission scans are recorded using multiple bed positions
to cover the whole body [1]. For this, the subject is positioned
on the bed, moved to the first bed position and coincidences
are recorded for a predefined time (e.g., 10–15min). Then the
bed is moved to the next position and the procedure is repeated.
Typically, the bed positions overlap each other for several cm
in order to facilitate subsequent processing of the images. To
correct for photon attenuation in the scanned subject, a separate
attenuation correction (AC) scan is recorded for each single bed
position in singles mode using either a transmission source such
as 57Co (TX-AC) or a CT-based attenuation map [2]. Finally,
the reconstructed and TX-AC corrected images are stitched, and
decay corrected using algorithms usually implemented in the
scanner software. The advantage of this method is that it usually
follows established laboratory procedures for emission scans as
this type of scanning is routinely performed and it provides a
higher slice sensitivity [3]. However, scanning time is increased
for each scanned individual which significantly decreases the
daily imaging throughput.

An alternative method to the SaS-method is the continuous
bedmotion (CBM)method. Here, the bed is continuously moved
horizontally back and forth through the axial FOV between a
specified start- and end-position and coincidences are recorded.
The main advantage of this method is that it provides a more
uniform sensitivity over the entire image and offers better
image quality due to over sampling [4], which often aids in
the identification of smaller tumors or affected lymph nodes.
Preclinical PET systems have implemented CBM since 2009 [5,
6], whereas the clinical implementation just startedmore recently
[7–10]. The main disadvantage of CBM in preclinical imaging
is that it usually does not offer the possibility to perform a
transmission scan required for AC. This is of special relevance for
stand-alone preclinical PET scanners, which are not combined
with a CT and can thus not use the CT image to generate a
µ-map for attenuation correction. Consequently, the improved
image quality provided by CBM comes at the cost of a decreased
quantification accuracy. One way to overcome this issue is
the generation of emission-based attenuation correction (EM-
AC) factors or maps [11]. Here, image data is first segmented
assuming a uniform attenuation in manually delineated regions
and then forward projected to generate an attenuation sinogram,
which is then used for attenuation correction during image
reconstruction [12]. This method is relatively fast, easy to use
and implemented in most preclinical PET systems. In addition,
EM-AC eliminates the time required for an extra attenuation
measurement, resulting in a significant reduction in overall
scanning time.

In this study we compared No-AC, TX-AC, and EM-
AC and their influence on image quantification by phantom
measurements acquired using the SaS and CBM method. We
furthermore investigated the biological relevance of our findings
by performing a retrospective analysis of a dataset of [18F]FDG-
PET scans in rats bearing chemically induced breast cancer

tumors. We first evaluated brain and liver uptake in whole-body
scans of rats acquired using the SaS method and applied no-
AC, TX-AC, or EM-AC during reconstruction of the images.
Secondly, we assessed whole-body scans of rats acquired using
the CBM method and compared the quantification in tumors in
reconstructed images using either filtered back projection (FBP)
or ordered subset expectation maximization (OSEM) with or
without EM-AC.

METHODS

Phantom Study
A cylindrical hollow phantom made from polyethylene with
a diameter of 7 cm, a length of 16.5 cm and a wall thickness
of 0.2 cm was filled with 36.1 ± 8.0 MBq aqueous [18F]FDG
solution and placed on the scanner bed of a preclinical PET
scanner (micro PET Focus 220, Siemens Healthineers, Knoxville,
TN, USA), which provides 7.6 cm axial and 22 cm transaxial
FOV [13]. After moving the phantom to the center FOV, PET
emission scans at 3 consecutive bed positions were acquired for
10 min/bed position with an energy window of 350–750 keV
and a coincidence time window of 6 ns. The horizontal bed
position was moved between the measurements in axial direction
for ∼6.6 cm to cover a total axial FOV of 20.8 cm. A horizontal
overlap of 1 cm was applied to the images to facilitate further
stitching of the images. Afterwards, a 10-min transmission scan
using a rotating 57Co point source (120–125 keV energy window)
was recorded in singles mode for each bed position. CBM
measurements were performed by placing the phantom on the
scanner bed and a subsequent emission recording for a time of
20min (350–750 keV energy window, 6 ns timing window). The
phantomwas moved through the field of view for four times back
and forth (8 passes) to cover the same region of interest multiple
times during data acquisition spanning an axial FOV of 27.1 cm.

Animal Studies
Chemicals
Radiosynthesis and quality control of [18F]FDG was performed
using standard methods [14]. 1-Methyl-1-nitrosourea (MNU)
and 1-methyl-1 nitrosourea (DMBA) were obtained by Sigma-
Aldrich (Schnelldorf, Germany). For in vivo application, MNU
was dissolved in sterile saline solution and acidified to pH 5.0
with acetic acid. DMBA was dissolved in sesame oil.

Research Animals and Tumor Induction
Female 5–6 weeks old Sprague-Dawley rats (Crl:CD, Charles
River, Sulzfeld, Germany) were initially used in the study.
Animals were housed in groups in a temperature and humidity-
controlled facility on a 12 h light/ dark cycle and fed a standard
laboratory diet. Food and water were available ad libitum
and animals were weighed weekly during the experiment.
Tumors were generated following published procedures by the
administration of the carcinogens MNU [15, 16] or DMBA as
follows [17, 18]. MNU was injected intraperitoneally at a dose
of 50 mg/kg and a volume of 5 mL/kg body weight (n =

12). If animals did not exhibit tumors within 3 weeks, MNU
injection was repeated on day 29 and day 57 after initiation of
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the study. DMBA was administered by oral gavage at a dose
of 20 mg/kg (n = 8) or 50 mg/kg BW (n = 12) at a volume
of 5 mL/kg. Animals were observed regularly to determine
the development and localization of tumors. All experiments
involving laboratory animals were approved by the respective
authorities and the study procedures were in full accordance with
the European Communities Council Directive of September 22,
2010 (2010/63/EU). All procedures were in compliance with the
institutional biosecurity and radiation safety regulations.

PET Imaging Procedure
At the time point of PET imaging, mean body weight of rats
were 236 ± 33 g. The following standardized imaging setup
was applied for all [18F]FDG scans [19–21]. In brief, rats were
deprived of food for 18 ± 4 h prior [18F]FDG administration.
Rats had access to drinking water at all times. Body warming
was achieved by placing the entire cage on a heating pad
kept at 38◦C. Warming was initiated ∼30min before tracer
injection and continued throughout the uptake and image
acquisition period. Rats were pre-anesthetized by inhalation
anesthesia (1–4% isoflurane in oxygen) in an induction box.
Subsequently, 0.1mL containing 30.0 ± 12.5 MBq [18F]FDG
solution diluted with saline was administered intravenously via
tail vein injection under isoflurane anesthesia. Rats were kept
anesthetized throughout the whole uptake and imaging period
and the isoflurane concentration level was adjusted to obtain a
breathing rate of 20–60 breath/min during the PET acquisition,
indicating a comparable level of anesthesia.

PET emission data with an energy window of 350–750 keV
and a coincidence time window of 6 ns were acquired at 1 h after
[18F]FDG injection into rats (n = 9) using the SaS method for
10 min/bed position with three bed positions to cover the whole
body of the animal. The bed was moved from one position to the
next by 6.6 cm covering in total an axial FOV of 20.8 cm. Overlap
in the resulting images between the positions was 1 cm. Before
the emission scan, an attenuation measurement was done with
the rotating 57Co point source for 10min at each position. Total
scan time per animal was 60 min.

In a second cohort of rats (n = 20) a 20min scan (350–750
keV energy window, 6 ns timing window) was acquired at 1 h
after [18F]FDG injection using the CBM tool to cover the whole
body of the rats. Thereby, the bed was slowly moved through the
FOV for four times back and forth (8 passes) covering an axial
FOV of 27.1 cm.

Image Data Generation and Analysis
As the rat images were analyzed retrospectively, some of the
original raw data (list mode files and sinograms) were no longer
available. Thus, all emission sinograms used for comparing
different AC methods were generated by inverse Fourier
rebinning from the available image files, which were originally
reconstructed using Fourier rebinning (FORE) followed by
filtered back projection (FBP), using the forward projection
tool implemented in the image analysis software ASIPro VM
6.0 (Siemens Healthineers). To be consistent, we applied the
same procedure to the acquired phantom images. The thus
generated emission sinograms were further used for image

reconstruction as described below. To validate this approach,
we also compared image files reconstructed from the generated
emission sinograms with image files from the original emission
sinograms (when available).

The generated emission sinograms were reconstructed using
FORE followed by FBP algorithm with ramp filter or OSEM at
an image zoom of 3.163 and an image matrix of 128 × 128
× 95 (SaS) or 128 × 128 × 351 (CBM) resulting in a voxel
size of 0.6 × 0.6 × 0.796 mm3. The standard data correction
protocol (normalization, decay correction, and injection decay
correction) was applied to the data. Scatter correction was not
applied to the emission data as the used reconstruction software
does not permit scatter correction of non-AC data to allow for a
comparable ratio between the AC and non-AC corrected images.

For calculation of the EM-ACfile, the emission calibration and
segmentation tool implemented in ASIPro VM 6.0 was used. PET
emission images were segmented to obtain the outer border of
the phantom or the rat. The area inside the segmented phantom
or rat was assumed to be water and assigned an attenuation
coefficient of 0.095 cm−1 (511 keV), the area outside was assumed
to be background and assigned an attenuation coefficient of 0
cm−1. After segmentation was completed, a 2D sinogram was
projected and inverse Fourier rebinning with a span of 47 and
a ring difference of 23 was performed. The obtained sinogram
was defined as emission-based sinogram (EM-AC sinogram)
for attenuation correction. The flow chart of the processed
image data, calculated sinograms and reconstructed image files
is depicted in Figure 1. Images were reconstructed without
(No-AC), with transmission-based (TX-AC) and with emission-
based (EM-AC) attenuation correction. Images obtained with
the SaS technique were stitched together using the stitching tool
implemented in ASIPro VM 6.0.

A calibration factor for converting units of PET images
into absolute radioactivity concentration units was generated
by imaging a phantom filled with a known concentration
of [18F]FDG at identical measurements parameters and
reconstructed using FBP including TX-AC. The activity
concentration in the phantom was calculated from the activity
measured in a dose calibrator (CRC-25R, Capintec Pittsburgh,
PA, USA) and the fill volume of the phantom.

Three cylindrical volumes of interest (VOI) with a diameter
of 55mm and 10mm height were outlined on multiple planes of
the PET images from the phantom study using the image analysis
software Amide [22]. For evaluation of the effects of different AC
methods the recovery coefficients (RC) as the ratio of measured
activity concentration to known activity concentration for each
AC method were calculated with the following equations:

RC =
CT

Cknown

where CT is the radioactivity concentration derived from the
target VOI in kBq/cc in the uncorrected image (No-AC), TX-
AC, and the EM-AC corrected image, respectively. Cknown

is the known radioactivity concentration calculated from the
administered radioactivity (kBq) measured in a dose calibrator
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FIGURE 1 | (A) Flow chart of the steps involved in the emission-based (EM-AC) and transmission-based (TX-AC) attenuation correction in the current study. Data files

in light gray are original data (images or sinograms), data files in dark gray were calculated from the image files and final image files reconstructed using the 3 different

AC methods (No-AC, EM-AC and TX-AC). (B) Phantom FDG-PET images acquired using the SaS method with 3 bed positions and C) phantom FDG-PET images

acquired using the CBM method. The applied AC method is indicated in the images and PET images are displayed in percent applied dose per gram (%AD/g).

and the fill volume of the phantom (mL) under the assumption
of a density of water of 1 g∗mL−1.

In the animal studies, predefined ellipsoidal or spherical VOIs
were applied for whole brain (12 × 20 × 8 mm3) and liver
(10mm diameter) whereas the tumor was manually delineated
on multiple planes of the PET images. The derived [18F]FDG
concentration values were calculated from the mean and max
value of the VOI and quantified in terms of standardized uptake
value (SUVmean and SUVmax) using the following equation:

SUV =
CT

DInj
×WS

where CT is the mean or maximum radioactivity concentration
in the target VOI in kBq/cc, DInj the administered dose in kBq
andWS the body weight of the animal in gram.

For comparing the effect of the different AC methods on
tumor quantification, individual tumor values are derived either
from one animal with one or multiple tumors or from animals,
which were scanned multiple times.

Statistics
All values are given as mean values (± standard deviation).
The obtained AC-corrected values were compared to No-AC
corrected values using a paired t-test in GraphPad Prism 8.3.0.;
p < 0.05 was considered statistically significant.

RESULTS

As not all emission sinograms were available at the time of
analysis, the emission sinograms used for all AC techniques
(phantom and rats, No-AC, EM-AC, and TX-AC) were generated
from the original images by applying inverse Fourier rebinning.
In order to validate this approach images reconstructed from
the generated sinograms were compared to images reconstructed
from the original sinograms (phantom and rat SaS). Quantitative
analysis of phantom images based on the generated or original
sinograms were in good agreement (SUVmean < 1%). In rats,
similar differences of liver and brain activity (SUVmean < 1%)
between images based on the generated or original sinogram
were observed. In contrast, maximum activity concentration
(SUVmax) were significantly lower using the inverse Fourier
rebinning approach compared to the original sinograms on both,
phantom and rat images.

The recovery coefficients (RC) calculated from the set of
reconstructed images, applying No-AC, TX-AC or EM-AC of the
cylindrical phantom filled with [18F]FDG solution scanned with
the SaS method and CBM are summarized in Table 1. Moreover,
phantom images acquired using the SaS and the CBM method
and reconstructed using No-AC, EM-AC, and TX-AC (only SaS
method) are shown in Figures 1B,C. As shown in the phantom
images, axial image uniformity is superior in the phantom images
acquired using CBM as compared to phantom images acquired
using SaS. In the later, the overlapping bed position are clearly
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TABLE 1 | Recovery coefficients (RC) for mean radioactivity concentrations of the

phantom studies which were acquired either with the SaS method or continuous

bed motion (CBM) and the images reconstructed using different method of

attenuation correction (AC).

SaS CBM

FBP RC RC

No-AC 0.63 ± 0.01 0.49 ± 0.01

TX-AC 1.02 ± 0.08 n.a.

EM-AC 1.15 ± 0.07 0.79 ± 0.02

OSEM RC RC

No-AC 0.63 ± 0.01 0.50 ± 0.01

TX-AC 1.07 ± 0.01 n.a.

EM-AC 1.15 ± 0.07 0.80 ± 0.02

For calculation of the RC please refer to the materials and method section.

n.a., not assessed.

visible in the images. Applying no attenuation correction during
image reconstruction leads to an underestimation of mean
radioactivity concentrations in the investigated VOI of 50 or 37%
in CBM and SaS acquired emission scans, independent from
the applied image reconstruction algorithm (FBP or OSEM).
Implementing transmission-based attenuation correction (TX-
AC) to the identical images acquired in SaS mode increased
the quantification accuracy as assessed by the RC value to 1.02
± 0.08 and 1.07 ± 0.01 for FBP and OSEM reconstructed
images, respectively. Emission-based AC showed comparable
improvements in quantification accuracy in SAS acquired images
(RC of 1.15 ± 0.07 and 1.15 ± 0.07) for FBP and OSEM. In
phantom images acquired with CBM, EM-AC increased the
quantification accuracy in FBP (RC of 0.79 ± 0.02) and OSEM
(RC of 0.80 ± 0.02) reconstructed images compared to No-
AC images.

The results from the retrospective analysis using No-AC, EM-
AC, or TX-AC for quantification of brain and liver [18F]FDG
uptake in rat images acquired with the SaS method (n=9) are
shown in Figures 2A,B. Rat FDG images are shown in Figure 2C.
Mean brain uptake (SUVmean) was increased by 40% (p< 0.0001)
and 18% (p < 0.0001) when applying the TX-AC and EM-AC
method, respectively, compared to No-AC (Figure 2A). In the
liver VOI the effect of AC was even more pronounced with
increases of 60% (p < 0.0001) and 32% (p= 0.008) in mean liver
uptake (SUVmean) values after TX-AC and EM-AC, respectively
(Figure 2B). Overall in both analyzed VOIs, [18F]FDG uptake
values (SUVmean) were significantly lower in the EM-AC images
as compared to the TX-AC images.

Whole-body rat images acquired using the CBM method are
shown in Figure 3B. The obtained uptake values in tumors,
calculated from whole-body rat images acquired using CBM
and reconstructed using either No-AC or EM-AC are shown in
Figure 3A. In parallel to the phantom study, EM-AC generally
increased the mean uptake values irrespective of the image
reconstruction algorithm used. For example, [18F]FDG SUVmean

tumor uptake values in FBP reconstructed images were increased
by 33 ± 10% (p = 0.0034) in the DMBA group (n = 14)

and by 36 ± 8% (p = 0.001) in the MNU group (n = 6)
after EM-AC. When performing OSEM reconstruction, EM-
AC led to an increase in SUVmean tumor uptake values by
68% (p < 0.0001) and 78% (p = 0.001) in the DMBA and
MNU group, respectively. Interestingly, EM-AC had an effect
in the same order of magnitude on the SUVmax tumor values
(∼38% increase) when using FBP reconstruction, whereas in the
OSEM reconstructed images, SUVmax tumor values exhibited an
increase of∼100% after applying EM-AC.

DISCUSSION

In contrast to human PET studies, where the CBM acquisition
method was just recently introduced and is now used for
diagnostic [18F]FDG-PET [9, 23], this method is rarely applied
in preclinical whole-body imaging. The main reason for this
is that in preclinical imaging either the transaxial FOV of the
preclinical PET scanner is large enough for a whole-body scan
of the scanned subject (e.g., mouse), the exact imaging region
is known to the examiner (e.g., in subcutaneous tumor studies)
or the quantitative properties of PET imaging are prioritized
over data on whole-body distribution, which might be the case
in imaging of larger animals such as rats or rabbits. However,
CBM offers the opportunity to increase image throughput, as
the total measurement time required for a CBM acquisition is
significantly lower than the cumulative effort for emission and
transmission acquisitions at multiple bed positions. Compared
to SaS, imaging time in CBM could be reduced by a factor of
two, therefore doubling the putative imaging output per day
which consequently effects the study statistics and allows for
higher group numbers—factors that are of high importance in
oncology studies. Additionally, the anesthesia duration for the
scanned subjects can be shortened in CBM, which decreases the
overall burden for the laboratory animals under investigation,
again an important factor in oncology studies where repeated
measurements over study days (e.g., therapy monitoring studies)
are required. Moreover, it has been reported and demonstrated
in the phantom study that CBM offers the advantage of a
more uniform sensitivity over the entire image and therefore
results in a better image quality when compared to SaS-
acquired images.

In this study we investigated alternative approaches for AC
to achieve accurate estimates of radiotracer concentration in
different regions of interest in images acquired with CBM.
Initially, phantom studies using a rat-sized hollow cylinder
filled with a known activity concentration of [18F]FDG in
aqueous solution were performed. PET emission images were
recorded using both acquisition methods, SaS and CBM, and
corresponding transmission scans were performed for the SaS
images. Furthermore, the originally FBP-reconstructed images
were segmented, and attenuation coefficients were manually
assigned to the corresponding parts of the image which was
subsequently inverse Fourier rebinned into an emission-based
attenuation sinogram. This EM-AC sinogram was then used for
AC in the reconstruction of the phantom images using FBP and
OSEM algorithm.
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FIGURE 2 | (A) Brain and (B) liver mean (filled circle) and max (open square) [18F]FDG activity concentration values (SUV) obtained in rats (n = 9). Images were

recorded using the SaS method and reconstructed with FBP without (No-AC), with transmission-based (TX-AC) and with emission-based (EM-AC) attenuation

correction (*p < 0.05, ***p < 0.001, ****p < 0.0001). (C) Sagittal rat FDG-PET images acquired using the SaS method and reconstructed with FBP. Brain and liver are

indicated with red arrows and overlapping bed positions are indicated with green arrows.

During data search for “real” rat imaging data to compare
phantom data with, it was recognized that not all original raw
data were still available for retrospective analysis. Therefore, the
possibility to generate emission sinograms out of the original
image files by inverse Fourier rebinning was investigated, initially
in the phantom dataset, as well as subsequently in the rat
images. Comparison of the quantification result of the inverse

Fourier rebinned sinograms (and further reconstructed images)
with the original image files showed an excellent agreement.
Consequently, the generation of the emission sinograms out
of the image files can be a feasible approach if the original
listmode or sinogram raw data is missing and images need
to be reconstructed with a different reconstruction algorithm
or parameters.
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FIGURE 3 | (A) Quantification in tumors (SUVmean and SUVmax) induced by DMBA (n = 14) or MNU (n = 6) in rat whole body images acquired with continuous bed

motion (CBM). Images were reconstructed using FBP or OSEM without attenuation correction and with emission-based attenuation correction (EM-AC) (**p < 0.01,

***p < 0.001, ****p < 0.0001). (B) Maximum intensity projection of a whole-body PET image showing [18F]FDG distribution in a tumor bearing rat (MNU) acquired with

CBM without AC (left side) and with EM-AC (right side). Tumors are indicated with red arrows. Images were reconstructed with OSEM.

Quantitative evaluation of the phantom data and comparison
of the derived concentration values to the expected values
revealed the influence of the acquisition mode (SAS vs.
CBM) and attenuation correction on those data. Applying no

attenuation correction to the phantom data showed a reduction
in quantitative accuracy by −37% in SaS acquired images
reconstructed using FBP or OSEM. These values are quite
in line with literature data where it was reported that the
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accuracy of the activity concentration is reduced by −38% in the
uncorrected vs. the attenuation corrected image [24]. Moreover,
a simulation study using the Moby phantom with increasing
diameters from 2.1 cm to 6.4 cm also showed a 30–40% error in
soft tissue quantification starting from 4.7 cm diameter, which
is roughly the diameter of a rat [25]. The reduction was even
more pronounced in the phantom CBM data, were a decrease
of −50% in quantitation accuracy was observed. Applying TX-
AC to SaS acquired data increased quantification accuracy to
acceptable levels of <10% for all reconstruction algorithms.
Interestingly, EM-AC overestimated the activity concentration by
15% in SaS acquired images. However, the such derived values are
well within the tolerance range for PET measurements keeping
in mind that especially FDG-PET scans in rodents are heavily
influenced by animal handling of up to a factor of 2 as shown
in a recent study [21]. In CBM data, EM-AC greatly improved
image quantitation for both reconstruction algorithms, even
though these values are still below the expected concentrations
or compared to TX-AC data.

As a next step, the effect of transmission-based (TX-AC)
vs. emission-based (EM-AC) attenuation correction in SaS
acquisitions of whole-body rat PET images were assessed. In
brain and liver VOIs the activity concentration without AC
and with TX-AC reflected the results of the phantom studies
as such, that mean brain and liver [18F]FDG uptake values
were increased by 40 and 60%, respectively, after applying TX-
AC. Application of EM-AC to the same data increased the
SUVmean in brain and liver by 18 and 32%, respectively. This
is in contrast to the phantom study were both AC methods
achieved a comparable result in terms of quantification accuracy.
A possible explanation for this observation might be an incorrect
segmentation. As the skull itself was not visible in the FDG rat
images, it was not feasible to include bone material into the
segmented images and thus leading to an underestimation of
brain FDG uptake. A previous study suggests a careful evaluation
of EM-AC in applications where a uniform structure cannot be
assumed [26].

When using CBM for tumor-bearing rats this study found that
the [18F]FDG uptake after EM-AC was increased with respect to
uncorrected images by 34% in the tumors VOI’s. Similar results
were also obtained by other groups in subcutaneous tumor
mouse models [27], where they reported an attenuation recovery
of ∼13% in tumors. This value is slightly lower as the results
from this study, but as mice were used in contrast to rats, a
lower attenuation recovery might be expected. D’Ambrosio et al.
[28] compared two attenuation correction methods based on
CT and segmentation of emission images in phantom, mice and
rat images. In line with this study, it was reported that EM-AC
leads to lower uptake values (lower ROI counts) as compared
to TX-AC. For example, differences between the EM-AC and
CT-AC method of <9% for the myocardium and left ventricle
VOI in rats were reported. This difference is much lower as
the difference found in the liver and brain VOI in this study
(∼17%). However, this might be due to the different position
of the VOI inside the body and the attenuation effect of the
surrounding tissue.

However, even with this underestimation in [18F]FDG
organ and tumor uptake, EM-AC did improve tumor
identification and tumor delineation in CBM acquired
images. Especially small tumors with lower [18F]FDG
uptake can be easily overlooked without AC (see Figure 3B).
This is of special relevance in chemically induced tumor
models, where tumors can develop spontaneously, and the
exact tumor locations are unknown. More importantly,
the EM-AC method could be an important alternative in
preclinical PET/MR scanners where no attenuation correction
is available.

CONCLUSION

Attenuation correction had a strong influence on the
quantification accuracy of PET images. The present study
revealed, that EM-AC can improve quantitative accuracy in
PET scans acquired with continuous bed motion. Moreover,
tumor identification and tumor delineation in the final
images especially for small tumors could be improved by
EM-AC in CBM and SaS acquired images even if the obtained
values were still underestimated as compared to TX-AC
reconstructed images.
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