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A B S T R A C T

Aim: β-amyloid (Aβ) small animal PET facilitates quantification of fibrillar amyloidosis in Alzheimer’s disease
(AD) mouse models. Thus, the methodology is receiving growing interest as a monitoring tool in preclinical drug
trials. In this regard, harmonization of data from different scanners at multiple sites would allow the estab-
lishment large collaborative cohorts and may facilitate efficacy comparison of different treatments. Therefore, we
objected to determine the level of agreement of Aβ-PET quantification by a head-to-head comparison of three
different state-of-the-art small animal PET scanners, which could help pave the way for future multicenter
studies.
Methods: Within a timeframe of 5 ± 2 weeks, transgenic APPPS1 (n = 9) and wild-type (WT) (n = 8) mice (age
range: 13–16 months) were examined three times by Aβ-PET ([18F]florbetaben) using a Siemens Inveon DPET, a
MedisonanoScan PET/MR, and a MedisonanoScan PET/CT with harmonized reconstruction protocols. Cortex-to-
white-matter 30–60 min p.i. standardized uptake value ratios (SUVRCTX/WM) were calculated to compare binding
differences, effect sizes (Cohen’s d) and z-score values of APPPS1 relative to WT mice. Correlation coefficients
(Pearson’s r) were calculated for the agreement of individual SUVR between different scanners. Voxel-wise
analysis was used to determine the agreement of spatial pathology patterns. For validation of PET imaging
against the histological gold standard, individual SUVR values were subject to a correlation analysis with area
occupancy of methoxy‑X04 staining.
Results: All three small animal PET scanners yielded comparable group differences between APPPS1 and WT mice
(ΔPET=20.4 % ± 2.9 %, ΔPET/MR=18.4 % ± 4.5 %, ΔPET/CT=18.1 % ± 3.3 %). Voxel-wise analysis confirmed a
high degree of congruency of the spatial pattern (Dice coefficient (DC)PETvs.PET/MR=83.0 %, DCPETvs.PET/CT=69.3
%, DCPET/MRvs.PET/CT=81.9 %). Differences in the group level variance of the three scanners resulted in divergent
z-scores (zPET=11.5 ± 1.6; zPET/MR=5.3 ± 1.3; zPET/CT=3.4 ± 0.6) and effect sizes (dPET=8.5, dPET/MR=4.5, dPET/
CT=4.1). However, correlations at the individual mouse level were still strong between scanners (rPETvs.PET/
MR=0.96, rPETvs.PET/CT=0.91, rPET/MRvs.PET/CT=0.87; all p ≤ 0.0001). Methoxy-X04 staining exhibited a significant
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correlation across all three PET machines combined (r = 0.76, p < 0.0001) but also at individual level (PET: r =
0.81, p = 0.026; PET/MR: r = 0.89, p = 0.0074; PET/CT: r = 0.93, p = 0.0028).
Conclusions: Our comparison of standardized small animal Aβ-PET acquired by three different scanners sub-
stantiates the possibility of moving towards a multicentric approach in preclinical AD research. The alignment of
image acquisition and analysis methods achieved good overall comparability between data sets. Nevertheless,
differences in variance of sensitivity and specificity of different scanners may limit data interpretation at the
individual mouse level and deserves methodological optimization.

1. Introduction

Alzheimer’s disease (AD) accounts for a significant portion of
neurodegenerative diseases and is a primary cause of dementia in the
elderly. Neurodegenerative diseases, including AD, are currently
incurable, and efforts are being made worldwide to explore therapeutic
possibilities. Recently, on June 7, 2021, and January 6, 2023, the Food
and Drug Administration (FDA) in the USA approved the first potential
causal therapies, Aducanumab (Sevigny et al., 2016) and Lecanemab
(van Dyck et al., 2023), respectively. These therapies are designed to
eliminate Aβ protein deposits, which are, besides neurofibrillary
tau-tangles, a fundamental component in the pathogenesis of Alz-
heimer’s disease (Hardy and Higgins, 1992; Braak and Braak, 1991).
Positron emission tomography (PET) for detecting β-amyloid (Aβ) has
gained widespread acceptance as a valuable tool for both, identifying
and quantifying amyloidosis in the brains of individuals suspected to
have AD (Nelissen et al., 2009). Moreover, positivity in Aβ-PET is an
important inclusion criterion in clinical trials of anti-amyloid therapy
(Sabri et al., 2015) and functions as a biological endpoint in terms of
drug efficacy within various trials (Sevigny et al., 2016). In basic sci-
ence, Aβ-PET has proven to be a promising instrument for monitoring
neuropathological changes in transgenic Aβ mouse models (Xia et al.,
2022; Zhao et al., 2022; A Rominger et al., 2013). Within this context,
molecular imaging with PET has been established in a diverse array of
mouse models that either overexpress familial AD-related genes, mutant
amyloid precursor protein (APP), or APP and Presenilin (PS) (first
generation). Second generation AD mouse models employ knock-in
modifications producing pathogenic Aβ such as Aβ42 without an over-
expression APP (Watamura et al., 2022; Sasaguri et al., 2017). In the
realm of Aβ-PET, both in larger interventional and clinical multicenter
studies, it is a common scenario for Aβ-PET-imaging to be carried out
using different scanners (Nordberg et al., 2013). However, this practice
introduces additional disruptive factors, such as inter-reader variability
and acquisition heterogeneity, which require adequate standardization
(Klunk et al., 2015; Smith et al., 2023). Therefore, harmonizing imaging
and reconstruction procedures becomes imperative to mitigate issues
arising from the diverse acquisition settings. For instance, previously
published preclinical imaging studies utilizing 2-Deoxy-2-[18F]fluo-
ro-D-glucose ([18F]FDG) have identified various factors influencing up-
take patterns, such as animal handling (Fueger et al., 2006), dietary state
(Wong et al., 2011) and anesthesia (Tremoleda et al., 2012). Thus, a
notable advantage of Aβ-PET imaging is its relative independence from
metabolic alterations in the mice. However, several challenges consid-
ering Aβ-PET imaging have been reported (Syvänen et al., 2022). Among
the frequently used agents, such as [18F]florbetaben, high white matter
retention and nonspecific binding in adjacent bone are common issues
(Richards and Sabbagh, 2014; Wolk et al., 2012). Additionally, the
presence of asymmetric plaque burden (Sacher et al., 2020) may account
for the inter-animal variation observed in many studies (Syvänen et al.,
2022).
Considering preclinical imaging studies however, only scarce evi-

dence of studies conducted in a multicenter approach is available to date
(Mannheim et al., 2019; Dirnagl and International, 2012). A compre-
hensive analysis to assess the comparability and feasibility of small
animal Aβ-PET recordings when performed using different scanners in
mice with amyloid pathology has not yet been conducted.

Hence, our primary objective was to gauge the level of agreement in
Aβ-PET quantification by directly comparing the performance of three
distinct state-of-the-art PET scanners. This endeavor is aimed at facili-
tating future multicenter investigations in this field.

2. Methods

2.1. Animals

Experiments were carried out with APPPS1–21 (APPPS1) mice,
generated on a C57BL/6 J genetic background, which exhibit substantial
fibrillar Aβ plaque pathology. This transgenic mouse model coexpresses
mutated APP and presenilin 1 (PS) under a neuron-specific Thy1 pro-
moter, leading to the onset of cerebral amyloidosis at the age of 6–8
weeks (Radde et al., 2006). Age- and sex- matched C57BL/6 J mice
served as controls (WT).

2.2. Experimental setup and study design

Within a timeframe of 5 ± 2 weeks, all transgenic APPPS1 (n = 9, 5
female, 4 male) and wildtype (WT, n = 8, 4 female, 4 male) mice (age
range: 13–16 months) were each consecutively examined in total of
three times by Aβ-PET ([18F]florbetaben) using a MedisonanoScan PET/
MR (1st), a Siemens Inveon DPET (2nd), and a MedisonanoScan PET/CT
(3rd) with harmonized reconstruction protocols (see below). All three
scanners were available at the same site at LMUMunich. Randomization
was not used to allocate experimental units because there was no
intervention involved. Blinding was not performed during scanning but
during image analysis, where an automatic co-registration step
(Overhoff et al., 2016) ensured reader independence. After the final
scan, brains were collected for subsequent analysis of brain pathology.
Sample size calculation with previous data (Biechele et al., 2021) and
α=0.05 revealed a required cohort of n = 7 APPPS1 and n = 7 WT to
detect group differences at a power of 0.8 (G*Power 3.1.9.7, HHU
Düsseldorf).
To account for animal and imaging based drop-outs n = 10 mice per

genotype were included in the study. One APPPS1 mouse and two WT
mice were excluded from the analysis a priori due to incomplete imaging
data. Additionally, we conducted a sample size calculation to estimate
the number of animals required for each specific scanner, as compared
to a multicentric study in a sensitive and robust paradigm. This calcu-
lation was based on the variances determined in this study. We assumed
a meaningful effect of 5 %, with an α level of 0.05 and a power of 0.95,
aiming to detect sensitive differences for potential interventional trials
in mouse models of Alzheimer’s disease (AD). All animal experiments
were approved by the local animal care committee of the Government of
Oberbayern (Regierung Oberbayern) (AZ 55.2–1–54–2532–210–2015
and AZ 55.2–1–54–2531–162–13, 24,015, 106–17), overseen by a
veterinarian and in compliance with the ARRIVE guidelines 2.0 (Sup-
plement) and were carried out in accordance with the U.K. Animals
(Scientific Procedures) Act, 1986 and associated guidelines, EU Direc-
tive 2010/63/EU for animal experiments. Animals were housed in a
temperature- and humidity-controlled environment with a 12 h light-
–dark cycle, with free access to food (Ssniff Spezialdiäten GmbH) and
water. Anesthesia prior to tracer application was induced with 3.0 %
isoflurane and maintained during PET scanning with isoflurane 1.5 %

J. Gnörich et al.



NeuroImage 297 (2024) 120748

3

delivered via a mask at 3.5 L/min. Following the experiment, the mice
were transferred to fresh temporary cages equipped with food, water,
and heating mats for warming. The animals were returned to their home
cages only after they had fully regained consciousness (Palumbo et al.,
2023). [18F]florbetaben (Neuraceq) precursor was provided by LIFE
Molecular Imaging GmbH and the synthesis was performed as reported
previously (A Rominger et al., 2013), yielding a specific activity of ~80
GBq/µmol and a radiochemical purity of 98 %.

2.3. Image acquisition and phantom scan

PET images were acquired by using a dedicated PET-scanner
(Siemens Inveon DPET), a PET/MR (3T MedisonanoScan PET/MR
scanner, MedisoLtd., Hungary) and a nanoscan PET/CT (MedisoLtd.,
Budapest, Hungary) with harmonized acquisition and reconstruction
protocols to ensure comparable spatial resolution. For this purpose,
spatial resolution among the scanner was determined using a high-
resolution phantom in mouse size (Quality Assurance in Radiation and
Medicine (QRM), Germany). The Micro Derenzo phantom used for this
purpose has a total length of the active part of 32 mm, with the middle
12 mm long insert containing fillable hot-rod resolution sections with
rod diameters of 0.6, 0.8, 1.0, 1.2, 1.5, and 2.0 mm (Omidvari et al.,
2017). The phantom was filled with an [18F]FDG solution, resulting in
an activity of approximately 20 MBq at the start of the 1-hour acquisi-
tion. Subsequently, the phantom scan was reconstructed according to
the default reconstruction protocols of each individual scanner. PMOD
(V3.5, PMOD technologies, Basel, Switzerland) was used to delineate the
different segments of the phantom and a straight line was placed in
transaxial images of the phantom through the segments of 2.0 mm and
1.2 mm. Line profiles of respective sections were created and compared
between all three scanner modalities. Higher peak-to-valley ratios, as a
surrogate of resolution, were observed in both segments of the PET/MR
and PET/CT compared to the PET-only device (Supplementary
Figure 1A, C). Based on these findings for PET images derived from the
PET/MR and PET/CT, a Gaussian filter (1.0 mm3) was applied for
harmonization of the full-width-at-half-maximum to achieve similar
spatial resolution (Supplementary Figure 1), as previously performed in
human multicenter studies (i.e. (Brendel et al., 2020)). In brief, animal
scans consisted of a static single emission frame made in the interval
30–60 min (A Rominger et al., 2013) after bolus injection of approxi-
mately 15.2 ± 2.8 MBq (PET=13.5 ± 2.9 MBq; PET/MR=17.0 ± 2.6
MBq; PET/CT=14.9 ± 1.8 MBq) [18F]florbetaben (in 150 μl saline) to a
tail vein.

2.3.1. Siemens inveon dpet
Mice were placed in the aperture of the scanner a “four-bed mouse

hotel”, followed by a 15 min transmission scan made using a rotating
[57Co] point source. The image reconstruction procedure was performed
with a three-dimensional ordered subset expectation maximization
(OSEM-3D) with 4 iterations and 12 subsets followed by a maximum-a-
posteriori (MAP) algorithm with 32 iterations. All data were random,
scatter-, attenuation-, and decay-corrected and processed with a zoom
factor of 1.0 leading to a final voxel dimension of 0.78×0.78×0.80 mm3.

2.3.2. 3T Medisonanoscan PET/MR
When conducting scans using the 3T MedisonanoScan PET/MR sys-

tem, in accordance with previously published studies (Gnorich et al.,
2023), we employed a single-mouse imaging chamber. A 15-minute
anatomical T1 MR scan was performed before [18F]florbetaben injec-
tion (head receive coil, matrix size 96×96×22, voxel size
0.24×0.24×0.80 mm3, repetition time 677 ms, echo time 28.56 ms, flip
angle 90◦). PET list-mode data were reconstructed using a 3D iterative
algorithm (Tera-Tomo 3D, MedisoLtd, Hungary) with the following
parameters: matrix size 55×62×187 mm3, voxel size 0.3 × 0.3 × 0.3
mm3, 8 iterations, 6 subsets. Random, scatter, attenuation, and decay
corrections were applied. The T1 image was used to create a body-air

material map for scatter and attenuation correction.

2.3.3. nanoScan PET/CT
Similar to the Siemens Inveon DPET, mice were analyzed in a 4-

mouse imaging chamber.The PET reconstruction procedure of scans
performed by small animal MedisoPET/CT system also included an 3D
iterative algorithm (Tera-Tomo 3D, MedisoLtd, Hungary) with 4 itera-
tions, 6 subsets, decay correction, scatter correction, attenuation
correction, dead time correction, and sensitivity normalization. An x-ray
computed tomography scan was used for generating a material map for
scatter and attenuation correction. The resulting PET images had 212 ×
212 × 235 voxels of 0.4 × 0.4 × 0.4 mm3. The resulting CT images had
972× 972× 930 voxels of 0.12× 0.12× 0.12 mm3 (Bartos et al., 2022).

2.4. Image preprocessing and analysis

Aβ-PET preprocessing for all image data was performed by PMOD
(V3.5, PMOD technologies, Basel, Switzerland). All analyses were
standardized to ensure comparability of procedures (Overhoff et al.,
2016). Unified spatial normalization (nonlinear warping, transient 0.6
mm3 Gaussian smoothing of the input image, 16 iterations, frequency
cutoff 3, no thresholding) of all original Aβ-PET images to the same
previously established Aβ-PET template was performed, to ensure
spatial alignment between all different studies. Cortex-to-white-matter
standardized uptake value ratios (SUVR(CTX/WM)) were calculated uti-
lizing our a bilateral neocortical volume of interest (15 mm3) (Biechele
et al., 2021) in relation to our previously validated white matter refer-
ence region (Overhoff et al., 2016) to compare percentage difference,
effect sizes (Cohen’s d) and z-score values relative to WT mice. For
visualization purposes, PET scans from all three devices are depicted on
a standard mouse T1w-MRI template in Ma-Benveniste-Mirrione space
(Ma et al., 2005).

2.5. Methoxy-X04 staining

Brains used to carry out histological analysis were separated at the
axial plane and one hemisphere was fixed in 4 % PFA at 4 ◦C overnight.
For each animal (n = 7) three 50 µm thick slices, containing the frontal
cortex were cut at a vibratome (VT1200S, Leica Biosystems, Germany).
Free-floating sections were permeabilized with 0.03 % Trition X-100 in
PBS at 4 ◦C overnight and subsequent blocked with 10 % NGS in PBS for
1 h at RT. To stain fibrillar Aβ plaques, methoxy‑X04 (0.01 mg/ml 50 %
Ethanol) was applied onto the slices for 15 min at RT. Excessive dye was
removed by three times washing with PBS, before the slices were
mounted on microscope slides with fluorescent mounting medium
(Dako, Santa Clara, USA).
In the motor cortex, three-dimensional images were acquired with a

LSM 900 confocal microscope (Zeiss, Oberkochen, Germany) using a
10x immersion objective. The excitation wavelength for methoxy‑X04
was 405 nm and the emission was detected from 403 to 585 nm. Image
were quantified with ImageJ/FIJI (Version v1.53j). To analyze fibrillar
Aβ plaques, pictures were contrast/brightness adjusted and a fixed
threshold was set to quantify the percentage area (area-%) of the
methoxy‑X04 stain. For quantification, the area-% of three images per
animal was averaged.

2.6. Statistical analysis

Statistical tests were performed using SPSS (V27.0; IBM Corp., Chi-
cago, IL, USA) and GraphPad Prism 9. SUVR(CTX/WM) values were
compared between APPPS1 mice and WT mice with regards to mean
values at the group level,%-differences, effect sizes (Cohen’s d) and in-
dividual z-scores for each PET system. Furthermore, a correlation
analysis was performed between SUVR(CTX/WM) values derived from
different PET systems in the whole cohort and in the APPPS1 cohort. We
performed whole-brain voxel-wise comparisons of white matter scaled

J. Gnörich et al.
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SUVR images by statistical parametric mapping 12 (SPM) in all three
scanner modalities (PET, PET/CT, PET/MR). SPM analyses were cor-
rected for multiple comparisons by a false discovery rate (FDR)
correction (Benjamini and Hochberg, 1995). An FDR-corrected p-value
of 0.05 was set as the threshold for voxelwise analyses. We calculated
two sample t-tests between each of the three different imaging modal-
ities to obtain T-score maps. After binarization of T-score maps based on
a significance threshold, dice coefficients (DC) were computed. For
validation of PET imaging against the histological gold standard, indi-
vidual white matter scaled SUVR values were subject to a correlation
analysis with area occupancy of methoxy‑X04 staining.

3. Results

3.1. Inter-scanner agreement of Aβ SUVRCTX/WM in APPPS1 and WT
mice

A comparable mean SUVR(CTX/WM) was observed within all three
scanners for both genotypes: APPPS1 (PET: 0.94; PET/MR: 0.94; PET/
CT: 0.93) and WT (PET: 0.78; PET/MR: 0.80; PET/CT: 0.79) (Supple-
mentary Fig. 2), yielding significant group differences between both
mouse models across all three modalities (all p< 0.0001). No significant
differences were observed in the intragroup comparisons (Supplemen-
tary Table 1). Fig. 1 shows the association between the three different
scanner modalities of Aβ-PET SUV(CTX/WM) in predefined cortical VOIs
for APPPS and WT mice. Including both abovementioned cohorts in the
correlation analysis revealed a significant positive association between
all three modalities: PET vs. PET/MR (r = 0.96, p < 0.0001), PET vs.

Fig. 1. (A) Correlation analysis between the [18F]florbetaben SUVR(CTX/WM) values determined by the three different scanners in APPPS1 (n = 9) and WT mice (n =

8) aged 13–16 months. Scatter plots show strong correlations between all the modalities. (B) Dedicated APPPS1 analysis shows significant correlation between PET
vs. PET/MR (p < 0.05), whereas PET vs. PET/CT and PET/MR vs. PET/CT did not meet the 5 % significance level. R indicates Pearson‘s coefficient of correlation. Red
dots highlight two distinct APPPS1 mice, and yellow dots highlight one respective WT mouse visualized in panel C. (C) Representative [18F]florbetaben PET SUVR
images upon an MRI template of two transgenic APPPS1 mice compared to one WT mouse show similar SUVR(CTX/WM) values and visual image impressions across the
three PET systems.
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PET/CT (r = 0.91, p < 0.0001) and PET/MR vs. PET/CT (r = 0.87, p <

0.0001) (Fig. 1A). Sole consideration of transgenic APPPS1 mice, how-
ever, showed only significant association in the PET vs. PET/MR com-
parison (r = 0.70, p = 0.035), whereas PET vs. PET/CT (r = 0.38, p =

0.32) and PET/MR vs. PET/CT (r = 0.58, p = 0.10) correlations did not
meet the significance threshold (Fig. 1B). Thus, we questioned the
reason for lower SUVR(CTX/WM) correlations in the APPPS1 cohort. Dif-
ferences in the group-level variance among the three scanners led to
varying z-scores (zPET=11.5 ± 1.6; zPET/MR=5.3 ± 1.3; zPET/CT=3.4 ±

0.6) (Fig. 2B) and effect sizes (dPET=8.5; dPET/MR=4.6; dPET/CT=4.1),
whereas%-differences between APPPS1 and WT mice were stable
(ΔPET=20.4 % ± 2.9 %, ΔPET/MR=18.4 % ± 4.5 %, ΔPET/CT=18.1 % ±

3.3 %) across the three small animal PET systems (Fig. 2A). Hence, the
smaller range of SUVR(CTX/WM) values in the cohort of transgenic mice
suffered from methodological variance in individual mice, whereas
quantitative group differences were obtained at a similar level across
PET machines. This variance was also observed in the sole correlation of
WT mice where the significance level was only reached between PET
and PET/MR (r = 0.74, p = 0.037) compared to PET vs. PET/CT (r =
0.10, p = 0.82) and PET/MR vs. PET/CT (r=− 0.23, p = 0.59), also
pointing on methodological but not animal specific variance in Aβ-PET
SUVR of WT mice without target in brain. To determine the appropriate
group sizes for a study using each of the employed scanners, we per-
formed a sample size calculation based on the observed group variances
specific to each scanner. Our sample size calculation determined that 10
animals (5 per group, d = 2.7) are required for the PET-only device, 24
animals (12 per group, d = 1.6) for the PET/MR, and 28 animals (14 per
group, d = 1.5) for the PET/CT. This calculation assumes a meaningful
effect size of 5 %, with a power of 0.95 and an alpha level of 0.05. On
average, this equates to 20.7 animals across the three scanners.
Conversely, a multicentric study that incorporates the variances from all
aforementioned scanners, would require a total of 20 animals (10 per
group, d = 1.8).

3.2. Comparable patterns of a voxel-wise APPPS1 vs. WT mice analysis
across [18F]florbetaben imaging with different PET imaging systems

We asked if regional information of small animal Aβ-PET is similar
across PET systems and assessed spatial PET signal patterns using voxel-
wise analysis via SPM. All three small animal PET scanners yielded
comparable group differences between APPPS1 and WT mice as shown
in Fig. 2A. Voxel-wise analysis further confirmed a high degree of con-
gruency in the spatial patterns (DCPETvs.PET/MR=83.0 %; DCPETvs.PET/
CT=69.3 %; DCPET/MRvs.PET/CT=81.9 %) (Fig. 3).

3.3. Positive association between Aβ imaging with different PET systems
and staining for fibrillar Aβ plaques

Assessed area coverage of fibrillar Aβ (methoxy‑X04 positive;
Fig. 4A) in the motor cortex of n = 7 APPPS1 mice ranged from 2.0 % to
5.2 %with an average of 3.6 %±1.0 % plaque load. A notable agreement
with methoxy‑X04 staining was revealed across all three PET machines
combined (r= 0.76, p< 0.0001) (Fig. 4B). Correlation with SUVR values
from each individual PET scanner revealed a comparable trend (PET: r=
0.81, p = 0.026; PET/MR: r = 0.89, p = 0.0074; PET/CT: r = 0.93, p =

0.0028).

Discussion

Here, we addressed the major question of multi-scanner acquisition
with the idea of acquiring small animal Aβ-PET scans with different PET
scanners by a head-to-head comparison of three different modalities
(Siemens Inveon DPET, MedisonanoScan PET/MR, and Medi-
sonanoScan PET/CT). We compared [18F]florbetaben SUVRCTX/WM
values among each device to determine the degree of congruency and to
translate these findings to multicenter preclinical studies.
Our findings provide valuable insights into the comparability of

different scanner modalities in assessing Aβ-PET tracer uptake in Aβ-rich
cortical regions. In our first analysis, which included both APPPS1 and
WT mice, we observed a strong and significant positive association

Fig. 2. Aβ percentage difference values (A) of individual APPPS1 mice (n = 9) SUVRs to WT mean coincide well between the different modalities in comparison to
differing z-score values (B) due to the higher variance in PET/MR and PET/CT.
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between all three modalities. These results underscore the robustness
and consistency of Aβ SUVRCTX/WM measurements across different
scanner technologies when the method is used to distinguish Aβ-positive
from Aβ-negative tissue, also highlighting the potential utility of
multisite imaging in preclinical research. However, when we restricted
our analysis to the transgenic APPPS1 cohort, we found that only the
PET vs. PET/MR comparison showed a significant positive association
due to smaller group variances. In contrast, PET vs. PET/CT and PET/
MR vs. PET/CT did not reach the 5 % significance threshold. These
findings suggest that while PET and PET/MR remain consistent in
measuring [18F]florbetaben SUVRCTX/WM in transgenic mice, there may
be some variations when using PET/CT, possibly due to differences in
precision and consequently sensitivity and specificity warranting further
investigation and standardization.
Notably, the mean SUVRCTX/WM uptake values were comparable

across all three scanners for both WT and APPPS1 groups, further sup-
porting the agreement observed in our correlation analysis. This con-
sistency in mean values adds strength to the argument for the robustness
of these imaging modalities.
With regard to the choice of the quantification method, SUVRCTX/WM

ratio demonstrated superior performance in Aβ detection through PET
imaging in transgenic mice compared to other reference regions, making
it a valuable choice in preclinical imaging studies (Overhoff et al.,
2016). Especially in studies of longitudinal design or preclinical inter-
ventional trials, where precise monitoring of individual animals is
essential, white matter intensity scaling along with automated spatial
normalization can improve the quantification and comparability of [18F]
florbetaben uptake (Overhoff et al., 2016).
Next, we investigated voxel-wise [18F]florbetaben SUVRCTX/WM,

comparing APPPS1 to WT mice across three different scanners. Notably,
all three scanners consistently revealed comparable group differences
between APPPS1 and WT mice, all yielding highly significant p-values.
These findings indicate the robustness and reliability of the imaging

modalities in detecting differences in the PET readout at the group level.
Furthermore, the voxel-wise analysis emphasized the high degree of
congruency in the spatial patterns of the group differences between the
scanners. The Dice coefficient calculations demonstrated substantial
agreement between PET vs. PET/MR and PET/MR vs. PET/CT, while the
agreement was slightly lower in the PET vs. PET/CT comparison. This
observation underscores the consistency in the distribution of the PET
signal group differences across different modalities, enhancing confi-
dence in their reliability for research purposes.
However, it is important to note that despite the consistency in group

differences and spatial patterns, there were differences in group-level
variance across the three scanners. This variation resulted in different
z-scores and effect sizes, with Inveon DPET achieving the highest z-score
and MedisoPET/CT achieving the lowest z-scores. The application of a
3D Gaussian filter to approximate spatial resolution between the two
more modern devices (PET/MR and PET/CT) compared to the PET-only
device could have contributed to the observed variations. Furthermore,
variations in z-scores and effect sizes among the scanners suggest dif-
ferences in sensitivity and specificity, which should be considered in
study cohort size estimation and/or in the interpretation of results when
using different imaging technologies. In contrast, the%-differences be-
tween APPPS1 and WT mice remained relatively stable across the
scanners, which again highlights the comparability of small animal Aβ-
PET quantification at the group level. Additionally, we conducted a
sample size calculation to determine the number of animals required for
each specific scanner, compared to a multicentric study. This calculation
was based on the variances observed in this study with specified sta-
tistical parameters. Our findings indicated that the different PET scan-
ners required varying group sizes, reflecting the need to account for
scanner-specific variances. On average, the total number of animals
required across the three scanners was slightly higher than that for a
multicentric study, which is driven by the highest variance among the
scanners (PET/CT > PET/MR > PET). Importantly, the average SUVr

Fig. 3. Whole-brain voxel-wise group comparisons between APPPS1 mice (n = 9) versus WT (n = 8) based on white matter scaled [18F]florbetaben images of three
different PET scanners (PET, PET/CT, PET/MR). T-score maps show results of a two independent sample t-test, p < 0.05, FDR-corrected, k > 20 voxel, projected on
MR imaging mouse atlas (gray scale). Dice coefficient (DC) calculations between the binarized T-score maps show very high spatial agreement in PET vs. PET/MR and
PET/MR vs. PET/CT comparisons and high agreement in PET vs. PET/CT comparison.
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values across all WT scans were not significantly different, resulting in
comparable numbers of animals required for both multicentric and
single-site settings.
In multiple analyses involving amyloidosis mouse models, a robust

concordance was observed between Aβ-PET imaging and various his-
tological or immunohistochemical markers for Aβ (Xia et al., 2022; A
Rominger et al., 2013). In keeping with these literature data, we found
an overall positive association between both methods. Establishing this
association is crucial for using in vivo PET imaging as a surrogate for the
ex vivo diagnostic gold standard, also in small animals.
There are several limitations in this study. Besides the relatively

limited sample size of both cohorts (APPPS1: n = 9; WT: n = 8),
immunohistochemistry was only performed in n= 7 APPPS1 mice. Also,
differences in PET scanner sensitivity, spatial resolution and distinct
attenuation corrections (PET/MR and PET/CT, and Co-57 retractable
point source for DPET) (Constantinescu and Mukherjee, 2009) could
have influenced our findings. In brief, the PET-only scanner utilizes an
external radioactive source of known activity. Correction values are
measured with an initial blank scan without an object in the field of view
(FOV). In a second transmission scan, an attenuating object is added to
the FOV and compared to the blank scan. Another approach is the use of
coupled systems for the correction of emission data. MRI provides in-
formation on proton density and the relaxation properties of spins in
tissue but does not provide information on photon attenuation. Hence,
generating attenuation maps with PET/MRI hybrid devices is more
challenging and must be done indirectly, such as through atlas-based

approaches (Chen and An, 2017). In contrast, the CT component pro-
vides direct information on the X-ray attenuation properties of tissues
and is therefore suitable for generating attenuation coefficients for 511
keV radiation through bilinear transformation. In this context, a previ-
ous preclinical study has highlighted the limitations and challenges of
current multicentric PET/CT imaging, proposing standardized protocols
to ensure reproducibility across different sites (McDougald et al., 2020).
Given these differences in attenuation correction across systems, dedi-
cated future studies with a technical focus will further improve
harmonization.
Importantly, our genuine goal was not to compare the characteristics

of the three different scanners but rather to assess the feasibility and
execution of a multicenter preclinical study under default conditions in
which each device operates with its pre-set standard settings. Never-
theless, we conducted a preliminary study with the Micro Derenzo
Phantom to identify necessary adjustments for achieving similar spatial
resolution across the scanners. Given the lower resolution of the DPET
scanner (Constantinescu and Mukherjee, 2009; Visser et al., 2009; Nagy
et al., 2013), we applied 3D Gaussian smoothing to all PET images from
the PET/MR and PET/CT with a FWHM of 1 mm, taking into account the
loss of spatial specificity. Thus, we conducted PET acquisitions on both
APPPS1 and WT mice, ensuring uniform housing conditions, harmo-
nized PET scan protocols, and image reconstruction parameters. This
approach effectively mitigated potential methodological bias.
Multicentric studies facilitate the inclusion of larger and more

diverse cohorts for investigation. This increase in sample size may

Fig. 4. Association of methoxy‑X04 positive Aβ plaque load in the motor cortex with quantitative [18F]florbetaben PET SUVR(mCTX/WM) acquired in the motor cortex
by different PET systems. (A) Representative image of methoxy‑X04 staining. (B,C) Correlation analysis was conducted on APPPS1 mice (n = 7) using data from all
three PET scanners combined, as well as from each PET scanner separately.
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enhance the statistical power of the study by providing more precise
estimates of the effect size, thereby improving the ability to detect true
differences between groups and enhancing the generalizability of the
findings. However, we acknowledge that multicentric studies can also
introduce additional variability due to differences in equipment, pro-
cedures, and environments across centers. This increased variability
might necessitate a larger overall sample size to achieve the same sta-
tistical power, potentially conflicting with the 3Rs principle, particularly
the Reduction aspect (Russell et al., 1959). In our study, the sample size
calculation for a multicentric approach, which incorporated variances
from all three scanners, resulted in a requirement of 20 animals (10 per
group). Although this number is ultimately constrained by the least
precise scanner, it is comparable to the average number required for
individual scanners (20.7 animals), indicating that a multicentric design
does not necessarily require more animals in this case. Still the single use
of the most robust system would have resulted in less animals, which
would cover the Reduction principle best. In summary, it is crucial to
standardize protocols across centers to minimize variability and opti-
mize the use of animals to comply with the 3Rs principle.
To achieve reliable and comparable results across different centers,

there must be consensus on imaging parameters, such as radiotracers
(Son et al., 2018), mouse model variability (Jankowsky and Zheng,
2017), acquisition times, and imaging processing methods. Achieving
this level of standardization is challenging but crucial for data quality
and interpretation. This issue recently gained paramount significance
(Mannheim et al., 2019), especially in the context of both prospective
and retrospective multicenter studies, which have remained largely
unexplored in the realm of preclinical imaging in mouse models of AD.
This study sheds light on the feasibility of multimodal preclinical Aβ

imaging in a mouse model of AD. Overall, our assessment of standard-
ized small animal Aβ-PET scans provides support for the potential
transition to a multicenter approach in preclinical AD research. The
harmonization of image acquisition and analysis techniques has yielded
a high level of comparability across datasets. However, the above-
discussed variations in scanner properties may pose challenges when
comparing data at the individual mouse level, underscoring the need for
further methodological refinement.
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