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Abstract
Background: In vivo tau positron emission tomography (PET) imaging could help clarify the spatial distribution
of tau deposition in Alzheimer’s disease (AD) and aid in the differential diagnosis of tauopathies. To date, there
have been no in vivo 18 F-APN1607 tau PET studies in patients with AD.

Methods: We applied tau tracer in twelve normal controls (NCs) and ten patients in the mild to moderate stage
of probable AD. Detailed clinical information, cognitive measurements and disease severity were documented.
Regional standardized uptake value ratios (SUVRs) from 18 F-AV-45 (�orbetapir), 18 F-APN1607 PET images
and regional gray matter (GM) atrophic ratios were calculated for further analysis.

Results: Quantitative analyses showed signi�cantly elevated SUVRs in the frontal, temporal, parietal, occipital
lobes, anterior and posterior cingulate gyri, precuneus, and parahippocampal region (all ps < 0.01) with medium
to large effect sizes (0.44 - 0.75). The SUVRs from 18 F-APN1607 PET imaging showed signi�cant correlations
with the ADAS-cog scores (all ps < 0.01) and strong correlation coe�cients (R squared ranged from 0.54 to
0.68), even adjusted for age and gender effects. Finally, the SUVRs from 18 F-APN1607 PET imaging of the
parahippocampal region showed rapid saturation as the ADAS-cog scores increased, and the SUVRs of the
posterior cingulate gyrus and the temporal, frontal, parietal and occipital regions slowly increased. The
combined SUVRs from 18 F-AV-45 PET, 18 F-APN1607 PET and regional GM atrophic ratio showed that uptake
associated with the amyloid burden rapidly increased and reach a plateau, whereas uptake associated with tau
depositions increased slowly and �nally followed by regional GM atrophic ratios in most regions as the ADAS-
cog scores increased. However, different regions exhibited various combinations of these patterns.

Conclusions: Our �ndings suggest that the 18 F-APN1607 tau tracer showed a clear background without
signi�cant uptake in the basal ganglia or midbrain. Uptake of this tracer correlated well with cognitive changes
and demonstrated the spatial pattern of amyloid, tau deposition and GM atrophy in the progression of AD. Thus,
the regional base of dynamic biomarker changes was observed in the current study.

Trial registration: registration number (NCT03625128), date of registration( August 10, 2018), retrospectively
registered.

Background
Tau protein is one of the important neuropathological substrates in the neurodegenerative diseases. The term
“tauopathy” collectively refers to neurodegenerative disorders characterized by the pathological accumulation
of tau protein, such as Alzheimer’s disease (AD), frontotemporal dementia and others[1–3]. Recent advances in
the selective tau tracers for positron emission tomography (PET) imaging allow in vivo exploration of the
presence and extent of tau pathology in these patients[4]. Clinically, tau PET imaging can provide valuable
support in the early differential diagnosis of neurodegenerative disorders by revealing whether a characteristic
distribution of tau deposition is present[5].

Over the last few years, several tau tracers have developed in the living human brain, including the �rst-
generation tau trace such as 18F-AV-1451[6, 7], 18F-THK-5117, 18F-THK-5317, and 18F-THK-5351[8–11], and the
novel second-generation tau tracers, such as 11C-PBB3, 18F-RO69558948, 18F-MK6240 and 18F-PI2620 [12–14].
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The �rst generation tau traces had several limitations, for example, ‘off-target’ binding; that is, the signal from
tau tracers are due to monoamine oxidase B (MAO-B) binding [15]. 18F-AV-1451 studies also showed the
in�uence of signals on monoamine oxidase A(MAO-A) binding in vitro [16, 17].Other conditions that include
astrocytosis in their histology may also show increased uptake of 18F-THK-5351, as in the affected area in the
semantic variant of primary progressive aphasia or in the ischemic-related regions in patients with vascular
cognitive impairment[18, 19]. Furthermore, most of these tracers have shown high binding a�nity in the deep
brain nucleus, which is not a region where pathological studies show a high density of tangles in AD [20]. Thus,
a tau imaging agent with low off-target binding in the brain remains an unmet need in the �eld of dementia
research [5].

PBB3 is a tau tracer developed in 2014. After preclinical evaluation, 11C-PBB3 has been demonstrated to
effectively visualize tau pathology in patients with AD and non-AD tauopathies[12, 21]. Notably, the high-level
retention of 11C-PBB3 in the AD hippocampus, wherein tau pathology is enriched, sharply contrasted with the
low hippocampal retention of 11C-Pittsburgh compound B (11C-PIB)[22, 23]. 11C-PBB3 has been produced with
su�cient radioactivity and high quality, demonstrating its clinical utility. Its radiosynthesis, photoisomerization,
biodistribution and metabolites have also been studied [12]. Furthermore, a previous study showed that PBB3
could bind to tau �brils in postmortem AD brain tissue [21]. Recently, a 18F-labeled PBB3 derivative, 18F-
APN1607 (18F-PM-PBB3) has been developed and demonstrated to improve imaging characteristics of 11C-
PBB3 with wider availability [24]. The structure of 18F-PM-PBB3 had been reported and the results of
biodistribution, metabolites and histo-pathological correlation in animal and human studies had been
submitted[5]. In the present study, we applied the latest developed tracer (i.e.,18F-APN1607) to evaluate the
clinical and neuroimaging characteristics of tauopathies in AD patients and normal controls (NCs). We
hypothesized that the 18F-APN1607 tau PET tracer could effectively display the AD-associated regions with
signi�cant tau deposition and revealed the topographical patterns of cognitive changes.

Methods
Study rationale

An open-label study to evaluate the performance of a novel tau imaging tracer in AD patients and NCs was
conducted. Participants were recruited from among patients and healthy volunteers residing in Taiwan. The
study protocol was approved by the Chang Gung Memorial Hospital Institutional Review Board (CGMHIRB No.
201700982A0) and the Governmental Department of Health (1066060482). Written informed consent was
obtained from all participants prior to the study procedure. All methods were performed in accordance with the
relevant guidelines and regulations. Neurological examinations were performed on all participants. Each
participant completed the following components: screening evaluation, brain magnetic resonance imaging
(MRI), 18F-AV-45 (�orbetapir) PET and 18F-APN1607 PET. The screening procedures included vital signs,
electrocardiography (ECG), physical examinations and laboratory tests. In addition, 18F-AV-45 PET imaging
results were used as part of the inclusion criteria to con�rm the presence and absence of amyloid deposition in
patients with probable AD and in NCs. All participants completed a series of clinical assessments and clinical
safety studies to ensure that they were medically stable after participating in this study. A �nal follow-up phone
call for adverse event assessment was made within 7 days following 18F-APN1607 PET imaging. There were no
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adverse or clinically detectable pharmacologic effects in any participant. No signi�cant changes in vital signs or
the results of laboratory studies or ECG were observed, either.

Subjects

A total of twenty-two participants comprising twelve NC and ten patients with probable AD were included in this
study. Neuropsychological assessments, including the Mini-Mental State Examination (MMSE), the Clinical
Dementia Rating (CDR) scale and the cognitive subscale of the Alzheimer’s Disease Assessment Scale (ADAS-
cog) with greater scores referring to worse cognition, were administered to all participants[25-27]. The CDR sum
of box scores (CDR-SB) was used for disease severity. Participants with a diagnosis of mild to moderate
probable AD (CDR = 0.5 to 2.0 or MMSE = 10-28) ranged in age from 50 to 90 years old, and were required to
have positive 18F-AV-45 PET imaging results and to ful�ll the National Institute for Neurological and
Communicative Disorders and Stroke-Alzheimer’s Disease and Related Disorder Association (NINCDS-ADRDA)
criteria[28]. The presence of the ε2, ε3, and ε4 alleles of the apolipoprotein E gene (ApoE) was determined by
assessing the sequences at two single-nucleotide polymorphisms (SNPs; rs429358 and rs7412)[29]. NCs in the
study were required to be 20-90 years old with normal cognitive function (CDR = 0 or MMSE = 26-30, Wechsler
Logical Memory score > 5) and negative 18F-AV-45 PET results.

Image acquisition

18F-APN1607 was prepared and synthesized at the cyclotron facility of Chang Gung Memorial Hospital[30]. All
participants were studied in a Biograph mCT PET/computed tomography system (Siemens Medical Solutions,
Malvern, PA, USA) and underwent MRI to screen for other diseases (e.g., hemorrhages and structural lesions)
and perform spatial normalization with PET images. Brain MRI was acquired on a 3 T Siemens Magnetom TIM
Trio scanner (Siemens Medical Solutions) for detailed anatomical images. High-resolution T1-weighted images
were acquired with the following parameters: TR/TE: 2000/2.63 milliseconds; NEX: 1; voxel size: 1.0×1.0×1.0
mm3. FLAIR: TR/TE: 10000/94 milliseconds, IR: 2500 milliseconds, NEX: 2, voxel size: 0.47×0.47×5 mm3. For
the 18F-APN1607 PET study, a 10min scan was acquired after pseudo-equilibrium in the brain was reached at
90 min post-injection of 378 ± 11 MBq of 18F-APN1607 [31]. The PET images were then reconstructed using a 3-
D ordered-subset expectation maximization algorithm (4 iterations, 24 subsets; Gaussian �lter: 2 mm; zoom: 3)
with computed tomography–based attenuation correction and with the scatter and random correction
procedures provided by the manufacturer. The reconstructed images had a matrix size of 400 × 400 × 148 and a
voxel size of 0.68 × 0.68 × 1.5 mm3. 18F-AV-45 PET scans were performed one month before the 18F-APN1607
PET scans. The 18F-AV-45 radiosynthesis and PET data acquisition were performed according to our previous
protocols[32, 33]. Brie�y, all participants underwent 18F-AV-45 PET scans on a Biograph mCT PET/CT System.
PET images were acquired after intravenous injection of 374 ± 21 MBq of 18F-AV-45. A 10 min scan was
acquired starting at 50 mins after the tracer injection. PET images were reconstructed using the same method
described above, and the images were then reconstructed with a matrix size of 400 × 400 × 148 and a voxel size
of 0.68 × 0.68 × 1.5 mm3.

Image analysis
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All imaging data were transformed into the Neuroimaging Informatics Technology Initiative (NIFTI) format
using the MRIcron tool (http://www.mccauslandcenter.sc.edu/mricro/mricron/) for further processing. For each
participant, PET images (both 18F-AV-45 and 18F-APN1607 images) and T1-weighted images in native space
were analyzed. We coregistrated each PET image to individual MRI using the SPM12 toolbox
(http://www.�l.ion.ucl.ac.uk/spm/software/spm12/)[34]. This procedure ensured the 18F-AV-45 PET and 18F-
APN1607 images in alignment with the native MR images. The Muller-Gartner method was used for partial
volume correction[35]. Then, the high-resolution MR images in native space were normalized to the Montreal
Neurological Institute (MNI) standard space with the DARTEL toolbox in SPM12 [36]. This transform matrix was
applied to PET images. The averaged intensity across the whole cerebellum was used as the reference for the
18F-AV-45 PET images, and the cerebellum gray matter considered having no amyloid and tau pathology in AD
was used as the reference region for the 18F-APN1607 PET images [37]. Eighteen regions of interest (ROIs),
including the bilateral frontal, parietal, temporal, occipital lobes, anterior and posterior cingulate gyrus,
precuneus, hippocampus, and the parahippocampus were selected based on the Harvard-Oxford cortical
structural atlas, and the average values from both sides were used for further study[38]. Finally, the regional
standardized uptake value ratios (SUVRs) from both 18F-AV-45 PET images and 18F-APN1607 PET images were
calculated using the mean intensity in the target ROIs divided by the averaged intensity of the corresponding
reference regions[39]. Analysis of gray matter (GM) volume was performed on T1-weighted MRI using the
Computational Anatomy Toolbox (CAT), and comparison of two groups were performed to search for signi�cant
atrophic regions (http://www.neuro.uni-jena.de/cat/index.html#About)[40]. To study the regional GM atrophy in
patients with AD and NCs, we �rstly calculated the modulate GM volumes in the target ROIs and divided by the
individual total intra-cranial volume (ICV) as regional GM ratios. In NCs, the mean value from each regional GM
ratio was treated as the benchmark to explore the relative atrophy in patients with AD and NCs. Finally, the
regional atrophic ratio in each ROI was calculated using the formula: regional atrophic ratio = (mean regional
GM ratio – individual regional GM ratio)/mean regional GM ratio.

Statistical analysis

All statistical analyses were performed using SPSS (version 21.0, Chicago, IL). Continuous variables were
expressed as the mean ± standard deviation (SD). Nonparametric Mann–Whitney U tests and chi-
squared/Fisher’s exact tests were performed to compare age and gender distributions between AD patients and
NCs. In the MRI study, a signi�cant level of GM atrophy between the two groups was de�ned as an uncorrected
p-value < 0.01 with a corresponding t-value > 2.54 and a cluster size > 100 voxels. For PET analysis, the effect
sizes of Mann–Whitney U test of regional SUVRs in both 18F-AV-45 PET images and 18F-APN1607 PET images
were measured by η2 (range 0-1) as described in the previous literature [41, 42]. Pairwise correlation using
Spearman’s rho was used to study the associations of regional SUVRs between the 18F-AV-45 PET images and
the 18F-APN1607 PET images. To study the associations between cognition and the regional SUVRs derived
from the 18F-AV-45 PET images and 18F-APN1607 PET images, we performed regression analyses. To study the
sequential changes of regional SUVRs in the 18F-AV-45 PET images, 18F-APN1607 PET images and regional
atrophic ratio from MRI images, we applied a nonlinear curve �tting model using the software GraphPad Prism,
version 5.0 (GraphPad Inc., San Diego, CA). Statistical signi�cance was de�ned as a p-value < 0.01.

Results

http://www.neuro.uni-jena.de/cat/index.html#About
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Demography

The demographic information of the twelve participants with probable AD and ten NCs was described in Table
1. The mean age of patients with probable AD was older than that of NCs (mean age of probable AD patients:
NCs = 75.2 ± 10.0: 56.0 ± 11.8, p < 0.01). The mean interval from disease onset to scanning time in patients
with probable AD was 6.1 ± 2.4 years. No signi�cant group differences in gender, ApoE4 genotype and total ICV
differences were found (p = 0.39, p = 0.63 and p = 0.19, respectively). Signi�cantly lower MMSE and higher
ADAD-cog and CDR-SB scores were found in patients with probable AD than in NCs (all ps < 0.01).
Nonparametric Mann–Whitney U tests revealed signi�cantly lower GM ratios in the parietal, temporal, occipital,
posterior cingulate gyrus, precuneus, hippocampus and parahippocampus of probable AD patients than those
of NCs (all ps< 0.01, Supplementary table 1).

Visual description of 18F-APN1607 PET images in probable AD patients and NCs

Figure 1A shows four representive cases of 18F-APN1607 PET images in NC, and patients with probable AD with
mild or moderate stages. Upon visual inspection of 18F-APN1607 PET images in NCs, there were no prominent
hyperintensities in the cortical regions (Figure 1B). The cerebral white matter, midbrain and basal ganglia also
showed no signi�cant uptake. In �ve of twelve NCs, the mean choroid plexus revealed approximately 2.5-5
times higher SUVRs than the reference regions. In patients with probable AD, the regions showing the most
signi�cantly increased uptake were the precuneus, the parietal, temporal, and frontal regions, and the
parahippocampal region. The medial occipital region and the insular cortex showed weakly increased tracer
uptake compared with the reference regions. The choroid plexus showed increased tracer uptake in seven of ten
patients with probable AD. As for GM, patients with probable AD showed signi�cant GM atrophy in the bilateral
medial temporal, precuneus and parietal regions, a topographical distribution similar to that of tau deposition
from averaging 18F-APN1607 PET images of all patients with probable AD(Figure 1C-D).

Regional differences of SUVRs in 18F-APN1607 and 18F-AV-45 PET images

Nonparametric Mann–Whitney U tests were performed to study the regional differences in 18F-APN1607 PET
images between patients with probable AD and NCs. Table 2 shows that the frontal, parietal, temporal, and
occipital lobes, the anterior and posterior cingulate gyrus, the precuneus, and the parahippocampal region had
signi�cantly higher SUVRs in probable AD patients than in NCs (all ps < 0.01). The effect sizes in all of the
above regions were medium to large (η2 = 0.44 - 0.75). The hippocampal region did not show a signi�cant
group difference (p = 0.14). In the 18F-AV-45 PET imaging study, patients with AD showed signi�cantly higher
SUVRs in the frontal, parietal, temporal, and occipital lobes, the anterior and posterior cingulate gyri, and the
precuneus region (all ps < 0.01). There were no signi�cant group differences in the hippocampal and
parahippocampal regions (p = 0.08 and 0.81, respectively). The effect size values from 18F-AV-45 PET images
were smaller than those from 18F-APN1607 PET images in most regions. Table 3 shows the results of pairwise
correlations of regional SUVRs derived from the 18F-AV-45 PET images and the 18F-APN1607 PET images. The
values of Spearman’s rho (rank-correlation coe�cient) showed signi�cant associations in the frontal, temporal,
parietal, and occipital lobes, the anterior and posterior cingulate gyri, and the precuneus region. Interestingly, the
SUVRs of the parahippocampus from the 18F-APN1607 PET images had signi�cant associations with those of
all the above regions (all ps < 0.01), but the values from the 18F-AV-45 PET images did not. The SUVRs from the
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hippocampal region showed no signi�cant associations with any of the regions. These results demonstrated
that similar trends of the tau and amyloid depositions between the parahippocampus and the rest of the
studied brain regions but the hippocampus failed to show the same pattern.

Correlation studies between regional SUVRs and clinical parameters

To explore the correlations between regional SUVRs and clinical scores in 18F-APN1607 PET images, we
performed regression analyses in patients with probable AD and in NCs. The SUVRs of the frontal, parietal,
temporal, and occipital lobes, the anterior and posterior cingulate gyri, the precuneus, and the parahippocampal
regions showed signi�cant correlations with the ADAS-cog scores (all ps < 0.01). The values of R squared
ranged from 0.54 to 0.68. The hippocampus did not show a signi�cant association with the ADAS-cog scores (p
= 0.53). Figure 2 shows the signi�cant correlation between the regional SUVRs of the posterior cingulate gyrus
and the ADAS-cog scores. Age, gender and ApoE4 gene were used as covariates in the regression model, and
there were no signi�cant associations with regional SUVRs (p = 0.23, p = 0.67 and p = 0.85, respectively).The
CDR-SB showed signi�cant associations with the above regions, and the values of R squared ranged from 0.52
to 0.61 (all ps < 0.01), except for the hippocampus regions (p = 0.77). In 18F-AV-45 PET images, regional SUVRs
of the frontal, parietal, temporal, and occipital lobes, the anterior and posterior cingulate gyri, and the precuneus
region showed signi�cant associations with the ADAS-cog scores (all ps < 0.01). The regional SUVRs from the
parietal, temporal, and occipital lobes, the posterior cingulate gyrus, and the precuneus region showed
signi�cant associations with CDR-SB (all p < 0.01).

Relations between regional SUVRs in 18F-APN1607 and 18F-AV-45 PET images and cognitive status

To further explore the relationship between regional SUVRs in 18F-APN1607 PET images and the ADAS-cog
scores, we used the sigmoidal four-parameter logistic curve �tting model(Figure 3A). The SUVRs in the
parahippocampal region rapidly increased values as the ADAS-cog scores increased and then reached a
plateau. This was followed by increased SUVRs of the posterior cingulate gyrus and the temporal, frontal,
parietal and occipital regions, whose values sequentially increased as the ADAS-cog scores increased (Figure
3B). Quantitative analysis indicated that the ADAS-cog scores at the in�ection points of the sigmoidal curves
from the above regions showed the lowest value in the parahippocampus (20.3), followed by the precuneus
(38.6), temporal lobe (39.9), posterior cingulate gyrus (42.5), frontal lobe (42.5), parietal lobe (45.7), anterior
cingulated gyrus (51.5) and occipital lobe (56). Figure 4 shows the combination of SUVRs from the 18F-AV-45
and 18F-APN1607 PET images and regional atrophic ratios in the different ROIs. In most regions, the SUVRs
from the 18F-AV-45 PET images rapidly increased as the ADAS-cog scores increased, except the
parahippocampus region(Figure 4A), which didn’t show increased uptake as the ADAS-cog scores increased.
The SUVRs in most ROIs from the 18F-APN1607 PET images showed gradual increases and reached plateaus
as the ADAS-cog scores increased, except the occipital region. The regional atrophic ratios from T1-weighted
MRI showed �atter curves of increase, compared with the curves from the 18F-APN1607 PET images as the
ADAS-cog scores increased, except the parahippocampus region.

Discussion
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In the current work, we applied the most recently developed tau tracer, 18F-APN1607, in a group of patients with
probable AD and a group of NCs. Our study showed several advantages of this new tau tracer. First, this tracer
revealed a clear background in the midbrain, basal ganglia and cerebral white matter regions in NCs. In patients
with probable AD, the tracer demonstrated signi�cantly increasing intensities in AD-associated cortical regions
with medium to large effect sizes (mean effect size = 0.71 in the signi�cant regions). Second, the regional
SUVRs in AD-associated cortical regions showed signi�cant correlations with the ADAS-cog scores and CDR-SB,
suggesting that tau deposition correlated with clinical severity in vivo. Third, the pattern of sequentially
increasing regional SUVRs from the 18F-APN1607 PET images corresponding well with disease severity and
hence revealed the topographical progression of tau distribution in AD. Finally, the combined 18F-AV-45, 18F-
APN1607 PET and regional atrophic ratio information from the same region could support the hypothesis that
amyloid deposition would reach a plateau earlier than tau deposition before neuronal degeneration revealed[43].
These results are in line with the pathological observations from different Braak stages of AD [20].

The characteristics of in vivo 18F-APN1607 PET imaging

In vivo imaging of the deposition of tau proteins faced several inherent obstacles, such as the intracellular
deposition of tau aggregates, the six different isoforms of tau, the similarity of the β-sheet structure between tau
and many other misfolded proteins, and the colocalization of tau with 5-20 times its concentration in β-amyloid
protein in GM areas[44]. Despite these challenges, several tau tracers have been synthesized in the past few
years. The �rst-generation tracers (e.g., 18F-THK-5317, 18F-THK-5351, 18FAV-1451 and 11C-PBB3) have been
extensively used in research studies. The second-generation compounds, namely, 18F-MK-6240, 18F-JNJ-
64349311, 18F-PI-2620, 18F-GTP1, and 18F-APN1607, have started to be used for in vivo studies[14, 45]. The
advantages of the second- generation compounds include a lack of off-target binding in the basal ganglia and
thalamus and a relatively low a�nity for the enzyme MAO-B[46-48]. A directly head-to-head comparison
between the �rst-generation and second-generation tau tracers also revealed that different molecular binding
targets existed in these tracers[49]. In the current study, we showed that there is no signi�cant uptake of the PET
tracer 18F-APN1607 in the midbrain or the basal ganglia. Similar studies results have been found using 11C-
PBB3 in healthy participants and using autoradiographic methods in human tissue[50, 51]. These tracers could
be bene�cial for research on various tau-related neurodegenerative diseases, such as progressive supranuclear
palsy and corticobasal syndrome. Furthermore, the AD-associated cortical regions of subjects with probable AD
showed signi�cantly increased SUVRs in 18F-APN1607 PET images, with medium to large effect size, which
could be used to easily distinguish the abnormal cortical regions in clinical practice. In the current work, the
tracer 18F-APN1607 still had off-target binding in the choroid plexus in �ve of twelve NCs (42%) and in seven of
ten participants with probable AD (70%). From a previous autoradiographic study using 18F-THK-5351 or 18F-AV-
1451 in postmortem human brains, these �rst-generation tau tracers had strong binding properties in tissue with
a high density of melanin-containing cells [51]. The compound 18F-APN1607 may have similar characteristics.
There are also other possible explanations that have been mentioned; for example, the epithelial cells of the
choroid plexus contain tangle-like structures that could be labeled by 18F-AV-1451, or the choroid plexus could
act as a gatekeeper for the accumulation of tau protein[52, 53].

Signi�cant associations between regional SUVRs in 18F-APN1607 PET and clinical scores
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In previous AD studies, cognitive decline and tau accumulation showed a close relationship [54-56]. Based on
investigations using 18F-AV-1451, Aschenbrenner et al. suggested that increasing levels of tau most consistently
relate to declines in cognition in patients with AD[57]. In our results, SUVRs in 18F-APN1607 PET images from
AD-associated regions showed signi�cantly positive correlations with the ADAS-cog scores and CDR-SB scores
(p < 0.01), which demonstrated that increasing tau burden correlated with decreasing cognition and increasing
disease severity. The SUVRs inAD-associated regions shown on18F-AV-45 PET images also showed signi�cant
associations with the ADAS-cog scores and CDR-SB scores, which may be related to the small sample size in
this study.

The sequential changes in regional SUVRs from 18F-APN1607 PET imaging

The pathological study showed that the spread of tau deposits started from the entorhinal cortex (Braak stages
I/II), moving to the inferolateral temporal cortex and parts of the medial parietal lobe (stages III/IV), and
eventually spreading throughout the association cortex (V/VI)[20, 58]. Our results using in vivo 18F-APN1607
PET images demonstrated a similar topographical pattern. At least three patterns of tau deposition could be
found (Figure 3A). The �rst pattern was in the parahippocampal region; tau deposition rapidly increased and
then reached a plateau (rapid saturation) as the ADAS-cog scores increased. The second pattern was in the
posterior cingulate gyrus and the temporal, frontal and parietal regions, undergoing a slow progressive increase
in tau deposits and then reaching to plateaus. The �nal pattern was in the occipital region, which showed a
gradual increase of tau deposition without a plateau (Figure 3). The ADAS-cog scores at the in�ection points of
the sigmoidal curves showed the lowest value in the parahippocampus, followed by the precuneus, temporal
lobe, posterior cingulate gyrus, frontal lobe, parietal lobe, anterior cingulated gyrus and occipital lobe. These
�ndings were in agreement with the previous neuropathological evidence of neuro�brillary changes from
transentorhinal stages to limbic stages and �nally to neocortical stages[20].

The evolution of amyloid, tau and atrophic changes in different regions

In most of the ROIs, the evolution of SUVRs from 18F-AV-45 and 18F-APN1607 PET images and regional atrophic
ratios showed that the amyloid burden usually rapidly increased to a plateau as the ADAS-cog scores increased,
especially in the low ranges of ADAS-cog scores. The patterns of increasing tau deposition were regionally
dependent. Finally, the regional atrophic ratios from MRI showed progressively increased values without
plateaus (Figure 4).

When we combined the SUVRs from 18F-AV-45 and 18F-APN1607 PET images and regional atrophic ratio
information in the same ROIs to explore the sequential changes, we found that the amyloid burden usually
manifested earlier than  tau deposition and tau deposition usually started earlier then regional atrophies in most
regions (Figure 4). In the parahippocampal region, tau deposition and regional atrophic ratio rapidly increased in
the low ADAS-cog scores range but the amyloid burden didn’t show a signi�cant increase(Figure 4A). On the
other hand, the occipital region showed a progressive increase of tau deposition and regional atrophy without a
plateau phase(Figure 4B). These �ndings may indicate that cerebral amyloid deposition reached a saturation
state more rapidly than tau deposition and neurodegeneration in most areas, but this sequential change also
had the regional variability. Currently, our �ndings from the cross-sectional data could demonstrate the
importance of amyloid-tau-neurodegeneration (ATN) sequential changes in regional base level, which were
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compatible with the widely hypothesized model of AD and ATN classi�cation system in the AD research
framework[59, 60].

Limitations

Several limitations of the current work need to be addressed. First, the tau tracer 18F-APN1607 is a relatively new
tracer, thus the pathological results are not yet available in our study. Up to now, only postmortem brain tissue
had been studied with this tracer, and there have been no clinicopathological correlation studies using this
tracer yet[21]. Furthermore, the six isoforms of tau in the brain include 3R and 4R tau, whose misfolding is
responsible for various neurodegenerative diseases, such as progressive supranuclear palsy, corticobasal
syndrome and frontotemporal dementia[61]. Whether the tau tracer 18F-APN1607 can differentiate among all
isoforms is an open question that needs further investigation. In addition, direct application of MAO-B inhibitors
in patients undergoing 18F-APN1607 PET imaging has not been performed, and it could be di�cult to eliminate
these concerns about the �rst-generation tau tracers[15]. Second, our study had a small sample size, a
signi�cant age difference between AD patients and NCs, and no participants with amnestic mild cognitive
impairment. We acknowledge the demographic differences between groups, and we used age and gender as
covariates to study the correlations of regional SUVRs from 18F-APN1607 PET imaging with ADAS-cog and
CDR-SB scores. Increasing the sample size and adding amnestic patients will help us explore the features of
this tau tracer. Third, we used the ADAS-cog scores as the severity index for curve �tting with the regional
SUVRs from 18F-AV-45 , 18F-APN1607 PET images and regional atrophy ratios. We acknowledge that any
biomarker changes to be incorporated into the hypothetical model of AD should come from longitudinal studies
rather than cross-sectional observations, and our �ndings must be interpreted conservatively. Future studies
should focus on longitudinal changes in 18F-APN1607 PET imaging with the aid of other biomarkers, which will
may provide further evidence for the AD hypothetical model.

Conclusions
This is the �rst in vivo study of the PET tracer 18F-APN1607 in patients with mild to moderate AD. Our �ndings
suggest that 18F-APN1607 PET imaging has a clear background and no off-target binding in the basal ganglia
or the thalamus. The regional SUVRs of the AD-associated regions were signi�cantly correlated with cognitive
de�cits and disease severity. Finally, combined tau imaging with information on amyloid deposition and
neurodegeneration may further our understanding of dynamic biomarker changes in the regional base level
during the progression of AD.
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Tables

Table 1. Demographic descriptions of probable AD patients and NCs.
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  Probable AD (N = 10) NCs (N = 12) p-value

Mean age (years) 72.5 ± 10.0 56.0 ± 11.8 < 0.01

Gender (M:F) 4:6 7:5 0.39

Education (years) 10.2 ± 3.5 14.4 ± 4.3 0.03

Onset to scan time (years) 6.1 ± 2.4 - -

Mean MMSE  12.5 ± 8.9 29.3 ± 0.9 < 0.01 

Mean ADAS-cog  51.3 ± 21.8 7.2 ± 4.3 < 0.01 

Mean CDR-SB  7.4 ± 4.6 0 ± 0 < 0.01 

ApoE4 genotype (positive: negative) 4:5 2:5 0.63

Mean cortical SUVRs of 18F-AV-45 1.41 ± 0.20 1.09 ± 0.04 < 0.01

Total ICV (ml) 1466.14 ± 160.61 1384.21 ± 111.72 0.19

AD: Alzheimer’s disease; NC: normal control; MMSE: Mini-Mental State Examination; ADAS-cog: Alzheimer’s Disease Assessment Scale

cognitive subscale; ApoE: apolipoprotein E; CDR-SB: Clinical Dementia Rating scale sum of box scores; ICV: intra-cranial volume; SUVR:

standardized uptake value ratio.

Table 2. Comparison of regional SUVRs from 18F-APN1607 and 18F-AV-45 PET imaging between probable AD patients and NCs.

  Mean cortical SUVRs of 18F-APN1607 (mean ± SE) Mean cortical SUVRs of 18F-AV-45 (mean ± SE)

Regions Probable

AD

NCs p-

value

Effect size

(η2)

Probable

AD

NCs p-

value

Effect size

(η2)

Frontal 1.89 ± 0.19 0.86 ± 0.18 < 0.01 0.69 1.64 ± 0.08 1.01 ± 0.07 < 0.01 0.58

Parietal 1.62 ± 0.15 0.94 ± 0.14 < 0.01 0.74 1.63 ± 0.08 1.02 ± 0.07 < 0.01 0.65

Temporal 2.46 ± 0.20 0.99 ± 0.18 < 0.01 0.75 1.64 ± 0.08 1.06 ± 0.07 < 0.01 0.65

Occipital 2.42 ± 0.25 0.97 ± 0.23 < 0.01 0.75 1.59 ± 0.07 0.97 ± 0.06 < 0.01 0.71

Anterior cingulate gyrus 1.62 ± 0.15 0.94 ± 0.14 < 0.01 0.44 1.76 ± 0.09 1.17 ± 0.08 < 0.01 0.58

Posterior cingulate

gyrus

2.63 ± 0.23 1.02 ± 0.21 < 0.01 0.75 1.95 ± 0.08 1.13 ± 0.08 < 0.01 0.63

Precuneus 2.67 ± 0.30 0.98 ± 0.28 < 0.01 0.75 1.86 ± 0.09 1.05 ± 0.07 < 0.01 0.68

Hippocampus 1.90 ± 0.24 1.47 ± 0.22 0.141 0.10 0.95 ± 0.04 1.06 ± 0.04 0.08 0.15

Parahippocampus 2.06 ± 0.15 0.97 ± 0.14 < 0.01 0.52 0.93 ± 0.05 0.96 ± 0.04 0.81 0.01
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AD: Alzheimer’s disease; NC: normal control; SE: standard error; SUVR: standardized uptake value ratio. 

Table 3. Pairwise correlation of regional SUVRs between 18F-AV-45 PET imaging (rows) and 18F-APN1607 PET imaging (columns).

Regions

Frontal Parietal Temporal Occipital

Anterior

cingulate

gyrus

Posterior

cingulate

gyrus Precuneus Hippocampus Parahippocampus

Frontal 0.82** 0.75** 0.73** 0.77** 0.75** 0.73** 0.77** -0.26 0.17

Parietal 0.79** 0.74** 0.69** 0.75** 0.71** 0.70** 0.76** -0.39 0.08

Temporal 0.73** 0.67** 0.65** 0.70** 0.64** 0.64** 0.69** -0.29 0.05

Occipital 0.78** 0.75** 0.67** 0.77** 0.72** 0.70** 0.73** -0.39 0.10

Anterior

cingulate gyrus

0.64** 0.59** 0.49 0.63** 0.65** 0.56** 0.61** -0.15 0.16

Posterior

cingulate gyrus

0.86** 0.83** 0.75** 0.86** 0.81** 0.83** 0.88** -0.41 0.21

Precuneus 0.86** 0.82** 0.75** 0.86** 0.78** 0.79** 0.85** -0.41 0.19

Hippocampus 0.41 0.48 0.47 0.41 0.44 0.37 0.44 0.11 0.28

Parahippocampus 0.65** 0.58** 0.56** 0.61** 0.61** 0.53 0.63** -0.19 0.14

SUVR: standardized uptake value ratio.

Spearman's rho (rank correlation coefficient) values; **: p < 0.01.
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Figure 1

Four reprehensive cases of 18F-APN1607 PET images overlaid with T1 MRI images on three orthogonal views
and the gray matter atrophy in patients with probable AD. (A). A 55 years old NC female had MMSE score = 29,
CDR = 0 and ADAS-cog score = 7. A 88 years old male with probable AD, his MMSE score was 23, CDR = 1 and
ADAS-cog score was 32. The inferior temporal and parietal regions showed increased SUVR values. The coronal
view showed an increased uptake in choroid plexus region. A 62 years old male with probable AD, his MMSE
score was 14, CDR = 1 and ADAS-cog score was 46. Compared with previous case, the lateral temporal, the
posterior cingulate and the frontal regions showed increased SUVR values. A 62 years old female with probable
AD, her MMSE score was 1, CDR = 2 and ADAS-cog score was 91. Extensively increase SUVR values in diffuse
cortical regions were noted. Colormap represents SUVR values. (B). 3D surface projection view of signi�cantly
atrophic regions of GM in probable AD patients compared to NCs. Colormap represents signi�cant Z-values. (C).
3D surface projection view of SUVRs from averaging all 18F-APN1607 PET images in patients with probable
AD. Colormap represents SUVR values.
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Figure 2

Signi�cant correlation between the ADAS-cog scores and regional SUVRs determined from 18F-APN1607 PET
images of the posterior cingulate gyrus.
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Figure 3

Sequentially increased regional SUVRs in 18F-APN1607 PET images from patients with probable AD. (A).
Logistic curve �tting method was applied to the SUVRs of the parahippocampus, precuneus, temporal, posterior
cingulate gyrus, frontal, parietal, the anterior cingulated gyrus and the occipital regions as the ADAS-cog scores
increased. The blue area showed the 95% con�dence interval area. The solid lines showed the mean �tting
curves. (B). Combined �tting curves from all above regions showed the parahippocampal region had rapid
saturation as the ADAS-cog scores increased, while the cingulate gyrus and the temporal, frontal, parietal
regions showed sigmoidally increasing uptake. The occipital region showed gradually increasing uptake
without a plateau.
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Figure 4

The evolution of increased SUVRs from 18F-AV-45 PET, 18F-APN1607 PET imaging and regional atrophic ratios
in (A) the parahippocampus, the precuneus, the temporal and the posterior cingulated gyrus region and (B) the
frontal, the parietal, the anterior cingulate gyrus and the occipital region. The SUVRs of 18F-AV-45 PET and 18F-
APN1607 PET and regional atrophic ratios were �t for the ADAS-cog scores. In most regions, the amyloid
burden showed rapid saturation as the ADAS-cog scores increased, while uptake associated with tau
depositions were slowly increased. Finally, the regional atrophic ratios were gradually increased. ACG: anterior
cingulated gyrus; PCG:posterior cingulated gyrus.
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