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Abstract.
Background: In Alzheimer’s disease (AD), the abnormal aggregation of hyperphosphorylated tau leads to synaptic dysfunc-
tion and neurodegeneration. Recently developed tau PET imaging tracers are candidate biomarkers for diagnosis and staging
of AD.
Objective: We aimed to investigate the discriminative ability of 18F-THK5317 and 18F-flortaucipir tracers and brain atrophy
at different stages of AD, and their respective associations with cognition.
Methods: Two cohorts, each including 29 participants (healthy controls [HC], prodromal AD, and AD dementia patients),
underwent 18F-THK5317 or 18F-flortaucipir PET, T1-weighted MRI, and neuropsychological assessment. For each subject,
we quantified regional 18F-THK5317 and 18F-flortaucipir uptake within six bilateral and two composite regions of interest.
We assessed global brain atrophy for each individual by quantifying the brain volume index, a measure of brain volume-to-
cerebrospinal fluid ratio. We then quantified the discriminative ability of regional 18F-THK5317, 18F-flortaucipir, and brain
volume index between diagnostic groups, and their associations with cognition in patients.
Results: Both 18F-THK5317 and 18F-flortaucipir outperformed global brain atrophy in discriminating between HC and
both prodromal AD and AD dementia groups. 18F-THK5317 provided the highest discriminative ability between HC and
prodromal AD groups. 18F-flortaucipir performed best at discriminating between prodromal and dementia stages of AD.
Across all patients, both tau tracers were predictive of RAVL learning, but only 18F-flortaucipir predicted MMSE.
Conclusion: Our results warrant further in vivo head-to-head and antemortem-postmortem evaluations. These validation
studies are needed to select tracers with high clinical validity as biomarkers for early diagnosis, prognosis, and disease
staging, which will facilitate their incorporation in clinical practice and therapeutic trials.
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INTRODUCTION

The misfolding and deposition of amyloid-� (A�)
into plaques and of hyperphosphorylated tau into
neurofibrillary tangles represent the pathological
hallmarks of Alzheimer’s disease (AD) [1]. However,
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neurofibrillary tangles are more closely associated
with synaptic dysfunction, neurodegeneration, and
symptom severity than A� plaques [2–5]. The advent
of tau PET imaging has allowed to visualize cerebral
tau deposits in vivo and is a promising tool for early
diagnosis, staging of AD, monitoring disease pro-
gression, and contributing to design future anti-tau
therapeutics [6–9]. The first generation of tau PET
tracers includes 18F-THK5317 (also known as (S)-
18F-THK5117) [10] and 18F-flortaucipir (also known
as 18F-AV1451 or 18F-T807) [11]. In vitro studies
in postmortem brain tissues combining autoradiog-
raphy imaging and immunohistochemical techniques
have shown that both THK5117 [12] and flortaucipir
[13–15] have high specificity and selectivity to tau
deposits with the paired helical filament conforma-
tion that is characteristic of AD. Also, more recent
antemortem-postmortem studies have shown a good
regional overlap between in vivo 18F-flortaucipir
uptake and the density and distribution of AD-type
tau neuropathology observed in autopsy brain tissue
[16, 17]. However, differences in chemical struc-
tures among families of tau tracers may lead to
variations in both their number of binding sites and
their affinity to tau aggregates, depending on their
structural conformation or maturation stage [18, 19].
Recent pathological studies have revealed different
conformations of tau tangles depending on their mat-
uration stage: from intracellular pretangles and mat-
ure tangles, to extracellular ghost tangles observed
at later disease stages, suggesting that different anti-
bodies may bind with different intensity depending
on the maturity of the tangles [20]. Thus, there is
an ongoing debate about whether, as tangles mature,
post-translational events of tau may open up or
remove ligand binding sites that can influence the
uptake of tau PET tracers.

Mounting evidence from in vivo imaging studies
supports the diagnostic and prognostic value of tau
PET in AD, which has led to the recent approval of
18F-flortaucipir by the US Food and Drug Admin-
istration (FDA) to support diagnosis in patients with
suspected AD dementia [21]. As additional tau tracers
may become under consideration for clinical approval
by regulatory agencies in the near future, it becomes
imperative to investigate how different tau tracers
compare in their accuracy for AD diagnosis and
for tracking disease progression. To date, the per-
formance of 18F-THK5317 and 18F-flortaucipir in
discriminating between healthy controls (HC) and
different stages of AD is unclear. In parallel, struc-
tural magnetic resonance imaging (MRI) techniques

that assess global brain atrophy and hippocampal vol-
ume are considered valid biomarkers of unspecific
neurodegeneration in current research criteria of AD
[22]. Although tau PET is known to provide added
value over MRI measures of brain atrophy in pre-
dicting cognitive deterioration [23], the correlative
strength between tau tracer uptake, brain atrophy,
and cognitive performance in AD patients is still
unclear. The overall goal of this study is to quantify
the relationships between tau tracer uptake as mea-
sured by either 18F-THK5317 or 18F-flortaucipir tau
PET tracers using two demographically and clinically
matched cohorts, global brain atrophy as measured
by MRI, and cognition. Specifically, we aim to: 1)
assess the discriminative ability of 18F-THK5317,
18F-flortaucipir, and global brain atrophy between the
different diagnostic groups; and 2) assess the per-
formance of each tau tracer and brain atrophy as
predictors of impairment in episodic memory and
global cognition in AD patients.

MATERIALS AND METHODS

Study sample

We used cross sectional data from two indepen-
dent cohorts. 18F-THK5317 data were available from
a previous study conducted at Karolinska Institutet
(KI) [24], whereas 18F-flortaucipir data were down-
loaded from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) site. Demographics (age, sex,
apolipoprotein [APOE] genotyping, and education),
brain volume index (described under “Assessment of
global brain atrophy” below), and cognitive perfor-
mance for all diagnostic groups in each cohort are
shown in Table 1.

18F-THK5317 (KI cohort)
We drew 18F-THK5317 data from a sample of 29

individuals, which included 9 healthy controls [HC],
11 prodromal AD [pAD; also known as A�-positive
mild cognitive impairment (MCI) patients or 11C-
Pittsburgh compound B (PIB)-positive MCI], and 9
A�-positive patients diagnosed with AD dementia
[AD dementia] (Table 1). To define A�-positivity
we used a validated PIB cut-off of 1.41 standardized
uptake value ratio (SUVr) with the cerebellar cortex
as reference [25]. HCs were recruited from either
patients’ relatives or the Clinical Trial Consultants
AB (Uppsala University Hospital, Uppsala, Sweden).
All HCs underwent an extensive clinical and neu-
ropsychological evaluation in order to exclude any
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Table 1
Characteristics of Karolinska Institutet (KI) and Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohorts

KI cohort ADNI cohort Comparison KI versus ADNI
Statistical test results

HC pAD AD Statistical HC pAD AD Statistical HC pAD AD
test results test results

n 9 11 9 9 11 9
Age, y 42 (21) 69 (7) 67 (7) H = 10.71 64 (2) 69 (5) 71 (7) H = 8.58 U = 13.50 U = 60.50 U = 27.50
mean (SD) p = 0.005 p = 0.01 p = 0.01 p > 0.99 p = 0.27

(HC < AD) (HC < pAD)
Sex 3/6 5/6 2/7 χ2 = 1.19 4/5 7/4 4/5 χ2 = 1.01 χ2 = 0.23 χ2 = 0.73 χ2 = 1.00
m/f p = 0.55 p = 0.60 p = 0.63 p = 0.39 p = 0.32
APOE �4 NA 6/4 8/1 χ2 = 2.04 NA 8/2 7/1 χ2 = 0.18 NA χ2 = 0.95 χ2 = 0.01
positive/negative p = 0.15 p = 0.67 p = 0.33 p = 0.93
Education, y 15 (2) 12 (3) 13 (3) H = 4.66 16 (2) 15 (3) 16 (3) H = 1.03 U = 22 U = 27 U = 20
mean (SD) p = 0.10 p = 0.60 p = 0.18 p = 0.02 p = 0.07
Brain volume index 41.3 (18.4) 25.1 (8.6) 17.9 (8.2) H = 10.31 35.5 (9.9) 27.4 (12.3) 20.1 (8.0) H = 7.98 U = 30 U = 57 U = 32
mean (SD) p = 0.006 p = 0.02 p = 0.39 p = 0.85 p = 0.49

(AD < HC) (AD < HC)
MMSE NA 28 (3) 23 (3) U = 10 NA 28 (2) 22 (4) U = 4.5 NA U = 55 U = 34.50
mean (SD) p = 0.002 p < 0.001 p = 0.73 p = 0.62
RAVL learning NA 35 (10) 21 (6) U = 7 NA 39 (10) 20 (9) U = 5 NA U = 44 U = 33.50
mean (SD) p < 0.001 p < 0.001 p = 0.29 p = 0.56

APOE �4 status was missing for one pAD in the KI cohort, and for one pAD and one AD dementia patient in the ADNI cohort. APOE �4 status was not available in the HC group in the KI cohort,
and therefore these data were not collected for the HC group in the ADNI cohort. AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein E; H,
Kruskal-Wallis statistic; HC, healthy controls; KI, Karolinska Institutet; MMSE, Mini-Mental State Examination; pAD, prodromal Alzheimer’s disease; RAVL, Rey Auditory Verbal Learning; U,
Mann-Whitney statistic.
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cognitive complaint, known neurologic/psychiatric
disorder, or prior head injury. The 9 HCs were pre-
viously described in a study from our group [24]
and included 5 young (20–30 years old) and 4 older
(58–71 years old) individuals. Since—according to
classical neuropathology studies—young individu-
als are not expected to have A� deposits in their
brain, they did not undergo A� PET scans. The older
HCs had undergone PIB PET scans and were all
found to be A�-negative using the 1.41 SUVr cutoff
[25], as previously reported [24]. Also, the HC group
was deemed to be cognitively unimpaired based on
global cognitive composites expressed as z-scores
with respect to an external control group available
at the Karolinska University Hospital, as previ-
ously reported [24]. HCs were all non-smokers and
free from medication. All patients with prodromal
and AD dementia were recruited from the Memory
Clinic, Theme Aging, Karolinska University Hospital
Stockholm where they underwent extensive clinical
investigations including medical history, MRI scans,
neuropsychological assessment, physical examina-
tion, laboratory blood tests, APOE genotyping, and
cerebrospinal fluid (CSF) biomarker analysis. Their
diagnosis was determined in a consensus meeting
of neurologists, geriatricians, clinical neuropsycholo-
gists, and specialized nurses. The NINCDS-ADRDA
[26] and the DSM-IV [27] criteria for dementia of the
Alzheimer’s type were fulfilled by all patients with
AD, whereas all patients with MCI met the Petersen
criteria [28].

Ethical approval was obtained from the regional
Human Ethics Committee of Stockholm and the
Faculty of Medicine and Radiation Hazard Ethics
Committee of Uppsala University Hospital, Sweden.
All participants and patients’ caregivers provided
written informed consent to participate in the study.
The study was conducted in accordance with the ethi-
cal standards of the institutional and national research
committee and with the 1964 Helsinki declaration
and its later amendments or comparable ethical stan-
dards [24].

18F-flortaucipir (ADNI cohort)
Data for the 18F-flortaucipir compound were

available from the ADNI database (http://adni.loni.
usc.edu). The ADNI was launched in 2003 as a
public-private partnership, led by Principal Investi-
gator Michael W. Weiner, MD. The primary goal of
ADNI has been to test whether serial MRI, PET, other
biological markers, and clinical and neuropsycho-
logical assessment can be combined to measure the

progression of MCI and early AD. All subjects gave
written informed consent, as approved by local ethics
committees and in accordance with the Declaration
of Helsinki. For up-to-date information, see http://
www.adni-info.org.

We selected a sample of 29 individuals (9 HCs,
11 prodromal AD [pAD; also known as A�-pos-
itive MCI], and 9 A�-positive patients with AD
dementia [AD dementia]) with available MRI and
18F-flortaucipir PET scans from the ADNI database.
Although the aim of this study was not to perform
a direct comparison of the two tau tracers, we still
aimed to match the ADNI cohort to the available KI
cohort, so to have comparable statistical power across
cohorts. Using R (version 3.6.1), we selected partic-
ipants from the ADNI database who were closest in
mean age, sex, educational attainment, and MMSE
score (this last for patients with prodromal AD and
AD dementia) to the HC, prodromal AD and AD
dementia groups in the KI cohort (Table 1).

A�-positivity of patients with prodromal AD and
AD dementia was verified based on a summary mea-
sure of global cortical uptake (i.e., weighted-average
uptake across regions of interest [ROIs] including
frontal, anterior/posterior cingulate, lateral parietal,
and lateral temporal lobes). We measured A�-
positivity using 18F-florbetapir or 18F-florbetaben
(derived from the UCBERKELEYAV45 11 14
17.csv or UCBERKELEYFBB.csv datasets, ADNI

website), and using previously validated cut-offs
implemented in ADNI studies (1.11 SUVr for
18F-florbetapir and 1.08 SUVr for 18F-florbetaben,
both using the whole cerebellum as reference).

For all participants a complete clinical investi-
gation had been performed (i.e., medical history,
MRI/PET scans, neuropsychological assessment,
physical examination, laboratory blood tests, APOE
genotyping, and CSF sampling). All patients with
prodromal AD reported a Clinical Dementia Rating
of 0.5 and memory impairment but no demen-
tia. All patients with AD dementia fulfilled the
NINCDS-ADRDA criteria [26]. Further demograph-
ical information is reported in Table 1.

Neuropsychological assessment

Patients from the KI and ADNI cohorts underwent
comprehensive neuropsychological assessments. For
the purposes of this study, we used the Mini-Mental
State Examination (MMSE) as a measure of global
cognitive performance that is widely used both in the
clinic and in research studies, and the Rey Auditory

http://adni.loni.usc.edu
http://www.adni-info.org
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Verbal Learning (RAVL) encoding subtest as a
measure of episodic memory (RAVL learning), con-
sidered a marker of early cognitive impairment in AD.
We selected these test measures as they were avail-
able in both the KI and ADNI cohorts, to make results
across cohorts more comparable. Average values of
MMSE and RAVL learning across the prodromal AD
and AD dementia patient groups in both cohorts are
reported in Table 1.

MRI and PET image acquisition and
pre-processing

18F-THK5317 (KI cohort)
All participants underwent a PET scan using 18F-

THK5317 and a 3D T1-weighted MRI sequence with
field strengths of either 1.5 or 3 Tesla (including
MPRAGE/FSPGR/GRE) and various manufactur-
ers (Siemens, GE, Philips). The 18F-THK5317 data
were acquired in an ECAT EXACT HR+scanner
(Siemens/CTI) or a Discovery ST PET/CT scanner
(GE) at the Uppsala PET centre, Uppsala, Swe-
den. The 18F-THK5317 PET scans were acquired in
22 frames over 60 min (6 × 10 s, 3 × 20 s, 2 × 30 s,
2 × 60 s, 2 × 150 s, 4 × 300 s, and 3 × 600 s frames)
after intravenous injection of 212 ± 42 MBq. PET
image acquisitions were reconstructed as previously
described [24].

18F-flortaucipir (ADNI cohort)
For each participant we downloaded a 18F-flor-

taucipir PET scan (in the format “Co-registered,
Averaged, Standardized Image and Voxel Size, Uni-
form Resolution”) and a T1-weighted MRI scan
(MPRAGE/IRSPGR/Accelerated Sagittal, or MPR
AGE/Sagittal 3D, or Accelerated MPRAGE/Acce-
lerated Sagittal IRSPGR image types, voxel size 1.1
× 1.1 × 1.2 mm3) that was closest in time to the
PET scan (i.e., within one month on average). The
18F-flortaucipir PET images corresponded to the
average uptake of the tracer from 80 to 100 min after
radiotracer injection. MRI scans had been acquired
within two weeks before or two weeks after the in-
clinic assessments. After the acquisition, all PET
scans underwent a quality check by visual inspec-
tion for both frames (temporal) and slices (spatial),
extraction and inspection of header information, co-
registration of all frames of the multi-frame studies
to the first frame of the image set, assessment of
motion from the magnitude of translate/rotate param-
eters, recombination of co-registered frames to create

registered dynamic and registered average image set,
reorientation/resampling of images into a standard
image matrix and image orientation (160 × 160 × 96
voxels 1.5 mm in all dimensions). For further details
on ADNI PET procedure, see ADNI 2 PET Technical
Procedures in adni-info.org.

PET image processing and quantification

Individual dynamic 18F-THK5317-PET images
from the KI cohort were co-registered onto the
individual T1-weighted MRI image using PMOD
v.3.5 software (PMOD Technologies Ltd., Adliswil,
Switzerland). The reference Logan graphical method
was applied to the 30–60 min 18F-THK5317 PET
acquisition interval using the cerebellar grey mat-
ter (GM) as reference, which resulted in parametric
images representing the 18F-THK5317 distribution
volume ratio (DVR) [24]. In the ADNI cohort, we co-
registered the 80–100 min averaged 18F-flortaucipir
PET images onto the corresponding individual T1-
weighted MRI images using Statistical Parametric
Mapping (SPM8) implemented in Matlab environ-
ment (Matlab R2019a).

The same image processing protocol was applied to
image data from both tracers. For all participants from
both the KI and the ADNI cohorts, we segmented the
T1-weighted MRI images into grey and white mat-
ter (GM and WM, respectively) tissue classes using
SPM8 software’s unified segmentation, using a cor-
roborated pipeline from our group [24, 29, 30]. We
then used the inverse non-linear transformation from
the T1-weighted MRI segmentation step to warp the
Hammers probabilistic atlas [31] from the Montreal
Neurological Institute (MNI) space to each individ-
ual’s native T1-weighted MRI space. We multiplied
the resulting individual atlases by the corresponding
binarized individual GM masks, thus obtaining indi-
vidual GM atlases. We quantified the SUVr of the
18F-flortaucipir PET scans using the cerebellar GM
as reference, extracted from the T1-weighted MRI
segmentation.

Regions of interest for PET uptake evaluation

To evaluate the uptake of both tau PET tracers, we
selected four bilateral ROIs from the Hammers GM
atlas (i.e., fusiform gyrus, parahippocampal gyrus,
middle and inferior temporal gyrus, and posterior cin-
gulate cortex) that had been previously reported to be
typical regions of tau accumulation in AD [24]. Since
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our study included prodromal and dementia stages
of AD, we intended to cover different stages where
tau progressively accumulates according to Braak
and Braak descriptions [1], from early deposition in
fusiform and parahippocampal regions of the medial
temporal cortex, toward the lateral temporal (middle
and inferior temporal gyrus) and then the posterior
cingulate cortex, which is typically affected at later
stages. We also evaluated tau PET uptake in two com-
posite bilateral GM ROIs according to the classical
neuropathological staging of tau pathology and con-
sistent with the composite regions as defined in our
previous study [24]:

• A limbic ROI (Braak stages III–IV), compris-
ing hippocampi, amygdalae, parahippocampal,
fusiform, middle and inferior temporal, orbital
and straight frontal gyri, temporal poles, and
parietal-temporal-occipital junctions;

• An isocortical ROI (Braak stages V–VI), compris-
ing all isocortical regions except for the precentral
and postcentral gyri.

Given the well-established affinity of 18F-
THK5317 (and of 18F-flortaucipir to a lesser extent)
for the monoamine oxidase-B (MAO-B) enzyme
(mainly in caudate, putamen, and thalamus) [18, 32,
33], we included only low MAO-B load regions for
the analysis of both tracers.

Assessment of global brain atrophy

To improve comparability of atrophy measures
between the KI and the ADNI cohorts, we favored
an index of global brain atrophy that is robust to
between-scanners variability. We used a previously
validated method to quantify the brain volume-to-
CSF volume index (here referred to as “brain volume
index”) [34]. To quantify this index, total GM vol-
ume, total WM volume, and total CSF volume
were automatically segmented using FreeSurfer 5.3.0
(http://surfer.nmr.mgh.harvard.edu/). The brain vol-
ume index was then calculated as (Total GM + Total
WM)/Total CSF. Lower values of the brain volume
index correspond to greater global brain atrophy. The
brain volume index has already been reported as a
marker of neurodegeneration and used as a measure
of disease progression [34]. Due to the relative ease
of computation and interpretation, the brain volume
index has promising potential for use in the context
of a memory clinic [34].

Statistical analysis

Within each cohort, we performed statistical com-
parisons among diagnostic groups using the non-
parametric Kruskal-Wallis or Mann-Whitney tests
for continuous variables (demographics, brain vol-
ume index, MMSE and RAVL learning), and the
Chi-square (χ2) test for categorical variables. We
estimated the areas under the receiver operating char-
acteristic (ROC) curves (AUC) to assess the accuracy
of regional tracer uptake (18F-THK5317 DVR or
18F-flortaucipir SUVr) to discriminate between diag-
nostic groups. We then combined prodromal AD and
AD dementia patients into a single group (n = 20)
and applied linear regression models to assess the
ability of regional 18F-THK5317 DVR, regional 18F-
flortaucipir SUVr, and brain volume index to predict
cognitive performance (MMSE and RAVL learning)
using age, sex, and education as covariates, as well as
the ability of each tau tracer to predict the brain vol-
ume index using age and sex as covariates. Normality
of the residuals was verified for all linear regres-
sion analyses using the Shapiro-Wilk test. Statistical
significance was set at p < 0.05, two-tailed. Statisti-
cal analyses and graphical displays were performed
using GraphPad Prism 9.0.0.

RESULTS

Characteristics of the study samples

The demographics, brain volume index, MMSE,
and RAVL learning scores of the two cohorts are
presented in Table 1. Within each cohort, the brain
volume index was lower in the AD dementia group
compared with the HC group, and both MMSE and
RAVL learning scores were lower in the AD dementia
group compared with the pAD group in both the KI
and ADNI cohorts. There were no overall differences
in age, sex, APOE �4, and education between the two
cohorts. For each diagnostic group, there were no sta-
tistically significant differences between the KI and
the ADNI cohorts in brain volume index, MMSE and
RAVL learning. Overall, the statistical comparisons
presented in Table 1 showed that the KI and ADNI
cohorts were comparable in terms of demographics
and disease severity as measured by the brain vol-
ume index and cognitive performance. The HCs in
the KI sample were younger than in the ADNI cohort
(Mann-Whitney U = 13.50, p = 0.01), and the pAD
group had higher education in the ADNI compared

http://surfer.nmr.mgh.harvard.edu/
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to the KI cohort (Mann-Whitney U = 27, p = 0.02).
We performed supplementary analyses by restricting
the HC group of the KI sample to a subset of n = 4
older adults aged 63 ± 6 years, and for these analyses
there were no significant differences in age between
the HC groups of the KI and ADNI cohorts (Supple-
mentary Table 1). Of note, to account for potential
confounding effects of age, sex, or education, we used
these variables as covariates in subsequent statistical
analyses.

Performance of 18F-THK5317, 18F-flortaucipir,
and brain volume index to discriminate between
different diagnostic groups

Figure 1 shows averaged 18F-THK5317 (Logan
DVR) and 18F-flortaucipir (SUVr) PET uptake pat-
terns for each of the diagnostic groups within each
cohort. 18F-THK5317 showed a similarly high uptake
in pAD and AD dementia when compared to HC.
18F-flortaucipir uptake demonstrated a progressively
increasing retention from HC, pAD, and AD demen-
tia groups (Fig. 1). The discriminative abilities of
regional tau uptake from both tracers and of the brain
volume index, as measured by the AUC of the ROC
analyses, are presented in Table 2. Regional uptake
of both tracers showed high accuracy (AUC > 0.93)
to discriminate between AD dementia and HC in
all brain regions, which was higher than that using
the brain volume index (AUC = 0.86–0.88). This
finding was confirmed when the KI cohort was

restricted to the subset of older HCs (Supplementary
Table 2).

Violin plots (Fig. 2) illustrate the discriminative
ability of 18F-THK5317 DVR and 18F-flortaucipir
SUVr in the limbic and isocortical composite regions,
and of the brain volume index for each diagnostic
group in the KI cohort (Fig. 2a) and in the ADNI
cohort (Fig. 2b); significant results are indicated
(∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001). In the KI cohort,
both limbic and composite 18F-THK5317 had high
discriminative ability between HC and both pAD and
AD dementia groups but were not able to discrimi-
nate between pAD and AD dementia groups, while
the brain volume index could discriminate pair-wise
among all diagnostic groups (Fig. 2a). These findings
were confirmed when the KI cohort was restricted to
the subset of older HCs (Supplementary Fig. 1). In
the ADNI cohort, isocortical 18F-flortaucipir could
discriminate pair-wise among all diagnostic groups,
while the brain volume index could only discrimi-
nate between the HCs and patients with AD dementia
(Fig. 2b).

Compared with the brain volume index, isocortical
18F-THK5317 and 18F-flortaucipir were better able
to discriminate between pAD and HC (AUC = 0.96
and AUC = 0.78, respectively). Regarding their abil-
ity to discriminate between the prodromal and
the dementia stages of AD, 18F-flortaucipir pro-
vided significant accuracy (isocortical AUC = 0.80),
which was higher than that of brain volume index
(AUC = 0.71) (Table 2).

Fig. 1. Surface projections of averaged tau PET scans within each diagnostic group in the KI cohort (18F-THK5317) and the ADNI cohort
(18F-flortaucipir). Individual PET images were normalized to MNI space, smoothed with an 8-mm Gaussian filter, averaged across all
individuals within each diagnostic group, and projected into standard MNI space using BrainNet Viewer software for visualization purposes.
AD, Alzheimer’s disease; DVR, distribution volume ratio; SUVr, standardized uptake volume ratio.
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Table 2
Discriminative ability of regional 18F-THK5317 DVR, 18F-flortaucipir SUVr, and brain volume index across diagnostic groups in the KI and the ADNI cohorts

AD dementia versus healthy controls Prodromal AD versus healthy controls AD dementia versus prodromal AD

KI ADNI KI ADNI KI ADNI
(regional 18F- (18F-flortaucipir (regional 18F- (18F-flortaucipir (regional 18F- (18F-flortaucipir

THK5317 or brain or brain THK5317 or brain or brain THK5317 or brain or brain
volume index) volume index) volume index) volume index) volume index) volume index)

AUC (SE) AUC (SE) AUC (SE) AUC (SE) AUC (SE) AUC (SE)
p p p p p p

Fusiform gyrus tau 0.96 (0.04) 0.98 (0.03) 0.97 (0.03) 0.79 (0.11) 0.58 (0.13) 0.85 (0.09)
p < 0.001∗∗∗ p < 0.001∗∗∗ p < 0.001∗∗∗ p = 0.03∗ p = 0.57 p = 0.009∗∗

Parahippocampal gyrus tau 0.99 (0.02) 0.98 (0.03) 0.97 (0.04) 0.84 (0.09) 0.58 (0.13) 0.82 (0.10)
p < 0.001∗∗∗ p < 0.001∗∗∗ p < 0.001∗∗∗ p = 0.01∗ p = 0.57 p = 0.02∗

Middle and inferior temporal gyrus tau 1.0 (0.0) 1.0 (0.0) 0.98 (0.03) 0.81 (0.10) 0.66 (0.13) 0.84 (0.09)
p < 0.001∗∗∗ p < 0.001∗∗∗ p < 0.001∗∗∗ p = 0.02∗ p = 0.24 p = 0.01∗

Posterior cingulate cortex tau 0.89 (0.09) 0.93 (0.07) 0.89 (0.07) 0.72 (0.12) 0.62 (0.13) 0.80 (0.11)
p = 0.005∗∗ p = 0.002∗∗ p = 0.003∗∗ p = 0.10 p = 0.38 p = 0.03∗

Limbic composite tau 1.0 (0.0) 0.98 (0.03) 1.0 (0.0) 0.82 (0.10) 0.53 (0.13) 0.81 (0.11)
p < 0.001∗∗∗ p < 0.001∗∗∗ p < 0.001∗∗∗ p = 0.02∗ p = 0.85 p = 0.02∗

Isocortical composite tau 1.0 (0.0) 0.93 (0.07) 0.96 (0.04) 0.78 (0.11) 0.60 (0.13) 0.80 (0.11)
p < 0.001∗∗∗ p = 0.002∗∗ p < 0.001∗∗∗ p = 0.04∗ p = 0.47 p = 0.03∗

Brain volume index 0.88 (0.09) 0.86 (0.09) 0.78 (0.12) 0.73 (0.12) 0.78 (0.11) 0.71 (0.12)
p = 0.007∗∗ p = 0.009∗∗ p = 0.04∗ p = 0.09 p = 0.04∗ p = 0.12

AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; AUC, area under the curve; SE, standard error. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.



E. Colato et al. / Tau, Atrophy and Cognition in Alzheimer’s Disease 111

Fig. 2. Violin plots illustrating patterns of tau PET uptake as measured by 18F-THK5317 and 18F-flortaucipir in the limbic and iscortical
composite regions, as well as brain volume index across healthy controls, prodromal AD and AD dementia groups in the KI (a) and ADNI
(b) cohorts. AD, Alzheimer’s disease dementia; DVR, distribution volume ratio; pAD, prodromal Alzheimer’s disease; SUVr, standardized
uptake volume ratio. Statistical significance of discriminative ability as measured by receiver operating characteristic (ROC) area under the
curve (AUC) analyses is indicated: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

Ability of regional tau PET (18F-THK5317 or
18F-flortaucipir) and brain volume index to
predict cognitive performance in AD patients

Within the combined group of pAD and AD
dementia patients, the brain volume index did not
significantly predict global cognition (MMSE) nor
episodic memory (RAVL learning) in the KI or
ADNI cohorts, separately. In contrast, both regional
18F-THK5317 and 18F-flortaucipir were predictive
of lower episodic memory. In particular, 18F-
THK5317 uptake in the parahippocampal gyrus (std.
� [SE] = –0.53 [0.22], p = 0.027) and middle and
inferior temporal gyrus (std. � [SE] = –0.50 [0.23],
p = 0.044) were predictive of lower RAVL learning
scores, with the respective models accounting for
33% and 29% of the variance in RAVL learning
(Table 3, Fig. 3). Regional 18F-flortaucipir uptake
was predictive of episodic memory deficits involving
more widespread regions. In particular, regional 18F-
flortaucipir was predictive of lower RAVL learning
scores in all ROIs except for the limbic composite,
with std. � ranging between –0.48 and –0.56; the

regression models accounted for up to 41–45% of
the total variance in RAVL learning. 18F-THK5317
was not predictive of global cognition as measured by
MMSE in any of the assessed ROI. 18F-flortaucipir
was strongly predictive of MMSE in all ROIs, with
the best performance reported in the middle and
inferior temporal gyrus (std. � [SE] = –0.71 [0.20],
p = 0.003), and in the isocortical composite (std. �
[SE] = –0.70 [0.20], p = 0.003), with regression mod-
els accounting for nearly 50% of the variance in
MMSE (Table 3, Fig. 3). Finally, we found that nei-
ther 18F-THK5317 nor 18F-flortaucipir uptake in any
ROI was predictive of the brain volume index, where
age and sex were used as covariates.

DISCUSSION

In this study, we assessed the discriminative ability
of 18F-THK5317 and 18F-flortaucipir—two first-
generation tau PET tracers—and the brain volume
index, as well as their respective associations with
cognitive performance in two demographically and
clinically matched cohorts, each including HCs,
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Table 3
Results of linear regression models of cognitive performance (RAVL learning, MMSE) as predicted by regional tau uptake (18F-THK5317

DVR, 18F-flortaucipir SUVr) across the AD continuum including prodromal AD and AD dementia patients

RAVL learning MMSE
18F-THK5317 18F-flortaucipir 18F-THK5317 18F-flortaucipir

(KI cohort) (ADNI cohort) (KI cohort) (ADNI cohort)

Fusiform gyrus tau Std. � (SE) –0.23 (0.26) –0.51 (0.22) 0.16 (0.26) –0.69 (0.22)
p-value p = 0.40 p = 0.036∗ p = 0.54 p = 0.007∗∗

R2 0.11 0.42 0.11 0.44
Parahippocampal gyrus tau Std. � (SE) –0.53 (0.22) –0.56 (0.25) –0.23 (0.25) –0.79 (0.24)

p-value p = 0.027∗ p = 0.039∗ p = 0.37 p = 0.005∗∗
R2 0.33 0.42 0.14 0.45

Middle and inferior Std. � (SE) –0.50 (0.23) –0.49 (0.22) –0.26 (0.25) –0.71 (0.20)
temporal gyrus tau p-value p = 0.044∗ p = 0.037∗ p = 0.31 p = 0.003∗∗

R2 0.29 0.42 0.15 0.49
Posterior cingulate cortex tau Std. � (SE) –0.45 (0.23) –0.53 (0.21) –0.21 (0.25) –0.70 (0.20)

p-value p = 0.073 p = 0.023∗ p = 0.42 p = 0.004∗∗
R2 0.25 0.45 0.13 0.48

Limbic composite tau Std. � (SE) –0.43 (0.24) –0.44 (0.23) 0.08 (0.26) –0.69 (0.22)
p-value p = 0.092 p = 0.076 p = 0.75 p = 0.006∗∗

R2 0.23 0.37 0.09 0.44
Isocortical composite tau Std. � (SE) –0.46 (0.22) –0.48 (0.21) –0.14 (0.25) –0.70 (0.20)

p-value p = 0.056 p = 0.042∗ p = 0.58 p = 0.003∗∗
R2 0.27 0.41 0.11 0.49

All regression models included age, sex and education as covariates. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. AD, Alzheimer’s disease; ADNI,
Alzheimer’s Disease Neuroimaging Initiative; DVR, distribution volume ratio; KI, Karolinska Institutet; MMSE, Mini-Mental State Exam-
ination; RAVL, Rey Auditory Verbal Learning; SE, standard error; SUVr, standardized uptake value ratio.

Fig. 3. Scatterplot diagrams illustrating the relationship between tau PET uptake as measured by 18F-THK5317 and 18F-flortaucipir and the
RAVL learning test of episodic memory (a) and the MMSE as a measure of global cognition (b). AD, Alzheimer’s disease; DVR, distribution
volume ratio; SUVr, standardized uptake volume ratio.
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prodromal AD, and AD dementia patients. Our study
provides evidence that, compared to global brain
atrophy, tau pathology as measured by either tau
tracer results in an improved ability for discriminat-
ing between HC and both pAD and AD dementia
groups. 18F-THK5317 performed best at discrimi-
nating between the HC and pAD groups. Both tau
tracers were predictive of episodic memory deficits
across patients diagnosed with prodromal or AD
dementia; 18F-flortaucipir also predicted global cog-
nition. Tau deposition as measured by 18F-THK5317
or 18F-flortaucipir was significantly associated with
worse cognitive performance, while the brain vol-
ume index was not associated with cognition. Our
results are consistent with previous studies report-
ing that 18F-flortaucipir is more strongly correlated
to cognition than structural MRI measures in AD
patients [35–38]. The heterogeneous MRI acquisi-
tion protocols in our study precluded quantification of
cortical thickness, which would have allowed a more
fair comparison between tau PET and MRI biomark-
ers than using the relatively simpler brain volume
index method. For 18F-THK5317, a previous study
found that episodic memory was better predicted
by tau deposition than by hypometabolism as mea-
sured by 18F-FDG PET, a well-established marker
of synaptic dysfunction and neurodegeneration [30].
Compared with 18F-THK5317, 18F-FDG PET was
more strongly predictive of global cognition; also,
18F-FDG mediated the effect of 18F-THK5317 on
global cognition, meaning that high tau may be
present in the brain without affecting global cognitive
performance, but when hypometabolism is present
then a deficit in global cognition is observed [30].
Together with those previous findings, our results
support the concept that tau deposits are predictive
of cognitive performance in AD, adding distinct and
complementary information to that given by biomark-
ers of neurodegeneration such as hypometabolism or
brain atrophy.

18F-THK5317 and 18F-flortaucipir were differen-
tially related to cognition. Regional 18F-THK5317
in the middle and inferior temporal gyrus and the
parahippocampal gyrus was predictive of episodic
memory, while none of the regional uptake values
of 18F-THK5317 were predictive of global cog-
nitive performance. A recent study reported that
18F-THK5317 was more closely correlated to subse-
quent change in global cognitive performance over
a 4-year follow-up than to baseline global cogni-
tion (MMSE) [29]. Also, the prognostic ability of
18F-THK5317 outperformed that of hypometabolism

(18F-FDG PET) and structural markers of atrophy
[29], supporting the concept that 18F-THK5317 is a
promising early marker of pathology that precedes
overt cognitive decline with high prognostic accu-
racy in AD. Consistent with previous studies [39],
the regional widespread uptake of 18F-flortaucipir
was predictive of both episodic memory and global
cognition, with a stronger relationship to global cog-
nition. We can speculate that 18F-THK5317 is most
sensitive in prodromal stages of AD where patients
present with a cognitive impairment that is not severe
enough to interfere with daily activities and thus
cause dementia. Contrarily,18F-flortaucipir displays
a strong tracer uptake especially in the most severe
stages of AD dementia. This is in keeping with pre-
vious studies reporting that tau deposition measured
by 18F-flortaucipir emerges as a continuum from nor-
mal aging to patients with AD dementia [40]. We
can further hypothesize that the two tracers have dif-
ferent affinities to earlier versus later types of tau
deposits, with 18F-THK5317 being more sensitive to
the early types of tau deposits, and 18F-flortaucipir
having greater affinity toward more mature tangles.
In this regard, we speculate that the early types of tau
deposits might cause deficits in selective cognitive
domains such as episodic memory that is known to be
related to early medial temporal lobe pathology, while
the presence of more mature and widespread tan-
gles would lead to more global cognitive impairment.
However, antemortem/postmortem studies would be
needed to ascertain whether this observation is ver-
ified with neuropathological data. Autoradiography
work with 18F-flortaucipir has shown that it prefer-
entially binds to mature tau deposits compared to
pretangles or ghost tangles [13] and studies with
other tracers are ongoing [20]. These types of studies
are particularly lacking for the 18F-THK5317 tracer;
therefore, a possible influence of the level of maturity
of the tau tangles on tracer uptake remains specula-
tive.

In our study, we did not find a significant asso-
ciation between tau PET uptake and brain structure
as assessed with the brain volume index. Other
studies have reported a significant local correlation
between tau and cortical thinning in patients with
AD [36, 37, 41, 42]. Structural MRI data for the KI
cohort were acquired using multiple scanners with
different field strengths (i.e., 1.5 T and 3 T), which
precluded extracting regional cortical thickness mea-
sures. Instead, the brain volume index is a simple
measure of global brain atrophy but has the advan-
tage of being robust to different MRI acquisition
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parameters, and thus good applicability in clinical
practice [34]. Since previous studies have found that
tau PET is better correlated to subsequent rather than
concurrent atrophy [43, 44], future longitudinal stud-
ies would be needed to investigate whether baseline
measures of tau would be significantly associated to
subsequent brain atrophy.

This study has some limitations. Data for the two
tracers were obtained from two independent cohorts.
Although this study was not aimed at directly compar-
ing the two tracers, the KI and ADNI cohorts were
well matched in terms of disease severity as given
by the global brain volume index, episodic mem-
ory (RAVL learning), and global cognition (MMSE).
Furthermore, PET data from both cohorts have been
quantified using the same atlas, in order to ensure a
good reliability in the regional uptake values. While
a comparison using a more comprehensive cognitive
battery spanning multiple cognitive domains would
have been interesting, we opted to restrict the anal-
yses of cognitive performance to MMSE and RAVL
learning as these were the two tests available in both
the KI and the ADNI cohorts, to make results across
cohorts more comparable. The HC group in the KI
cohort was younger than in the ADNI cohort, and the
pAD group in the ADNI cohort had a higher educa-
tion level than the pAD group in the KI cohort. To
account for the potential confounding influence of
age, sex, and education, these variables were used as
covariates in the linear regression models predicting
cognitive performance. In addition, a replication of
the study by restricting the HCs in the KI cohort to
four age-matched older individuals showed that the
overall results remained the same.

The sample sizes in both cohorts were limited, and
larger samples are needed for robust estimates of the
discriminative ability and to perform statistical anal-
yses correcting for multiple comparisons. However,
having used unique and original data in the KI cohort
(18F-THK5317) we were limited by the existing pilot
study sample, and we selected the same sample size
from the ADNI database to ensure a comparable sta-
tistical power across cohorts.

Finally, first-generation tau PET tracers have
shown different degrees of off-target binding affin-
ity that could confound the results [32]. For example,
in vitro studies using tracers from the THK family
reported that THK5351 binds to MAO-B espe-
cially in the basal ganglia [18]; flortaucipir showed
a weaker off-target binding to MAO-B compared
to THK5351, but moderate levels of off-target
binding to monoamine oxidase-A (MAO-A) and

neuromelanin, especially involving the basal ganglia
and the choroid plexus [18, 45, 46]. Furthermore, our
previous study combining in silico and in vivo data
of 18F-THK5317 and MAO-B tracer 11C-deuterium-
L-deprenyl [33] reported that about 11-18% of the
18F-THK5317 binding in low MAO-B enzyme brain
regions such as the isocortex could be due to off-target
binding to MAO-B, while in sub-cortical regions
characterized by high MAO-B enzyme concentra-
tion this fraction could increase up to 25–84%.
To minimize the possible confounding effect of
off-target binding, we selected ROIs that were
previously reported to be minimally affected by
off-target binding for both tau PET tracers. This
well-known limitation of first-generation tau tracers
has stimulated research toward reducing off-target
binding effects. For example, the binding of 18F-
PM-PBB3/APN-1607 was recently reported to be
minimally displaced in the presence of the MAO-A
inhibitor clorgiline or the MAO-B inhibitor selegi-
line, in AD frontal cortex homogenates, suggesting
that 18F-PM-PBB3/APN-1607 has only minimal
cross-reactivity with off-target binding sites on
monoamine oxidases [47]. These new developments
will enable tau PET tracers with enhanced accuracy
to quantify tau in AD.

CONCLUSIONS

In conclusion, tau PET imaging is a promising
imaging tool as a diagnostic biomarker in AD, with
both 18F-THK5317 and 18F-flortaucipir tracers pro-
viding a stronger ability than a measure of global
brain atrophy to discriminate between AD patient
groups and HCs. Our study also showed that 18F-
flortaucipir is a potential biomarker for AD disease
staging, whereas 18F-THK5317 holds promise at the
earliest stages of the disease to discriminate between
patients with prodromal AD and healthy individu-
als. Our results warrant further in vivo head-to-head
and antemortem-postmortem evaluations to elucidate
what types of tau deposits the tracers are binding
to, and whether different tau tracers may preferen-
tially bind to early versus late conformations of tau
aggregates in AD. Additional validation studies are
thus needed to evaluate and select those tracers with
clinical validity as promising biomarkers for early
diagnosis, prognosis and disease staging, which is
expected to facilitate their incorporation in clinical
practice and therapeutic trials.
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