
ORIGINAL ARTICLE

Regional [18F]flortaucipir PET is more closely associated with disease
severity than CSF p-tau in Alzheimer’s disease
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Abstract
Purpose In vivoAlzheimer’s disease (AD) biomarkers for tau pathology are cerebrospinal fluid (CSF) phosphorylated tau (p-tau)
and [18F]flortaucipir positron emission tomography (PET). Our aim was to assess associations between CSF p-tau with
[18F]flortaucipir PET and the associations of both tau biomarkers with cognition and atrophy.
Methods We included 78 amyloid positive cognitively impaired patients (clinical diagnoses mild cognitive impairment (MCI, n = 8)
and AD dementia (n = 45) and 25 cognitively normal subjects with subjective cognitive decline (SCD) (40% amyloid-positive)).
Dynamic 130 min [18F]flortaucipir PET scans were acquired to generate binding potential (BPND) images using receptor parametric
mapping and standardized uptake values ratios of 80–100 min (SUVr80-100min) post injection. We obtained regional BPND and SUVr
from entorhinal, limbic, and neocortical regions-of-interest (ROIs), closely aligning to the neuropathological tau staging schemes.
Cognition was assessed using MMSE and composite scores of four cognitive domains, and atrophy was measured using gray matter
volume covering the major brain lobes. First, we used linear regressions to investigate associations between CSF p-tau (independent
variable) and tau PET (dependent variable). Second, we used linear regressions to investigate associations between CSF p-tau, tau PET
(separate independent variables, model 1), and cognition (dependent variable). We then assessed the independent effects of CSF p-tau
and tau PETon cognition by simultaneously adding the other tau biomarker as a predictor (model 2). Finally, we performed the same
procedure for model 1 and 2, but replaced cognition with atrophy. Models were adjusted for age, sex, time lag between assessments,
education (cognition only), and total intracranial volume (atrophy only).
Results Higher [18F]flortaucipir BPNDwas associatedwith higher CSF p-tau (range of standardized betas (sβ) across ROIs, 0.43–0.46;
all p < 0.01). [18F]flortaucipir BPND was more strongly associated with cognition and atrophy than CSF p-tau. When [18F]flortaucipir
BPND and CSF p-tau were entered simultaneously, [18F]flortaucipir BPND (range sβ = − 0.20 to – 0.57, all p < 0.05) was strongly
associated with multiple cognitive domains and atrophy regions. SUVr showed comparable results to BPND.
Conclusion Regional [18F]flortaucipir BPND correlated stronger with cognition and neurodegeneration than CSF p-tau, suggest-
ing that tau PET more accurately reflects disease severity in AD.
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Introduction

Alzheimer’s disease (AD) is characterized neuropathologically
by depositions of amyloid plaques and hyperphosphorylated
tau. Postmortem studies have revealed that tau pathology is high-
ly associated with the degree of cognitive impairment [1–3] and
thusmay serve as a biomarker of disease severity. In vivo tau can
be captured in cerebrospinal fluid (CSF) and by positron emis-
sion tomography (PET). CSF phosphorylated tau (p-tau) is
thought to reflect an AD-specific hyperphosphorylated state of
tau [4]. [18F]flortaucipir is currently the most widely used PET
tau tracer, which binds with high affinity to the paired helical
filaments (PHFs) of tau in AD [5–7].

Although both are in vivo biomarkers for tau pathology, it
remains unclear whether CSF p-tau and [18F]flortaucipir PET
provide interchangeable or complementary information. So
far, a number of studies have investigated associations be-
tween [18F]flortaucipir PET and CSF p-tau. Some studies
found moderate to strong correlations across groups which
consisted mainly of cognitively normal individuals [8, 9],
while others could not replicate these findings [10]. Across
the AD continuum, strongest associations between tau PET
and CSF p-tau were mostly observed in later, dementia stages
[11]. In addition, similar high levels were observed in CSF p-
tau in prodromal AD and AD dement i a , whi l e
[18F]flortaucipir uptake values continued to increase with pro-
gression of AD [12]. Taken together these results indicate that
the relationship between CSF p-tau biomarkers and
[18F]flortaucipir may depend on disease severity.

Both CSF p-tau [13, 14] and [18F]flortaucipir [15–21] have
been related separately to proxies of disease severity, for ex-
ample, to worse cognitive performance [13, 15–19] and a
greater degree of atrophy [14, 18–21]. Despite these similari-
ties, they may still differ on various aspects. [18F]flortaucipir
PET is able to capture regional uptake patterns and mirrors
established neuropathological staging schemes of tau [15, 22],
while correlations of CSF p-tau with neuropathological tau
burden have been modest [23, 24]. However, CSF p-tau may
be more sensitive in detecting early changes in AD (tau) pa-
thology [11, 25, 26]. Few studies have described the relation-
ship between both CSF p-tau and [18F]flortaucipir binding
with proxies of disease severity, and it remains to be
established whether [18F]flortaucipir PET and p-tau can be
viewed as equivalent markers for AD staging.

Therefore, we aimed to compare CSF and PET markers of
tau pathology and to assess their relationship with cognitive
impairment and atrophy as proxies of disease severity.We first
examined regional associations between CSF p-tau and quan-
titative [18F]flortaucipir binding in cognitively normal and

impaired subjects on the AD pathophysiological continuum
[27, 28]. Second, to investigate whether CSF p-tau biomarkers
and [18F]flortaucipir PET provide complementary information
regarding disease severity, we investigated associations of
both CSF p-tau and [18F]flortaucipir PET with multiple cog-
nitive domains and regional atrophy.

Methods

Participants

We included 78 subjects from the Amsterdam Dementia
Cohort [29, 30], of whom 25 were cognitively normal with
subjective cognitive decline (SCD), and 53 were cognitively
impaired (mild cognitive impairment (MCI) due to AD [31]
(n = 8) or probable AD dementia [32] (n = 45)).

We grouped the MCI-AD and probable AD dementia sub-
jects into one MCI/AD group.

All subjects underwent a standardized dementia screening,
includingmedical history, extensive neuropsychological assess-
ment, physical and neurological examination, lumbar puncture,
blood tests, electroencephalography, and brain magnetic reso-
nance imaging (MRI) [30]. Diagnosis was established by con-
sensus in a multidisciplinary meeting [29, 30].

The label of SCD [33], which were used as controls,
was provided based on self-reported cognitive complaints
but without any objective impairment in performance on
cognitive or neurological tasks or brain damage as evi-
denced by MRI. SCD subjects with evidence of substan-
tial Aß pathology after visual reading of SUVR50–70 of
[18F]florbetapir Aß-PET scans [34] were classified as am-
yloid positive subjects.

The diagnosis ofMCI/ADmet core clinical criteria [31, 32]
according to the National Institute on Aging and Alzheimer’s
Association (NIA-AA) and were biomarker supported, an AD
like CSF (i.e., tau/Aβ42 fraction > 0.52 [35]) and/or a positive
Aß-PET ([11C]PiB or [18F]florbetaben) scan by visual assess-
ment [36, 37].

Exclusion criteria for all participants were (1) diagnosis of
dementia not due to AD, (2) significant cerebrovascular dis-
ease on MRI (e.g., major CVA), (3) major traumatic brain
injury, (4) major psychiatric or neurological disorders other
than AD, (5) recent substance abuse, and (6) a time lag be-
tween LP and tau-PET imaging > 2 years. The study protocol
was approved by theMedical Ethics ReviewCommittee of the
Amsterdam UMC, location VU Medical center. All patients
provided written informed consent.
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CSF biomarkers

CSF samples were obtained from LP between the L3/L4, L4/
L5, or L5/S1 intervertebral space and collected in polypropyl-
ene tubes using a 25-gauge needle and syringe [29]. To assess
CSF biomarker levels, analyses were performed at the
Neurochemistry Laboratory of the Department of Clinical
Chemistry of the Amsterdam UMC according to international
guidelines [38]. Levels of Aß1–42, t-tau, and p-tau (phosphor-
ylated at threonine 181) in CSF were determined using sand-
wich ELISAs (Innotest ß-AMYLOID (1–42), Innotest hTAU-
Ag, and Innotest PhosphoTAU-181p, Fujirebio (formerly
Innogenetics), Belgium), and Aβ1–42 levels were corrected
for drift in kit performance over time [39]. Cutoff values for
abnormal CSF (Aβ1–42 < 813 pg/mL [39]), t-tau (> 375 pg/
mL), and p-tau (> 52 pg/mL) [40] were used to define an AD
like positive CSF profile (i.e., tau/Aβ42 fraction > 0.52 [35])
supportive of the diagnosis of MCI/AD. In this sample, p-tau
and t-tau were highly correlated (r = 0.98, p < 0.01); therefore,
all main analyses were performed with p-tau, and results for t-
tau are provided in the Supplementary Material.

Neuropsychological examination

The Mini-Mental State Examination (MMSE) was used as a
measure of global cognitive status [41]. In addition, we
assessed four cognitive domains [42] including memory
(Dutch version of the Rey Auditory Verbal Learning Test im-
mediate recall and delayed recall, Visual Association Test
(VAT) version A), attention (Digit span Forward, Trial
Making Test [TMT] version A), Stroop word and color nam-
ing), executive functioning (Digit span Backward, TMT ver-
sion B, letter fluency test (D-A-T) and Stroop color-word in-
terference test), and language (VAT-A naming and category
fluency version animals). Trail Making Tests and Stroop tests
were inverted so that lower scores indicated worse perfor-
mance. For cognitive domain scores, we created composite
scores by averaging Z-scores for each individual test within
a domain (with a minimum of two tests per domain). The
percentages of missing data for the cognitive domains were
10.3% (attention), 11.5% (memory), 12.8% (language), and
19.2% (executive functioning). As a sensitivity analysis we
repeated our analyses including subjects without missing data
(n = 59, see Supplementary Table 1).

MRI imaging and processing

All subjects underwent a 3D-T1 weighted sequence on a 3.0
Tesla MRI scanner (Ingenuity TF PET/MR, Philips Medical
Systems, Best, The Netherlands, n = 75), Vantage Titan
(Toshiba Medical Systems, Otawara, Japan, n = 2), and a
Signa HDxT (GE Healthcare, Milwaukee, WI, n = 1). All
MR images were performed within a maximum of 12 months

from the [18F]flortaucipir PET scan for SCD subjects (medi-
an = 0.2, IQR = 1.3) and a maximum of 6 months from the
[18F]flortaucipir PET scan for subjects with MCI/AD (medi-
an = 0.1, IQR = 0.2).

We calculated gray matter (GM) volumes using voxel-
based morphometry (VBM) implemented in Statistical
Parametric Mapping (SPM) version 12 software (Wellcome
Trust Center for Neuroimaging, University College London,
UK) as described previously [43]. Structural T1-weightedMR
images were segmented into gray matter, white matter, and
cerebrospinal fluid. Quality control was performed on all gray
matter native space images. Next, images were normalized to
Montreal Neurological Institute (MNI) 152 space, using a
study specific template created with the DARTEL toolbox.
Whole brain gray matter maps were smoothed with an 8 mm
full-width at half-maximum Gaussian kernel. We extracted
regional gray matter volumes from the automatic anatomic
labeling (AAL) using a priori defined cortical ROIs covering
all the major brain lobes [43]: medial/lateral temporal, medial/
lateral parietal, and occipital and frontal lobes (see
Supplementary Table 2) based on the AAL atlas.

Total intracranial volume (TIV) was calculated by combin-
ing the native space segmentations (gray matter, white matter,
and CSF) for each subject. We used gray matter density (i.e.,
graymatter volume corrected for TIV) as a proxy of atrophy in
the analyses.

[18F]flortaucipir imaging and processing

Dynamic 130 min [18F]flortaucipir PET scans were acquired
on a Philips Ingenuity TF-64 PET/CT scanner. The scanning
protocol consisted of two dynamic PET scans of 60 and
50 min, respectively, with a 20-min break in between [44,
45]. The first 60 min dynamic scan started simultaneously
with a bolus injection 234 ± 16 MBq [18F]flortaucipir
(injected mass 1.17 ± 0.78 μg). The second PET scan was
co-registered to the first dynamic PET scan using Vinci soft-
ware [46]. PET list mode data were rebinned into a total of 29
frames (1 × 15, 3 × 5, 3 × 10, 4 × 60, 2 × 150, 2 × 300, 4 ×
600, and 10 × 300 seconds) and reconstructed using 3D
RAMLA with a matrix size of 128 × 128 × 90 and a final
voxel size of 2x2x2 mm3, including standard corrections for
dead time, decay, attenuation, random, and scatter. The 3D-T1
MR images were co-registered to the averaged images (frame
8–29) of the PET scan.

The T1-weighted images were co-registered to their corre-
sponding PET images using Vinci (volume imaging in neuro-
logical imaging) software [46]. Volumes of interest (VOI,
Hammers template [47]) were subsequently delineated on
the MR images and superimposed on the PET scan using
PVElab [48]. Binding potential (BPND) was generated using
receptor parametric mapping (RPM) with whole cerebellar
gray matter as a reference region (extracted from the
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Hammers template [47]). SUVr images were generated for the
time interval 80–100 min post injection. BPND (or SUVr) im-
ages were resliced to FreeSurfer coordinates and using a
MarsBar package in SPM12, BPND (or SUVr) was extracted
in the following a priori defined FreeSurfer regions-of-interest
(ROIs) on spatially normalized MR images: entorhinal, lim-
bic, and neocortical regions. These ROIs closely aligning the
neuropathological tau staging schemes, adjusted from Scholl
et al. [15] (see Supplementary Table 3).

Statistical analysis

Statistical analyses were performed using Statistical Package
for the Social Sciences (SPSS, IBM version 22) and R (v.
3.2.3, The R foundation for Statistical computing).

Differences in demographic, clinical, and AD biomarker
characteristics between disease groups were assessed using
analyses of variance for continuous variables and χ2 for di-
chotomous data.

Linear regression models were performed to assess the re-
lationship between entorhinal, limbic, and neocortical
[18F]flortaucipir BPND (as dependent variable) and CSF p-
tau (as independent variable), adjusted for age, sex, and time
lag between LP and tau PET. We performed the analyses
across all subjects and additionally stratified for diagnosis
(i.e., SCD subjects and MCI/AD) and amyloid status for
SCD subjects only. We did not stratify for amyloid status for
the rest of the analyses because of the limited amount of am-
yloid positive SCD subjects (n = 10).

In order to investigate spatial associations between CSF p-
tau (independent variable) and [18F]flortaucipir BPND (or
SUVr) (dependent variable), we performed a voxel-wise mul-
tiple regression analysis for CSF p-tau and [18F]flortaucipir
PET, adjusted for age, sex, and time lag between LP and
[18F]flortaucipir PET scan. All resulting t-maps were
thresholded with p < 0.001 at the voxel-level. Data are shown
with and without correction for family-wise error p < 0.05.

Linear regression models were performed to assess the re-
lationships between CSF p-tau and 3 a priori defined
[18F]flortaucipir ROIs on PET with cognition. First, we
assessed the predictive effects of CSF p-tau and entorhinal,
limbic, and neocortical [18F]flortaucipir separately (model 1),
followed by a model including both predictors (model 2: CSF
p-tau + neocortical [18F]flortaucipir or entorhinal/limbic/neo-
cortical [18F]flortaucipir + CSF p-tau as predictors).
Additionally, both models were adjusted for age, sex, educa-
tion, and time lag between PET/CSF assessments. Finally, we
repeated the aforementioned procedure, but replaced cogni-
tion with gray matter atrophy (dependent variable) additional-
ly adjusted for TIV.

In addition, all regressions were repeated by replacing
BPND with SUVr80-100min and were repeated by replacing
CSF p-tau by t-tau. The results for t-tau are presented in the

SupplementaryMaterial. Results were comparable for CSF p-
tau and t-tau for all analysis.

For all linear regressions, standardized beta’s (sβ)
were used as an outcome variable. By standardizing all
variables in the equation, we obtain an easy interpretable
outcome measure, which is comparable across regres-
sions. The sβ is the change in the outcome variable for
1 standard deviation in change of the predictor. All sβ’s
are tested against the null hypothesis that an sβ of 0
yields no effect [49].

Results

Demographics

Subject characteristics are presented in Table 1. Subjects were
64.8 ± 6.5 years old and as expected MCI/AD participant had
a lower MMSE score of 23 ± 4 (p < 0.01). In addition, CSF p-
tau and [18F]flortaucipir BPND within all brain regions were
higher in MCI/AD patients compared to SCD subjects (all
p < 0.01).

The relationship between CSF p-tau and [18F]
flortaucipir BPND

Associations between CSF p-tau and tau PET are presented in
Table 2. Using all subjects CSF p-tau was associated with
higher [18F]flortaucipir BPND in the entorhinal cortex (sβ =
0.46), limbic (sβ = 0.45), and neocortical region (sβ = 0.43),
all p < 0.01. Within-group correlations were stronger for SCD
subjects than for MCI/AD patients, with strongest correlations
seen in the limbic region (sβ = 0.59, p < 0.01, Table 2, Fig. 1).
Within the SCD subjects, the relationship between CSF p-tau
and [18F]flortaucipir BPNDwas driven by the amyloid positive
individuals (Fig. 1). Note that the variance of the SCD subjects
patients is smaller than for MCI/AD patients, therefore a more
gradual slope is observed for association between CSF p-tau
and limbic, neocortical tau, although sβs are stronger for
SCD. Comparable results were seen for CSF t-tau
(Supplementary Table 4, Supplementary Fig. 1).

Voxel-wise analyses across all subjects showed significant
associations between widespread cortical [18F]flortaucipir
binding (right > left binding) and CSF p-tau. In SCD subjects,
associations between tau PET and CSF p-tau were mainly
observed in temporoparietal regions, whereas in MCI/AD this
association was observed in the fronto-temporo-parietal areas
(Fig. 2). All results survived family-wise error corrections,
except for the results in theMCI/AD group. CSF t-tau showed
a comparable, although marginally more widespread pattern
than p-tau (Supplementary Fig. 2).
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Associations between CSF p-tau and [18F]flortaucipir
BPND and cognition

Associations between CSF p-tau and tau PET and cogni-
tion are presented in Table 3 and Supplementary Table 1.
Across the total group, all tau PET ROIs correlated to all

cognitive scores: MMSE and the memory, attention and
executive functioning, and language (model 1 with tau
PET as a predictor; range sβ = − 0.23 to – 0.64, all
p < 0.05). Contrary, CSF p-tau showed only associations
with MMSE and memory (model 1; range sβ’s = − 0.26 to
– 0.44, all p < 0.01, Table 3).

Table 1 Demographic, clinical, and AD biomarker characteristics over the total sample and per disease group

SCD Aβ + (n=10) SCD Aβ-(n=15) MCI/AD (n = 53) Total Sample (n = 78) Total SCD (n = 25)

Age, years 67 ± 6 64 ± 6 65 ± 7 65 ± 7 65 ± 6

Female, % 60% 60% 53% 43% 60%

No. Aß positive subjects 10(100%) 0(0%) 53 (100%) 63 (81%) 10 (40%)

Education, Verhage scale, median(range) 6 (4-7) 6 (2-7) 6 (3-7) 6 (2-7) 6 (2-7)

Time lag LP/PET, years 0.7 ± 0.6 0.9 ± 0.5 0.6 ± 0.5 0.7 ± 0.5 0.8 ± 0.7

Neuropsychological measures

MMSE (n=78) 28 ± 1 28 ± 1 23 ± 4b 25 ± 4 28 ± 1

Memoryc (n=78) -0.5 ± 0.8 0.3 ± 0.6 -3.1 ± 2.1b -2.1 ± 2.3 -0.0 ± 0.8

Attentiond (n=73) -0.2 ± 0.6 0.1 ± 0.6 -1.3 ± 1.2b -0.9 ± 1.2 -0.0 ± 0.6

Languagee (n=68) -0.0 ± 0.4 0.0 ± 0.8 -1.0 ± 1.0b -0.6 ± 1.0 -0.0 ± 0.7

Executive functioningf (n=73) -0.1 ± 0.9 -0.1 ± 0.7 -2.4 ± 1.0b -0.9 ± 1.1 0.0 ± 0.8

Tau biomarkers

CSF

CSFAß1-42 779 ± 197 1067 ± 217 541 ± 113b 677 ± 260 966 ± 247

CSF t-tau 615 ± 383 257 ± 201 760 ± 412bd 645 ± 422 401 ± 333

CSF p-tau 83 ± 36 43 ± 23 90 ± 35b 80 ± 38 59 ± 38

[18F]flortaucipir PET

Entorhinal cortex BPND 0.2 ± 0.2 -0.1 ± 0.1 0.3 ± 0.2b 0.2 ± 0.2 -0.0 ± 0.2

Limbic region BPND 0.2 ± 0.1 0.0 ± 0.0 0.4 ± 0.2b 0.3 ± 0.2 0.1 ± 0.1

Neocortex BPND 0.1 ± 0.1 -0.0 ± 0.0 0.3 ± 0.3b 0.2 ± 0.3 0.0 ± 0.1

Entorhinal cortex SUVr 1.0 ± 0.1 1.3 ± 0.2 1.5 ± 0.2b 1.4 ± 0.3 1.1 ± 0.2

Limbic region SUVr 1.1 ± 0.1 1.3 ± 0.2 1.5 ± 0.2b 0.4 ± 0.3 1.2 ± 0.1

Neocortex SUVr 1.1 ± 0.1 1.2 ± 0.2 1.4 ± 0.3b 1.3 ± 0.3 1. ± 0.1

Continuous data shown asmean ± standard deviation, unless specified otherwise. Differences in demographic, clinical, and AD biomarker characteristics
between disease groups were assessed using ANOVA for continuous variables and χ2 for dichotomous data
a Significantly different from SCD subjects at p < 0.05. b Significantly different from SCD subjects at p < 0.01
c Z-score memory domain, d Z-score attention domain, e Z-score language domain, f Z-score executive functioning domain

Table 2 Standardized ß
coefficients for the relationship
between CSF p-tau and entorhi-
nal, limbic, and neocortical
[18F]flortaucipir BPND or SUVr
over the total sample and stratified
per disease group

Total sample

(n = 78)

SCD

(n = 25)

MCI/AD

(n = 53)
CSF p-tau CSF p-tau CSF p-tau

Entorhinal[18F]flortaucipir BPND 0.46 (p <0.01) 0.43 (p = 0.07) 0.17(p = 0.17)

Limbic [18F]flortaucipir BPND 0.45 (p = <0.01) 0.59a (p = 0.01) 0.22 (p = 0.08)

Neocortical [18F]flortaucipir BPND 0.43 (p = <0.01) 0.54 (p = 0.02) 0.27 (p = 0.03)

Entorhinal[18F]flortaucipir SUVr 0.50 (p = <0.01) 0.59 (p<0.01) 0.16 (p = 0.21)

Limbic [18F]flortaucipir SUVr 0.47 (p = <0.01) 0.67(p = 0.00) 0.21 (p = 0.09)

Neocortical [18F]flortaucipir SUVr 0.43 (p = <0.01) 0.41 (p = 0.08) 0.26 (p = 0.03)

Standardized ß coefficients (significant in bold) from regression analysis with [18 F]flortaucipir BPND or SUVr as
the dependent variables and CSF p-tau as predictor.

Effects adjusted for age, sex, and time lag between LP and [18 F]flortaucipir PET
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When entered simultaneously (model 2), associations
between [18F]flortaucipir BPND and cognition (model 2,
MMSE, memory, attention, executive functioning, and
language; range sβ’s = − 0.25 to – 0.57, all p < 0.05,
Table 3) remained essentially comparable, but appeared
strongly attenuated for CSF p-tau (model 2, MMSE;
sβ = − 0.21, p < 0.05, Table 3).

After stratification, stronger associations were seen inMCI/
AD patients compared to SCD subjects. After correcting for
the other biomarker (model 2), regional tau PET, but not CSF
p-tau, was related to MMSE (range sβ’s = − 0.43 to – 0.45, all
p < 0.01), attention (range sβ’s = − 0.39 to – 0.45, all
p < 0.05), and executive functioning (range sβ’s = − 0.34 to
– 0.41, all p < 0.05) within the MCI/AD patients.
Comparable results for model 1 and model 2 were seen when
replacing p-tau with t-tau (Supplementary Table 5).

Associations between CSF p-tau and [18F]flortaucipir
BPND and atrophy

Associations between CSF p-tau and tau PET and atro-
phy are presented in Table 4. Across all subjects, asso-
ciations were seen between high CSF p-tau with tempo-
ral, parietal, and occipital atrophy (model 1; range sβ’s =

− 0.20 to – 0.22, all p < 0.05), but disappeared when
adjusting for neocortical tau PET. All [18F]flortaucipir
ROIs were related to the different atrophy ROIs (model
1; range sβ’s = − 0.27 to – 0.49, all p < 0.05), even after
adjusting for CSF p-tau (model 2; range sβ’s = − 0.20 to
– 0.51, all p < 0.05). After stratification, these results
appeared largely attributable to MCI/AD participants,
no significant associations were seen for the SCD sub-
jects. Comparable results for t-tau are presented in
Supplementary Table 6.

SUVr vs BPND

Although SUVr overestimated BPND values (Table 1), com-
parable results were obtained for SUVr and BPND. Overall,
higher p-tau was related to higher entorhinal (sβ = 0.50), lim-
bic (sβ = 0.47), and neocortical (sβ = 0.43) [18F]flortaucipir
SUVr, all p < 0.01 (Table 2). In line with BPND, within groups,
correlations were stronger for SCD subjects, and strongest
correlations were seen in the limbic region (sβ = 0.67
p < 0.01, Table 2, Fig. 1). Voxel-wise analysis confirmed com-
parable associations between [18F]flortaucipir BPND or SUVr
and CSF p-tau (Fig. 2), and the associations with cognition

Fig. 1 Scatterplots of the observed relationship between CSF p-tau with
entorhinal, limbic, and neocortical [18F]flortaucipir BPND (top row, a–c) and
SUVr (bottom row, d–f). Each symbol represents one subject. The fitted lines

are stratified over AD (blue) and SCD subjects (red); closed circles are Aβ
positive, open circles are Aβ negative. Correlations were adjusted for age,
sex, and time lag between LP and [18F]flortaucipir PET scan
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and atrophy were essential ly the same for SUVr
(Supplementary Tables 7, 8) and BPND (Tables 3 and 4).

Discussion

In this study, we examined cross-sectional associations between
CSF p-tau and quantitative [18F]flortaucipir PETand their associ-
ationswith cognition and atrophy. First, we found that higher CSF

p-tau was only moderately correlated to higher [18F]flortaucipir
binding across the total group. Both tau markers were associated
with disease severity, but we found stronger associations for
[18F]flortaucipir compared to CSF p-tau in relation to cognition
and atrophy, particularly for the MCI/AD group. Taken together,
our findings suggest that tau PET may be a better biomarker for
tracking Alzheimer’s disease severity.

Our main finding was that tau PET, independently of CSF
p-tau, was related to proxies of disease severity in AD. We

Fig. 2 Voxel-wise associations betweenCSFp-tau and [18F]flortaucipir BPND
(top row) and SUvr (bottom row). Voxel-wise associations are shown using a
threshold puncorrected < 0.001(red) and pFWEcorrected < 0.05 (blue) at the voxel

level. Contrasts were adjusted for age, sex, and time lag between LP and
[18F]flortaucipir PETscan. The associations were assessed in the total sample,
within SCD subjects only andwithinMCI/AD subjects only
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found associations between various [18F]flortaucipir ROIs,
recapitulating the neuropathological tau stages, and attention,
memory, language, and executive functioning as well as with
brain atrophy. Associations were most pronounced for MCI/
AD dementia patients, especially with regard to limbic and
neocortical tau deposition and widespread latrophy, which
suggest that later neuropathological tau stages measured by
[18F]flortaucipir BPND are tightly related to neurodegeneration
in clinical AD. In line with the previous studies [15, 22], we
showed that tau PET aligns with the neuropathological tau
stages by showing a temporoparietal pattern in the SCD sub-
jects and greater involvement of frontal areas in AD subjects.
Previous studies also showed stronger associations for

frontal, temporal, and parietal tau PET with cognition
[11, 50] and temporoparietal [18F]flortaucipir with atrophy
[11] compared to CSF p-tau in AD, further supporting the
use of especially tau PET to track disease severity. A pos-
sible explanation for these differences in associations
could be that each tau biomarker reflects different as-
pects of tau pathology. CSF p-tau rises early in the
disease course, possibly even before Aβ PET positivity
[51]. Additionally, extracellular soluble forms of patho-
logical tau (as can be measured using CSF) may pre-
cede the intracellular aggregated hyperphosphorylated
form of tau (as measured by [18F]flortaucipir PET).
Therefore, CSF may show greater disparity than tau

Table 3 Standardized ß
coefficients for the relationship
between cognitive outcome and
CSF p-tau or entorhinal, limbic,
and neocortical [18F]flortaucipir
BPND over the total sample and
stratified per disease group

Total sample

(n = 78)

SCD

(n = 25)

MCI/AD

(n = 53)

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

CSF p-tau

MMSE − 0.44b − 0.21a 0.07 0.20 − 0.29a − 0.17
Memory − 0.26a − 0.12 − 0.10 0.10 − 0.05 − 0.04
Attention − 0.18 − 0.01 − 0.16 0.08 − 0.05 0.03

Executive functioning − 0.14 0.06 0.28 0.48a − 0.03 0.07

Language − 0.10 − 0.00 0.11 0.32 − 0.00 0.01

[18F]flortaucipir BPND
Entorhinal region

MMSE − 0.41b − 0.25a − 0.23 − 0.21 − 0.01 − 0.04
Memory − 0.54b − 0.52b − 0.50b − 0.50a − 0.27 − 0.27
Attention − 0.14 − 0.35 − 0.17 − 0.14 0.43b 0.45b

Executive functioning − 0.29b 0.25a 0.07 − 0.01 0.13 0.14

Language − 0.23a − 0.22 − 0.18 − 0.41 0.20 0.21

Limbic region

MMSE − 0.64b − 0.54b − 0.22 − 0.20 − 0.50b − 0.45b

Memory − 0.46b − 0.41b − 0.24 − 0.22 − 0.10 − 0.09
Attention − 0.45b − 0.41b − 0.29 − 0.32 − 0.22 − 0.21
Executive functioning − 0.52b − 0.52b − 0.06 − 0.23 − 0.34a − 0.34a

Language − 0.33b − 0.33a − 0.10 − 0.24 − 0.11 − 0.11
Neocortical region

MMSE − 0.64b − 0.53b − 0.17 − 0.13 − 0.50b − 0.43b

Memory − 0.38b − 0.29a − 0.32 − 0.29 0.04 0.07

Attention − 0.55b − 0.52b − 0.40a − 0.42 − 0.38a − 0.39a

Executive functioning − 0.56b − 0.57b − 0.16 − 0.31 − 0.39a − 0.41a

Language − 0.27a − 0.25 − 0.25 − 0.39 0.00 0.02

Standardized ß coefficients (significant in bold) from multiple regression analysis with cognitive measures as the
dependent variables and either CSF p-tau and/or [18 F]flortaucipir BPND as predictors using separate analyses

Model 1 = Either CSF p-tau or entorhinal/limbic/neocortical [18 F]flortaucipir BPND was used as a predictor.
Effects adjusted for age, sex, education, and time lag between cognitive testing and LP or [18 F]flortaucipir PET

Model 2 = CSF p-tau + neocortical [18 F]flortaucipir BPND or entorhinal/limbic/neocortical [18 F]flortaucipir
BPND + CSF p-tau were used as predictors. Effects adjusted as model 1
a Significant standardized ß coefficient at p < 0.05
b Significant standardized ß coefficient at p < 0.01
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PET with later markers of disease severity, such as at-
rophy and cognition [52, 53].

After the initial early rise of CSF p-tau, it may have
limited longitudinal changes in prodromal / AD demen-
tia stages [54–56]. However, [18F]flortaucipir binding
continues to increase over time [57, 58] suggesting a
better ability for [18F]flortaucipir PET to dynamically
track neurodegeneration and/or (changes in) cognition
[59, 60] on the clinical stage of the disease. This is in

line with our study, in which we observed that regional
[18F]flortaucipir PET values were higher for MCI/AD
patients than for SCD subject with similar p-tau values
(Fig. 1). These findings underscore that tau PET may be
a more robust marker for disease severity in clinical AD
than CSF p-tau, and that tau PET may serve as an
important outcome variable for tracking disease severity,
for instance, during treatment with disease-modifying or
symptomatic drugs. The early plateauing of CSF p-tau

Table 4 Standardized ß
coefficients for the relationship
between regional gray matter
atrophy and CSF p-tau or
[18F]flortaucipir BPND over the
total sample and stratified per
disease group

Total sample

(n = 78)

SCD

(n = 25)

MCI/AD

(n = 53)

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

CSF p-tau

Medial temporal − 0.15 − 0.01 0.18 0.25 0.03 0.08

Lateral temporal − 0.21a − 0.00 0.15 − 0.01 − 0.13 − 0.01
Medial parietal − 0.17 0.04 0.17 0.29 − 0.09 0.04

Lateral parietal − 0.20a 0.02 0.25 0.33 − 0.13 − 0.00
Frontal − 0.10 0.09 0.21 0.33 − 0.07 0.04

Occipital − 0.22a − 0.15 0.15 0.30 − 0.18 − 0.07
[18F]flortaucipir BPND
Entorhinal region

Medial temporal − 0.42b − 0.45b − 0.14 − 0.22 − 0.26a − 0.27a

Lateral temporal − 0.33b − 0.31b − 0.09 − 0.16 − 0.23 − 0.20
Medial parietal − 0.27b − 0.27b − 0.08 − 0.16 0.18 − 0.15
Lateral parietal − 0.31b − 0.29b − 0.10 − 0.21 − 0.16 − 0.12
Frontal − 0.23a − 0.25a − 0.19 − 0.32 − 0.11 − 0.09
Occipital − 0.27b − 0.20a − 0.21 − 0.32 − 0.14 − 0.09

Limbic region

Medial temporal − 0.38b − 0.40b − 0.14 − 0.20 − 0.26a − 0.23
Lateral temporal − 0.48b − 0.46b − 0.07 − 0.18 − 0.50b − 0.49b

Medial parietal − 0.41b − 0.43b − 0.11 − 0.26 − 0.41b − 0.40b

Lateral parietal − 0.40b − 0.41b − 0.01 − 0.26 − 0.37b − 0.35b

Frontal − 0.31b − 0.34b − 0.08 − 0.26 − 0.29a − 0.28a

Occipital − 0.38b − 0.37b − 0.16 − 0.32 − 0.37b − 0.34b

Neocortical region

Medial temporal − 0.32b − 0.33b − 0.01 − 0.08 − 0.18 − 0.20
Lateral temporal − 0.47b − 0.48b − 0.06 − 0.13 − 0.48b − 0.47b

Medial parietal − 0.45b − 0.48b − 0.09 − 0.18 − 0.49b − 0.49b

Lateral parietal − 0.49b − 0.51 b − 0.00 − 0.12 − 0.50b − 0.49b

Frontal − 0.39b − 0.44b − 0.11 − 0.24 − 0.41b − 0.40b

Occipital − 0.47b − 0.47b − 0.18 − 0.28 − 0.50b − 0.42b

Standardized ß coefficients (significant in bold) from multiple regression analysis with gray matter density as the
dependent variable and either CSF p-tau and/or [18 F]flortaucipir BPND as predictors using separate analyses

Model 1 = Either CSF p-tau or entorhinal/limbic/neocortical [18 F]flortaucipir BPND was used as a predictor.
Effects adjusted for age, sex, intracranial volume, and time lag between MRI and LP or [18 F]flortaucipir PET

Model 2 = CSF p-tau + neocortical [18 F]flortaucipir BPND or entorhinal/limbic/neocortical [18 F]flortaucipir
BPND + CSF p-tau were used as predictors. Effects adjusted as model 1
a Significant standardized ß coefficient at p < 0.05
b Significant standardized ß coefficient at p < 0.01
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in the prodromal phase of AD may also explain the lack
of correlation of p-tau and tau PET in MCI/AD patients.
Indeed CSF p-tau tends to solely increase in Aβ + cog-
nitively normal individuals and patients with MCI and
stabilize or even decrease in AD dementia [54].
Alternatively, results may be partly be explained by dif-
ferences in age (65 years (present study) vs. 74–
77 years) [10, 11]. Early onset AD harbors a greater
tau pathology burden and faster progression than late
onset AD [61, 62], and studies have shown that age
could affect the levels of p-tau [63] and the amount of
[18F]flortaucipir uptake [18, 64].

In line with earlier studies [8], we observed a tight link
between CSF p-tau and [18F]flortaucipir BPND in SCD.
However, other studies did not find a relationship between
CSF p-tau and [18F]flortaucipir within cognitively unimpaired
controls [9–11], which could be related to the notion that in-
dividuals with SCD are at increased risk for AD [65, 66, 67].
However, p-tau may be more sensitive in early stages than
[18F]flortaucipir [11, 26, 52], as subtle increases in
[18F]flortaucipir binding has been shown in the preclinical
stages of AD [15, 19, 60, 68].

Additionally, by using quantitative [18F]flortaucipir
BPND, we may have been able to capture modest in-
creases in [18F]flortaucipir uptake in SCD subjects,
since we are able to measure small effects with BPND
with higher test-rest accuracy than SUVr [69]. Although
in this study, we observed comparable results if we
replace BPND with SUVr. In line with the previous stud-
ies, we found that SUVr overestimated BPND [70]; how-
ever, this appeared to only marginally affect the associ-
ations of p-tau and tau PET.

Strengths and limitations

The strength of this study is that we used the dynamic tau PET
scans resulting in specific tracer to tau binding rather than a
semi-quantitative approach (i.e., SUVr) which overestimates
true tracer binding as shown in this study.

In addition, we examined these associations between
the different tau biomarkers in SCD subjects instead of
cognitively unimpaired individuals without cognitive
complaints. By not using controls from a populations
study, these results may be more generalizable to a
memory clinic cohort.

We acknowledge that there was a time lag in our study
between CSF tau sampling and performing of the tau PET
scan. Ideally, CSF would be collected on the day of the PET
scan, and although our results were comparable if we adjusted
the time lag between CSF p-tau and tau PET to a maximum of
1 year and we entered the time lag as a covariate in our main
analysis, this time lag may have affected our results. Since p-

tau levels may rise before tau PET [11, 26, 52], associations
may have been stronger when there was a greater time lag.

Conclusion

Regional [18F]flortaucipir PET, more than CSF p-tau, relates
to important clinical parameters of disease severity of AD, i.e.,
cognition and neurodegeneration. As such, tau PETmay more
accurately reflect disease severity in AD than p-tau.
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