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Amyloid, tau and metabolic PET correlates of 
cognition in early and late-onset Alzheimer’s 
disease

Jeremy A. Tanner,1 Leonardo Iaccarino,1 Lauren Edwards,1 Breton M. Asken,1 

Maria L. Gorno-Tempini,1 Joel H. Kramer,1 Julie Pham,1 David C. Perry,1 

Katherine Possin,1 Maura Malpetti,1,2 Taylor Mellinger,1 Bruce L. Miller,1 

Zachary Miller,1 Nidhi S. Mundada,1 Howard J. Rosen,1 David N. Soleimani-Meigooni,1 

Amelia Strom,1 Renaud La Joie1 and Gil D. Rabinovici1,3,4

Early-onset (age < 65) Alzheimer’s disease is associated with greater non-amnestic cognitive symptoms and neuro
pathological burden than late-onset disease. It is not fully understood whether these groups also differ in the asso
ciations between molecular pathology, neurodegeneration and cognitive performance.
We studied amyloid-positive patients with early-onset (n = 60, mean age 58 ± 4, MMSE 21 ± 6, 58% female) and late-on
set (n = 53, mean age 74 ± 6, MMSE 23 ± 5, 45% female) Alzheimer’s disease who underwent neurological evaluation, 
neuropsychological testing, 11C-Pittsburgh compound B PET (amyloid-PET) and 18F-flortaucipir PET (tau-PET). 18F- 
fluorodeoxyglucose PET (brain glucose metabolism PET) was also available in 74% (n = 84) of participants. 
Composite scores for episodic memory, semantic memory, language, executive function and visuospatial domains 
were calculated based on cognitively unimpaired controls. Voxel-wise regressions evaluated correlations between 
PET biomarkers and cognitive scores and early-onset versus late-onset differences were tested with a PET × Age 
group interaction. Mediation analyses estimated direct and indirect (18F-fluorodeoxyglucose mediated) local associa
tions between 18F-flortaucipir binding and cognitive scores in domain-specific regions of interest.
We found that early-onset patients had higher 18F-flortaucipir binding in parietal, lateral temporal and lateral 
frontal cortex; more severe 18F-fluorodeoxyglucose hypometabolism in the precuneus and angular gyrus; and 
greater 11C-Pittsburgh compound B binding in occipital regions compared to late-onset patients. In our primary 
analyses, PET–cognition correlations did not meaningfully differ between age groups.18F-flortaucipir and 18F-fluor
odeoxyglucose, but not 11C-Pittsburgh compound B, were significantly associated with cognition in expected 
domain-specific patterns in both age groups (e.g. left perisylvian/language, frontal/executive, occipital/visuospatial). 
18F-fluorodeoxyglucose mediated the relationship between 18F-flortaucipir and cognition in both age groups across 
all domains except episodic memory in late-onset patients. Additional direct effects of 18F-flortaucipir were observed 
for executive function in all age groups, language in early-onset Alzheimer’s disease and in the total sample and visuo
spatial function in the total sample.
In conclusion, tau and neurodegeneration, but not amyloid, were similarly associated with cognition in both early and 
late-onset Alzheimer’s disease. Tau had an association with cognition independent of neurodegeneration in language, 
executive and visuospatial functions in the total sample. Our findings support tau PET as a biomarker that captures 
both the clinical severity and molecular pathology specific to Alzheimer’s disease across the broad spectrum of 
ages and clinical phenotypes in Alzheimer’s disease.
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Introduction
While its prevalence increases exponentially with age, Alzheimer’s 
disease is also a leading cause of early-onset dementia.1,2

Early-onset Alzheimer’s disease (EOAD), defined in most studies 
as developing in patients younger than age 65, comprises an esti
mated 5.5% of total Alzheimer’s disease cases.3 The majority 
(>90%) of EOAD cases are commonly referred to as sporadic because 
they lack a known pathogenic autosomal dominant mutation, al
though heritability of the disease is high, as 35–60% patients have 
at least one affected first-degree relative.4–6 EOAD and late-onset 
Alzheimer’s disease (age ≥ 65, LOAD) share the hallmark neuro
pathological features of fibrillar amyloid-β and hyperphosphorylated 
tau. However, patients with EOAD have a greater burden of 
Alzheimer’s disease pathology, particularly neurofibrillary tangles, 
and appear to have fewer age-related co-pathologies (e.g. TDP-43, 
vascular infarcts) than LOAD.7–12 Cognitive symptoms can also differ 
between age groups in Alzheimer’s disease. Patients with EOAD com
monly have greater impairment in visuospatial abilities, executive 
function and language, but relatively less impairment in episodic 
and semantic memory.13–17 EOAD has a more fulminant disease 
course characterized by delayed diagnosis, faster disease progres
sion and a higher risk of mortality.7,18–23 Nevertheless, patients 
with EOAD have previously been excluded from many studies of 
Alzheimer’s disease due to their age, leaving many questions un
answered regarding whether the underlying pathophysiology and 
biomarkers differ across the Alzheimer’s disease age spectrum.

Recent advances in neuroimaging enable in vivo biomarker com
parisons between EOAD and LOAD. Aggregated amyloid-β plaques 
can be visualized and quantified with radiotracers for fibrillar 
amyloid-β such as 11C-Pittsburgh compound B (PIB).24–26 Prior studies 
comparing amyloid PET ligand binding between age groups have 
been mixed, where some have shown greater regional binding in 
EOAD,27,28 while others have found no notable differences.29–31

Neurofibrillary tangles composed of aggregated hyperphosphory
lated tau can also be detected with specific radiotracers such as 
18F-flortaucipir (FTP).32–35 Compared to LOAD, patients with EOAD 
have greater global tau PET binding and higher neocortical relative 
to medial temporal binding.36–41 Finally, brain glucose metabolism 
can be evaluated with 18F-fluorodeoxyglucose-PET (FDG-PET), which 
is a radiolabelled glucose analogue that is used as a biomarker of 
synaptic dysfunction and neurodegeneration.42 Alzheimer’s disease 

most commonly presents with FDG-PET hypometabolism in precu
neus/posterior cingulate and lateral temporo-parietal regions, with 
patients with EOAD having more severe hypometabolism in these 
regions and relative sparing of the medial temporal lobe.29,43,44

Previous PET studies have demonstrated that amyloid PET bind
ing patterns have absent-to-weak correlation with clinical pheno
types or cognitive deficits.31,36,45,46 In contrast, both the burden 
and the distribution of tau PET binding correlate with cognitive 
symptoms in Alzheimer’s disease across heterogeneous clinical 
phenotypes.31,36,38,41,47–50 Similar to tau PET, the degree and distri
bution of FDG-PET hypometabolism in Alzheimer’s disease closely 
aligns with cognitive symptoms and is more closely correlated with 
FTP-PET than PIB-PET binding.28,29,36,38,51

Considering their clinical and biomarker differences, it is possible 
that the correlation between cognitive symptoms and in vivo mo
lecular pathology and neurodegeneration may vary between EOAD 
and LOAD.36,38,40,48 This may be due to younger patients having 
greater Alzheimer’s disease pathological burden, faster tau accumu
lation,52 stronger tau correlation with future brain atrophy,53 fewer 
age-related co-pathologies12 or biological differences in amyloid 
and tau pathology compared to older patients.54,55 Alternatively, it 
is plausible that the correlation may be stronger in older patients 
due to less cognitive and brain resilience to Alzheimer’s disease 
pathology.56 No prior studies to our knowledge have systematically 
evaluated this by directly evaluating the effect of age on the relation
ships between molecular pathology, neurodegeneration and 
domain-specific cognitive performance in a clinically diverse cohort 
of patients with symptomatic Alzheimer’s disease.

The objective of this study was to compare the correlation be
tween cognitive symptoms and in vivo PET biomarkers in EOAD ver
sus LOAD. A priori, we hypothesized that the correlation between 
FTP-PET and cognitive performance would be stronger in EOAD com
pared to LOAD. We further hypothesized that cognitive performance 
would not correlate with PIB-PET binding in EOAD or LOAD.

Materials and methods
Participants

Participants were retrospectively selected from the University of 
California San Francisco (UCSF) Alzheimer’s Disease Research 
Center clinical cohort. All participants underwent a standard 
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clinical evaluation including comprehensive history, neurological 
exam, caregiver interview and brain MRI. Consensus diagnosis 
was provided by a multidisciplinary team. Participants were ini
tially included if they: (i) met NIA-AA criteria for probable 
Alzheimer’s disease dementia57 or mild cognitive impairment 
due to Alzheimer’s disease58; (ii) had a positive amyloid PIB-PET 
scan by expert visual read; (iii) underwent FTP-PET; and (iv) had 
neuropsychological testing within 1 year of their FTP-PET scan, re
sulting in 127 participants. Participants were then excluded (n = 
14) if they: (i) met research criteria for an additional dementia 
type, including traumatic encephalopathy syndrome,59 at the 
time of FTP-PET scan (n = 11); (ii) had chronic alcohol abuse within 
6 months of neuropsychological testing (n = 1); or (iii) had incomplete 
neuropsychological testing (n = 1) or FTP-PET acquisition 
(n = 1). Of participants in the final cohort (n = 113), 20 additionally 
met clinical criteria for posterior cortical atrophy (PCA)60 and 22 pa
tients for logopenic variant primary progressive aphasia (lvPPA).61

FDG-PET was available in 74% (n = 84) of participants.
EOAD (n =60) was defined as patients’ age <65 and LOAD (n =53) 

were those age ≥65 at the time of FTP-PET. Chronological age (as op
posed to age at symptom onset) at time of FTP-PET scan was used to re
duce subjectivity in estimating symptom onset by the patient or 
caregiver. In supplementary analyses, we included two different cogni
tively unimpaired healthy control (HC) groups to estimate PET biomark
er changes at the group-level. Two HC groups were used due to the 
limited number of healthy control subjects who had completed all three 
PET scan modalities. HC Group 1 completed both PIB-PET and FTP-PET 
(n =74, mean age 67± 18, age range 21–93, 53% female, 17± 2 years edu
cation). HC Group 2 completed FDG-PET (n =78, mean age 67±15, age 
range 22–90, 55% female, 17 ±2 years education).

Cognitive testing

Methods for neuropsychological testing and composite scores for 
each cognitive domain have previously been described.47,62 Briefly, 
episodic memory was measured using California Verbal Learning 
Test—Short Form and Benson Figure delayed recall. Semantic mem
ory was measured using Boston Naming Test—Short Form, Peabody 
Picture Vocabulary Test—Revised Comprehension and Category 
Fluency (animals). Language was measured using Curtiss–Yamade 
Comprehensive Language Evaluation—receptive comprehension 
subtest, verbal agility and oral repetition. Executive function was 
measured with digits backward, Letter Fluency (‘D’ words in 1 
min), Design Fluency—condition one, Modified Trail Making Test 
and Stroop inhibition. Visuospatial functioning was measured by 
the Benson Figure copy and the Number Location subtest of the 
Visual Object and Spatial Perception test.

Composite scores from neuropsychological testing were created 
for each cognitive domain for each participant. Participant neuro
psychological testing scores were converted to W-scores adjusted 
for age using testing scores from a previously described UCSF sample 
of 564 cognitively unimpaired participants (mean age 67 ± 7; mean 
years of education 17 ± 2).47 To generate composite scores for each 
domain, participant W-scores were averaged for all tests within 
that domain (tests with multiple components were weighted to 
serve as one score). When participants had individual tests missing, 
composite scores were calculated from available individual tests 
scores within that cognitive domain. Composite scores were available 
for 111/113 participants in executive function, for 112/113 in episodic 
memory and visuospatial function and for all participants in seman
tic memory and language. Higher W-scores were representative of 
greater cognitive impairment. When adjusting for years of education 

in addition to age, W-scores remained highly similar (ρ ≥ 0.94, R2 ≥ 0.91 
in all domains) and maintained similar associations with PET stan
dardized uptake value ratio (SUVR) across modalities, and thus edu
cation was not included as a covariate in the final models.

To account for clinical severity, we created a combined global 
cognitive measure (zMMSECDR) that was calculated as the mean 
of the Z-scores of the Mini-Mental State Examination (MMSE) and 
Clinical Dementia Rating (CDR) Sum of Boxes within the total patient 
sample. This aggregated measure was previously developed63 to at
tempt to balance biases in CDR Sum of Boxes (less sensitive to lan
guage impairment)64 and MMSE (less sensitive to visuospatial 
impairment).65

Image acquisition and processing

Acquisition protocols for all imaging modalities have previously 
been described by Iaccarino et al.39 and methods are further detailed 
in the Supplementary material. All participants underwent struc
tural MRI (mean 21 ± 42 days between MRI and neuropsychological 
tests), PIB-PET (mean 60 ± 73 days between PIB-PET and neuro
psychological tests) and FTP-PET (mean 62 ± 76 days between 
FTP-PET and neuropsychological tests). Eighty-four participants 
underwent FDG-PET (mean 84 ± 82 days between FDG-PET and 
neuropsychological tests). MRI scans were performed at UCSF with 
a high-resolution T1 magnetization-prepared rapid gradient-echo se
quence either on a 3T Siemens Tim Trio (n = 34) or Prisma Fit (n = 79) 
scanner with similar acquisition parameters.39 PET scans were 
acquired at Lawrence Berkeley National Laboratory (LBNL) on a 
Siemens Biograph 6 Truepoint PET/CT scanner in 3D acquisition 
mode. Attenuation correction was performed using a low-dose 
CT/transmission scan acquired prior to PET. PIB-PET, FTP-PET 
and FDG-PET were all processed to obtain SUVR maps, with 
PIB-PET at 50–70 min post-injection, FTP-PET at 80–100 min post- 
injection and FDG-PET at 30–60 min post-injection. Tracer-specific 
reference regions were selected as cerebellar grey matter for 
PIB-PET, inferior cerebellar grey matter for FTP-PET and pons for 
FDG-PET. For summary measures, we calculated a PIB-PET neocor
tical composite SUVR,66 then converted this to Centiloid values using 
previously described methods.67 For FTP-PET, a summary SUVR was 
calculated for a composite temporal region of interest (metaROI)68

and for Braak neuropathological stage regions of interest.69,70 In 
sensitivity analyses to evaluate whether group differences may 
be due to differences in grey matter volume, we applied three- 
compartment partial volume corrections to PIB-PET71 and compared 
grey matter volumes between age groups. Neuroimaging data were 
processed using Statistical Parametric Mapping version 12 (SPM12, 
https://www.fil.ion.ucl.ac.uk/spm/) software in MATLAB, 2015.72

Statistical and image analyses

Demographics

Demographic, global biomarker, and cognitive scores were com
pared between age groups using two-tailed t-tests for continuous 
and χ2 for categorical variables and considered significant if P < 
0.05. Effect size was estimated by calculating Cohen’s d for continu
ous and Cramér’s V for categorical variables.

Group-level biomarker comparison

Mean images were generated for each PET imaging modality (i.e. 
PIB-PET, FTP-PET, FDG-PET) for the total sample and for both EOAD 
and LOAD groups for visualization. Then, EOAD and LOAD groups 

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
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were compared in each imaging modality to each other (without covari
ates) and to the HC groups (controlling for age) to identify group-level 
differences. Voxel-wise group comparisons were performed with 
SPM12 using two-sample t-tests, setting P <0.001, k> 100 voxels uncor
rected for multiple comparisons as primary statistical threshold. 
Additionally, only clusters surviving a P<0.05 family-wise error correc
tion at the cluster level were deemed significant. In sensitivity analyses, 
EOAD versus LOAD group comparisons were repeated adding a covari
ate for global cortical tracer-specific signal based on FreeSurfer defined 
cortical regions of interest, using the same threshold for significance.

Clinical–functional correlations

Next, we performed voxel-wise regressions to evaluate the correl
ation between each imaging modality and each cognitive domain 
age-corrected W-score in the total sample and then within each 
age group. An interaction term was included in a separate model 
to directly compare voxel-wise correlations between age groups. 
Primary analyses were conducted without covariates. Disease sever
ity covariates were not included due to high collinearity between 
composite cognitive domains and global cognitive measures (e.g. 
MMSE, zMMSECDR). We applied the same statistical thresholds 
and corrections described above for group-level analyses. Results 
were visualized using BrainNet Viewer software with an interpolated 

mapping algorithm.73 As a quality control measure for possible out
liers or spurious effects, we created and evaluated scatterplots using 
R (version 4.0) and package ggplot2 for each individual model.74,75 To 
do so, we isolated the significant clusters from each total sample 
voxel-wise model, then extracted the average SUVR values for 
each participant for the given modality. These values were then plot
ted with the respective cognitive scores across age groups to evalu
ate their associations.

Sensitivity analyses included: (i) voxel-wise analyses repeated 
after adding a disease severity covariate (i.e. zMMSECDR); (ii) voxel- 
wise analyses repeated after excluding cases meeting diagnostic 
criteria for atypical Alzheimer’s disease variants (i.e. PCA or 
lvPPA); (iii) voxel-wise analyses repeated after adding a covariate 
for global cortical tracer-specific signal to account for global patho
logical burden; and (iv) using alternative age group thresholds (age 
60 and age 70) to divide groups and replotting the correlation be
tween cognitive performance and mean PET SUVR to explore for 
age threshold effects.

Region of interest-level mediation analyses

We then performed causal mediation analyses and complementary 
multiple regression analyses to further explore the intermediary 
role of hypometabolism in the local relationship between tau and 

Table 1 Group characteristics
a

Variable Total (n= 113) EOAD (n= 60) LOAD (n= 53) P-value Effect size
b

Age at PET scan (years), mean (SD) 65.5 (9.3) 58.1 (3.9) 73.9 (5.9) <0.001 3.20
Female sex, % (n) 52% (59) 58% (35) 45% (24) 0.17 0.13
Race and ethnicity, % (n) 0.16 0.24

Asian or Pacific Islander 4% (4) 3% (2) 4% (2)
Black or African American 1% (1) 2% (1) 0
Hispanic or Latino 2% (2) 3% (2) 0
White 90% (102) 85% (51) 96% (51)
Declined to state 4% (4) 7% (4) 0

Education (years), mean (SD) 16.8 (2.7) 16.7 (3.0) 16.9 (2.4) 0.66 0.08
Clinical diagnosis, % (n) 0.15 0.22

Mild cognitive impairment 18% (20) 12% (7) 25% (13)
Alzheimer’s disease dementia 45% (51) 43% (26) 47% (25)
Posterior cortical atrophy 18% (20) 23% (14) 11% (6)
Logopenic variant primary progressive aphasia 19% (22) 22% (13) 17% (9)

Amnestic presentation, % (n) 56% (63) 47% (28) 66% (35) 0.04 0.19
ApoE4 ϵ4 allele, % (n) 0.88 0.05

None 43% (40) 45% (23) 41% (17)
Heterozygous 43% (40) 41% (21) 46% (19)
Homozygous 13% (12) 14% (7) 12% (5)

PIB-PET Centiloid, mean (SD) 92 (34) 98 (27) 85 (39) 0.03 0.41
FTP-PET temporal metaROI SUVR, mean (SD) 2.0 (0.5) 2.2 (0.5) 1.9 (0.5) <0.001 0.66
MMSE, mean (SD) 22.0 (5.7) 20.9 (6.2) 23.3 (4.8) 0.03 0.42
CDR ≤ 0.5, % (n) 58% (66) 53% (32) 64% (34) 0.24 0.11
CDR Sum of Boxes, mean (SD) 3.9 (2.1) 4.0 (2.1) 3.8 (2.2) 0.51 0.12
CD ≤ 0.5 in lvPPA/PCA, % (n) 62% (26) 67% (18) 53% (8) 0.39 0.13
Z-score MMSECDRSum, mean (SD)

c,d 0.0 (1.8) 0.2 (1.9) −0.3 (1.7) 0.11 0.30
Episodic memory, W-score mean (SD)

d
2.6 (1.3) 2.8 (1.4) 2.4 (1.2) 0.14 0.28

Semantic memory, W-score mean (SD)
d

2.0 (1.9) 2.0 (1.8) 2.1 (2.1) 0.78 0.05
Language, W-score mean (SD)

d
1.9 (2.3) 2.4 (2.3) 1.4 (2.2) 0.01 0.47

Executive function, W-score mean (SD)
d

1.9 (1.2) 2.3 (1.1) 1.4 (1.1) <0.001 0.78
Visuospatial, W-score mean (SD)

d

2.5 (3.6) 3.7 (3.9) 1.2 (2.8) <0.001 0.75

Bold font indicates significant differences between EOAD and LOAD groups. 
aPearson χ2 and two-tailed t-tests were used to assess baseline group differences. 
bEffect size was measured using Cramér’s V and Cohen’s d. 
cMean of the Z-score of the MMSE and CDR Sum of Boxes. 
dHigher scores indicate greater impairment.
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domain-specific cognitive performance in regions where cognition 
was related to both FTP-PET and FDG-PET. In particular, we aimed 
to use in vivo PET biomarkers to evaluate whether neurofibrillary 
tangles have an association with cognitive performance independ
ent of neurodegeneration, or if the association is solely mediated by 
neurodegeneration. We performed this for each cognitive domain 
to explore this question across multiple known brain–behaviour 
relationships. For these analyses, average FTP-PET and FDG-PET 
SUVRs were extracted for each participant from the overlapping 
clusters from the respective total group correlation models for 
each cognitive domain.

Causal mediation analyses were performed for the total group 
and then stratified according to age group with R (version 4.0, me
diation package).76 This determined (i) the average direct effect of 
FTP-PET SUVR on cognitive performance; and (ii) the average 

causal mediation effect, reflecting the indirect effect of FTP-PET 
SUVR on cognitive performance that is mediated by FDG-PET 
SUVR. All measurements were estimated using non-parametric 
bootstrapping (1000 simulations, P < 0.05). In exploratory ana
lyses, we evaluated whether there was a difference between 
age groups by including age group as a moderator in the medi
ation between FTP-PET, FDG-PET and domain-specific cognitive per
formance. We ran two-group structural equation modelling analyses 
(lavaan R package) to directly compare the estimation of each medi
ation parameter between groups using the Wald test and the likeli
hood ratio test.

As complementary analyses, we performed partial correlation 
and multiple linear regressions in the total sample and then in 
EOAD and LOAD groups. We used domain-specific cognitive per
formance as the dependent variable and mean FTP-PET and 

Figure 1 Mean images and group comparisons of biomarkers. (A) Mean interpolated surface projections of average SUVR maps are displayed for EOAD 
and LOAD subgroups for PIB-PET, FTP-PET and FDG-PET. (B) Voxel-wise comparisons between groups, with significant differences presented at a peak- 
level threshold of P < 0.001 uncorrected, cluster-level family-wise error corrected P < 0.05.
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FDG-PET SUVR as independent variables. We then performed a 
Chow test to compare regressions between age groups.

Informed consent

Written informed consent was obtained from all patients or their sur
rogates. The study was approved by the University of California 
(San Francisco and Berkeley) and LBNL institutional review boards 
for human research.

Data availability

To promote data transparency, data are available upon request 
(https://memory.ucsf.edu/research-trials/professional/open-science).

Results
Participants

Group characteristics including demographic, clinical, PET biomark
er summary measures and cognitive composite scores are reported 

in Table 1 (additional details listed in Supplementary Table 1). 
There were no significant differences between Alzheimer’s disease 
participants and HC groups in age, sex or years of education [HC 
Group 1: t(185) = −0.90, P = 0.37; χ2(1) = 0.004, P = 0.95; t(184) = −0.96, 
P = 0.34, respectively; HC Group 2: t(160) = −0.76, P = 0.44; χ2(1) = 
0.43, P = 0.51; t(157) = 0.08, P = 0.94, respectively].

Participants with EOAD were 15.8 years younger on average than 
participants with LOAD, and this was similar when using age of symp
tom onset to divide groups (14.9 years). They more frequently pre
sented with non-amnestic symptoms (i.e. visuospatial, language, 
executive function) than participants with LOAD (53% and 34%, re
spectively). There were no significant differences in Alzheimer’s dis
ease clinical syndrome subtypes between age groups. Patients with 
lvPPA accounted for 22% of EOAD and 17% of LOAD participants, 
and PCA was present in 23% of EOAD and 11% of LOAD participants. 
EOAD participants had significantly greater PIB-PET signal (with and 
without partial volume correction) and greater FTP-PET binding 
in temporal metaROI, Braak III&IV and Braak V&VI regions. 
Additionally, EOAD participants had lower MMSE scores, but there 
was no significant difference between groups in CDR Sum of Boxes 

Figure 2 Voxel-wise correlation between episodic memory and PET neuroimaging. Voxel-wise regression analyses showing correlation between epi
sodic memory W-scores and each imaging modality for the total sample and for each age group. Pearson correlation coefficients (left) are shown for 
voxels significant at a peak-level threshold of P < 0.001 uncorrected, cluster-level family-wise error corrected P < 0.05. Scatterplots (right) were obtained 
by extracting average SUVR values from significant clusters for the total sample and plotted separately by age group. Higher W-scores indicate more 
severe impairment. NS = not significant.

https://memory.ucsf.edu/research-trials/professional/open-science
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
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or zMMSECDR. On cognitive testing, participants with EOAD per
formed significantly worse in language, executive function and 
visuospatial but not in episodic or semantic memory domains.

PET imaging biomarker abnormalities

Mean images for each imaging modality for the total sample 
(Supplementary Fig. 1) and each age group (Fig. 1A) are displayed. 
Overall, PIB-PET, FTP-PET and FDG-PET hypometabolism aligned 
with the expected Alzheimer’s disease signature regional patterns 
in all groups.

Direct voxel-wise comparisons between patient groups and con
trols are shown, respectively, in Fig. 1B and Supplementary Fig. 2. 
Patients with EOAD had increased PIB-PET SUVR compared to those 
with LOAD in the medial occipital lobe and in small clusters in the 
medial frontal and anterior temporal cortices, although only occipi
tal findings remained significant at more restrictive statistical 
thresholds (primary P < 0.05 family-wise error corrected; data not 
shown). For FTP-PET, participants with EOAD had greater binding 
compared to those with LOAD in Alzheimer’s disease signature re
gions (medial parietal, lateral temporo-parietal/frontal cortices), 

but there were no significant group differences in the inferior lateral 
and medial temporal cortices. There were no regions where LOAD 
had significantly greater PIB-PET or FTP-PET SUVR than EOAD. For 
FDG-PET, participants with EOAD had small clusters of greater hy
pometabolism in the precuneus and angular gyrus compared to 
those with LOAD. Participants with LOAD had greater hypometabo
lism in the medial temporal lobe and in medial frontal regions. In 
sensitivity analysis, EOAD versus LOAD group comparisons were re
peated controlling for global cortical signal (Supplementary Fig. 3). 
Results were similar, except patients with LOAD had greater 
FTP-PET SUVR in the anterior and inferomedial temporal cortex and 
in the medial frontal cortex compared to those with EOAD.

Voxel-wise correlation between cognition and 
neuroimaging: comparison between age groups

Voxel-wise regressions were performed between each imaging mo
dality and each cognitive domain, and an interaction term was in
cluded to compare voxel-wise correlations between age groups. 
There were no significant interactions between age group and 
PIB-PET SUVR. There were no significant Age group × FTP-PET 

Figure 3 Voxel-wise correlation between semantic memory and PET neuroimaging. Voxel-wise regression analyses showing correlation between se
mantic memory W-scores and each imaging modality for the total sample and for each age group. Pearson correlation coefficients (left) are shown for 
voxels significant at a peak-level threshold of P < 0.001 uncorrected, cluster-level family-wise error corrected P < 0.05. Scatterplots (right) were obtained 
by extracting average SUVR values from significant clusters for the total sample, and plotted separately by age group. Higher W-scores indicate more 
severe impairment.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
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interactions for episodic memory, semantic memory, language or 
executive function performance. The only significant Age 
group × FTP-PET interaction was for visuospatial performance, 
where FTP-PET SUVR in the right cuneus showed a stronger correl
ation with visuospatial impairment in the LOAD group compared 
to the EOAD group (Supplementary Fig. 4). There were no significant 
interactions between age group and FDG-PET SUVR.

Voxel-wise correlation between cognition and 
neuroimaging: within age groups

The results of voxel-wise regressions between each cognitive do
main and each neuroimaging modality for the total sample and 
both age groups are displayed in Figs 2–6.

Episodic memory

For PIB-PET, there was no significant association with episodic 
memory performance. In the total sample, FTP-PET SUVR correl
ation with episodic memory peaked in the bilateral medial temporal 
lobes, with a weaker but significant association observed in bilateral 
lateral and medial frontal and right lateral parietal cortices. Within 

age groups, no significant associations were observed in EOAD. 
Right prefrontal FTP-PET SUVR correlated with episodic memory 
in LOAD. In post hoc analyses using a more liberal statistical thresh
old (primary P < 0.001 uncorrected) to explore for trends, FTP-PET 
SUVR in the bilateral medial temporal lobe in both age groups and 
bilateral frontal cortex in LOAD correlated with episodic memory 
performance (Supplementary Fig. 5). FDG-PET hypometabolism 
correlated with episodic memory in the right inferior temporal 
cortex, right angular gyrus and bilateral posterior cingulate corti
ces in both the total sample and in the EOAD group. There was no 
significant correlation in the LOAD group. See Fig. 2 for details.

Semantic memory

There was no significant association between PIB-PET and semantic 
memory performance. FTP-PET SUVR significantly correlated with 
semantic memory in the total sample in the left greater than right an
terior temporal (strongest), inferior frontal (medial and lateral) and 
fusiform gyri. In EOAD, the correlation was significant in the bilateral 
ventral frontal and left anterior temporal regions. In LOAD, the correl
ation was significant in bilateral anterior temporal and left- 

Figure 4 Voxel-wise correlation between language and PET neuroimaging. Voxel-wise regression analyses showing correlation between language 
W-scores and each imaging modality for the total sample and for each age group. Pearson correlation coefficients (left) are shown for voxels significant 
at a peak-level threshold of P < 0.001 uncorrected, cluster-level family-wise error corrected P < 0.05. Scatterplots (right) were obtained by extracting aver
age SUVR values from significant clusters for the total sample and plotted separately by age group. Higher W-scores indicate more severe impairment.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
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predominant perisylvian regions. Correlations with FDG-PET hypo
metabolism were more widespread and included the left inferior/ 
middle lateral temporal, supramarginal/angular, precuneus/poster
ior cingulate and lateral frontal cortices in the total sample and in 
EOAD. In LOAD, the correlation was restricted to the left temporo- 
parietal region. See Fig. 3 for details.

Language

There was no significant association between language perform
ance and PIB-PET. FTP-PET SUVR correlation with language per
formance in the total sample peaked in the left > right perisylvian 
regions with extension throughout the temporal, parietal and 
frontal cortex. Both age groups had a similar, albeit more spatially 
restricted, correlation observed mostly in the left perisylvian re
gions involving the left temporal cortex. Additionally, language 
was correlated with left frontal binding in EOAD and right temporal 
binding in LOAD. FDG-PET hypometabolism was more restricted to 
the left posterior perisylvian regions involving the temporo- 
parietal cortex in all groups, as well as the left lateral frontal and 
precuneus in the total sample and EOAD group. See Fig. 4 for details.

Executive function

In the total sample, PIB-PET binding in a small cluster in the right 
inferior temporal lobe had a weak correlation with executive func
tion scores (Supplementary Fig. 6). In EOAD, PIB-PET binding 
showed significant associations with worse executive functioning 
in scattered foci, most prominent in the right orbitofrontal cortex, 
whereas there was no significant association in LOAD. In the total 
sample, worse executive function performance was correlated 
with FTP-PET binding in the bilateral frontal (most prominent left 
prefrontal cortex), lateral temporal, lateral parietal and medial par
ietal cortices. There was a similar predominant frontal correlation 
in both EOAD and LOAD. FDG-PET had a similar, more restricted, 
correlation with executive function that peaked in the left temporo- 
parietal cortex. See Fig. 5 for details.

Visuospatial function

PIB-PET was only associated with visuospatial function in the total 
sample in punctate ventral temporal foci (Supplementary Fig. 6). 
Visuospatial function was associated with FTP-PET binding in 

Figure 5 Voxel-wise correlation between executive function and PET neuroimaging. Voxel-wise regression analyses showing correlation between ex
ecutive function W-scores and each imaging modality for the total sample and for each age group. Pearson correlation coefficients (left) are shown for 
voxels significant at a peak-level threshold of P < 0.001 uncorrected, cluster-level family-wise error corrected P < 0.05. Scatterplots (right) were obtained 
by extracting average SUVR values from significant clusters for the total sample, and plotted separately by age group. Higher W-scores indicate more 
severe impairment.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
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the right greater than left dorsolateral prefrontal, posterior par
ietal and occipital (cuneus most prominent) regions in the total 
sample and in all age groups, with EOAD showing the most re
stricted pattern. Visuospatial function was associated with 
FDG-PET hypometabolism in a similar topography as FTP-PET in 
the total sample. FDG-PET was more restricted than FTP-PET in 
the total and LOAD groups, but more extensive in EOAD. See 
Fig. 6 for details.

Sensitivity analyses

We observed highly similar PET–cognition correlations (albeit with 
more restricted topography) when including zMMSECDR, a meas
ure of overall clinical severity, as a covariate. This was expected 
due to the high collinearity between zMMSECDR and the individual 
cognitive domain scores (Spearman ρ ≥ 0.44, P < 0.001 for all do
mains). Similar to the primary analyses, the only significant Age 
group × PET interaction was for visuospatial performance where 
the association between FTP-PET SUVR in the right cuneus and 
visuospatial impairment was stronger in the LOAD group compared 
to the EOAD group.

Highly similar findings were observed after excluding patients 
with PCA and lvPPA to test whether the clinical heterogeneity in 
our cohort was influencing the results (Supplementary Fig. 7). 
Participants with EOAD tended to have stronger correlations and 
more widespread regions of significance after excluding these non- 
amnestic presentations, while participants with LOAD had a more re
stricted topographical distribution. Significant Age group × FTP-PET 
interactions were found for semantic memory where the association 
between FTP-PET binding in the right greater than left inferior frontal 
and orbitofrontal cortex and impairment was stronger in EOAD. 
Significant Age group × FDG-PET interactions were found for visuo
spatial function where the association between hypometabolism in 
the right occipital cortex and impairment was stronger in LOAD. 
Significant interactions were otherwise inconsistent with primary 
or other sensitivity analyses.

When co-varying for tracer-specific global cortical signal, we ob
served similar but notably more restricted PET–cognition correla
tions (Supplementary Fig. 8). This was also anticipated as global 
PET SUVR measures were highly collinear with domain-specific re
gional binding (FTP-PET SUVR: ρ ≥ 0.91, P < 0.001 for all domains; 
FDG-PET SUVR: ρ ≥ 0.68, P < 0.001 for all domains), which limited 

Figure 6 Voxel-wise correlation between visuospatial function and PET neuroimaging. Voxel-wise regression analyses showing correlation between 
visuospatial function W-scores and each imaging modality for the total sample and for each age group. Pearson correlation coefficients (left) are shown 
for voxels significant at a peak-level threshold of P < 0.001 uncorrected, cluster-level family-wise error corrected P < 0.05. Scatterplots (right) were ob
tained by extracting average SUVR values from significant clusters for the total sample, and plotted separately by age group. Higher W-scores indicate 
more severe impairment.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
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our interpretation of results. Similar to interaction analyses above, 
significant Age group × FTP-PET interactions were found for seman
tic memory where the association between FTP-PET binding in the 
right inferior frontal cortex and impairment was stronger in EOAD, 
and for visuospatial function where the association between 
FTP-PET binding in the right cuneus and impairment was stronger 
in LOAD. Significant interactions were otherwise inconsistent with 
primary or other sensitivity analyses.

When using alternative age thresholds to divide age groups 
(ages 60 and 70), scatterplots displaying correlation between cogni
tive performance and PET SUVR appeared highly similar to results 
using the age 65 threshold, suggesting against age threshold effects.

Mediation analyses

Regions of interest used in mediation analyses are displayed in 
Supplementary Fig. 9. In the total sample and in each age group, 
FDG-PET significantly mediated the association between FTP-PET 
and cognitive performance in all cognitive domains except episodic 
memory in LOAD (Table 2). In the total sample (n = 84), FTP-PET also 
had a significant direct (i.e. non-FDG-mediated) association with 
language, executive function and visuospatial performance. In 
EOAD (n = 46), FTP-PET had a significant direct association with lan
guage and executive function. In LOAD (n = 38), FTP-PET only had a 
significant direct association with executive function.

Further exploratory analyses to evaluate whether age group 
moderates the mediation of tau on cognition are displayed in 
Supplementary Table 2. Overall, there were no meaningful differ
ences identified between age groups in the extent to which 
FDG-PET mediated the correlation between FTP-PET and domain- 
specific cognitive performance, although the analyses were under
powered to detect group differences.

In complementary analyses, partial correlations showed that 
after accounting for FDG-PET SUVR, FTP-PET SUVR remained signifi
cantly associated with language, executive function and visuospatial 
performance in the total sample; language and executive function in 
EOAD; and executive function and visuospatial performance in 
LOAD (Supplementary Fig. 10). Using the Chow test to compare re
gressions, we observed no significant differences between age 
groups in all domains (episodic memory: F = 2.14, P = 0.10; semantic 
memory: F = 1.31, P = 0.31; language: F = 0.70, P = 0.55; executive func
tion: F = 0.16, P = 0.93; visuospatial: F = 0.26, P = 0.85).

Discussion
In this study, we assessed the strength and localization of the correl
ation between in vivo PET-based molecular pathology, neurodegen
eration, and cognitive performance in EOAD compared to LOAD. We 
found that the magnitude and topography of each PET–cognition 
correlation were similar in EOAD and LOAD groups. Overall, tau 
and neurodegeneration, but not amyloid, correlated with cognitive 
performance in regions localizing with established brain–behaviour 
relationships. Neurodegeneration, as measured by FDG-PET, signifi
cantly mediated the association between tau and cognition in both 
age groups. Tau also had an association with cognition in multiple 
cognitive domains independent of neurodegeneration in the total 
sample. These results provide insight to the molecular pathology 
underlying domain-specific cognitive performance across the 
Alzheimer’s disease age spectrum. Our findings further support the 
link between tau and cognition, and the potential of tau PET as a bio
marker that captures molecular pathology specific to Alzheimer’s 

disease and correlates with cognitive performance across the broad 
range of ages in which patients may develop Alzheimer’s disease.

In keeping with prior studies, we found that participants with 
EOAD more commonly presented with non-amnestic symptoms 
and had worse performance in language, visuospatial, and executive 
function domains compared to those with LOAD.13–17 Participants 
with EOAD had higher levels of tau, amyloid and hypometabolism 
relative to age-matched controls compared to those with LOAD. 
Medial temporal lobe regions, however, showed no difference in 
tau across age groups. Greater cortical relative to medial temporal 
tau in EOAD compared to LOAD converges with prior neuropatho
logical7,8,77 and PET evidence.36–38,40,41 This is consistent with 
more frequent non-amnestic phenotypes in the EOAD group.40,77

Additionally, aligning with some of the previous literature,27,28

there was a higher burden of amyloid in patients with EOAD com
pared to LOAD. The direct age-related differences appear notably 
stronger for tau than for amyloid.

We hypothesized that tau, but not amyloid, would have a stron
ger correlation with cognitive performance in younger patients. 
Amyloid did not appear to have a meaningful association with cog
nitive performance in either age group or in the total sample. This 
supports prior observations that, in symptomatic disease stages, 
amyloid has absent-to-weak cross-sectional correlations with cog
nition in neuroimaging47,78,79 and neuropathology80,81 studies. 
Instead, growing evidence suggests that early amyloid accumula
tion plays a primary role in facilitating tau accumulation and 
spread, which better correlates with cognition.30,52,81,82 The pri
mary mechanisms by which amyloid-lowering agents may impact 
cognition is therefore by slowing the spread of tau, and indeed the 
clinical benefit of amyloid lowering may depend on the extent of 
tau spread prior to initiating treatment.83 It is also possible that 
amyloid oligomers, considered the most toxic form but not cap
tured in PET imaging, are better correlated with cognitive symp
toms in Alzheimer’s disease.84–87

The burden and distribution of tau was significantly associated 
with worse cognitive performance in each domain in the total sam
ple. We observed significant correlations between tau and cognitive 
symptoms in alignment with known brain–behaviour relation
ships. Episodic memory localized with tau predominantly in the 
medial temporal lobe in the total sample, keeping with prior stud
ies, and there was a trend towards a similar localization in both age 
groups.41,49,50,52,70 We suspect neurodegeneration in the medial 
temporal lobe was not significantly correlated with episodic mem
ory performance due to methodological considerations, as there is 
relatively lower metabolic activity and more narrow dynamic range 
in the medial temporal lobe on FDG-PET in normal ageing.88 It is 
also possible there is an FDG-PET hypometabolism floor effect in 
this region in patients with symptomatic Alzheimer’s disease. 
Semantic memory localization in the left-predominant temporal 
and inferior frontal cortices aligned with prior functional im
aging.89–91 Language performance correlated with tau and neuro
degeneration in a left-predominant perisylvian distribution along 
known language circuitry. Executive dysfunction associated with tau 
and neurodegeneration in regions seen in prior studies41,47 that over
lap with the dorsal attention and frontoparietal executive control 
networks (and include posterior brain regions).92–94 Visuospatial 
function correlated with tau and neurodegeneration in the right 
greater than left occipital and posterior parietal lobes, conforming 
with prior spatial independent component analyses for visual func
tioning in Alzheimer’s disease and the posterior subtype identified 
in network-based models of tau spread.95,96 This aligns with prior in 
vivo36,38,41,47,49,50 and neuropathological evidence77,81 that the 

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac229#supplementary-data
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location of neurofibrillary tangles appears to localize with cognitive 
domain deficits in Alzheimer’s disease.

Tau in the right occipital cortex appeared to have a stronger cor
relation with visuospatial performance in LOAD compared to 
EOAD. It is possible that visuospatial performance is more closely 
associated with focal occipital tau in LOAD, and with more diffuse 
cortical tau in EOAD. This aligns with recently proposed tau-based 
subtypes of Alzheimer’s disease, where similar visuospatial im
pairment was seen in both the posterior subtype (associated with 
an older onset age and early occipital tau) and in the medial tem
poral lobe-sparing subtype (associated with a younger onset age 
and early parietal tau).96 With the exception of visuospatial per
formance, we overall found no meaningful or consistent differ
ences in the correlation between tau and cognitive performance 
between age groups. Prior studies found an association between 
tau and cognition in patients with atypical Alzheimer’s disease 
49,97 and with LOAD.50,79,98–100 Our results extend this by illustrating 
the correlation between tau and domain-specific cognition in a 
relatively larger sample of patients with EOAD. Additionally, our re
sults suggest that the correlation appears similar between age 
groups, despite potential heterogeneity in the burden of tau and 
other neurodegeneration-related protein aggregates with age.8,55

Neurodegeneration as measured by FDG-PET was significantly 
correlated and topographically aligned with cognitive performance 
in the total sample and both age groups. Compared to tau, hypome
tabolism appeared to be more spatially restricted but to also have a 
stronger correlation with cognitive performance. This may be due 
to neurodegeneration being a downstream event in the pathogen
esis of Alzheimer’s disease, closer to the onset of symptoms com
pared to amyloid and tau accumulation. A recent study also 
found that the spatial pattern of significant association between 
FTP-PET binding and cognition was more widespread than the as
sociation between cortical thickness on MRI (another biomarker 
of neurodegeneration) and cognition.50 Alternatively, we cannot 
rule out that these differences between neurodegeneration and 
tau are statistically driven. FDG-PET was only available in 74% of 
participants who had FTP-PET, creating a higher threshold on 
voxel-wise analyses necessary to reach statistical significance.

In light of these results, age-related differences in clinical severity 
in the Alzheimer’s disease spectrum may instead be due to greater 
neurofibrillary tangle burden, faster tau accumulation,52 or differing 
biochemical features of tau in younger patients.55 There may also be 
a role of selection bias where older patients with a greater burden of 
tau may be too impaired for participation in research studies given 
potentially lower brain reserve and increased likelihood of co- 
pathologies.12 Additionally, the increased frequency of non- 
amnestic symptoms in younger patients may be attributed to a dif
ferent localization of tau pathology,36 as younger patients have 
more cortical-predominant tau.96,101 This may be due to differences 
in underlying selective network vulnerability in younger patients, 
which may even be neurodevelopmental, as prior mathematical 
and visuospatial learning disabilities have been associated with 
PCA and language learning disabilities with lvPPA.49,95,102–104 This is 
also supported by recent studies showing those with non-amnestic 
symptoms have a neocortical origin of disease and that tau subse
quently spreads systematically through distinct networks.96,105,106

In mediation analyses, tau had an association with executive 
function independent of neurodegeneration in all age groups, 
with language in EOAD and in the total sample and with visuo
spatial function in the total sample. Neurodegeneration mediated 
the association between tau and cognition in all domains except 
episodic memory in LOAD. Tau has been demonstrated to have 

an association with cognition independent of neurodegeneration 
in multiple prior studies.41,47,50,107 Our study extends prior evidence 
from atrophy-based biomarkers of neurodegeneration by showing 
the results are similar when evaluating local relationships using 
FDG-PET and within both EOAD and LOAD groups.47,50,107

Previous studies have observed that FTP-PET is more strongly asso
ciated with FDG-PET hypometabolism than with atrophy.38,51 The 
authors speculate this may be due to FDG-PET being more sensitive 
to the effects of tau or due to PET imaging modalities being more 
methodologically consistent than comparisons between PET and 
MRI.38,51 One possible explanation for tau neurotoxicity is recent 
evidence that tau independently induces cerebrovascular dysfunc
tion by suppressing neurovascular coupling.108 This has also been 
demonstrated in neuroimaging studies showing that reduced rela
tive cerebral blood flow is associated with tau and cognition in 
Alzheimer’s disease.41,109 A second possible explanation is that 
tau affects cognition before neurodegeneration occurs.107 Tau 
may lead to impaired neuronal transmission110 and brain network 
dysfunction95,111 prior to neurodegeneration. This would conform 
with recent longitudinal evidence that tau is associated with future 
cortical atrophy measures of neurodegeneration,53 cognitive de
cline52 and clinical progression.100,112

A strength of the present study is that it includes a larger and 
more heterogeneous sample of symptomatic Alzheimer’s dis
ease patients compared to prior studies. Additionally, it is the 
first direct voxel-wise comparison between age groups of clinic
al–PET correlations to our knowledge. The results were similar 
across the heterogeneous sample, even when excluding atypical 
Alzheimer’s disease variants, supporting internal validity and 
suggesting that tau is similarly correlated with cognitive per
formance across the heterogeneity of Alzheimer’s disease phe
notypes and ages. An additional strength is the use of 
multimodal PET imaging to capture key molecular pathology 
and neurodegeneration measures in the Alzheimer’s disease 
pathophysiological cascade. The present study has limitations. 
First, we may have been underpowered to detect more subtle in
teractions between age groups and PET impacting associations 
with cognition. While ours is the largest multimodal PET study 
thus far exploring this question in EOAD to our knowledge, this 
question should be further evaluated in future larger studies. 
Second, these patients were recruited to an expert tertiary care 
centre, which creates selection bias as the proportion of patients 
with non-amnestic symptoms in both age groups is not general
izable to the population. Additionally, there was a lack of racial 
and ethnic diversity and participants were highly educated in 
the sample. Third, FDG-PET was available for most but not all pa
tients, limiting our ability to directly compare multimodal PET 
biomarkers. Fourth, mediation analyses were limited to evaluat
ing local relationships and did not account for possible distant 
relationships between FTP-PET, FDG-PET and domain-specific 
cognitive performance. As a cross-sectional observational study, 
this study was unable to assess causal relationships or longitu
dinal progression.

In conclusion, both tau and neurodegeneration appear to simi
larly localize and correlate with cognitive symptoms in EOAD and 
LOAD. These results provide additional support for including pa
tients with EOAD in Alzheimer’s disease studies given the similar 
association between pathology and cognitive performance across 
age groups. The results also support tau PET as a biomarker that 
captures molecular pathology specific to Alzheimer’s disease and 
correlates with cognitive performance across the broad spectrum 
of ages and clinical phenotypes in Alzheimer’s disease.
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