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Abstract

INTRODUCTION: Alzheimer’s disease (AD) pathology causes corticobasal syndrome

(CBS) in 21%–50% of patients. Studies have assessed hypometabolism in CBS accord-

ing to β-amyloid (A) positron emission tomography (PET), but the understanding of the

association of both AD-tau (T) and Awith hypometabolism is incomplete.

METHODS:Thirty-threeCBS patients and 45 controls underwent fluorodeoxyglucose

(FDG), flortaucipir, and Pittsburgh compound-B PET andwere classified as A± and T±.
FDG-PET uptake was extracted for 12 regions-of-interest in dominant (most affected)

and non-dominant hemispheres and compared across A/T groups.

RESULTS: A+T+ patients had greater hypometabolism in temporo-parieto-occipital

cortices than A+T- and A-T- groups, with no differences observed between the A+T-
and A-T- groups. FDG asymmetry was more accentuated in A+T+ patients. Medial

temporal and basal ganglia metabolismwere similar across AT groups.

DISCUSSION: Amyloid and tau positivity contribute synergistically to

hypometabolism and asymmetry in temporo-parieto-occipital cortices in CBS, with

AD-like patterns of hypometabolism observed only in A+T+ patients.

KEYWORDS
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Highlights

∙ Amyloid (A) and tau PET (T) status can be used to stratify CBS patients.

∙ A+T+ CBS patients show more hypometabolism in temporo-parieto-occipital cor-

tices.

∙ Medial temporal metabolism (typical AD pattern) is similar across AT groups.

∙ Parieto-occipital cortices should be assessed when investigating AT pathology in

CBS.

∙ Amyloid and tau positivity contribute synergistically to hypometabolism and asym-

metry in CBS.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2025 The Author(s). Alzheimer’s & Dementia published byWiley Periodicals LLC on behalf of Alzheimer’s Association.

Alzheimer’s Dement. 2025;21:e70018. wileyonlinelibrary.com/journal/alz 1 of 12

https://doi.org/10.1002/alz.70018

https://orcid.org/0000-0001-8440-1036
mailto:Whitwell.jennifer@mayo.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/alz
https://doi.org/10.1002/alz.70018
http://crossmark.crossref.org/dialog/?doi=10.1002%2Falz.70018&domain=pdf&date_stamp=2025-03-20


2 of 12 GHIRELLI ET AL.

1 INTRODUCTION

Corticobasal syndrome (CBS) is characterized by progressive and

asymmetric cortical and extrapyramidal deficits, including parkin-

sonism, ideomotor limb apraxia, cortical sensory deficits, alien limb

phenomenon, myoclonus, and dystonia.1 The most common under-

lying pathology of CBS is corticobasal degeneration (CBD), but

other pathologies such as progressive supranuclear palsy (PSP) and

Alzheimer’s disease (AD) have been described, as well as the TARDNA

binding protein of 43 kDa (TDP-43).2 While CBD is the most common

pathology, accounting for approximately 37% of cases, AD pathology

has been reported in 21 to 50% of cases.3–8 Furthermore, in cases in

which AD does not represent the primary pathology, AD co-pathology

has frequently been observed, with most patients featuring either

Braak neurofibrillary tangle II or Braak III tau stages.3,5–7

From a clinical standpoint, patients with CBS due to pathologically

confirmed AD (CBS-AD) often have myoclonus, visuospa-

tial/perceptual symptoms, ideomotor apraxia, or episodic memory

loss, while features of PSP and apraxia of speech are less common.3,9

On neuroimaging, CBS is characterized by asymmetric atrophy and/or

hypometabolism on 18F fluorodeoxyglucose (FDG) positron emission

tomography (PET) in posterior frontal and parietal lobes, which is

greater in the hemisphere contralateral to the most affected limb

(i.e., dominant hemisphere).10 CBS-AD is associated with an accentu-

ated asymmetric atrophy and hypometabolism in temporal, parietal,

and occipital lobes, while CBS-TDP is associated with prefrontal

atrophy, CBS-CBD a more focal involvement of posterior frontal

lobes, and CBS-PSP mild cortical involvement with some midbrain

atrophy.3,11

Studies have also used β-amyloid PET to provide a biomarker diag-

nosis ofAD in cases ofCBS. These studies have reported β-amyloid PET

positivity (A+) in 13%–44% of CBS patients and found greater atro-

phy and hypometabolism in the temporal, parietal, and occipital lobe

in the A+ patients.3,11,12 Magnetic resonance imaging (MRI) has been

reported to have a sensitivity of 73% and a specificity of only 46% in

predicting A+ status,13 while FDG-PET in different studies had a sensi-

tivity of 78%–91% and an inconsistent specificity of 50%–100%.13,14

Some studies have analyzed tau PET imaging in patients with CBS.

Flortaucipir (FTP), a radiotracer for tau, has been demonstrated to

bind primarily to paired helical filaments (3R + 4R) tau, that is, AD-

tau,15 with less sensitivity to detect 4R tau, typical of PSP and CBD

pathology,16 or TDP43.17,18 Mild FTP PET uptake that is thought to

reflect 4R tau is typically observed in the premotor/motor and frontal

cortices in CBS,19–21 while striking FTP uptake is observed in the tem-

poral lobes in AD.15 Therefore, FTP, particularly in the temporal lobes,

is considered an accurate in vivo biomarker of AD paired helical fila-

ment tau. Hence, patients with positive β-amyloid PET and temporal

lobe tau PET can be considered to have biomarker confirmed AD.22

Studies have assessed tau PET patterns in CBS patients classified by

β-amyloid PET. In one study, tau PET uptake was more pronounced in

the dorsolateral prefrontal cortex in A+ compared to A-CBS patients,

providing a sensitivity of 91% for β-amyloid positivity.23 However, not

all A+ CBS cases also show tau PET uptake, particularly in AD-related

RESEARCH INCONTEXT

1. Systematic review: The literature was reviewed using

PubMed. Although AD pathology accounts for approx-

imately 37% of CBS cases, no study has systematically

analyzed the combined effects of PiB and flortaucipir

uptake on the pattern of FDG-PET hypometabolism in

CBS patients.

2. Interpretation: We found that CBS patients can be

stratified according to their amyloid and tau status

on PET, as they carry a different pattern and sever-

ity of hypometabolism, which becomes more severe,

widespread, and lateralized in patients with both amy-

loid and tau positivity, demonstrating in vivo that amyloid

and tau synergistically act on the neurodegenerative

processes.

3. Future directions: Future studies featuring confirmatory

post mortem pathology should clarify the role of amyloid

and tau PET in classifying CBS patients and validate the

pattern of asymmetric parieto-occipital hypometabolism

as a potential in vivo biomarker of AD pathology.

regions23,24; hence, it is not clear that it is appropriate to use only

β-amyloid PET to assess ante mortem impact of AD in CBS.

Different studies have analyzed how molecular PET uptake varies

across AD and non-AD pathology in CBS patients, but the role of the

synergistic effect of both tau and β-amyloid positivity in determin-

ing cortical hypometabolism has yet to be fully unraveled. The aims

of this work, therefore, were to evaluate clinical features, regional

metabolism, and asymmetry across CBS patients defined either using

only β-amyloid PET or using both β-amyloid and tau PET.

2 METHODS

2.1 Subjects

A total of 33 patients who met probable or possible criteria for CBS1

were recruited by the Neurodegenerative Research Group (NRG) at

Mayo Clinic between May 2016 and September 2023, and had under-

gone FDG PET, [18F]FTP tau PET, and PiB PET during the same

visit. The NRG (PIs: Whitwell/Josephs) has been enrolling and fol-

lowing patients with neurodegenerative syndromes including CBS for

more than a decade. A thorough neurological and neuropsychologi-

cal evaluation was conducted. Parkinsonism was evaluated using the

MovementDisorders Society sponsored revision of theUnified Parkin-

son’s Disease Rating Scale Part III (MDS-UPDRS III),25 eye saccade

abnormalities were evaluated using the PSP Saccadic Impairment

Scale,26 and ideomotor praxis was evaluated with the Test for Upper

Limb Apraxia (TULIA)27 as well as with the Western Aphasia Battery

(WAB) – praxis subtest.28 General cognition was tested with theMon-
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treal Cognitive Assessment (MoCA),29 memory was assessed with the

Camden face and Camden words tests,30 while visuospatial and per-

ception functions with Incomplete Letters and Cube Analysis from the

Visual Object and Space Perception (VOSP) battery.31 A total of 45

healthy controls with similar age and sexwere enrolled and underwent

the same protocol.

2.2 PET acquisition and analysis

All PET scans were acquired using a PET/CT scanner (GE Health-

care, Milwaukee, Wisconsin) operating in 3D mode, as previously

described.32,33 FDG, PiB, and flortaucipir images were co-registered

to the MPRAGE using 6 degrees-of-freedom registration in SPM12

(fil.ion.ucl.ac.uk/spm/software/spm12/). All voxels in the MPRAGE

space FDG-PET images were divided by the median uptake in the

pons using the Mayo Clinic Adult Lifespan Template (MCALT) atlas to

create standardized uptake value ratio (SUVR) images. Similarly, all

voxels in the MPRAGE-space flortaucipir and PiB images were divided

by median uptake in the cerebellar crus gray matter to create SUVR

images. For PiB-PET, a global PiB SUVR was calculated as previously

described, and we used a cut-point of 1.48 to define PiB-PET (A)

positivity,22 that is, 22 centiloids.34 For tau-PET, we utilized a tempo-

ral meta-region-of-interest (ROI) described35 to determine a positive

status. Notwithstanding the knowledge that CBD-AD patients are

characterized by a more widespread cortical uptake of flortaucipir,36

in the absence of a specific cortical ROI to detect CBS-AD and in order

to be as sensitive as possible to detect AD-related tau, the tempo-

ral meta-ROI was adopted. The temporal meta-ROI has been shown

to have excellent sensitivity and specificity to separate AD pathology

from CBD, PSP, and TDP-43 pathology.36 For flortaucipir PET (T) pos-

itivity, we first explored two different cut points of 1.29 and 1.43.37

The lower cutoff was previously determined by a neuropathological

study,15 while the upper cutoff was determined by Jack et al.37 as

the lower quartile of the meta-ROI SUVR of a cohort of AD patients

with Braak stage III–IV. Since two patients had borderline tau positiv-

ity (Figure 1), we decided to adopt the stricter cutoff of 1.43, favoring

increased specificity in determining T positivity. Asymmetry in both

the PiB PET global SUVR (A) and FTP temporal meta-ROI (T) was also

assessed by comparing uptake in the dominant (i.e., most affected) and

non-dominant (i.e., less affected) hemispheres.

All MPRAGE scans were normalized to the MCALT and seg-

mented (in their native space) via unified segmentation38 with MCALT

priors/settings.15,22,37 The MCALT atlas was used to assess FDG-PET

SUVR in12ROIs selected since they are expected to be involved inCBS

across different pathologies: supplementary motor area (SMA), pre-

central, postcentral, superior parietal, medial temporal (amygdala, hip-

pocampus, entorhinal cortex, parahippocampal gyrus), medial parietal,

lateral temporal, lateral occipital, inferior parietal, superior frontal,

middle frontal, and basal ganglia (caudate, putamen, globus pallidus).11

Cortical regionswere favored over subcortical regions given their pref-

erential involvement in CBS-AD.3 The ROI-specific difference of FDG

uptake between the dominant and non-dominant hemispheres was

F IGURE 1 Distribution of CBS patients according to A/T status.
The x-axis displays PiB SUVR values, while the y-axis displays
flortaucipir SUVR values. Continued red lines represent SUVR cutoffs
used for this study. The dotted red line represents the less strict
flortaucipir cutoff for demonstrative purposes. CBS, corticobasal
syndrome; PiB, Pittsburg compound B; SUVR, standardized uptake
value ratio.

also calculated, resulting in anROI-specific asymmetry index. Figure S1

reports hemispheric FDG uptake values (dominant and non-dominant)

across individual CBS patients for demonstration purposes. Analyses

were performedwithout partial volume correction (PVC).

FDG-PET scans of a subset of four patients with different A/T

statuses (N = 1 A-T-, N = 1 A+T-, N = 2 A+T+) were selected and

presented in terms of statistical maps showing regions of significant

hypometabolism relative to age-matched controls (GE Cortex ID) to

demonstrate differences in asymmetry across A/T statuses (Figure S2).

Voxel-wise t-tests in SPM12 were used to compare uptake at FDG-

PET for each AT group compared to controls. Results were assessed at

family-wise error (FWE) p< 0.05.

2.3 Statistical analysis

Continuous demographic and clinical variables were compared across

CBS patients with a different A or A/T status using the Kruskal–Wallis

rank sum test, while categorical variables were compared using Pear-

son’s chi-squared tests. We used the Wilcoxon paired signed rank test

to assess the difference between dominant and non-dominant FDG

measurements within each brain ROI across CBS patients. Estimated

marginal means were used to adjust for the effect of age when assess-

ing A and T status on FDG-PET uptake. The resulting p-values and

confidence intervals were adjusted using the Bonferroni correction to

account for multiple comparisons. A p-value cutoff of < 0.05 was set

to determine statistical significance. Analyses were carried out with

R 4.2.2. The emmeans package was used to calculate the estimated

marginal means and resulting contrasts with Bonferroni-corrected

p-values and 95% confidence intervals.
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TABLE 1 Demographic and clinical characteristics of patients divided by A status and controls.

Parameter CBS total (N= 33) CBS A- (N= 21) CBS A+ (N= 12) Control (N= 45) p-value*

Sex (female) 16 (48.5%) 8 (38.1%) 8 (66.7%) 32 (71.1%) 0.114a

Dominant hemisphere (left) 12 (36.4%) 8 (42.1%) 4 (36.4%) – 0.757a

Education 16.0 (12.5, 16.0) 14 (12, 16) 16 (14, 16) 16 (16, 18) 0.396b

Age of onset 63.5 (60.3, 69.2) 63.4 (60.9, 70.1) 65.6 (59.3, 68.2) – 0.967b

Age at PET 69.0 (62.9, 72.2) 66.8 (62.6, 72.4) 66.5 (62.6, 70.4) 66.1 (61.5, 70.3) 0.708b

Disease duration (years) 2.6 (2.0, 3.4) 2.4 (1.9, 3.3) 3 (2.0, 4.1) - 0.386b

MoCA 21.0 (17.5, 24.0) 23 (18.0, 25.0) 18 (15.0, 20.8) 26 (26.0, 28.0) 0.068b

UPDRS III 32.0 (23.8, 44.0) 33 (24.5, 44.0) 31 (24.5, 41.5) 0 (0.0, 2.0) 0.839b

WAB praxis 49.5 (43.8, 53.5) 52 (50, 55) 44 (41, 44) 60 (58, 60) 0.027b

TULIA 7.5 (3.5, 9.8) 8 (5.0, 10.0) 3.5 (1.5, 6.0) NA 0.109b

PSIS 1.5 (0.2, 3.0) 1.5 (0.2, 3.0) 1.5 (0.8, 2.2) 0 (0.0, 0.0) 0.895b

Saccadic impairment** 18 (50%) 9 (50%) 2 (50%) - 1.000

VOSP letters 20.0 (19.0, 20.0) 20 (19, 20) 20 (19, 20) NA 0.602b

VOSP cubes 9.0 (8.0, 10.0) 9 (8, 10) 9 (8, 10) NA 0.927b

Camden faces 22.0 (21.5, 23.5) 22 (21.5, 24.0) 22.5 (21.2, 23.0) NA 0.683b

Camdenwords 24.0 (20.5, 24.0) 24 (22, 24) 20 (20, 22) NA 0.444b

PiB SUVR 1.4 (1.3, 1.5) 1.3 (1.3, 1.4) 2 (1.6, 2.1) 1.4 (1.3, 1.5) 0.001b

Tau SUVR 1.2 (1.1, 1.2) 1.2 (1.1, 1.2) 1.3 (1.2, 1.9) 1.2 (1.1, 1.3) 0.005b

PiB asymmetry index

(dominant–non dominant)

−0.0 (-0.1, 0.0) −0.02 (−0.04, 0.02) −0.07 (−0.15,−0.01) – 0.116b

Tau asymmetry index

(dominant–non dominant)

0.0 (−0.0, 0.0) 0.01 (−0.01, 0.03) 0.00 (−0.02, 0.10) – 0.880b

Note: Data are shown as number (%), median (IQR). Bold values indicate significant results.

Abbreviations: CBS, corticobasal syndrome; IQR, interquartile range; MoCA,Montreal Cognitive Assessment; NA, not available; PiB, Pittsburg compound B;

PSIS, PSP Saccadic Impairment Scale; SUVR, standardized uptake value ratio; TULIA, test for upper limb apraxia; UPDRS, Unified Parkinson’s Disease Rating

Scale; VOSP, Visual Object and Space Perception;WAB,Western Aphasia Battery.
aPearson’s chi-squaredd test.
bKruskal–Wallis rank sum test.

*p-value refers to A- vs. A+CBS patients.

**Defined as PSIS≥ 2.

3 RESULTS

3.1 Results by β-amyloid status

3.1.1 Demographic and clinical characteristics

Out of the 33 patients with CBS in our cohort, 12 were classified as

A+, and the remaining 21 were A-. No differences in sex, education,

age of onset, age atMRI, and disease duration were observed between

A+ and A- patients (Table 1). There were also no differences between

A+ and A- patients for global cognition, visuospatial function, visual,

or verbal memory. The A+ patients performed more poorly on the

praxis subset of theWAB (p=0.027), but degree of parkinsonism (mea-

sured with the MDS-UPDRS-III test) and saccadic impairment test did

not significantly differ by A status. No significant differences in asym-

metry were observed for the PiB global SUVR or temporal lobe FTP

meta-ROI.

3.1.2 FDG uptake across brain regions

Figure 2 andTable S1 showFDGuptake in the 12A+ and21A- patients

across the 12 ROIs for both dominant and non-dominant hemispheres.

In the dominant hemisphere, lower FDG-PET SUVRs were observed in

the superior parietal (p=0.02) and postcentral (p=0.02) cortices inA+
compared to A- patients. There was also a trend for significance in the

inferior parietal cortex (p=0.079).Noneof theother nineROIs showed

significant differences in FDG-PETmetabolism for either the dominant

or non-dominant hemisphere.

3.1.3 Asymmetry of FDG uptake across brain
regions according to A status

As shown in Figure 3 and Table S2, A+ patients demonstrated higher

levels of asymmetry (larger differences between the dominant hemi-
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F IGURE 2 FDG uptake across different brain regions in A+ and A- CBS patients. Boxplots of FDG uptake (x-axis) according to A status
(orange: A-, blue A+) determined by PiB PET. Data are shown per each hemisphere (dominant and non-dominant). Pink asterisks highlight
significant differences. CBS, corticobasal syndrome; FDG, [18F] fluorodeoxyglucose; PiB, Pittsburg compound B.

sphere and non-dominant hemisphere FDG PET) compared to A-

patients in the inferior parietal (p=0.017), lateral temporal (p=0.012),

medial parietal (p = 0.004), superior parietal (p = 0.015), and postcen-

tral (p< 0.001) cortices.

3.2 Results across A and T status

Using the thresholds discussed in the methods section, patients were

categorized into three AT groups: A-T- (n= 21), A+T- (n= 7), andA+T+
(n= 5) (Figure 1). Based on the chosen cutoffs, no patientwas classified

as A-T+.

3.2.1 Demographic and clinical characteristics
according to A and T status

Table 2 shows demographic and clinical characteristics for each AT

combination. Sex, education, disease duration, and age at MRI did not

differ across AT groups. Age of onset was lower in A+T+ patients

compared to other groups (p = 0.049). No evidence of a difference

in terms of neuropsychological and clinical metrics was appreciated

across groups, with only a trend for differences in MoCA and WAB

praxis, with worse performance in the A+T+ patients. Also in this case,

no significant differences in asymmetry were observed for the PiB

global SUVR or temporal lobe FTPmeta-ROI.

3.2.2 FDG uptake across brain regions according
to A and T status

Figure 4 and Table S3 present data on FDG uptake in the three AT

groups by hemisphere (dominant and non-dominant). Lower FDG-

PET SUVRs were observed in A+T+ patients in the inferior parietal

(p = 0.002), medial parietal (p = 0.003), superior parietal (p < 0.001),

postcentral (p < 0.001), lateral occipital (p = 0.002), and lateral

temporal cortices (p = 0.005) compared to the two other groups.

Also, in the non-dominant hemisphere, A+T+ patients showed lower

FDG-PET SUVRs compared to the other groups in the inferior parietal

(p = 0.002), medial parietal (p = 0.037), superior parietal (p = 0.002),

postcentral (p = 0.053), and lateral occipital cortices (p = 0.033).

To better characterize the pattern of hypometabolism in each sub-

group, Figure S3 shows voxel-level maps of hypometabolism across

AT groups.

3.2.3 Asymmetry of FDG uptake across brain
regions according to A and T status

As shown in Figure 5 and Table S4, A+ T+ patients demonstrated

higher levels of asymmetry (larger differences between the dominant

hemisphere and non-dominant hemisphere FDG PET) compared to

the other AT categories in the middle frontal (p = 0.049), postcentral

(p = 0.004), superior parietal (p = 0.052), medial parietal (p = 0.002),
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6 of 12 GHIRELLI ET AL.

F IGURE 3 Asymmetry of FDG uptake in CBS patients according to A status. Boxplots represent the difference in FDG uptake
(dominant–non-dominant hemisphere) according to A status (orange: A-; blue: A+) determined at PiB PET. Pink asterisks highlight significant
differences. CBS, corticobasal syndrome; FDG, [18F] fluorodeoxyglucose; PET, positron emission tomography; PiB, Pittsburg compound B.

lateral temporal (p = 0.005), lateral occipital (p = 0.006), and inferior

parietal (p= 0.050) cortices.

3.3 Effects of age, A and T on FDG uptake

Age-corrected pairwise comparisons across AT groups are shown in

Figure 6. In the dominant hemisphere, FDG-PET SUVR was lower in

the A+T+ group compared to both the A+T- and A-T- groups in lat-

eral occipital, lateral temporal, medial parietal, inferior parietal, middle

frontal, superior parietal, and postcentral cortices (Figure 6A). Simi-

larly, in the non-dominant hemisphere, lower FDG-PET SUVRs were

observed in the A+T+ group compared to both the A+T- and A-T-

groups in lateral temporal, medial parietal, inferior parietal, lateral

occipital, and superior parietal cortices (Figure 6B). For asymmetry,

the A+T+ group had a more asymmetric pattern of hypometabolism

compared to both other groups inmiddle frontal, superior frontal, infe-

rior parietal, lateral occipital, lateral temporal, medial parietal, medial

temporal, and postcentral cortices (Figure 6C).

4 DISCUSSION

In this study, we assessed how positivity on β-amyloid and tau PET

influenced the pattern and extent of hypometabolism on FDG-PET

in a cohort of CBS patients. After classifying patients according to

their β-amyloid status alone, we observed greater hypometabolism in

the postcentral and superior parietal cortices of the dominant hemi-

sphere in the A+ group. However, when the cohort was stratified by

both β-amyloid and tau PET status, the A+T+ group showed greater

hypometabolism and greater asymmetry across all cortical ROIs com-

pared to both the A+T- and A-T- groups. Hence, only the A+T+ group

showed an FDG-PET profile consistent with that expected in CBS

patients with AD.3,11

When our analysis was stratified by both A and T status, differences

in FDG-PET uptake were striking, A+T+ patients showing greater

hypometabolism in parieto-occipital cortices, middle frontal, lateral

temporal, and postcentral cortices in the dominant hemisphere com-

pared to both theA+T- andA-T- patients, with no differences observed
between the A+T- and A-T- groups. The A+T+ patients also showed
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GHIRELLI ET AL. 7 of 12

TABLE 2 Demographic and clinical characteristics of patients according to A/T status.

Parameter A-T- (N= 21) A+T- (N= 7) A+T+ (N= 5) p-value

Sex (female) 8 (38.1%) 5 (71.4%) 3 (60%) 0.266a

Education 14.5 (12, 16) 16 (13, 16) 16 (15.5, 17) 0.455b

Age of onset 63.4 (60.9, 70.1) 68 (65.8, 69.6) 59.3 (56.4, 60.9) 0.049b

Age at PET 68.4 (63.2, 72.6) 70.3 (70.1, 73.3) 62.6 (62.5, 63,1) 0.124b

Disease duration (years) 2.4 (1.9, 3.3) 3.4 (2.5, 4.1) 2 (1.2, 3.3) 0.275b

MoCA 23 (18.0, 25.0) 18 (18.0, 22) 13 (11, 16.5) 0.081b

UPDRS III 33 (24.5, 44.0) 29 (25.2, 37.5) 31 (27, 41) 0.975b

WAB praxis 52 (49.8, 55) 46 (46, 46) 43 (38.5, 43.5) 0.074b

TULIA 8 (5.0, 10.0) 3.5 (1.5, 6.0) NA NA

PSIS 1.5 (0.2, 3.0) 1.5 (0.8, 2.3) NA NA

VOSP letters 20 (19, 20) 20 (19.3, 20) 19 (19, 19) 0.461b

VOSP cubes 9 (8, 10) 9.5 (8.8, 10) 6 (6, 6) 0.352b

Camden faces 22 (21.5, 24.0) 22.5 (21.2, 23.0) NA NA

Camdenwords 24 (21.5, 24) 20.5 (19.5, 22) NA NA

PiB asymmetry index

(dominant–non dominant)

−0.02 (−0.04, 0.02) −0.09 (−0.22,−0.01) −0.04 (−0.07,−0.01) 0.264b

Tau asymmetry index

(dominant–non dominant)

0.01 (−0.01, 0.03) −0.01 (−0.02, 0.01) 0.10 (−0.08, 0.20) 0.251b

Note: Data shown as number (%), median (IQR). Bold values indicate significant results.

Abbreviations: CBS, corticobasal syndrome; IQR, interquartile range; MoCA,Montreal Cognitive Assessment; NA, not available; PiB, Pittsburg compound B;

PSIS, PSP Saccadic Impairment Scale; SUVR, standardized uptake value ratio; TULIA, test for upper limb apraxia; UPDRS, Unified Parkinson’s Disease Rating

Scale; VOSP, Visual Object and Space Perception;WAB, western aphasia battery.
aPearson’s chi-squared test.
bKruskal–Wallis rank sum test.

greater hypometabolism in the lateral temporal and parietal cortices

of the non-dominant hemisphere. Our findings confirm the results of

previous autopsy studies that demonstrated a temporo-parietal pat-

tern of hypometabolism in CBS-AD patients on both FDG-PET3,39 and

SPECT.12 Only the dominant parietal hemisphere showed increased

hypometabolism when patients were stratified solely by A status, and

it is clear from our findings that these weaker differences are driven

by the fact that the A+T- patients do not show any differences in

metabolism from the A-T- patients. It is, therefore, possible that either

the clinical presentation in the A+T- patients is not driven by underly-
ing AD or that FDG-PET is insensitive to early β-amyloid only in these

patients. The A+T- patients were almost 10 years older than the A+T+
patients, suggesting that these patients may have age-associated β-
amyloid deposition, or pathological aging.40 A previous study carried

out on normal older adults and patients with preclinical AD demon-

strated that the combination of cortical amyloid and tau positivity on

molecular PET (but not individual amyloid or tau PET) correlated with

hypometabolism in the posterior cingulate, and this predicted mem-

ory decline.41 Given that our cohort was relatively small, we cannot

exclude that this could have affected the detection of hypometabolism

in the A+T- group.
Moreover, we demonstrated that asymmetry in hypometabolism

was globally more accentuated in A+T+ patients in parietal, lateral

temporal, andoccipital cortices, compared to theA+T- andA-T- groups.
Hence, it appears as though AD pathology not only increases degen-

eration of the cortex but also increases the degree of asymmetry in

AD-susceptible regions in CBS. In order to help readers visualize these

differences, four selected FDG-PET scans from patients with differ-

ent A/T statuses were selected, showing increased hypometabolism

but, most strikingly, increased asymmetry when both amyloid and tau

PET are positive (Figure S2). It is notable that we did not observe any

differences by AT status in metabolism or asymmetry of the medial

temporal lobe, basal ganglia, or precentral cortex. In contrast to the

hippocampal involvement typically seen in the classical clinical pre-

sentation of AD, CBS-AD generally spares the hippocampus. Instead,

it primarily affects the parieto-occipital cortices and lateral temporal

areas.39 At neuropathology, fewer neurofibrillary tangles are present

in the hippocampi of AD-CBS patients compared to patients with AD

pathology and classical memory impairments.9 The lack of relation-

ships to AT in the basal ganglia and precentral cortex likely reflects the

fact that these regions are more typically targeted by CBD pathology,

rather thanAD.Our findings highlight the importance of examining the

lateral temporal and occipital cortices when investigating AT pathol-

ogy in CBS patients. These results, therefore, pave the way for future

research to explore the role of temporo-occipital regions in study-

ing AD pathology in CBS rather than the classical temporal meta-

ROI.

The synergistic action of β-amyloid and tau has been consistently

demonstrated. A recent study on cerebrospinal fluid (CSF) neurode-

generative biomarkers demonstrated a correlation between longitu-
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8 of 12 GHIRELLI ET AL.

F IGURE 4 FDG uptake across different brain regions in CBS patients according to A/T status. Boxplots of FDG uptake (x-axis) according to
A/T status (orange: A-T-; green: A+T-; blue: A+T+) determined by PiB and flortaucipir PET. Data are shown per each hemisphere (dominant and
non-dominant). Pink asterisks highlight significant differences. CBS, corticobasal syndrome; FDG, [18F] fluorodeoxyglucose; PET, positron
emission tomography; PiB, Pittsburg compound B.

dinal cognitive decline in individuals of 50–90 years of age and CSF

tau and phospho-tau (T+) but only when β-amyloid was also decreased

(A+), implying that cortical dysfunction is affected by the presence of

both A and T positivity.42 However, a different study showed that cor-

tical hypometabolism in retrosplenial and parietal cortices in a group

of AD patients was only associated with structural atrophy and tau

pathology but not β-amyloid pathology.43 Given that only A+ patients

also showed T+, it is possible that tau plays a dominant role in deter-

mining hypometabolism in our CBS cohort. Overall, our FDG-PET

asymmetry index was useful in separating A+T+ CBS patients and

should be validated in independent cohorts to assess its feasibility as a

biomarker of AD pathology in future therapeutic trials for CBS.3,12,39

Of note, no CBS patient had a positive tau status in the absence of

β-amyloid.

It has been previously demonstrated that flortaucipir uptake is not

elevated in patients with primary age-related tauopathy (PART),15,16

an age-related 3R+4R tauopathy characterized by the presence of

tangles in the absence of, or minimal, β-amyloid pathology. However,

flortaucipir PET is able to detect AD-related tau (3R+4R) in patients

with a Braak stage V or VI in patients with different primary patholo-

gies, including AD, pathological aging, and Lewy body disease.15,16

PART is often observed in CBS patients at autopsy; therefore, the

absence of CBS patients with an A-T+ status likely reflects flortaucipir

insensitivity to detecting PART.

Clinically, we observed worse WAB praxis scores in the A+ CBS

patients, consistent with prior reports in which ideomotor apraxia was

reported as predominant in CBS-AD patients.3,6 The A+T+ patients

showed worse performance on both WAB praxis and the MoCA,

although we did not observe significant differences across the AT

groups. The relatively poor performance of the A+T- patients could
have been due to their older age.2 Another possibility is that, because

the A+T+ patients are younger, their cognitive reserve masked the

effects of the combined pathologies. This is consistent with the result

reported by Boyd et al. in which patients with CBS-AD had a younger

onset compared to CBS-non-AD.5

The strengths of this study include the dual characterization of

our cohort with both PiB and FTP PET, along with a comprehensive

standardized clinical, neuropsychological, and speech assessment. Fur-

thermore, each result was corrected for age, further supporting that

the alterations in metabolism in our CBS cohort were the result of

amyloid and tau pathology. A limitation of this study is the absence

of autopsy confirmation of AD pathology. Further studies with proven

post mortem pathology are warranted to confirm our results. Another

potential limitation is that we utilized a temporal lobe meta-ROI to
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GHIRELLI ET AL. 9 of 12

F IGURE 5 Asymmetry of FDG uptake in CBS patients according to A/T status. Boxplots represent the difference in FDG uptake
(dominant–non-dominant hemisphere) according to A/T status (orange: A-T-; green: A+T-; blue: A+T+) determined at PiB and flortaucipir PET.
Pink asterisks highlight significant differences. CBS, corticobasal syndrome; FDG, [18F] fluorodeoxyglucose; PET, positron emission tomography;
PiB, Pittsburg compound B.

define T status, which included medial temporal regions that are typ-

ically spared in CBS-AD.24,39 This is most likely the reason no A-T+
patient was detected. Indeed, the T status limitedly refers to tem-

poral tau, not including premotor/motor cortices that are expected

to be affected by CBD pathology. The AD-specific temporal ROI that

was adopted for this study has therefore possibly limited the detec-

tion of those cases. Still, absence of beta-amyloid with temporal tau

(PART) can be observed in 4R tauopathies such as CBD, but no case of

PARTwasdetected inour cohort. Furthermore, thiswas a single-center

study, and our cohortwas of a relatively small number. Therefore, repli-

cation in other centers’ cohorts would increase generalizability and

validate our findings.

For therapies to be applied in CBS, it is critically important to iden-

tify its underlying pathology ante mortem. The CSF 4R-tau biomarker

MTBR-tau proved useful in differentiating CBD pathology from

controls.44 Still, longitudinal invasive tests to test a drug’s efficacy

could expose patients to several risks. A breakthrough in the treat-

ment of AD came when PiB PET allowed for reliable assessment of

levels of brain β-amyloid longitudinally. The same reasoning cannot

be applied to CBS, with AD only responsible for approximately 30%

of all cases.3–8 However, patients with atypical AD are starting to be

considered as candidates for monoclonal anti-amyloid antibodies like

lecanemab,45 highlighting the importance of discovering noninvasive

biomarkers for AD in the CBS population. We therefore propose FDG

PET to be a useful tool in detecting CBS patients with the classical AD

signature, that is, carrying an A+T+ status, where it showed a signa-

ture of more accentuated and asymmetrical temporo-parieto-occipital

hypometabolism. Its utility, however, was only limited in distinguishing

A-T- cases from A+T- cases, and we warrant care in interpretation in

those cases. Molecular PET could be a valid alternative to CSF testing

to demonstrate AD pathology and find patients eligible to receive anti-

amyloid treatment. Given the absence of A-T+ patients in our cohort,
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10 of 12 GHIRELLI ET AL.

F IGURE 6 Estimatedmarginal meanmodel accounting
for the effect of age, A and T status on FDG uptake. (A)
Dominant hemisphere age-adjusted FDG estimated
marginal contrasts. (B) Non-dominant hemisphere
age-adjusted FDG estimatedmarginal contrasts. (C)
Asymmetry index age-adjusted FDG estimatedmarginal
contrasts. FDG, [18F] fluorodeoxyglucose.

the use of FTP PET alone might be better in discriminating CBS-AD

patients, as it would be potentially more specific in detecting patients

with a higher Braak stage. We show the utility of a combination of

FDG, β-amyloid, and tau PET in the stratification of CBS patients, but

further studies validating their usefulness in comparing post mortem

pathology are warranted.

5 CONCLUSIONS

We have demonstrated that β-amyloid and tau PET, rather than β-
amyloid alone, should be used to identify CBS patients with AD

patterns of hypometabolism. Hypometabolism becomes more severe,

widespread, and lateralized at a single-patient level as β-amyloid and
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GHIRELLI ET AL. 11 of 12

tau synergistically act on the neurodegenerative processes. Further

studies with larger cohorts will be necessary to determine whether a

single FDG PET could alone predict A and T statuses of these patients,

but this study sets the path for the use of FDG PET as a biomarker in

CBS that could be used as a potential tool to enroll CBS patients into

clinical trials. Asymmetry at FDGPETand apattern of hypometabolism

that includes lateral temporal and parieto-occipital lobes should be

further investigated as a non-invasive and accessible biomarker of

CBS-AD.
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