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A B S T R A C T   

Purpose: Left-right asymmetry, an important feature of brain development, has been implicated in neurode-
generative diseases, although it’s less discussed in typical Alzheimer’s disease (AD). We sought to investigate 
whether asymmetric tau deposition plays a potential role in AD heterogeneity. 
Methods: Two independent cohorts consisting of patients with mild cognitive impairment due to AD and AD 
dementia with tau PET imaging were enrolled [the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort 
with 18F-Flortaucipir, the Shanghai Memory Study (SMS) cohort with 18F-Florzolotau]. Based on the absolute 
global tau interhemispheric differences, each cohort was divided into two groups (asymmetric versus symmetric 
tau distribution). The two groups were cross-sectionally compared in terms of demographic, cognitive charac-
teristics, and pathological burden. The cognitive decline trajectories were analyzed longitudinally. 
Results: Fourteen (23.3%) and 42 (48.3%) patients in the ADNI and SMS cohorts showed an asymmetric tau 
distribution, respectively. An asymmetric tau distribution was associated with an earlier age at disease onset 
(proportion of early-onset AD: ADNI/SMS/combined cohorts, p = 0.093/0.026/0.001) and more severe patho-
logical burden (i.e., global tau burden: ADNI/SMS cohorts, p < 0.001/= 0.007). And patients with an asymmetric 
tau distribution were characterized by a steeper cognitive decline longitudinally (i.e., the annual decline of Mini- 
Mental Status Examination score: ADNI/SMS/combined cohorts, p = 0.053 / 0.035 / < 0.001). 
Conclusions: Asymmetry in tau deposition, which may be associated with an earlier age at onset, more severe 
pathological burden, and a steeper cognitive decline, is potentially an important characteristic of AD 
heterogeneity.   
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1. Introduction 

The bilateral brain hemispheres are characterized by anatomical and 
molecular left–right asymmetry, which plays an important role in their 
functional specialization (Duboc et al., 2015). The presence of an 
asymmetric brain involvement has been reported for several neurolog-
ical disorders – including Parkinson’s disease (PD) (Samii et al., 2004), 
frontotemporal lobar degeneration (FTLD) (Bang et al., 2015), and 
corticobasal degeneration (CBD) (Di Stasio et al., 2019). While post- 
mortem pathology studies are generally conducted on a single brain 
hemisphere, in vivo positron emission tomography (PET) imaging offers 
a valuable opportunity to investigate the presence of an asymmetric 
pattern of brain involvement under different disease conditions and to 
examine its clinical implications. 

As the most common neurodegenerative disease, the etiology and 
clinical heterogeneity of Alzheimer’s disease (AD) are increasingly 
recognized as important features that require more attention (Knopman 
et al., 2021). Brain PET imaging, especially amyloid and tau PET im-
aging, plays an important role in decoding etiological heterogeneity due 
to its ability to capture spatiotemporal trajectories of pathological 
burden in vivo (Chhatwal et al., 2022; Collij et al., 2022; Vogel et al., 
2021). With the development of PET imaging technology, to visualize 
the core etiology of AD in the living brains is possible. Thus, a growing 
number of studies (Frings et al., 2015; Vogel et al., 2021; Yoon et al., 
2021; Young et al., 2022) have reported the potential role of asymmetric 
pathological distribution in AD heterogeneity, including but not limited 
to atypical AD within the biological “A/T/N” (“A”: β-amyloid; “T”: tau; 
“N”: neurodegeneration or neuronal injury) scheme (Jack et al., 2018). 
Among them, the role of asymmetrical tau pattern in AD heterogeneity is 
relatively less discussed. Two studies recently reported the non- 
negligible asymmetric tau distribution in the population from normal 
cognition to AD dementia based on tau PET imaging (Vogel et al., 2021; 
Young et al., 2022). Work by Vogel and colleagues identified asym-
metric tau involvement as one of the hallmarks of the lateral temporal 
subtype, but no further in-depth exploration was conducted as it was off 
topic (Vogel et al., 2021). Young et al., focused on the disproportionate 
cortical tau signal relative to medial temporal lobe in preclinical AD 
(Young et al., 2022), the asymmetric tau accumulation in other regions 
as well as the symptomatic phase of AD remains to be explored. Given 
that the tau molecular diversity is believed as a proxy for the clinical 
variability of AD (Dujardin et al., 2020) and the amount as well as 
anatomical localization of tau aggregates (neurofibrillary tangles) across 
the cerebral cortex parallels clinical phenotype (Ossenkoppele et al., 
2016) and disease severity (Arriagada et al., 1992), it’s necessary to 
further explore the potential clinical, pathologic, and prognostic impli-
cations of an asymmetric tau burden, which holds promise to improve 
our pathophysiological understanding, optimize clinical management, 
and open novel therapeutic paths. 

2. Methods 

2.1. Participants 

Two ethnically distinct independent cohorts were enrolled. One was 
drawn from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)3, 
in which all participants were Caucasian and underwent tau PET im-
aging using the first-generation tau tracer 18F-Flortaucipir (also termed 
18F-AV-1451) (Marquié et al., 2015). The other was derived from the 
Shanghai Memory Study (SMS), in which all subjects were Asian and 
underwent PET tau imaging with the second-generation tau tracer 18F- 
Florzolotau (also termed 18F-PM-PBB3, or 18F-APN-1607) (Tagai et al., 
2021). The SMS was a hospital-based cohort investigation carried out in 
the memory clinic of the Department of Neurology, Huashan Hospital 
(Shanghai, China). 

Subjects underwent tau PET imaging, structural magnetic resonance 
imaging (MRI), and neuropsychological test within six months were 

screened for inclusion. The inclusion criteria for patients with AD of 
both cohorts included the following: (1) clinical diagnosis of either mild 
cognitive impairment (MCI) or AD (Albert et al., 2011; McKhann et al., 
2011); (2) confirmed positive amyloid PET scan (A + ) (18F-Florbetapir: 
global standardized uptake value ratio (SUVR) > 1.11 (Landau and 
Jagust, 2015); or 11C-PIB: visual assessment by two independent expe-
rienced neuroradiologists (Lundeen et al., 2018)). The details for 
defining positive amyloid PET scan are showed in Supplementary 
Methods. Healthy controls (HCs) were also included for the purpose of 
tau SUVR Z-transformation. The inclusion criteria for HCs in the ADNI 
cohort included the following: (1) clinical diagnosis of unimpaired 
cognition; (2) confirmed negative amyloid PET scan (A-); (3) performed 
normal on cognitive screening [Mini-Mental Status Examination 
(MMSE) ≥ 26]. The inclusion criteria for HCs in the SMS cohort included 
the following: (1) no complaints of impairment in terms of cognition and 
instrumental activities of daily living; (2) no history of neurological and 
psychiatric disorders; (3) performed normal on cognitive screening 
(MMSE ≥ 26). The following exclusion criteria were applied to all par-
ticipants: (1) showed significant structural brain abnormalities (i.e., 
brain tumor; traumatic brain injury); (2) poor image quality and/or co- 
registration in imaging processing (i.e., movement artifacts). Besides, in 
the SMS cohort, patients with atypical AD were also excluded (Dubois 
et al., 2014), because asymmetric pathological burden is traditionally 
thought to be commonly existed in atypical AD (Gefen et al., 2012; 
Lehmann et al., 2013; Nasrallah et al., 2018; Ohm et al., 2020; Tetzloff 
et al., 2018), and the admixture of atypical AD may reduce the level of 
evidence. Furthermore, such exclusion was not performed in the ADNI 
cohort as no clinical subtype information was provided. All procedures 
involving human subjects complied with the ethical standards set forth 
by the Institutional Review Boards of ADNI and the Huashan Hospital 
(Shanghai, China; No. 2018–363 and 2019–551). Written informed 
consent was obtained from all participants and/or their legal proxy. 

2.2. Demographics and clinical assessment 

Age at baseline, age at onset, sex, education (years), and apolipo-
protein E (APOE) genotype were collected. APOE ε4-positivity was 
defined as the presence of at least one APOE ε4 allele. When used as a 
covariate, the APOE ε4 status was defined as the number of APOE ε4 
alleles (0, 1, or 2). Scores on neuropsychological tests of global cogni-
tion, instrumental activities of daily living, memory, and executive 
functions were collected in the ADNI cohort. As for the SMS cohort, an 
extensive battery of neuropsychological tests that included global 
cognition, instrumental activities of daily living, memory, visuospatial, 
language, attention, and executive functions was conducted. The details 
are summarized in the Supplementary Methods. On analyzing patients 
who had follow-up data, an annual decrease of MMSE scores ≥ 6 was 
considered as a rapid cognitive decline (RCD) (Schmidt et al., 2011; Soto 
et al., 2008). All other patients were regarded as having a normal 
cognitive decline (NCD). 

2.3. Quantification of plasma biomarkers 

In the SMS cohort, all patients underwent measurements of plasma 
amyloid [amyloid beta(Aβ)40, Aβ42], tau [phosphorylated tau at thre-
onine181 (P-tau181)], and neurodegeneration [total-tau (T-tau), neu-
rofilament protein light chain (NfL)] biomarkers using Quanterix’ Single 
molecule array (Simoa) ® HD-X technology. Notably, plasma Aβ42 to 
Aβ40 (Aβ42/Aβ40) ratio and P-tau181 to Aβ42 (P-tau 181/Aβ42) ratio 
were further calculated served as the indices for assessing the amyloid 
and tau burdens (Chong et al., 2021). The procedures used for sample 
collection and laboratory analysis have been previously described in 
detail (Xiao et al., 2021). 

J. Lu et al.                                                                                                                                                                                                                                        



NeuroImage: Clinical 38 (2023) 103416

3

2.4. Imaging acquisition and processing 

The imaging acquisition protocols for the ADNI cohort can be 
accessed at http://adni.loni.usc.edu/methods/mri-tool/mri-acquisitio 
n/ and http://adni.loni.usc.edu/methods/pet-analysis-method/pet- 
analysis/. The acquisition protocols for the SMS cohort have been pre-
viously reported (Li et al., 2021; Shi et al., 2020). 

The raw structural MRI and tau PET data were processed according 
to the following steps (Li et al., 2021): (1) co-registered the tau PET 
imaging to the corresponding structural MRI; (2) spatially normalized 
the tau PET imaging into the Montreal Neurological Institute standard 
space with the transformation matrices of segmented individual struc-
tural MRI, and then smoothed (full-width at half-maximum: 6 mm); (3) 
performed intensity normalization using cerebellar gray matter as a 
reference region. All procedures were undertaken using Statistical 
Parametric Mapping 12 (https://www.fil.ion.ucl.ac.uk/spm/software/ 
spm12/) implemented in MATLAB (MathWorks, Natick, MA, USA). 

2.5. Definition of asymmetric versus symmetric tau distribution 

Mean global tau SUVR values of each hemisphere were extracted 
from the combined cortical regions of interest using the Automated 
Anatomical Labelling Atlas 3 template (Rolls et al., 2020). The regions 
used for global SUVR quantification are listed in Supplementary 
Table 1. Bilateral tau SUVR values of each patient were then Z-trans-
formed separately in each cohort using the following formula: Z-score =
(crude SUVR measured in each patient - mean SUVR measured in HCs) / 
standard deviation of SUVR in HCs. An absolute global asymmetry score 
(absGAS) – which was defined as the absolute difference between the Z- 
score of the bilateral hemispheres was subsequently assigned. Patients 
with an absGAS ≥ 1 were considered as having an asymmetric tau dis-
tribution, whereas an absGAS < 1 denoted a symmetric tau pattern 
(Buciuc et al., 2021; Tetzloff et al., 2018). The asymmetric group were 
further divided into the left- and right-predominant subgroups accord-
ing to the side showing the most severe tau burden. 

2.6. Statistical analysis 

Statistical analyses were conducted in either cohort separately or 
grouped together, as appropriate. The asymmetric and symmetric 
groups were compared on baseline characteristics using the chi-square 
test, the Student’s t-test, or the Mann-Whitney U test, as appropriate. 
The intergroup differences in terms of baseline cognitive performance 
were compared with the generalized linear model (GLM) after adjust-
ment for age and disease duration at baseline, education (years), APOE 
ε4 status, and sex. The difference in terms of RCD proportion was also 
investigated by GLM using the baseline MMSE score as an additional 
covariate. To analyze the longitudinal changes in cognitive decline, the 
linear mixed-effect model (LMEM) was applied after adjustment for age 
at baseline, education (years), APOE ε4 status, and sex. Disease duration 
was used as a time scale. A participant-specific random effect was 
implemented because of the intraindividual correlations for repeated 
measurements. To rule out the potential confounding effect of age at 
onset, the subgroup of EOAD (early-onset AD, defined as a disease onset 
at<65 years of age) or late-onset AD (LOAD) was further adjusted in the 
LMEM. When combining two cohorts, different cohort was also 
considered as a covariate. All analyses were undertaken in SPSS22 (IBM, 
Armonk, NY, USA), the only exception being the LMEM – which was run 
in the R environment (Vienna, Austria, https://www.R-project.org/). 
Two-tailed p values < 0.05 were considered statistically significant. 

3. Results 

The sample consisted of 217 subjects (Table 1 and Supplementary 
Table 2). Sixty cognitively impaired participants within the Alzheimer’s 
continuum (A + ) and 40 HCs (A-) were from ADNI, whereas 87 

cognitively impaired participants within the Alzheimer’s continuum (A 
+ ) and 30 HCs were from SMS. In the ADNI cohort, there were no 
significant differences in age and sex between the patient group and the 
HC group, but the former had shorter years of education (p = 0.049), 
more APOE ε4 carriers (p < 0.001), and worse cognitive function (p < 
0.001) than the latter. In the SMS cohort, no sex difference was found, 
while the patient group was older (p < 0.001), less educated (p = 0.020) 
and worse in cognitive function (p < 0.001) than the HC group. 

The longitudinal cohort with complete follow-up data consisted of 39 
(65.0%) and 52 patients (59.8%) from ADNI and SMS, respectively. 
Fifteen patients from ADNI (maximum follow-up duration: 4 years) and 
12 from SMS (maximum follow-up duration: 3.5 years) had undergone 
at least two follow-up visits after tau PET. 

A total of 14 (23.3%) and 42 (48.3%) patients from ADNI and SMS, 
respectively, had asymmetric tau distribution. The median (interquartile 
range) absGAS scores in the asymmetric versus symmetric groups were 
1.96 (1.15) versus 0.29 (0.40) (ADNI, p < 0.001) and 1.79 (1.13) versus 
0.59 (0.49) (SMS, p < 0.001), respectively. 

3.1. Findings from the ADNI cohort 

3.1.1. Baseline characteristics of patients with asymmetric and symmetric 
tau distribution 

Compared to patients with symmetric tau distribution, those with 
asymmetric tau pattern were characterized by a younger age at onset (p 
= 0.017), a higher proportion of EOAD (p = 0.093), and a younger age at 
baseline (p = 0.006). No significant intergroup differences were 
observed in terms of sex, education (years), disease duration, APOE ε4 
status, and proportion of patients with MCI due to AD (all p > 0.15). In 
addition, the asymmetric group showed worse global cognition than 
symmetric group based on Montreal Cognitive Assessment (MOCA) 
scores (p = 0.015). No significant differences were observed on other 
neuropsychological tests (Table 2, Supplementary Table 3). 

Cross-sectional comparisons between asymmetric and symmetric 

Table 1 
Demographic and clinical characteristics of subjects in the two cohorts.   

ADNI (18F-Flortaucipir) 
cohort (n = 100) 

SMS (18F-Florzolotau) 
cohort (n = 117)  

MCI/AD (n 
= 60) 

HCs (n =
40) 

MCI/AD (n 
= 87) 

HCs (n =
30) 

Age at baseline (years) 77.6 ± 8.3 75.1 ± 7.1 66.2 ± 9.7 58.5 ± 8.2 
Female/ Male (Female, 

%) 
24/36 
(40.0%) 

23/17 
(57.5%) 

58/29 
(66.7%) 

17/13 
(56.7%) 

Education (years) 15.5 ± 2.4 16.5 ± 2.7 10.3 ± 3.8 12.2 ± 3.7 
APOE ε4 -positive/ 

negative (positive, %) 
1 

35/24 
(59.3%) 

8/32 
(20.0%) 

56/30 
(65.1%) 

N.A. 

MCI/AD (MCI, %) 41/19 
(68.3%) 

/ 33/54 
(37.9%) 

/ 

Age at onset (years) 70.2 ± 7.6 / 63.9 ± 10.1 / 
EOAD/LOAD (EOAD, 

%) 
12/48 
(20.0%) 

/ 41/46 
(47.1%) 

/ 

Disease duration 
(years) 

7.5 ± 4.6 / 2.2 ± 1.9 / 

MMSE 23.3 ± 4.9 29.0 ± 1.1 20.4 ± 6.5 28.2 ± 1.4 
MOCA 18.0 ± 5.7 26.9 ± 2.1 14.1 ± 6.0 N.A. 
CDRSB 4.6 ± 3.6 0.1 ± 0.3 6.9 ± 3.4 N.A. 
FAQ 12.0 ± 9.2 0.2 ± 0.6 14.3 ± 6.9 N.A. 

Data are presented as mean ± standard deviation unless otherwise specified. 
Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; SMS, 
Shanghai Memory Study; APOE, Apolipoprotein E; MCI, mild cognitive 
impairment; AD, Alzheimer’s disease; HCs: cognitively healthy controls; EOAD, 
early-onset AD; LOAD, late-onset AD; MMSE, Mini-Mental Status Examination; 
MOCA, Montreal Cognitive Assessment; CDRSB, Clinical Dementia Rating, Sum 
of Boxes; FAQ, Functional Assessment Questionnaire; N.A., not available. 

1 The presence of at least one APOE ε4 allele was regarded as APOE ε4-posi-
tivity. Data on the APOE genotype from the ADNI cohort and from the SMS 
cohort were missing for one patient, respectively. 
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groups revealed that the former harbored more severe tau [median 
(interquartile range) of global SUVR: 1.61 (0.29) versus 1.27 (0.18), p <
0.001; Fig. 1B] and amyloid [median (interquartile range) of global 
SUVR: 1.62 (0.30) versus 1.39 (0.28), p = 0.015; Fig. 1C] burdens. 

3.1.2. Longitudinal cognitive decline in patients with asymmetric and 
symmetric tau distribution 

Nine (64.3%) and 30 (65.2%) patients who showed an asymmetric 
versus symmetric tau distribution underwent at least one follow-up ex-
amination after baseline PET tau imaging (mean time interval from the 
scan: 1.6 years, standard deviation: 0.8 years). The clinical profiles are 
presented in Table 2. After adjustment for age at baseline, education 
(years), APOE ε4 status, and sex, LMEM analyses identified a less 
favorable prognosis in patients with asymmetric tau distribution 
(Fig. 2A, Supplementary Table 4). A more rapid cognitive deterioration 
(annual difference: β ± SE) was observed for the MMSE (-0.92 ± 0.46, p 
= 0.053), Alzheimer’s Disease Assessment Scale (11 items, ADAS11; 
1.82 ± 0.87, p = 0.041), Clinical Dementia Rating (Sum of Boxes, 
CDRSB; 0.79 ± 0.35, p = 0.030), and Functional Assessment Question-
naire (FAQ; 2.42 ± 0.83, p = 0.005) scores. When further adjusted for 
EOAD/LOAD, the longitudinal cognitive declines reflecting by all above 
neuropsychological tests did not appreciably change (Supplementary 
Table 4). 

3.2. Findings from the SMS cohort 

3.2.1. Baseline characteristics of patients with asymmetric and symmetric 
tau distribution 

The cross-sectional findings in the SMS cohort were generally 
consistent with those observed in the ADNI cohort. First, we found a 
higher proportion of EOAD in the asymmetric group (p = 0.026). No 
significant difference was seen on age at baseline (p = 0.281) and age at 
onset (p = 0.325). Similarly, there were no significant differences in 

terms of sex, education (years), disease duration, APOE ε4 status, and 
proportion of MCI patients (all p > 0.35). As for cognitive function, no 
obvious differences were found between the two groups (all p > 0.15; 
Table 3, Supplementary Table 3). On analyzing PET biomarkers (Fig. 1E- 
F), the asymmetric group suffered from a more severe “T” burden than 
the symmetric group [median (interquartile range) of global SUVR: 1.55 
(0.47) versus 1.30 (0.46), p = 0.007], while no significant intergroup 
difference was found in amyloid burden [median (interquartile range) of 
global SUVR: 1.42 (0.16) versus 1.39 (0.27), p = 0.662]. Meanwhile, 
comparison of blood biomarkers between asymmetric and symmetric 
groups showed a consistent finding in “T” burden and a similar trend in 
“A” burden: median (interquartile range) of p-tau 181 levels: 5.10 (2.33) 
versus 4.11 (1.91) pg/mL, p = 0.007; median (interquartile range) of P- 
tau181/Aβ42 ratio: 0.06 (0.27) versus 0.47 (0.15), p < 0.001; mean ±
standard deviation of Aβ42/Aβ40 ratio: 0.048 ± 0.012 versus 0.050 ±
0.012, p = 0.546 (Fig. 3). No significant intergroup differences in plasma 
biomarkers of neurodegeneration were observed [median (interquartile 
range) of T-tau: 2.88 (2.01) versus 3.13 (3.08) pg/mL, p = 0.946; and 
NfL: 19.07 (7.09) versus 17.12 (6.11) pg/mL, p = 0.628]. 

3.2.2. Longitudinal cognitive decline in patients with asymmetric and 
symmetric tau distribution 

Twenty-six (61.9%) and 26 (57.8%) patients who showed an asym-
metric versus symmetric tau distribution underwent at least one clinical 
follow-up visit and neuropsychological testing after baseline PET im-
aging (mean time interval from the scan: 1.2 years, standard deviation: 
0.8 years). The patient clinical profiles are presented in Table 3. On 
applying LMEM analyses, we found that the difference of slope of lon-
gitudinal cognitive decline was similar to that observed in the ADNI 
cohort in terms of global cognition and language function (Fig. 2B, 
Supplementary Table 4). Patients with asymmetric tau distribution 
declined more rapidly than those with a symmetric distribution with 
respect to the following tests or domains (annual difference: β ± SE): 

Table 2 
Demographic and clinical data of patients with asymmetric versus symmetric tau distribution in the ADNI (18F-Flortaucipir) cohort.   

Cross-sectional (n = 60) Longitudinal (n = 39)  
Asymmetric tau 
distribution 
(n = 14) 

Symmetric tau 
distribution 
(n = 46) 

p value Asymmetric tau 
distribution 
(n = 9) 

Symmetric tau 
distribution 
(n = 30) 

p value 

Age at baseline (years) 72.4 ± 9.0 79.2 ± 7.4 0.006a** 69.8 ± 10.5 79.5 ± 5.7 0.025a** 

Female/ Male (Female, %) 7/7 (50.0%) 17/29 (37.0%) 0.383b 4/5 (44.4%) 11/19 (36.7%) 0.674b 
Education (years) 14.6 ± 2.2 15.7 ± 2.5 0.152a 15.0 ± 1.7 15.6 ± 2.5 0.537a 
APOE ε4-positive/negative (positive, %) 

1 
9/5 (64.3%) 26/19 (57.8%) 0.261c 6/3 (66.7%) 18/11 (62.1%) 0.840c 

MCI/AD (MCI, %) 8/6 (57.1%) 33/13 (71.7%) 0.308c 2/7 (22.2%) 13/17 (43.3%) 0.348c 
Age at onset (years) 65.9 ± 7.4 71.4 ± 7.3 0.017a* 63.7 ± 7.7 71.9 ± 6.0 0.002a** 

EOAD/LOAD (EOAD, %) 5/9 (35.7%) 7/39 (15.2%) 0.093b 4/5 (44.4%) 3/27 (10.0%) 0.018b* 
Disease duration at baseline (years) 6.4 ± 4.0 7.8 ± 4.8 0.352a 6.8 ± 4.8 7.7 ± 4.0 0.581a 
Baseline-last visit interval (years) / / / 1.3 ± 0.5 1.8 ± 0.9 0.177a 
MMSE at baseline 21.3 ± 5.5 23.9 ± 4.6 0.126d 20.9 ± 6.2 25.0 ± 3.4 0.009d** 

MMSE at last visit2 / / / 15.8 ± 7.3 22.6 ± 4.9 0.013d* 
MOCA at baseline 14.3 ± 6.2 19.0 ± 5.2 0.015d* 14.0 ± 6.9 19.4 ± 5.0 0.035d* 
MOCA at last visit2 / / / 13.6 ± 6.8 19.4 ± 6.8 0.002d** 

CDRSB at baseline 5.2 ± 3.8 4.4 ± 3.6 0.279d 5.0 ± 4.4 3.5 ± 2.6 0.019d* 
CDRSB at last visit2 / / / 8.2 ± 3.7 5.5 ± 4.3 0.084d 
FAQ at baseline 12.9 ± 9.6 11.7 ± 9.2 0.401d 11.6 ± 9.9 9.8 ± 8.1 0.141d 
FAQ at last visit2 / / / 18.9 ± 7.6 12.1 ± 10.5 0.072d 
RCD/NCD (RCD, %) / / / 2/7 (22.2%) 2/28 (6.7%) 0.387e 

Data are presented as mean ± standard deviation unless otherwise specified. 
a. Student’s t-test. b. Chi-square test. c. Mann-Whitney U test. d. Generalized linear model adjusted for age and disease duration at baseline, education (years), APOE ε4 
status, and sex. e. Generalized linear model adjusted for age and disease duration at baseline, education (years), APOE ε4 status, sex, and MMSE score at baseline. 
*, p < 0.05; **, p < 0.01. 
Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, Apolipoprotein E; MCI, mild cognitive impairment; AD, Alzheimer’s disease; EOAD, early- 
onset AD; LOAD, late-onset AD; MMSE, Mini-Mental Status Examination; MOCA, Montreal Cognitive Assessment; CDRSB, Clinical Dementia Rating, Sum of Boxes; 
FAQ, Functional Assessment Questionnaire; RCD, Rapid cognitive decline; NCD, Normal rate of cognitive decline. 

1 The presence of at least one APOE ε4 allele was regarded as APOE ε4-positivity. Data on the APOE genotype were missing for one patient. 
2 Neuropsychological results were partially missing at the last visit for some patients. MMSE, CDRSB, and FAQ scores were missing for one patient in the symmetric 

group. The MOCA scores were available for 5 and 23 patients in the asymmetric and symmetric groups, respectively. 

J. Lu et al.                                                                                                                                                                                                                                        



NeuroImage: Clinical 38 (2023) 103416

5

(caption on next page) 

J. Lu et al.                                                                                                                                                                                                                                        



NeuroImage: Clinical 38 (2023) 103416

6

MMSE: − 1.16 ± 0.51, p = 0.035; Boston Naming Test (BNT): − 2.12 ±
0.74, p = 0.008. Albeit not statistically significant, the asymmetric group 
also showed a trend toward a less favorable global cognition (MOCA: 
− 0.94 ± 0.54, p = 0.097), instrumental activities of daily living function 
(FAQ: 0.99 ± 0.55, p = 0.084). No other differences in neuropsycho-
logical testing were observed (all p > 0.25). When further adjusted for 
EOAD/LOAD, the results remained similar (Supplementary Table 4). 
Notably, a higher proportion of RCD was observed in the asymmetric 
group (30.8% versus 7.7%, p = 0.027). 

3.3. Findings from the combined cohort 

The calculation of standardized Z-scores (absGAS) in the asymmetric 
and symmetric groups allowed merging the ADNI and SMS cohorts into a 
unique group for additional analysis. Consistently, patients with asym-
metric tau distribution had a higher percentage of EOAD (53.6% versus 
28.4%, p = 0.001), along with younger age at onset (mean ± standard 
deviation: 63.6 ± 10.1 versus 68.2 ± 9.3, p = 0.004) and age at baseline 
(mean ± standard deviation: 66.8 ± 10.1 versus 73.3 ± 10.4, p < 0.001). 
While the global cognitive function and functional impairment in daily 
living were similar between the two groups (all p > 0.7), patients with 
asymmetric tau distribution had a higher percentage of RCD (28.9% 
versus 7.1%, p = 0.004). In the asymmetric group, the results of LMEM 
consistently revealed a rapid cognitive decline according to MMSE (β ±
SE = -1.46 ± 0.34, p < 0.001), MOCA (β ± SE = -1.31 ± 0.36, p <
0.001), CDRSB (β ± SE = 0.55 ± 0.22, p = 0.017), and FAQ (β ± SE =
1.77 ± 0.48, p < 0.001; Fig. 2C) scores. When further adjusted for 
EOAD/LOAD, the results did not appreciably change (Supplementary 
Table 4). 

3.4. Comparison between patients with left- and right-predominant 
asymmetric tau distribution 

As the sample size in the ADNI cohort was limited and cognitive data 
with respect to specific domains were unavailable, the exploratory 
comparisons between left- and right-predominant asymmetric tau dis-
tribution subgroups were performed in the SMS cohort only. Of the 42 
patients with asymmetric tau deposition, 22 (52.4%) and 20 (47.6%) 
were left- and right-predominant, respectively. While no significant 
differences were observed in terms of demographic characteristics, 
cognition, and measures of “A/T” pathology, the left-predominant group 
showed more severe neurodegeneration [median (interquartile range) 
of plasma T-tau: 3.30 (2.38) versus 2.34 (2.30) pg/mL, p = 0.096; plasma 
NfL: 20.59 (11.95) versus 17.00 (6.77) pg/mL, p = 0.032; Supplementary 
Table 5). 

4. Discussion 

This study, conducted in two ethnically diverse, independent co-
horts, has three principal findings. First, we confirmed that an asym-
metric tau distribution is existed in patients with AD. Second, compared 
with patients with symmetric tau distribution, those with an asymmetric 
tau distribution were characterized by an earlier disease onset, and a 
more severe AD-related pathological burden. Third, the presence of 
asymmetric tau deposits was associated with a more rapid cognitive 

decline. Collectively, these findings provide initial evidence that the 
asymmetric tau distribution on PET may be one of the hallmarks of AD 
heterogeneity worthy of in-depth investigation. For further application, 
more comprehensive evaluation and validation of the different asym-
metry indicators, and the investigation on the underlying mechanisms 
are imperative. 

AD is conceptualized as a neurodegenerative disease spectrum with 
substantial phenotypic heterogeneity (Vogel et al., 2021). Within the 
non-linear dynamic continuum of AD pathophysiology, an asymmetric 
pathology is most commonly observed in atypical AD (Gefen et al., 2012; 
Lehmann et al., 2013; Nasrallah et al., 2018; Ohm et al., 2020; Tetzloff 
et al., 2018), which is characterized by accelerated and more severe 
clinical manifestations within common AD subtypes (Vogel et al., 2021). 
Recently, such uneven involvement was also revealed in certain patients 
with typical AD (Frings et al., 2015; Vogel et al., 2021; Weise et al., 
2018; Yoon et al., 2021). However, previous investigations were chiefly 
focused on amyloid depositions or neurodegeneration. In this scenario, 
the clinical and prognostic relevance of asymmetric tau distribution has 
not been entirely elucidated. In this study, we investigated the unbal-
anced tau deposition on tau PET imaging within pathologically 
confirmed (A + ) patients with MCI and AD dementia, and found 
asymmetry in some subjects. Our results were in line with those of two 
recent studies where the asymmetric temporoparietal involvement / 
medial temporal lobes involvement on 18F-Flortaucipir tau PET imaging 
was identified as the distinct trajectories of tau deposition associated 
with specific clinical phenotypes in patients with AD / individual with 
preclinical AD (Vogel et al., 2021; Young et al., 2022). Notably, an 
asymmetric pathological pattern can be universally found in other 
neurodegenerative disorders – including FTLD (Bang et al., 2015) and 
CBD (Di Stasio et al., 2019). The relatively strict inclusion criteria (all 
patients were “A+”) applied in current study and the exclusive exclusion 
of patients with clinically atypical AD in the SMS cohort allowed us to 
reduce the amount of confounding and increase the reliability of our 
conclusions. The exclusion of atypical AD in the SMS (18F-Florzolotau) 
cohort could partly underestimate the rate of asymmetric tau pattern in 
the entire AD spectrum. Surprisingly, the proportion of patients with 
asymmetric tau distribution in the SMS (18F-Florzolotau) cohort was 
higher than that observed in the ADNI (18F-Flortaucipir) cohort (48.3% 
versus 23.3%). This difference may be related to the younger age at onset 
(EOAD%: 47.1% versus 20.0%) and the more advanced disease stages 
(AD dementia%: 62.1% versus 31.7%) in the SMS (18F-Florzolotau) 
cohort; in this regard, more aggressive variants can enhance the 
expression of specific subtypes (Vogel et al., 2021). Alternatively, we 
cannot rule out the possibility that the occurrence of the asymmetric tau 
pattern could have been underestimated in the ADNI cohort. Although 
both 18F-Flortaucipir and 18F-Florzolotau are targeted to pathological 
tau, they have different binding properties, that is, the former used in the 
ADNI cohort has a high sensitivity to paired helical filaments (PHFs) but 
its affinity to 4R-tau is limited (Marquié et al., 2017), whereas the latter 
applied to the SMS cohort has showed the high affinity to both PHFs and 
4R-tau deposits (Tagai et al., 2021). 

Our results obtained in two independent, ethnically diverse cohorts 
support the notion that an asymmetric tau distribution on PET imaging 
may be an important clue to an earlier age at onset and a more severe 
pathological burden. An earlier age at onset in AD has been associated 

Fig. 1. Differences in “A/T” burden in patients with asymmetric versus symmetric tau distribution on PET images. (A) Average tau SUVR PET images in patients with 
asymmetric versus symmetric tau distribution in the ADNI cohort. In presence of an asymmetric tau distribution, images of patients with a left asymmetry were 
flipped on the X-axis, whereas images of patients with a symmetric tau distribution were randomly flipped on the X-axis. (B-C) In the ADNI cohort, the global tau and 
amyloid burden was investigated using 18F-Flortaucipir PET and 18F-Florbetapir PET imaging, respectively. Three patients whose amyloid PET imaging was per-
formed not during the same period of their tau PET scan were excluded from the comparison of amyloid burden. (D) Average tau SUVR PET images in patients with 
asymmetric versus symmetric tau distribution in the SMS cohort. The methodology was identical to that implemented in the ADNI cohort. (E-F) In the SMS cohort, the 
global tau and amyloid burden was investigated using 18F-Florzolotau PET and 18F-Florbetapir PET imaging. Four patients with 11C-PIB amyloid PET imaging were 
excluded from comparisons of the amyloid burden. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant; Mann-Whitney U test. The error bars represent the 
median (interquartile range). Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; SMS, Shanghai Memory Study; SUVR, standardized uptake value 
ratio; MCI, mild cognitive impairment; AD, Alzheimer’s disease. 

J. Lu et al.                                                                                                                                                                                                                                        



NeuroImage: Clinical 38 (2023) 103416

7

(caption on next page) 

J. Lu et al.                                                                                                                                                                                                                                        



NeuroImage: Clinical 38 (2023) 103416

8

with atypical clinical symptoms (i.e., behavioral manifestations), non- 
memory impairment, rapid disease progression, more severe patholog-
ical tau burden (Cho et al., 2017; Marshall et al., 2007) and relatively 
atypical pathological tau distribution (Murray et al., 2011; Vogel et al., 
2021). Here, we found that an asymmetric tau pattern was associated 
with the clinical and pathological features of early-onset AD. It’s worth 
noting that the more severe amyloid burden in the asymmetric group 
compared with the symmetric group was observed in the ADNI cohort by 
amyloid PET, while in the SMS cohort, it was only found significant in 
plasma P-tau181/Aβ42 ratio, a biomarker which was recently reported 
to outperform plasma Aβ42/Aβ40 ratio in differentiating A + AD from 
A- subjects (Chong et al., 2021). The higher proportion of MCI due to AD 
in the ADNI cohort than the SMS cohort may help to explain given that 
the amyloid accumulation would reach a plateau earlier than tau (Aisen 
et al., 2017). Given the difference in the composition of participants 
between the cohorts in our research, future validation in subjects with 
similar enrollment is necessary. In addition to “A/T” burden, changes in 
“N” were also compared via plasma T-tau and NfL levels between the 
asymmetric and symmetric groups in the SMS cohort. The insignificant 
differences in these “N” biomarkers may be because of their low speci-
ficity of AD neuropathology (Smirnov et al., 2022). Of note, asymmetry 
in amyloid deposition was previously reported to be clinically relevant, 
which was consistent with our findings (Frings et al., 2015; Yoon et al., 

2021). However, considering the different spatiotemporal trajectories of 
amyloid and tau during the progression of AD (Goedert, 2015), the as-
sociation between their asymmetries remains to be explored. Further 
studies encompassing the asymmetric distribution throughout the entire 
“A/T/N” pathological framework are warranted. 

On analyzing the prognostic significance of asymmetric tau distri-
bution, we found this PET imaging feature predicted a steeper cognitive 
decline over time. Brain asymmetries have been previously implicated in 
human cognition by affecting the functional network organization 
(Postema et al., 2019; Wang et al., 2014). Roe et al. (2021) demonstrated 
that asymmetric thinning of the cerebral cortex occurs during normal 
aging and is accelerated in AD. Yoon et al. (2021) have also recently 
reported that asymmetric amyloid deposition on PET images may serve 
as an early sign of progression in MCI and AD. In light of the anatomical 
overlaps between the occurrence of cortical thinning and tau deposition 
in AD (Jagust, 2018), we found that asymmetric tau deposition was 
associated with a more rapid cognitive decline over time in two inde-
pendent cohorts – despite the differences of baseline characteristics in 
cognitive function. Given that the proportion of EOAD might confound 
the between-group differences, the subgroup of EOAD and LOAD was 
also included as a covariate in the longitudinal analysis, and the more 
rapid cognitive decline remained significant in the asymmetric group 
compared with the symmetric group. Our study confirms and expands 

Fig. 2. Raw scores and estimated annual changes on neuropsychological testing over time in patients with asymmetric versus symmetric tau distribution. The 
compound figures consisted of raw spaghetti plots with separate lines showing the unadjusted mean trajectory (with its 95% confidence interval) and the estimated 
annual changes after adjusting for age at baseline, education (years), APOE ε4 status, and sex for each cohort (A-B). Different cohort was further adjusted when 
analyzing the combined cohort (C). The spaghetti plots depict the raw scores on neuropsychological tests administered at each visit; the separate lines denote the 
unadjusted mean trajectory (with its 95% confidence interval) of patients with asymmetric versus symmetric tau distribution. In the ADNI cohort, limited data were 
available for the last three visits (asymmetric tau distribution: n = 2, 0, 0; symmetric tau distribution: n = 10, 4, 2). Similarly, data concerning the last two visits were 
limited in the SMS cohort (asymmetric tau distribution: n = 0, 0; symmetric tau distribution: n = 1, 2). Therefore, lines were generated after their exclusion. The bar 
charts show the estimated annual changes of scores on neuropsychological tests. The p values are calculated for the differences in the slope of longitudinal decline 
between patients with asymmetric versus symmetric tau distribution using a linear mixed-effect model adjusted for age at baseline, education (years), APOE ε4 status, 
and sex for each cohort; disease duration was considered as a time scale. Different cohort was further adjusted when analyzing the combined cohort. *, p < 0.05; **, 
p < 0.01; ***, p < 0.001. Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; SMS, Shanghai Memory Study; MMSE, Mini-Mental Status Examination; 
MOCA, Montreal Cognitive Assessment; CDRSB, Clinical Dementia Rating, Sum of Boxes; FAQ, Functional Assessment Questionnaire; ADAS11, Alzheimer’s Disease 
Assessment Scale (11 items); BNT, Boston Naming Test. 

Table 3 
Demographic and clinical data of patients with asymmetric versus symmetric tau distribution in the SMS (18F-Florzolotau) cohort.   

Cross-sectional (n = 87) Longitudinal (n = 52)  
Asymmetric tau distribution 
(n = 42) 

Symmetric tau distribution 
(n = 45) 

p value Asymmetric tau distribution 
(n = 26) 

Symmetric tau distribution 
(n = 26) 

p value 

Age at baseline (years) 65.0 ± 9.9 67.2 ± 9.5 0.281a 63.2 ± 9.6 66.9 ± 10.9 0.191a 
Female/ Male (Female, %) 26/16 (61.9%) 32/13 (71.1%) 0.363b 15/11 (57.7%) 17/9 (65.4%) 0.569b 
Education (years) 10.3 ± 3.5 10.3 ± 4.0 0.997a 9.9 ± 3.7 11.2 ± 4.0 0.239a 
APOE ε4-positive/negative (positive, %) 1 26/15 (63.4%) 30/15 (66.7%) 0.753c 13/12 (52.0%) 17/9 (65.4%) 0.266c 
MCI/AD (MCI, %) 15/27 (35.7%) 18/27 (40.0%) 0.682c 8/18 (30.8%) 8/18 (30.8%) 1.000c 
Age at onset (years) 62.8 ± 10.3 64.9 ± 10.0 0.325a 60.5 ± 9.7 64.2 ± 11.3 0.217a 
EOAD/LOAD (EOAD, %) 25/17 (59.5%) 16/29 (35.6%) 0.026b* 19/6 (76.0%) 11/14 (44.0%) 0.021b* 
Disease duration at baseline (years) 2.2 ± 2.0 2.3 ± 1.9 0.811a 2.6 ± 2.1 2.8 ± 2.2 0.745a 
Baseline-last visit interval (years) / / / 1.2 ± 0.8 1.1 ± 0.8 0.629a 
MMSE at baseline 20.7 ± 6.5 20.2 ± 6.6 0.296d 20.2 ± 7.0 18.7 ± 7.6 0.032d* 
MMSE at last visit / / / 15.8 ± 8.5 16.8 ± 9.0 0.850d 
MOCA at baseline 14.6 ± 5.6 13.7 ± 6.4 0.160d 14.2 ± 5.8 12.8 ± 7.0 0.018d* 
MOCA at last visit / / / 10.3 ± 7.3 12.2 ± 8.3 0.812d 
CDRSB at baseline 7.0 ± 3.4 6.9 ± 3.5 0.878d 7.1 ± 3.8 7.4 ± 3.9 0.416d 
CDRSB at last visit / / / 9.1 ± 4.1 8.8 ± 4.6 0.995d 
FAQ at baseline 14.3 ± 6.4 14.3 ± 7.4 0.594d 14.2 ± 7.1 15.2 ± 8.5 0.080d 
FAQ at last visit / / / 18.3 ± 8.5 17.0 ± 9.4 0.886d 
RCD/NCD (RCD, %) / / / 8/18 (30.8%) 2/24 (7.7%) 0.027e* 

Data are presented as mean ± standard deviation unless otherwise specified. 
a. Student’s t-test. b. Chi-square test. c. Mann-Whitney U test. d. Generalized linear model adjusted for age and disease duration at baseline, education (years), APOE ε4 
status, and sex. e. Generalized linear model adjusted for age and disease duration at baseline, education (years), APOE ε4 status, sex, and MMSE score at baseline. 
*, p < 0.05. 
Abbreviations: SMS, Shanghai Memory Study; APOE, Apolipoprotein E; MCI, mild cognitive impairment; AD, Alzheimer’s disease; EOAD, early-onset AD; LOAD, late- 
onset AD; MMSE, Mini-Mental Status Examination; MOCA, Montreal Cognitive Assessment; CDRSB, Clinical Dementia Rating, Sum of Boxes; FAQ, Functional 
Assessment Questionnaire; RCD, Rapid cognitive decline; NCD, Normal rate of cognitive decline. 

1 The presence of at least one APOE ε4 allele was regarded as APOE ε4-positivity. Data on the APOE genotype were missing for one patient. 
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previous observations on the potential value of tau PET imaging in 
predicting the progression of cognitive decline within the AD spectrum 
(Jack et al., 2020; Joie et al., 2020). Subject to future confirmation, the 
unfavorable prognostic value of an asymmetric tau deposition may have 
a significant translational impact in terms of therapeutic interventions, 
planning for care, and other dimensions related to disease management. 

The mechanisms underlying the asymmetric versus symmetric tau 
distribution deserve further investigation. Complex genetic and epige-
netic factors are likely to play a role as they have been shown to influ-
ence age-related brain changes (Fjell et al., 2015), cortical thickness 
asymmetry (Li et al., 2015), brain development (Ziffra et al., 2021) and 
age-related diseases (Mc Auley, 2021). Notably, a study conducted in PD 
has shown that divergent neuronal epigenetic patterns are associated 
with its hemispheric asymmetry (Li et al., 2020). In the current study, 

the APOE ε4 allele was not found to affect asymmetric versus symmetric 
tau distribution in AD. While this may be explained by the relatively 
minor role played by the APOE ε4 allele in EOAD (Smirnov et al., 2021), 
the possibility that the sample size may not have been sufficiently large 
to identify significant differences should not be excluded. Future 
genome-wide studies in the field of imaging genetics – exploring how 
genetic and epigenetic risk factors may affect brain imaging findings – 
will be required to analyze and characterize intermediate biological 
phenotypes responsible for the differences in tau lateralization within 
the AD spectrum. While sex and education are also known to influence 
AD heterogeneity, they were not found to influence tau distribution in 
the current study. Besides, the molecular diversity of tau, which asso-
ciates with differences in aggressiveness of clinical course in AD 
(Dujardin et al., 2020) may also help to explain, although detection of 

Fig. 3. Plasma biochemical markers of the “A/T/N” 
classification system in patients with asymmetric 
versus symmetric tau distribution in the SMS (18F- 
Florzolotau) cohort. **, p < 0.01; ***, p < 0.001; n.s., 
not significant; Student’s t-test for plasma Aβ42/ 
Aβ40 ratio, and Mann-Whitney U test for others. The 
error bars represent the mean (standard deviation) for 
plasma Aβ42/ Aβ40 ratio, and median (interquartile 
range) for others. Abbreviations: MCI, mild cognitive 
impairment; AD, Alzheimer’s disease; Aβ, amyloid- 
beta protein; P-tau181, tau phosphorylated at threo-
nine 181; T-tau, total tau; NfL, neurofilament protein 
light chain.   
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different tau forms in vivo remains challenging. 
Even though the sample size in each subgroup was small, we divided 

patients with an asymmetric tau distribution in the SMS cohort ac-
cording to their left- versus right-predominance. No significant differ-
ence was observed in terms of demographic characteristics or cognitive 
performances; however, more severe neurodegeneration (plasma t-tau 
and NfL) was observed in the patients with left-predominance. Cognitive 
processing – including language and visuospatial functioning – is 
deemed to show hemispheric dominance. Our data concerning the lack 
of differences in cognitive performance should be considered pre-
liminary and warrants further confirmation. Similarly, the occurrence of 
more severe neurodegeneration in patients with left-predominance de-
serves further scrutiny because of the limited sample size. 

There are limitations to this study. First, the two cohorts differed in 
the proportion of patients with MCI due to AD – which limited the ability 
to further compare the baseline cognitive characteristics between the 
ADNI and SMS cohorts. Meanwhile, although the current study focused 
on typical AD, we could not rule out atypical AD, if any, in the ADNI 
cohort due to the lack of detailed information on clinical phenotype. 
Second, HCs in the SMS cohort were younger than patients. While a 
previous study has shown that 18F-Florzolotau uptake did not correlate 
with age in HCs (Li et al., 2021), further research with a larger sample 
size of age-matched controls is necessary to confirm our data. Besides, 
other demographic mismatches between patients and controls also 
warranted attention. Validation in large-scale studies with matched HCs 
should be scheduled. Third, the limited sample size precluded additional 
comparisons of patients according to their left- versus right- 
predominance, as well as separate analysis of MCI due to AD and AD 
dementia. Fourth, it is also possible that the sample size may have not 
been sufficiently large (in terms of study power) to identify an impact of 
the APOE ε4 allele, sex, and education on asymmetric versus symmetric 
tau distribution and, for that reason, larger prospective cohorts are 
needed. Fifth, the sample size for the longitudinal study and the follow- 
up time were limited. Sixth, as we had no longitudinal imaging data, we 
were unable to track the dynamic changes of asymmetric tau distribu-
tion occurring over time. Seventh, the interval between tau PET imag-
ing, structural MRI, and neuropsychological testing may affect the 
consistency of clinical symptoms and pathological burden. Finally, our 
study was not specifically designed to identify the biological mecha-
nisms responsible for an asymmetric versus symmetric tau distribution. 
Future imaging genetics studies aimed at exploring how genetic factors 
correlate with PET tau imaging findings should work to address this 
caveat. 

5. Conclusions 

The current study demonstrates that asymmetric tau distribution 
represents an important feature of AD heterogeneity. Albeit preliminary, 
our results suggest that an asymmetric pattern on tau PET imaging 
identifies a subgroup of patients with an earlier disease at onset and a 
more aggressive clinical course in terms of cognitive decline. 
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