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A B S T R A C T

Background: Hippocampal atrophy is a key marker of Alzheimer’s disease (AD)- related neurodegeneration; 
however, hippocampal volume alone may not fully capture heterogeneity in cognitive decline. Left–right hip
pocampal asymmetry may provide complementary information, but its prognostic value for long-term cognitive 
decline, particularly in relation to AD pathology, remains unclear.
Objectives: To determine whether hippocampal total volume and left-right hippocampal asymmetry provide 
complementary and independent information in capturing cognitive decline and clinical progression, and to 
examine their relationship to AD pathology.
Design: Analysis of baseline MRI and longitudinal cognitive data over 10 years in four domains of memory, 
language, executive, and visuospatial function, using harmonized cognitive data from the Alzheimer’s Disease 
Sequencing Project – Phenotype Harmonization Consortium (ADSP-PHC).
Setting: Participants from ADNI 1, ADNI GO, ADNI 2, and ADNI 3
Participants: A total of 1,142 dementia-free participants from the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI) with available baseline structural MRI, cerebrospinal fluid (CSF) amyloid-β (Aβ42) and phosphorylated 
tau (p-tau-181), and longitudinal cognitive follow-up.
Measurements: Total hippocampal volume (left + right) and hemispheric asymmetry (absolute left–right volu
metric difference) were modeled simultaneously. Linear mixed-effects models examined associations with 
baseline performance and longitudinal change across four cognitive domains. Cox proportional hazards models 
assessed risk of clinical progression to clinical dementia over up to 10 years of follow-up (median follow-up 4 
years; median 5 visits per participant). All analyses adjusted for age, sex, education, APOE ε4 status, and CSF 
biomarkers, with stratification by amyloid status.
Results: The study cohort included 546 women (47.8%), with a mean age of 72.54 ± 6.98 years. Smaller total 
hippocampal volume was consistently associated with worse baseline performance and faster decline across all 
four cognitive domains, even after adjustment for amyloid and tau. In contrast, greater left-right hippocampal 
asymmetry was selectively associated with worse performance and faster decline in memory, independent of 
total hippocampal volume. In amyloid-stratified analyses, total hippocampal volume showed broad associations 
with cognitive performance across multiple domains in both amyloid-positive and amyloid-negative participants, 
whereas hippocampal left-right asymmetry demonstrated selective associations with memory performance, 
which were observed only among amyloid-negative individuals. With respect to clinical progression to dementia, 
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smaller total hippocampal volume was associated with a higher risk of progression in the overall cohort and 
within both amyloid groups. In contrast, hippocampal asymmetry was associated with progression risk only 
among amyloid-negative individuals (hazard ratio per SD increase = 1.31, 95% CI: 1.03–1.65).
Conclusions: Hippocampal total volume and asymmetry capture distinct aspects of neurodegeneration, with 
asymmetry providing additional prognostic information for memory decline and clinical progression in the 
absence of detectable amyloid pathology.

1. Introduction

The hippocampus plays a central role in memory and other higher 
cognitive functions and is among the earliest brain structures affected in 
Alzheimer’s disease (AD) [1] Progressive hippocampal atrophy is a 
well-established neuroimaging biomarker of AD-related neuro
degeneration and is strongly associated with cognitive decline and 
clinical progression to dementia [2] However, despite its robust asso
ciation with disease severity, hippocampal volume loss alone may not 
fully explain the heterogeneity of cognitive decline observed in older 
adults, particularly in individuals without overt AD pathology. This 
heterogeneity has important implications for dementia prevention and 
clinical trials, as inclusion of individuals with non-AD neurodegenera
tive processes may contribute to the limited efficacy of anti-amyloid 
interventions in older populations.

Increasing attention has shifted toward identifying additional 
structural characteristics of the hippocampus that may capture neuro
degenerative processes not fully reflected by total volume loss. One such 
feature is hemispheric hippocampal asymmetry, reflecting dispropor
tionate left-right degeneration that may signal focal or regionally selective 
vulnerability [3,4] Unlike global atrophy, asymmetry may reflect dif
ferences in the spatial patterning of neurodegeneration, potentially 
providing complementary prognostic information. However, it remains 
unclear whether hippocampal asymmetry contributes information 
beyond total hippocampal volume for predicting future cognitive 
decline, and how this asymmetry relates to underlying AD pathology.

Prior studies have consistently demonstrated associations between 
hippocampal volume and memory performance across normal aging, 
mild cognitive impairment (MCI), and AD dementia [4–7] In contrast, 
evidence regarding hemispheric hippocampal asymmetry has been 
inconsistent, with reported associations varying by population, study 
design, and cognitive outcome. Some cross-sectional studies have re
ported greater hippocampal asymmetry is associated with poorer 
cognitive performance in MCI and early AD, while others have found no 
consistent relationship [3,4,8–11] Moreover, most existing studies of 
hippocampal asymmetry have been cross-sectional or restricted to 
clinically impaired or genetically determined AD populations, limiting 
inference about its prognostic value in dementia-free older adults.

Importantly, no previous study has evaluated hippocampal asym
metry independently of total hippocampal volume, leaving unresolved 
whether asymmetry provides distinct information relevant to early risk 
stratification. Prior studies have typically quantified asymmetry using 
an asymmetry index (the left–right difference normalized by total hip
pocampal volume), which inherently combines hemispheric asymmetry 
with overall hippocampal size [12,13] In this study, we modeled total 
hippocampal volume and absolute hemispheric asymmetry as separate 
but simultaneous variables, to evaluate their independent associations 
with cognition and clinical progression.

Hippocampal asymmetry may be particularly informative in the 
context of age-related neuropathologic processes distinct from classical 
AD. Conditions such as limbic-predominant age-related TDP-43 en
cephalopathy (LATE), hippocampal sclerosis of aging, and vascular- 
related pathologies preferentially affect medial temporal lobe struc
tures and have been increasingly linked to asymmetric hippocampal 
degeneration [14,15] LATE, in particular, shows a strong association 
with hippocampal asymmetry, with higher pathologic stages linked to 
greater left–right volumetric differences, independent of coexisting AD 

neuropathology [16] Hippocampal asymmetry has also been reported in 
other non-amyloid neurodegenerative conditions such as semantic de
mentia and frontotemporal degeneration [17,18] These findings raise 
the possibility that hippocampal asymmetry may serve as an in vivo 
imaging marker of neurodegeneration driven by non-amyloid or mixed 
pathologic pathways.

The present study examined the independent and complementary 
contributions of total hippocampal volume and hemispheric asymmetry 
to cognitive decline and clinical progression in dementia-free older 
adults. Using data from the Alzheimer’s Disease Neuroimaging Initiative 
(ADNI), we investigated whether baseline hippocampal asymmetry was 
associated with longitudinal decline across multiple cognitive domains 
and risk of progression to dementia. By simultaneous modeling hippo
campal volume and asymmetry while accounting for cerebrospinal fluid 
biomarkers of amyloid and tau, we aimed to distinguish global hippo
campal atrophy from asymmetric degeneration and to determine 
whether hippocampal asymmetry captures clinically relevant neurode
generative processes related to, or extending beyond, core AD 
pathology.

2. Methods

2.1. Participants

2.1.1. ADNI study design
Data used in the preparation of this article were obtained from ADNI 

database (adni.loni.usc.edu). The ADNI was launched in 2003 as a 
public-private partnership, led by Principal Investigator Michael W. 
Weiner, MD. The primary goal of ADNI has been to test whether serial 
magnetic resonance imaging (MRI), positron emission tomography 
(PET), other biological markers, and clinical and neuropsychological 
assessment can be combined to measure the progression of MCI and 
early AD. Participants with major neurological disorders or psychiatric 
illness, which could affect brain structure were excluded [19] ADNI data 
collection was approved by the institutional review boards of all 
participating institutions and informed written consent was obtained 
from all participants. Detailed information on measures and methods of 
assessment in the ADNI project are available at http://www.adni.loni. 
usc.edu.

2.1.2. Study participants
We included participants from ADNI 1, ADNI GO, ADNI 2, and ADNI 

3 who met the following criteria at baseline: (1) availability of high- 
quality T1-weighted MRI processed through the ADNI FreeSurfer pipe
line; (2) availability of baseline CSF concentrations of amyloid-β (Aβ42) 
and phosphorylated tau at threonine 181 (p-tau-181); and (3) at least 
two longitudinal cognitive assessments contributing to the harmonized 
domain composite scores. Participants with a baseline diagnosis of de
mentia were excluded. After applying these criteria, 1,142 dementia- 
free individuals were included in the analytic cohort, including 483 
cognitively normal (CN) participants and 659 individuals with MCI. 
Importantly, ADNI diagnoses are based on standardized clinical criteria 
and do not require pathological confirmation, allowing for etiologic 
heterogeneity at the clinical endpoint.

In ADNI, diagnostic classification at baseline followed standardized 
criteria. CN individuals were required to have a Mini-Mental-State Ex
amination (MMSE) scores of 24 or higher; Clinical Dementia Rating 
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(CDR) score of 0, and no evidence of depression. MCI was defined by an 
MMSE score between 24 and 30 (inclusive); a CDR of 0.5, the presence of 
memory complaints, and no significant functional impairment. Partici
pants meeting criteria for AD dementia were required to meet the Na
tional Institute of Neurological and Communicative Disorders and 
Stroke–Alzheimer’s Disease and Related Disorders Association 
(NINCDS-ADRDA) criteria for clinically defined probable AD, an MMSE 
scores between 20 and 26 (inclusive), and a CDR of 0.5 or 1 [20] Clinical 
progression in the present study was defined as meeting ADNI criteria 
for AD dementia during follow; however, because this outcome reflects a 
clinical diagnosis rather than biologically confirmed AD, we use the 
term “dementia” throughout.

2.2. Study measures and outcomes

2.2.1. MRI and hippocampal asymmetry
MRI data were automatically processed using the FreeSurfer soft

ware package available at http://surfer.nmr.mgh.harvard.edu/) by the 
Schuff and Tosun laboratory at the University of California-San Fran
cisco as part of the ADNI shared dataset. FreeSurfer methods for iden
tifying and calculation of regional brain volumes have been described in 
detail previously [21]

For this study, left (L) and right (R) hippocampal volumes were 
adjusted for intracranial volume (ICV). Total hippocampal volume was 
defined as the sum of left and right hippocampal volumes (L+R), and 
hippocampal asymmetry as the absolute hemispheric difference (|L −
R|).

Both total hippocampal volume and hemispheric asymmetry were 
included simultaneously in all statistical models to distinguish effects 
attributable to total atrophy from those reflecting asymmetric neuro
degeneration. To assess potential collinearity between hippocampal 
volume and asymmetry, we calculated variance inflation factors (VIFs) 
and condition indices using a linear regression model including both 
variables. VIF values were < 5 and condition indices were < 30, indi
cating no evidence of problematic multicollinearity. Although absolute 
hemispheric difference may still be influenced by overall hippocampal 
volume, the lack of collinearity suggests that volume and asymmetry 
provide nonredundant information. Modeling both measures simulta
neously allows us to evaluate their independent associations with 
cognitive and clinical outcomes.

2.2.2. Cognition
Harmonized cognitive domain scores were obtained from the Alz

heimer’s Disease Sequencing Project – Phenotype Harmonization Con
sortium (ADSP-PHC) [22] The ADSP-PHC performs centralized curation 
and harmonization of neuropsychological data across multiple aging 
and dementia cohorts, including ADNI, to improve longitudinal consis
tency and cross-study comparability. Item-level test data were assigned 
by expert consensus to four cognitive domains—memory, language, 
executive function, and visuo-spatial function. These domains were 
defined a priori based on established neuropsychological frameworks. 
Cross-cohort “anchor items” (tests administered and scored identically 
across at least two cohorts) were identified to ensure equivalence of 
scoring. Confirmatory factor analysis was then used to estimate a 
harmonized model for each domain, in which anchor item parameters 
were constrained to be equal across studies while study-specific items 
were freely estimated. Co-calibrated parameters from these models were 
subsequently applied to generate composite scores on a common scale 
(range = − 3 to +3) across cohorts and longitudinal time points [23]

The use of harmonized domain composites, rather than individual 
neuropsychological tests, was intended to reduce measurement noise, 
mitigate test-specific practice effects, and enhance sensitivity to longi
tudinal cognitive change. All cognitive domains were included in ana
lyses a priori, with memory examined as a primary domain of interest 
based on the known role of the hippocampus in episodic memory.

2.2.3. CSF Biomarkers
We downloaded “UPENN_CSF_Biomarkers_ROCHE_ELECSYS 

[ADNI1,GO, 2,3]” dataset from the LONI website. This dataset included 
1620 subjects with biomarkers at the baseline visit, from them 1142 had 
longitudinal (2 or more) ADSP-PHC cognitive data in 4 domains. All 
1142 subjects had CSF biomarker data.

CSF samples were batch processed by the ADNI Biomarker Core at 
the University of Pennsylvania School of Medicine using Roche Elecsys 
assay [24] Baseline CSF p-tau181 and Aβ42 levels were included as 
continuous variables in all models. For descriptive purposes and strati
fied models, amyloid positivity was defined as CSF Aβ42 < 977 pg/mL, 
and tau positivity was defined as CSF p-tau181 > 24 pg/mL, consistent 
with validated ADNI cutpoints [25]

2.3. Statistical analysis

Group comparisons. Differences in participant characteristics across 
sex and age subgroups were tested using independent-sample t tests for 
continuous variables and Chi Square test for categorical variables. Visual 
inspection of histograms and Q–Q plots indicated that hippocampal 
volume measures were approximately normally distributed. Therefore, 
parametric tests were used for comparisons of hippocampal volumes.

Cognitive trajectories. To evaluate the effect of baseline total hippo
campal volume and asymmetry on baseline and longitudinal cognitive 
performance, we used linear mixed-effects (LME) models. These models 
accommodate unbalanced follow-up and missing outcome data under a 
missing-at-random assumption. Time was modeled as a continuous 
variable representing years since baseline. The base model included 
fixed effects for time, total hippocampal volume, hippocampal asym
metry, and their interactions with time, as well as covariates (age, sex, 
years of education, and APOE ε4 status). Random intercepts and slopes 
for time were included at the participant level to capture individual 
variability in baseline cognition and rate of cognitive change. Estimates 
for hippocampal volume and asymmetry reflect their association with 
baseline cognitive performance (time 0), whereas the corresponding 
interactions with time represent their association with the rate of 
cognitive change over time. Separate models were fit for each cognitive 
domain.

In secondary models, baseline Aβ42 and p-tau were added as cova
riates in addition to the covariates of the base model. These models were 
used to evaluate whether associations between hippocampal measures 
and cognitive outcomes were independent of core AD-related bio
markers. Amyloid-stratified analyses were conducted as secondary, 
hypothesis-driven analyses to examine potential effect modification by 
baseline amyloid status. Separate LME models were fit within amyloid- 
positive and amyloid-negative groups using identical model specifica
tions. Models included fixed effects for time, hippocampal volume, 
hippocampal asymmetry, and their interactions with time; baseline p- 
tau as a continuous variable; and covariates of age, sex, education, and 
APOE ε4 status.

In a separate model, hippocampal asymmetry magnitude was 
dichotomized into high and low groups based on the 75th percentile of 
the absolute asymmetry (cutoff value = 0.32 cm3). Linear mixed-effects 
models were used to examine the association of high asymmetry with 
cognition, adjusting for total hippocampal volume and relevant cova
riates. The top quartile was selected a priori to identify individuals with 
pronounced hemispheric differences while maintaining sufficient sam
ple size for stable estimation. Because no validated clinical threshold 
exists for hippocampal asymmetry, a distribution-based cutoff provides 
a transparent and reproducible approach for contrasting higher- versus 
lower-severity asymmetry.

Clinical progression (CDR). Cox proportional hazards models were 
used to examine whether hippocampal asymmetry predicted risk of 
clinical progression to dementia. Time to progression was defined as the 
interval between baseline and the first visit at which a participant met 
criteria for ADNI dementia diagnosis. Participants who did not progress 
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were censored at their last follow-up visit. Models included age, sex, 
education, and APOE ε4 carrier status as covariates. Because baseline 
diagnosis (CN vs. MCI) substantially affects baseline hazard, it was 
included as a stratification variable rather than a covariate, allowing the 
baseline hazard to differ between strata while assuming common effects 
of predictors. Total hippocampal volume and hemispheric asymmetry 
were entered simultaneously to evaluate independent effects of total 
volume and asymmetry on progression risk. Kaplan–Meier survival 
curves stratified by baseline hippocampal asymmetry quartiles were 
generated for visualization. All statistical analyses were conducted in 
SPSS version 27 (IBM Corp, Armonk, NY, USA).

3. Results

3.1. Cohort characteristics

The study cohort consisted of 1,142 dementia-free individuals, of 
whom 546 (47.8%) were females, and the mean age was 72.54 ± 6.98 
years. The average total hippocampal volume in the entire sample was 
7.22 ± 1.08 cubic centimeter (cm3), and the average hippocampal 
asymmetry was 0.23 ± 0.17 cm3. The right hippocampal was larger than 
the left hippocampus in the entire cohort (3.67 ± 0.57 vs 3.55 ± 0.54 
cm3, paired t-test, p < 0.001). This pattern was observed in both males 
and females (both p < 0.001). To determine whether this asymmetry 
varied with age, participants were stratified into those younger than 80 
years (n = 980) and those aged 80 years or older (n = 162). The right 
hippocampus remained significantly larger than the left in both age 
groups (both p < 0.001).

Based on the CSF Aβ42 levels, 577 individuals were classified as 
amyloid-negative and 565 as amyloid-positive. Mean hippocampal 
volume was significantly smaller in the amyloid-positive group 
compared to the amyloid-negative group (6.96 ± 1.07 vs. 7.47 ± 1.03, p 
< 0.001). Hippocampal asymmetry was not different between the am
yloid positive and negative groups. Demographic, biomarker, and 
cognitive domain characteristics of the study cohort are summarized in 
Table 1.

3.2. Association of baseline hippocampal asymmetry with cognitive 
performance

In the base model, larger total hippocampal volume was significantly 
associated with better baseline cognitive performance across all four 
cognitive domains (all p < 0.001, Table 2). These associations remained 

significant after adjustment for Aβ, and further for Aβ and tau (all p <
0.001). In the base model, greater hippocampal asymmetry was asso
ciated with worse performance in memory (β = − 0.26 ± 0.10, p =
0.009) and language (β = − 0.21 ± 0.08, p = 0.008); both associations 
remained significant after adjustment for Aβ and for Aβ plus tau. No 
significant associations were found between hippocampal asymmetry 
and executive or visuospatial function in any model.

In the base model, larger total hippocampal volume was associated 
with a slower rate of decline across all four cognitive domains (all p <
0.001; Table 3). These associations remained significant after adjust
ment for Aβ, and, subsequently, for Aβ plus tau (both p < 0.001). In 
contrast, greater hippocampal asymmetry predicted a faster rate of 
decline in memory performance (β = − 0.06 ± 0.02, p = 0.018). This 
association remained significant after adjustment for Aβ and for Aβ plus 
tau (both p = 0.018). No significant associations were observed between 
hippocampal asymmetry and the rate of decline in the other cognitive 
domains.

To further investigate the effect of amyloid burden, we conducted 
stratified analyses by dichotomous baseline Aβ status (Table 4). Among 
Aβ+ individuals, larger total hippocampal volume was associated with 
higher baseline cognitive scores and a slower rate of decline across all 
four domains (all p < 0.001). In Aβ- participants, larger total hippo
campal volume was associated with higher baseline scores and a slower 
rate of decline in memory and language, as well as higher baseline ex
ecutive function (Table 4). In contrast, greater hippocampal asymmetry 
was associated with worse baseline memory performance (β = − 0.31 ±
0.12, p = 0.013) and faster memory decline (β = − 0.07 ± 0.02, p <
0.001) only among Aβ- individuals, with no significant associations 
observed in the Aβ+ group. Hippocampal asymmetry showed trend- 
level associations with baseline language performance in both 
amyloid-negative and amyloid-positive individuals.

To determine whether the association between hippocampal asym
metry and memory decline depended on asymmetry direction, we 
included an interaction term between the asymmetry and laterality (a 

Table 1 
Participants’ characteristics at baseline.

Characteristic All Aβ42- Aβ42+

N (%) 1,142 577 565
Females, n (%) 546 (47.8) 296 (51.3) 250 (44.2)
Age, yr 72.54 (6.98) 71.73 (7.06) 73.37 (6.80)
Education, yr 16.26 (2.66) 16.38 (2.58) 16.13 (2.73)
Aβ42, pg/mL 1160.67 

(634.76)
1648.35 
(534.19)

662.64 
(178.64)

P-tau181, pg/mL 25.02 (12.8) 20.95 (8.68) 29.17 (14.84)
Hippocampal volume 

(cm3)
7.22 (1.08) 7.47 (1.03) 6.96 (1.07)

Hippocampal asymmetry 
(cm3)

0.23 (0.17) 0.23 (0.17) 0.23 (0.17)

Memory* 0.56 (0.64) 0.78 (0.56) 0.34 (0.64)
Language* 0.58 (0.53) 0.71 (0.50) 0.46 (0.53)
Executive function* 0.53 (0.56) 0.70 (0.51) 0.36 (0.56)
Visuospatial function* 0.47 (0.26) 0.53 (0.49) 0.41 (0.53)

Values are presented as mean ± standard deviation (SD) for continuous vari
ables and as number (percentage) for categorical variables. *Harmonized 
cognitive domain scores are standardized scores obtained from the Alzheimer’s 
Disease Sequencing Project – Phenotype Harmonization Consortium (ADSP- 
PHC) and range from -3 to +3. Abbreviations: Aβ42, amyloid-beta 42; p- 
tau18, phosphorylated tau at threonine 181.

Table 2 
Association of baseline hippocampal total volume and asymmetry with baseline 
cognition.

Cognitive 
Domain

Model Total 
volume β 
(SE)

P 
value

Asymmetry β 
(SE)

P 
value

Memory Base* 0.26 (0.02) <

0.001
-0.26 (0.10) 0.009

Base + Aβ 0.24 (0.02) <

0.001
-0.26 (0.10) 0.007

Base+ Aβ 
+ p-tau

0.22 (0.02) <

0.001
-0.25 (0.09) 0.007

Language Base 0.11 (0.01) <

0.001
-0.21 (0.08) 0.008

Base + Aβ 0.10 (0.01) <

0.001
-0.21 (0.08) 0.007

Base+ Aβ 
+ p-tau

0.08 (0.01) <

0.001
-0.21 (0.08) 0.008

Executive 
Function

Base 0.11 (0.01) <

0.001
-0.14 (0.08) 0.104

Base + Aβ 0.09 (0.01) <

0.001
-0.14 (0.08) 0.088

Base+ Aβ 
+ p-tau

0.08 (0.01) <

0.001
-0.14 (0.08) 0.095

Visuospatial 
Function

Base 0.05 (0.01) <

0.001
-0.02 (0.07) 0.744

Base + Aβ 0.05 (0.01) <

0.001
-0.02 (0.07) 0.735

Base+ Aβ 
+ p-tau

0.04 (0.01) <

0.001
-0.02 (0.07) 0.760

*The base model includes covariates (age, sex, education, APOE status), time, 
total hippocampal volume, hippocampal asymmetry, and total volume x time 
and asymmetry x time interaction.
Abbreviations: Aβ, amyloid-beta 42; p-tau, phosphorylated tau at threonine 181; 
SE=standard error
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binary variable defined as L > R vs R > L) in linear mixed-effects models 
adjusted for the same covariates. The association between hippocampal 
asymmetry and baseline memory performance did not differ by later
ality (|L − R| × laterality, p = 0.406), nor did its association with the 
rate of memory decline (laterality × |L − R| × time, p = 0.153), indi
cating that the effect of asymmetry was independent of hemispheric 
dominance. The association between hippocampal asymmetry and 
memory performance remained significant among amyloid negative 
individuals after accounting for laterality (β = − 0.12 ± 0.04, p = 0.003).

When hippocampal asymmetry was modeled as a dichotomous var
iable (high vs. low) rather than as a continuous measure, participants 
with high asymmetry in the overall cohort did not exhibit significantly 
worse baseline memory performance (p = 0.084) or a faster rate of 
memory decline compared with those with low asymmetry (p = 0.367). 
However, in amyloid-stratified analyses, high hippocampal asymmetry 
was significantly associated with faster memory decline among amyloid- 
negative individuals (β = − 0.03 ± 0.00, p < 0.001). This association 
remained significant after accounting for laterality, indicating that the 
effect of high asymmetry in the amyloid-negative group was indepen
dent of hemispheric dominance.

3.3. Association of baseline hippocampal asymmetry with risk of clinical 
progression

Of 1,142 participants included in the study, 259 (22.7%) progressed 
to a clinical diagnosis of dementia over 10 years. Among amyloid- 
negative participants, 42 (7.3%) progressed, whereas 217 (38.4%) of 
amyloid-positive participants progressed.

In the Cox proportional hazards models, smaller baseline hippo
campal total volume was associated with a greater risk of progression to 
dementia (HR = 0.46, 95% CI: 0.40–0.53, p < 0.001). In contrast, hip
pocampal asymmetry was not associated with risk of progression. We 
then examined the interactive associations between baseline hippo
campal asymmetry and amyloid burden on risk of progression to 

dementia. When baseline Aβ42 and its interaction with hippocampal 
asymmetry were added to the model, the interaction term was signifi
cant (HR = 1.28, 95% CI: 1.00–1.63, p = 0.044), indicating that the 
association between asymmetry and progression risk differs depending 
on amyloid status. To further investigate the effect of amyloid burden, 
analyses were stratified by dichotomous Aβ status. Smaller hippocampal 
volume was associated with increased risk of conversion to dementia in 
both Aβ positive and negative groups (both p <0.001). In contrast, 
greater hippocampal asymmetry was associated with a higher risk of 
progression among Aβ- participants (HR = 1.31, 95% CI: 1.03–1.65, p =
0.028), but not among Aβ+ participants (HR = 1.04, 95% CI: 0.91–1.20, 
p = 0.529; Fig. 1). This hazard ratio indicates a 31% higher risk of 
progression per one standard deviation increase in hippocampal asym
metry in Aβ- individuals.

4. Discussion

Our findings highlight complementary and independent roles of 
hippocampal total volume and asymmetry in capturing cognitive 
decline. While hippocampal total volume was consistently associated 
with baseline performance and longitudinal change across all four 
cognitive domains, hemispheric asymmetry showed a more selective 
association with memory, independent of total hippocampal volume and 
after adjustment for Aβ and tau. When comparing Aβ- and Aβ+ in
dividuals, hippocampal total volume was significantly smaller in the 
amyloid-positive group; however, hippocampal asymmetry did not 

Table 3 
Association of baseline hippocampal total volume and asymmetry with rate of 
change in cognition.

Cognitive 
Domain

Model Total volume 
x Time β (SE)

P 
value

Asymmetry 
x Time β 
(SE)

P 
value

Memory Base* 0.05 (0.00) < 0.001 -0.06 
(0.02)

0.018

Base + Aβ 0.05 (0.00) < 0.001 -0.06 
(0.02)

0.018

Base+ Aβ 
+ p-tau

0.05 (0.00) < 0.001 -0.06 
(0.02)

0.018

Language Base 0.04 (0.00) < 0.001 -0.03 
(0.02)

0.116

Base + Aβ 0.04 (0.00) < 0.001 -0.03 
(0.02)

0.116

Base+ Aβ 
+ p-tau

0.04 (0.00) < 0.001 -0.03 
(0.02)

0.116

Executive 
Function

Base 0.03 (0.00) < 0.001 -0.01 
(0.02)

0.734

Base + Aβ 0.03 (0.00) < 0.001 -0.01 
(0.02)

0.747

Base+ Aβ 
+ p-tau

0.03 (0.00) < 0.001 -0.01 
(0.02)

0.756

Visuospatial 
Function

Base 0.02 (0.00) < 0.001 0.00 
(0.02)

0.851

Base + Aβ 0.02 (0.00) < 0.001 0.00 
(0.02)

0.856

Base+ Aβ 
+ p-tau

0.02 (0.00) < 0.001 0.00 
(0.02)

0.857

*The base model includes covariates (age, sex, education, APOE status), time, 
total hippocampal volume, hippocampal asymmetry, and total volume x time 
and asymmetry x time interaction.
Abbreviations: Aβ, amyloid-beta 42; p-tau, phosphorylated tau at threonine 181.

Table 4 
Association of baseline hippocampal total volume and asymmetry with baseline 
and rate of change in cognition stratified by amyloid status.

Cognitive 
domain

Predictor Aβ42- Aβ42+

β (SE) P 
value

β (SE) P 
value

Memory Total volume 0.14 
(0.02)

<

0.001
0.30 
(0.02)

<

0.001
Asymmetry -0.28 

(0.12)
0.020 -0.23 

(0.14)
0.096

Total volume x 
Time

0.021 
(0.00)

<

0.001
0.06 
(0.00)

<

0.001
Asymmetry x 
Time

-0.07 
(0.02)

<

0.001
-0.03 
(0.04)

0.482

Language Total volume 0.05 
(0.02)

0.008 0.12 
(0.02)

<

0.001
Asymmetry -0.18 

(0.10)
0.074 -0.22 

(0.12)
0.060

Total volume x 
Time

0.01 
(0.00)

<

0.001
0.05 
(0.00)

<

0.001
Asymmetry x 
Time

-0.03 
(0.02)

0.101 -0.05 
(0.04)

0.179

Executive 
Function

Total volume 0.04 
(0.02)

0.030 0.12 
(0.02)

<

0.001
Asymmetry -0.16 

(0.10)
0.117 -0.11 

(0.13)
0.387

Total volume x 
Time

0.00 
(0.00)

0.125 0.04 
(0.01)

<

0.001
Asymmetry x 
Time

-0.02 
(0.02)

0.325 -0.00 
(0.04)

0.931

Visuospatial 
Function

Total volume 0.01 
(0.02)

0.296 0.08 
(0.02)

<

0.001
Asymmetry -0.08 

(0.09)
0.382 0.05 

(0.11)
0.664

Total volume x 
Time

0.00 
(0.00)

0.210 0.02 
(0.00)

<

0.001
Asymmetry x 
Time

-0.01 
(0.02)

0.705 0.01 
(0.04)

0.890

The models include covariates (age, sex, education, APOE status), baseline p-tau, 
time, total hippocampal volume, hippocampal asymmetry, and total volume x 
time and asymmetry x time interaction.
Estimates for total volume and asymmetry represent associations with baseline 
cognitive performance, whereas their interactions with time represent associa
tions with the rate of cognitive change. Abbreviations: Aβ42, amyloid-beta 42.
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differ significantly between the two groups. Smaller total hippocampal 
volume was consistently associated with worse cognitive performance 
across all four domains among Aβ+ individuals and with fewer domains 
in Aβ- individuals, whereas greater hippocampal asymmetry was spe
cifically associated with faster memory decline only in Aβ- participants. 
Similarly, smaller total hippocampal volume was associated with a 
higher risk of clinical progression to dementia in the overall cohort and 
within both amyloid groups; in contrast, hippocampal asymmetry was 
associated with clinical progression only among Aβ- individuals.

Together, these findings suggest that while total hippocampal 
degeneration is aligned with broader cognitive vulnerability, hemi
spheric asymmetry may capture focal or lateralized degeneration that is 
most apparent in the memory domain. Furthermore, the finding that 
asymmetry effects were primarily observed in Aβ- participants suggests 
the possibility that asymmetry reflects etiologic processes distinct from 
core amyloid-related pathways.

Previous studies have reported mixed findings regarding hippo
campal asymmetry in aging and dementia, with some showing greater 
asymmetry associated with worse cognition and others finding no 
consistent pattern [3,4] A key challenge in interpreting this literature is 
that asymmetry has been operationalized using heterogeneous metrics, 
and many studies have not modeled asymmetry jointly with total hip
pocampal volume. The present study extends prior work by modeling 
hippocampal total volume and asymmetry as separate, simultaneous 
predictors, allowing a clearer distinction between global hippocampal 
atrophy and left-right volumetric imbalance.

Our findings on the association between total hippocampal volume 
and cognition align well with the existing literature. Cross-sectional 
studies have shown that larger hippocampal volumes are associated 
with better episodic and working memory in cognitively normal older 
adults [26] In individuals with MCI and AD, smaller hippocampal vol
umes have been strongly linked to lower cognitive performance [27] 
Longitudinal analyses further support that smaller baseline hippocam
pus and greater atrophy in specific subfields predict subsequent cogni
tive decline [28–30] In contrast, the relationship between hippocampal 
asymmetry and cognition remains less clear. While some studies report 
that greater asymmetry, especially in subfields such as CA1 or the 
dentate gyrus, is associated with poorer memory and learning in MCI 
and AD, findings in healthy older adults have generally shown little or 
no association between asymmetry and cognitive performance [7,26,31,
32] Our results indicate that hippocampal total volume shows broad 
associations with cognition, whereas asymmetry shows more selective 
associations with memory, after accounting for total volume.

Notably, the observed association between hippocampal asymmetry 

and memory performance was independent of the core AD pathologies. 
This suggests that the left-right volumetric imbalance may reflect 
neurodegenerative processes not fully captured by amyloid and tau 
biomarkers, potentially including LATE, hippocampal sclerosis or 
vascular pathologies [16,33,34] Consistent with this interpretation, 
amyloid-stratified analyses indicated that asymmetry was associated 
with memory performance only among Aβ- individuals, whereas hip
pocampal volume remained more broadly associated with cognition 
among Aβ+ participants. Together, these findings support a model in 
which total hippocampal atrophy is more tightly coupled to 
AD-spectrum neurodegeneration, while hemispheric asymmetry may 
serve as a complementary marker of focal degeneration that is most 
evident when amyloid burden is low. Findings from a recent study 
supports our interpretations by demonstrating that LATE is strongly 
associated with hippocampal volume loss independent of coexisting AD 
neuropathology, and there is evidence of hemispheric asymmetry in the 
atrophy pattern [35]

Similarly, our finding that smaller hippocampal total volume was 
associated with increased risk of progression to dementia in the entire 
cohort is strongly supported by prior research. Several longitudinal and 
meta-analytic studies have demonstrated that hippocampal atrophy is a 
robust predictor of conversion to AD in both CN and MCI individuals 
[36–39] Studies comparing MCI converters with stable MCI participants 
have shown that medial temporal neurodegeneration is the most reliable 
marker of progression, with reduced hippocampal volume emerging as 
the most robust predictor [10] In our combined cohort of CN and MCI 
individuals, hippocampal asymmetry was not associated with risk of 
conversion in the overall sample. However, in amyloid-stratified ana
lyses, asymmetry predicted progression to dementia only among Aβ- 
participants. This pattern further supports the notion that hippocampal 
asymmetry may be particularly informative for identifying both memory 
decline and clinical progression among individuals without evidence of 
amyloid pathology.

A major strength of the present study lies in our analytic approach, 
which simultaneously modeled hippocampal total volume and hemi
spheric asymmetry. Prior studies examining hippocampal asymmetry 
have often relied on the asymmetry index, defined as (L− R)/(L+R). 
However, this metric can introduce scaling artifacts when total hippo
campal volume differs across study groups. For example, in our sample, 
total hippocampal volume (L+R) was significantly larger in CN 
compared to MCI, and the absolute hemispheric difference (|L− R|) did 
not differ between groups. Nonetheless, the asymmetry index appeared 
significantly larger in MCI than CN solely because the denominator 
(L+R) was smaller in MCI, not because of greater true left–right differ
ences. Thus, the elevated asymmetry index in MCI reflects a mathe
matical artifact rather than a biological phenomenon. To avoid this 
issue, we modeled total hippocampal volume and hemispheric differ
ence as separate variables, allowing a clearer distinction between effects 
attributable to overall atrophy versus true hemispheric asymmetry.

Our study also has limitations. First, the lack of in vivo biomarkers 
for non-AD pathologies, including TDP-43, and the absence of analyses 
examining vascular imaging markers limit our ability to directly attri
bute asymmetric atrophy to specific underlying pathological processes. 
Therefore, our interpretation regarding potential contributions of LATE 
or vascular pathology to hippocampal asymmetry remains speculative 
and requires further investigation. Second, we analyzed a single cohort 
and did not replicate the findings in an independent dataset. Third, the 
relatively high educational attainment and predominantly White 
composition of the ADNI sample may limit the generalizability of these 
findings to more diverse populations. Finally, hippocampal volume and 
asymmetry were assessed only at baseline; longitudinal assessment of 
structural changes may provide greater sensitivity for detecting early 
neurodegenerative processes.

In conclusion, our findings suggest that, beyond overall hippocampal 
volume, greater left–right volumetric differences may serve as an early 
imaging marker of memory decline and clinical progression, particularly 

Fig. 1. Cumulative hazard of progression to dementia by baseline hippocampal 
asymmetry (top quartile vs. others) stratified by baseline amyloid status.
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among individuals without detectable amyloid pathology. Validation of 
these results in independent cohorts is needed to establish the clinical 
utility of hippocampal asymmetry as a prognostic imaging biomarker.
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