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Supplementary Table 1.  Participant filtering and APOE genotype prevalence 
	[bookmark: _Hlk217123392]Step: Enrollment 
	Total 

	Identified haplotype
	No
sequence
	No 
call
	APOE Genotype

	
	
	
	
	
	ε2/ε2
	ε2/ε3
	ε2/ε4
	ε3/ε3
	ε3/ε4
	ε4/ε4

	First MRI participants
	12,164
	
	
	
	
	
	
	
	
	

	Excluded 3 who withdrew consent  
	12,161
	10,392
	1,763
	6
	29
	761
	98
	7,592
	1,815
	97

	Excluded 58 with space occupying lesions
	12,103
	10,339
	1,758
	6
	29
	760
	97
	7,550
	1,807
	96

	Excluded missing APOE (n = 1,764) or ε2 (n = 886) (cross-sectional)
	9,453
	9,453
	-
	-
	-
	-
	-
	7,550
	1,807
	96

	Excluded 3,679 without second MRI (longitudinal)
	5,774
	5,774
	-
	-
	-
	-
	-
	4,607
	1,109
	58

	
	
	
	
	
	
	
	
	
	
	

	UK Biobank studies
	
	
	
	
	
	
	
	
	
	

	Veldsman M et al. [1]
	25,703
	25,703
	-
	-
	-
	-
	-
	18,023
	7,013
	667

	Chaloemtoem A, et al. [2]
	37,463
	37,463
	-
	-
	234
	5124
	962
	24,385
	9,534
	909


Notes: 
Step: Enrollment and eligibility; see Figure 2. 
SOL: Space-occupying lesions; see Supplementary Table 2. 
In the cross-sectional analysis, only participants with APOE genotypes ε3/ε3, ε3/ε4, or ε4/ε4 were included (n = 9,453). Participants with other genotypes (e.g., ε2/ε2, ε2/ε3, ε2/ε4) were excluded.
In the longitudinal population, participants without a second MRI were excluded, resulting in 5,774 participants.
The prevalence of the APOE ε4/ε4 genotype was 96 out of 9,453 participants (1.0%) in the cross-sectional dataset and 58 out of 5,774 (1.0%) in the longitudinal dataset.
For comparison, the APOE ε4/ε4 genotype prevalence was 2.6% (667/25,703) in the study by Veldsman et al. [1] and 2.4% (909/37,463) in the study by Chaloemtoem et al. [2]
Supplementary Table 2.  Excluded intracranial space-occupying lesions
	Types of lesions
	N

	Arachnoid cyst
	36

	Meningioma
	14

	Lacunar infarction / Chronic ischemic change
	9

	Arteriovenous malformation
	3

	Extracranial brain tumor
	2

	Intracranial brain tumor
	1

	Pituitary adenoma
	1

	Fibrous dysplasia
	1

	Saccular aneurysm
	1

	Cerebral infarction
	1




















Notes: 
N represents the number of participants
58 Participants have one or more space occupying lesions on baseline (first) MRI 
Intracranial space occupying lesions, which could affect brain volume measurements.


Supplementary Table 3.  Variables for demographic and regression analyses

	
	Variable Name
	Type
	Description/Contents

	Demographics 
	Age or age at first MRI
	Continuous
	Age at first MRI

	
	Age group at first MRI
	Categorical
	<40, 40-49, 50-59, 60-69, 70-79, 80≦

	
	APOE type
	Categorical
	ε3/ε3, ε3/ε4, ε4/ε4

	
	Age at second MRI
	Continuous
	Age at second MRI

	
	MRI interval*
	Continuous
	Interval (years) =Interval (days) / 365.25

	
	BMI: mean (SD)
	Continuous
	

	
	Education attainment (%)
	Categorical
	Elementary/junior high school (9 years), High school (12 years), Vocational school, Junior college/technical college (14–15 years), University (16years), Graduate school (≥18 years), Other (Missing values coded as Not Available [NA])

	
	MMSE at first MRI
	Continuous
	total scores: 0-30

	
	MMSE at second MRI
	Continuous
	total scores: 0-30

	
	MoCA at second MRI
	Continuous
	total scores: 0-30

	
	Alcohol consumption
	Categorical
	Drink, Quit, Hardly drink, Physically unable to drink (Missing values coded as Not Available [NA]) 

	
	Smoking history
	Categorical
	Yes, No (Missing values coded as Not Available [NA]) 

	Regression analysis
	Age (age at first MRI)
	Continuous
	Age at first MRI

	
	Sex
	Categorical
	Male, Female

	
	APOE genotype
	Categorical
	ε3/ε3, ε3/ε4, ε4/ε4

	
	Intracranial volume (ICV)
	Continuous
	Estimated Total Intra Cranial Vol

	
	Hippocampal volume (HpV）
	Continuous
	Right + Left. Volumes

	
	Total brain volume (TBV) 
	Continuous
	BrainSegVolNotVent

	
	HpV-Ratio
	Continuous
	second HpV / first HpV

	
	TBV-Ratio
	Continuous
	second TBV / first TBV

	
	MRI interval (years)
	Continuous
	two MRI dates divided by 365.25



Notes: 
BMI (Body Mass Index): Calculated as weight (kg) divided by height×height (m²). Hippocampal volume (HpV), Total Brain Volume (TBV), and Intracranial volume (ICV): Calculated using Freesurfer 7.4.1. For cross-sectional data, volumes were derived from the first MRI scan using the standard pipeline. For longitudinal data, volumes were estimated from the first and second MRI scans using the longitudinal pipeline.

Supplementary Table 4.  Longitudinal HpV change measures and model specifications
	Model
 No.
	Types of
Measures
	Definition of Measures
	ICV
	MRI interval* 

	1
	Volume difference
	HpV difference
=2nd HpV-1st HpV
	+
	+

	2
	Annual volume difference 
	HpV difference / MRI interval*
	+
	-

	3
	ICV-Normalized difference 
	HpV difference / ICV
	-
	+

	4
	Volume ratio 
	2nd HpV/ 1st HpV
	-
	+

	5

	Annual relative difference
	(HpV difference /1st HpV) / 
MRI interval*
	-
	-






















Notes: 
Abbreviations: HpV, hippocampal volume; ICV, intracranial volume; BIC, Bayesian Information Criterion. "+" indicates inclusion; "−" indicates exclusion of the variable. Adjusted R² indicates explanatory power (higher values indicate better fit). BIC reflects overall model adequacy (lower values indicate better fit). The lack-of-fit test assesses model adequacy (p > 0.05 indicates adequate fit). See Supplementary Methods for model specifications.

Supplementary Table 5.  Model fit of five longitudinal HpV measures
	
	
	
	
	*Least square (LS) means: p value

	Model No.
	R Square Adj
	BIC
	Lack of fit test

	ε3/ε3 vs 
ε3/ε4
	ε3/ε3 vs 
ε4/ε4
	ε3/ε4 vs 
ε4/ε4

	1
	0.169
	77363.68
	Not available
	0.1117
	0.0029*
	0.0174*

	2
	0.181
	59693.04
	Not available
	0.1170
	0.0058*
	0.0305*

	3
	0.144
	-86707.1
	0.259
	0.1330
	0.0050*
	0.0256*

	4
	0.215
	-26152.5
	0.335
	0.0493*
	0.0012*
	0.0112*

	5
	0.231
	-43773.2
	<.0001
	0.0523
	0.0036*
	0.0262*



Notes: 
Abbreviations: HpV, hippocampal volume; LS means, least-squares means. LS means were adjusted for age, sex, and MRI interval. Post hoc pairwise comparisons among APOE genotype groups were performed using Tukey's HSD test. See Supplementary Results for model selection rationale.
BIC, Bayesian Information Criterion.
*p < 0.05


Supplementary Table 6.  Demographics of 5,774 longitudinal participants by sex
	Demographics
	All
	Female
	Male
	p value

	Number of participants
	5774
	3243
	2531
	

	Age at first MRI: mean (SD)
	55.2 (14.5)
	53.7 (13.8)
	57.09 (15.2)
	<0.001**

	Age group at first MRI (%)
	
	
	
	<0.001**

	    <40  
	1151 (19.9)
	632 (19.5)
	519 (20.5)
	

	    40-49
	972 (16.8)
	624 (19.2)
	348 (13.7)
	

	    50-59
	1041 (18.0)
	783 (24.1)
	258 (10.2)
	

	    60-69
	1545 (26.8)
	771 (23.8)
	774 (30.6)
	

	    70-79
	1032 (17.9)
	421 (13.0)
	611 (24.1)
	

	  80 or above
	33 (0.6)
	12 (0.4)
	21 (0.8)
	

	MRI interval: mean (SD)
	4.7 (0.9)
	4.7(0.9)
	4.7(1.0)
	0.356

	APOE Genome types (%)
	
	
	
	0.843

	    APOE ε3/ε3
	4607 (79.8) 
	2593 (80.0)
	2014 (79.6)
	

	    APOE ε3/ε4
	1109 (19.2) 
	616 (19.0)
	493 (19.5)
	

	    APOE ε4/ε4  
	58 (1.0) 
	34 (1.0)
	24 (0.9)
	

	BMI: mean (SD)
	23.0 (3.4)
	22.3 (3.5)
	23.9 (3.1)
	<0.001**

	Education attainment (%)
	
	
	
	<0.001**

	Elementary/junior high school (9 years)
	190 (3.3)
	78 (2.4)
	112 (4.4)
	

	High school (12 years)
	2368 (41.0)
	1338 (41.3)
	1030 (40.7)
	

	Vocational school
	940 (16.3)
	669 (20.6)
	271 (10.7)
	

	Junior college/technical college (14–15 years)
	587 (10.2)
	497 (15.3)
	90 (3.6)
	

	University (16years)
	1440 (24.9)
	559 (17.2)
	881 (34.8)
	

	Graduate school (≥18 years)
	133 (2.3)
	29 (0.9)
	104 (4.1)
	

	Other
	25 (0.4)
	14 (0.4)
	11 (0.4)
	

	Not Available (NA)
	91 (1.6)
	59 (1.8)
	32 (1.3)
	

	MMSE at first MRI: mean (SD), n = 1,881
	28.3 (1.6)
	28.5 (1.4)
	28.1(1.7)
	<0.001**

	MMSE at second MRI: mean (SD), n = 5,759
	28.2 (1.9)
	28.4 (1.7)
	27.9 (2.0)
	<0.001**

	MoCA at second MRI: mean (SD), n = 5,757
	25.2 (3.1)
	25.8 (2.81)
	24.4 (3.3)
	<0.001**

	Alcohol Consumption (%)
	
	
	
	<0.001**

	 Drink
	3126 (54.1)
	1326 (40.9)
	1800 (71.1)
	

	 Quit
	148 (2.6)
	86 (2.7)
	62 (2.4)
	

	 Hardly (or not at all) drink
	1948 (33.7)
	1533 (47.3)
	415 (16.4)
	

	 Physically unable to drink
	284 (4.9)
	186 (5.7)
	98 (3.9)
	

	 Not Available (NA) 
	268 (4.6)
	112(3.5)
	156 (6.2)
	

	Smoking History (%)
	
	
	<0.001**

	 Yes
	2175 (37.7)
	608 (18.7)
	1567(61.9)
	

	 No
	3320 (57.5)
	2511 (77.4)
	809 (32.0)
	

	 Not Available (NA)
	279 (4.8)
	124 (3.8)
	155 (6.1)
	

	ICV at first MRI: 
mean (SD)
	1494596.4 (197371.9)
	1393845.8 (166800.2)
	1623689.3 (153475.3)
	<0.001**

	HpV at first MRI (mm3): mean (SD)
	7958.5 (850.3)
	7805.3 (753.7)
	8154.9(923.6)
	<0.001**

	TBV at first MRI (mm3): mean (SD)
	1060292.1 (104209.4)
	1020177.4 (84738.2)
	1111691.5 (104272.1)
	<0.001**

	ICV at second MRI (mm3): mean (SD)
	1494596.4 (197371.9)
	1393845.83 (166800.2)
	1623689.3 (153475.3)
	<0.001**

	HpV at second MRI (mm3): mean (SD)
	7643.5 (882.7)
	7496.25 (786.43)
	7832.1 (960.2)
	<0.001**

	TBV at second MRI (mm3): mean (SD)
	1047591.9 (106514.6)
	1008882.7 (87358.8)
	1097190.3 (108292.0)
	<0.001**



Notes: 
All brain volume measurements were derived using FreeSurfer version 7.4.1, employing the standard pipeline for the cross-sectional analysis and the longitudinal pipeline for the longitudinal analysis [3]. ICV (Intracranial Volume) was measured as EstimatedTotalIntraCranialVol obtained from the Aseg atlas output of FreeSurfer 7.4.1. HpV (Total Hippocampal Volume) was calculated as the sum of the left and right hippocampal volumes. TBV (Total Brain Volume) was measured as BrainSegVolNotVent. 
BMI: Body Mass Index
p values were obtained using Chi-square tests or t-tests to compare differences among Sex. 
For Chi-square tests, cases with missing data (Not Available) were excluded.
*p < 0.05, **p < 0.001


Supplementary Table 7.  Longitudinal regression with quadratic age (age²) for HpV- and TBV-Ratios
	
	
	HpV (hippocampal volume)-Ratio
	TBV (total brain volume) -Ratio 

	
	Term
	Estimate 
	95% CI 
	p value
	Estimate 
	95% CI 
	p value

	Main effects
	Age
	
	
	
	
	
	

	
	Per year
	-0.00145
	-0.00164, 
-0.00127
	<.0001**
	-0.000651
	-0.000727, 
-0.000575
	<.0001**

	
	Age²
	
	
	
	
	
	

	
	Per year²
	-0.000034
	-0.0000482,
-0.000020
	<.0001**
	-0.000011
	-0.0000168, 
-0.00000506
	0.0003**

	
	Sex
	
	
	
	
	
	

	
	Female vs Male
	-0.00190
	-0.00256,
-0.00125
	<.0001**
	0.000033
	-0.000241, 
0.000307 
	0.8126

	
	APOE
	
	
	
	
	
	

	
	ε4/ε4 vs ε3/ε3
	-0.00510
	-0.00735, 
-0.00286
	<.0001**
	-0.000752
	-0.00169, 
0.000182
	0.1147

	
	ε4/ε4 vs ε3/ε4
	-0.00288
	-0.00524, 
-0.000519
	0.0168*
	-0.000399
	-0.00138, 0.000584
	0.4268

	
	MRI interval
	
	
	
	
	
	

	
	Per year
	-0.00514
	-0.00588, 
-0.00440
	<.0001**
	-0.00445
	-0.00475, 
-0.00414
	<.0001**

	Interaction terms
	Age × APOE
	
	
	
	
	
	

	
	ε4/ε4 vs ε3/ε3
	-0.000504
	-0.000688, 
-0.000319
	<.0001**
	-0.000124
	-0.0002002, 
-0.0000469
	0.0016*

	
	ε4/ε4 vs ε3/ε4
	-0.000334
	-0.000526, 
-0.000143
	0.0006**
	-0.0000787
	-0.000158, 0.00000113
	0.0533

	
	Age × Sex
	
	
	
	
	
	

	
	Female vs Male
	-0.000119
	-0.000166, 
-0.0000724
	<.0001**
	0.00000198
	-0.0000174, 0.0000214
	0.842

	
	Age² × APOE
	
	
	
	
	
	

	
	ε4/ε4 vs ε3/ε3
	-0.0000223
	-0.0000366, -0.00000799
	0.0022*
	-0.00000837
	-0.0000143, 
-0.00000242
	0.0059*

	
	ε4/ε4 vs ε3/ε4
	-0.00000961
	-0.0000245, 
0.0000053
	0.205
	-0.00000409
	-0.0000103, 
0.00000211
	0.196

	
	Age² × Sex
	
	
	
	
	
	

	
	Female vs Male
	-0.00000305
	-0.00000677, 0.000000568
	0.0984
	-0.0000041
	-0.0000057, 
-0.0000026
	<.0001**



Notes: 
HpV = hippocampal volume; TBV = total brain volume
HpV-Ratio and TBV-Ratio are defined as the second MRI volume divided by the first.
Age and its quadratic term were mean-centered before constructing interaction terms to reduce collinearity. Specifically, age was centered at 55.17 years, corresponding to the mean baseline age of the longitudinal cohort. The quadratic term was further centered by subtracting its mean value (209.668). MRI interval: MRI interval (years) was calculated as the difference between scan dates divided by 365.25 and included to adjust for follow-up duration. 
Age × APOE, Age × Sex: interactions between age and APOE, between age and sex, respectively
CI = confidence interval.
*p < 0.05, **p < 0.001



Supplementary Table 8.  LMM of log-transformed HpV and TBV

	
	
	
	Log HpV
	
	
	Log TBV
	

	
	Term
	Estimate
	95% CI 
	p value 
	Estimate
	95% CI 
	p value 

	Main effects
	Age
	
	
	
	
	
	

	
	Per year
	−0.00466
	−0.00478,
−0.00454
	<.0001**
	−0.00428
	−0.00436,
−0.00421
	<.0001**

	
	Sex
	
	
	
	
	
	

	
	Female vs Male
	−0.0151
	−0.0194,
−0.0108
	<.0001**
	−0.0247
	−0.0274, 
−0.0220
	<.0001**

	
	APOE
	
	
	
	
	
	

	
	ε4/ε4 vs ε3/ε3
	−0.00435
	−0.0217, 
0.0129
	0.6219
	0.00161
	−0.00934, 
0.0126
	0.7734

	
	ε4/ε4 vs ε3/ε4
	−0.00123
	−0.0189,
0.0164
	0.8911
	0.00315
	−0.00801, 
0.0143
	0.5799

	
	Intracranial volume 
	
	
	
	
	
	

	
	per mm³
	1.95×10⁻⁷
	1.84×10⁻⁷, 
2.06×10⁻⁷
	<.0001**
	3.14×10⁻⁷
	3.07×10⁻⁷,
3.21×10⁻⁷
	<.0001**

	
	MRI interval
	
	
	
	
	
	

	
	Per year
	−0.0119
	−0.0134,
−0.0105
	<.0001**
	−0.00291
	−0.00349, 
−0.00232
	<.0001**

	Interaction terms
	APOE × MRI interval 
	
	
	
	
	
	

	
	ε4/ε4 vs ε3/ε3 
	−0.00302
	−0.00446, 
−0.00157
	<.0001**
	−0.000238
	−0.000824, 
0.000349
	0.4266

	
	ε4/ε4 vs ε3/ε4
	−0.00257
	−0.00404,
−0.00110
	0.0006**
	−0.000168
	−0.000766, 0.00043
	0.5818

	
	Sex × MRI Interval 
	
	
	
	
	
	

	
	Female vs Male 
	−0.000611
	−0.000897,
−0.000325
	<.0001**
	0.00012
	3.64×10⁻6, 0.000236
	0.0433*

	
	Age × MRI interval
	-0.000217
	−0.000226,
−0.000207
	<.0001**
	−0.000101
	−0.000105, 
−9.74×10⁻5
	<.0001**



Notes: 
Linear mixed-effects models (LMMs) were fitted separately for log-transformed hippocampal volume (log HpV) and total brain volume (log TBV), treating MRI interval (in years) as a continuous variable. Fixed effects included age at the first MRI, sex, APOE genotype, MRI interval, and their two-way interactions (APOE × MRI interval, Sex × MRI interval, and Age × MRI interval).
Age and MRI interval were measured in years and mean-centered (at 54.7 and 1.79 years, respectively) for constructing interaction terms. A random intercept was included for each participant, assuming compound symmetry (CS) residual covariance and Restricted Maximum Likelihood estimation (REML) estimation. CI = confidence interval. *p < 0.05, **p < 0.001

Supplementary Table 9.  MANOVA results for HpV- and TBV-Ratios

(a) Multivariate tests (Wilks’ Lambda) 	       (b) Univariate tests
	Effect
	Wilks’ Lambda
	p value

	Whole model
	0.627
	<.0001**

	Age
	0.530
	<.0001**

	Sex
	0.994
	<.0001**

	APOE genotype
	0.997
	0.0016**

	MRI interval
	0.859
	<.0001**


	Dependent variable
	Effect
	p value

	HpV-Ratio
	Age
	<.0001**

	
	Sex
	<.0001**

	
	APOE genotype
	0.0002**

	
	MRI interval
	<.0001**

	TBV-Ratio
	Age
	<.0001**

	
	Sex
	0.3606

	
	APOE genotype
	0.3355

	
	MRI interval
	<.0001**



Notes: 
The Multivariate Analysis of Variance (MANOVA) was performed to evaluate the combined effects of age, sex, APOE genotype, and MRI interval on hippocampal (HpV-Ratio) and total brain volume ratios (TBV-Ratio). 
HpV-Ratio = hippocampal volume at second MRI / first MRI; TBV-Ratio = total brain volume at second MRI / first MRI. 
The model included age at first MRI, sex, APOE genotype, and MRI interval (years) as covariates. 
*p < 0.05, **p < 0.001


Supplementary Table 10. Longitudinal regression including demographic and lifestyle covariates
	
	
	Hippocampal volume (HpV)−Ratio
	Total brain volume (TBV)−Ratio

	Terms
	Estimate 
	95% CI  
	p value   
	Estimate 
	95% CI
	p value  

	Main Effects
	Age
	
	
	
	
	
	

	
	Per year
	-0.00130
	-0.00146,  -0.00113
	<.0001**
	-0.00058
	-0.00065,
-0.00051
	<.0001**

	
	Sex
	
	
	
	
	
	

	
	Female vs Male
	-0.00199
	-0.00284,     -0.00114
	<.0001**
	-0.000011
	-0.000366,
0.000344
	0.9534

	
	APOE
	
	
	
	
	
	

	
	ε4/ε4 
vs ε3/ε3
	-0.00470
	-0.00702,       -0.00238
	<.0001**
	-0.000936
	-0.00190,
0.00003
	0.0575

	
	ε4/ε4 
vs ε3/ε4
	-0.00268
	-0.00513,     
-0.00023
	0.0322*
	-0.000467
	-0.00148,
0.00055
	0.3689

	
	MRI interval
	
	
	
	
	
	

	
	Per year
	-0.00572
	-0.00650,   
-0.00494
	<.0001**
	-0.00459
	-0.00491,
-0.00426
	<.0001**

	Interaction Effects
	Age × APOE
	
	
	
	
	
	

	
	ε4/ε4 
vs ε3/ε3
	-0.000375
	-0.000541,
 -0.000209
	<.0001**
	-0.000051
	-0.000121,
0.000018
	0.1431

	
	ε4/ε4 
vs ε3/ε4
	-0.000225
	-0.000398,
 -0.000052
	0.0113*
	-0.000035
	-0.000108,  0.000037
	0.3407

	
	Age × Sex
	
	
	
	
	
	

	
	Female vs Male
	-0.000101
	-0.000149,
 -0.000053
	<.0001**
	0.000014
	-0.000006, 0.000035
	0.1622

	Covariate
	
	
	
	
	
	
	

	BMI
	Per 1 kg/m²
	0.000288
	0.00009,
0.00049
	0.0054*
	0.000093
	0.000009, 0.000177
	0.0312*

	Education
(reference:
Other)
	Elementary/junior high school
	0.000034
	-0.00356, 0.00363
	0.9853
	0.00123
	-0.000266, 0.002721
	0.1073

	
	High school 
	-0.000211

	-0.00217, 0.00175
	0.8332
	0.000537
	-0.00028, 0.00135
	0.1963

	
	Vocational school
	0.000660
	-0.00160, 0.00292
	0.5667
	0.000551
	-0.000388, 0.001490
	0.2503

	
	Junior college
	0.001556
	-0.00096, 0.00407
	0.2250
	0.000541
	-0.000503, 0.001585
	0.3101	

	
	University 
	-0.000673

	-0.00278, 0.00143
	0.5306
	0.000004
	-0.000870, 0.000878
	0.9924

	
	Graduate school 
	-0.002794

	-0.00714, 0.00155
	0.2074
	-0.00107
	-0.002871, 0.000739
	0.2472

	Alcohol (reference: physically unable to drink)
	Drink
	0.000099
	-0.00138, 0.00158
	0.8961
	0.000101
	-0.000514, 0.000716
	0.7476

	
	Quit
	-0.000513

	-0.00371, 0.00268
	0.7525
	-0.000358
	-0.001685, 0.000969
	0.5967

	
	Hardly drink
	0.001387
	-0.000181, 0.00296
	0.0830
	0.000099

	-0.000553, 0.000751
	0.7667

	Smoking
(reference: non smoker)
	
	-0.000503

	-0.00130, 0.000294
	0.2159
	-0.000359
	-0.000690, -0.000028
	0.0339*



Notes: 
Values are presented as regression coefficients with 95% confidence intervals (CIs).
Continuous variables are expressed per unit increase: age and MRI interval per 1 year, and BMI per 1 kg/m².
The reference categories were APOE ε4/ε4 for genotype, male for sex, “Other” for educational attainment, “physically unable to drink” for alcohol consumption, and non-smoker for smoking status.
Age was mean-centered in interaction terms.
Educational attainment, alcohol consumption, and smoking status were included as categorical variables.
*p < 0.05, **p < 0.001
HpV, hippocampal volume; TBV, total brain volume.



Supplementary Methods  
A. Longitudinal HpV change measures and model specifications
To identify the optimal measure of longitudinal hippocampal volume change, we compared five alternative model formulations (Supplementary Table 4). Total hippocampal volume (HpV) was defined as the sum of the left and right hippocampal volumes at each time point. Volume difference was calculated as the change between the second and first measurements (2nd HpV − 1st HpV). All five models included age, sex, and APOE genotype as independent variables. Intracranial volume (ICV) was handled in two ways: as a covariate (Models 1 and 2) or as a normalizing factor (Model 3). MRI interval (in years) was also treated in two ways: as a covariate (Models 1, 3, and 4) or as a normalizing factor (Models 2 and 5). Model fit was evaluated using adjusted R² (higher values indicate better explanatory power), Bayesian Information Criterion (BIC; lower values indicate better fit), and lack-of-fit testing (p value > 0.05 indicates adequate fit). Models 1 and 2 could not undergo lack-of-fit testing because the inclusion of ICV as a continuous covariate precluded replicate observations.




B. Complementary and Sensitivity analyses of the longitudinal model
To confirm the robustness of our primary findings, we conducted three complementary sensitivity analyses. 
1. Quadratic age model (Non-linear aging effects)
To evaluate potential non-linear aging effects and to confirm the robustness of the primary longitudinal model, a sensitivity analysis was performed by extending the model to include a quadratic age term (age²). Age was mean-centered at 55.2 years, corresponding to the mean baseline age of the longitudinal cohort, prior to generating the quadratic term. This centering procedure reduced collinearity between the linear and quadratic age terms and ensured that the quadratic component represented curvature around the sample mean.
The quadratic age model was applied to both hippocampal volume ratio (HpV-Ratio) and total brain volume ratio (TBV-Ratio) to assess whether non-linear aging effects differed between these two volumetric measures.
The extended model retained all main effects and interaction terms from the primary longitudinal model, including the interaction between age and APOE genotype and the interaction between age and sex. In addition, age² and its interaction terms with APOE genotype and sex were added to the model. These interaction terms allowed us to examine whether non-linear aging trajectories differed across APOE genotypes or between males and females.
Model performance was evaluated using adjusted R² and the Bayesian Information Criterion (BIC), with higher adjusted R² and lower BIC indicating better model fit. Estimates, confidence intervals, and p values for all terms in the quadratic age model are provided in Supplementary Table 7.
2. Linear mixed-effects models (LMMs)
To provide a more precise estimation of longitudinal changes, we additionally conducted linear mixed models (LMMs), treating the MRI interval as a continuous variable. Separate models were constructed for log-transformed hippocampal volume (log HpV) and total brain volume (log TBV). Fixed effects included age at the first MRI, sex, APOE genotype, intracranial volume (ICV), MRI interval, and all relevant two-way interactions (between MRI interval and APOE, between MRI interval and sex, and between MRI interval and age). Age and MRI interval were mean-centered (at 54.7 and 1.79 years, respectively) before constructing interaction terms to reduce collinearity and to allow interpretation of effects at the sample means. The distribution of MRI intervals used in these LMMs is shown in Supplementary Figure 2.
A compound symmetry (CS) residual covariance structure was applied to model equal variance and equal within-subject correlation across the two MRI sessions. A random intercept for each participant was included to account for within-subject dependence, and parameters were estimated using restricted maximum likelihood (REML). The inclusion of the interaction between MRI interval and age term enabled separation of age-dependent acceleration of atrophy from sex- or genotype-related differences in annual atrophy rate.
During preprocessing, the FreeSurfer 7.4 longitudinal pipeline failed for four participants (five MRI sessions: one participant failed at both visits, and three participants failed only at the second MRI). These MRI sessions were excluded from analysis. Consequently, the LMMs were fitted using 15,226 MRI observations in total (9,453 from the first MRI and 5,778 from the second MRI, minus the 5 failed scans). For all models, MRI interval = 0 corresponded to the first MRI session, and only nonzero MRI intervals contributed to estimation of longitudinal change. This ensured that intra-individual change was modeled based exclusively on participants who completed both MRI sessions.

3. Multivariate analysis of variance (MANOVA)
We also performed a multivariate analysis of variance (MANOVA) including both HpV-Ratio and TBV-Ratio as dependent variables to assess whether the observed effects were consistent across related volumetric measures and to control for potential intercorrelations between hippocampal and total brain volumes. The MANOVA results were consistent with the main regression analyses. To highlight selective hippocampal effects, separate HpV and TBV models are presented in the main text, while MANOVA results are summarized in the Supplementary Materials.


Supplementary Results
A. Selection of the volume ratio as a volume-change measure
Among the five candidate models for quantifying longitudinal hippocampal volume change (Supplementary Tables 4 and 5), Models 1 and 2 could not undergo lack-of-fit testing because they included ICV as a covariate and therefore lacked replicate observations. Among the models eligible for lack-of-fit testing (Models 3–5), Model 4 (HpV-Ratio = 2nd HpV / 1st HpV) demonstrated the most balanced performance across all criteria: a favorable adjusted R² (0.215), a relatively low BIC (−26,152.5), and a non-significant lack-of-fit test (p value = 0.335), indicating adequate model fit.
Model 4 also revealed statistically significant differences in least-squares means of HpV-Ratio among all three APOE genotype groups (ε3/ε3, ε3/ε4, ε4/ε4) after adjustment for age, sex, and MRI interval. Notably, Model 4 was the only model that detected a marginally significant difference between ε3/ε3 and ε3/ε4 carriers (p = 0.0493), in addition to clear differences involving ε4/ε4 carriers (ε3/ε3 vs ε4/ε4, p value = 0.0012; ε3/ε4 vs ε4/ε4, p value = 0.0112). Post hoc pairwise comparisons were performed using Tukey's HSD test.
Based on these results, Model 4 (HpV-Ratio) was adopted as the primary outcome for all subsequent longitudinal regression analyses.

B. Complementary and Sensitivity analyses of the longitudinal model
1. Quadratic age model (Non-linear aging effects)
The quadratic age model produced results consistent with the primary longitudinal findings (Supplementary Table 7). For HpV-Ratio, model fit improved compared with the linear model, as reflected by a higher adjusted R² (0.229 vs 0.219) and a lower BIC (−26209.0 vs −26161.8).
The quadratic age term (age²) was negative (Estimate = −0.000034) and significant (p value < 0.0001), indicating accelerated hippocampal atrophy at older ages. The interaction between age² and APOE genotype was significant for ε4/ε4 compared with ε3/ε3 (p value = 0.0022), whereas the corresponding interaction for ε4/ε4 compared with ε3/ε4 and the interaction between age² and sex were not significant. These findings indicate that non-linear aging effects on hippocampal decline were modest and did not alter the primary interpretation regarding APOE- and sex-related influences. 
For TBV-Ratio, age² effects reached statistical significance but regression coefficients were substantially smaller than those for HpV-Ratio. Importantly, the interaction between age and APOE genotype and the interaction between age and sex for HpV-Ratio remained unchanged after inclusion of the quadratic term. Full parameter estimates, confidence intervals, and p values are provided in Supplementary Table 7. 
2. Linear mixed-effects models (LMMs)
LMM analyses treating MRI interval (in years) as a continuous variable yielded results consistent with those from the ratio models, supporting the robustness of our longitudinal approach (Supplementary Table 8). In these LMMs for log-transformed hippocampal and total brain volumes (log HpV and log TBV), significant main effects were observed for age, sex, and MRI interval, whereas APOE genotype showed no significant main effects. This pattern mirrors the cross-sectional findings, in which APOE effects on brain volumes were not detected. For log HpV, older age, female sex, and longer MRI interval were each independently associated with smaller hippocampal volumes (all p value < 0.0001), indicating progressive hippocampal atrophy over time. Importantly, significant interactions between APOE genotype and MRI interval and between sex and MRI interval demonstrated faster hippocampal volume decline in APOE ε4/ε4 carriers and in females (ε4/ε4 vs ε3/ε3, p value < 0.0001; ε4/ε4 vs ε3/ε4, p value = 0.0006; female vs male, p value < 0.0001). The interaction between age and MRI interval was also highly significant (p value < 0.0001), indicating age-dependent acceleration of hippocampal atrophy. For log TBV, significant effects of age and sex (both p value < 0.0001) indicated that total brain volume declined with aging. However, interactions between APOE genotype and MRI interval were not significant, suggesting that APOE-related acceleration of atrophy was largely confined to the hippocampus. A small but significant interaction between sex and MRI interval (p value = 0.043) indicated faster whole-brain atrophy in males than in females, opposite to the pattern observed for hippocampus. These findings further support selective hippocampal vulnerability. Full parameter estimates are provided in Supplementary Table 8.
3. Multivariate analysis of variance (MANOVA)
A multivariate analysis of variance (MANOVA) was conducted to evaluate the combined effects of age, sex, APOE genotype, and MRI interval on hippocampal and total brain volume ratios (HpV-Ratio and TBV-Ratio; Supplementary Table 9). The overall multivariate model was highly significant (Wilks’ Lambda = 0.627, p value < 0.0001). Each predictor—age, sex, APOE genotype, and MRI interval—also showed a significant multivariate effect.
In the univariate analyses, HpV-Ratio was significantly associated with age, sex, APOE genotype, and MRI interval (all p value < 0.001). In contrast, TBV-Ratio was significantly associated with age and MRI interval only (both p value < 0.0001) and showed no significant associations with sex or APOE genotype. These results indicate that the effects of APOE ε4 genotype and female sex are selective to hippocampal volume loss, whereas total brain volume decline is primarily driven by aging and the duration of the MRI interval. Full statistical details are provided in Supplementary Table 9.


Supplementary Figure 1.  LS means of HpV- and TBV-Ratios (main longitudinal effects)[image: グラフ, 箱ひげ図

AI 生成コンテンツは誤りを含む可能性があります。]
A. Least square (LS) means of HpV-Ratio
Panel A presents LS means of HpV-Ratio across APOE genotype groups, adjusted for age, sex, and MRI interval. Differences between groups are statistically significant: ε3/ε3 vs ε3/ε4: p value= 0.049, ε3/ε3 vs ε4/ε4: p value = 0.001 and ε3/ε4 vs ε4/ε4: p value = 0.011
B. LS means of TBV-Ratio
Panel B shows LS means of TBV-Ratio across APOE genotype groups, also adjusted for age, sex, and MRI interval. No significant differences are observed between groups: ε3/ε3 vs ε3/ε4: p = 0.603, ε3/ε3 vs ε4/ε4: p value = 0.471 and ε3/ε4 vs ε4/ε4: p value = 0.634
Error bars represent 95% confidence interval (CI). 


Supplementary Figure 2.  Distribution of MRI interval (years) used in LMM models
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Number of MRI scans












MRI Interval (Years, 0 years = baseline MRI) 

This histogram illustrates the distribution of MRI intervals (in years) for all MRI observations included in the LMMs. The Y-axis indicates the number of MRI observations. The bar at 0 years (shaded) represents all baseline MRI scans, for which the MRI interval is defined as 0 by design. All nonzero intervals correspond to follow-up MRI sessions used to estimate within-subject longitudinal changes. MRI interval was treated as a continuous variable in the LMMs to estimate within-subject changes.
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