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Abstract.
Background: We previously demonstrated the validity of a regression model that included ethnicity as a novel predictor for
predicting normative brain volumes in old age. The model was optimized using brain volumes measured with a standard tool
FreeSurfer.
Objective: Here we further verified the prediction model using newly estimated brain volumes from Neuro I, a quantitative
brain analysis system developed for Korean populations.
Methods: Lobar and subcortical volumes were estimated from MRI images of 1,629 normal Korean and 786 Caucasian
subjects (age range 59–89) and were predicted in linear regression from ethnicity, age, sex, intracranial volume, magnetic
field strength, and scanner manufacturers.

1Some of the Caucasian data were from the ADNI project
launched in 2003 as a public-private partnership, led by Principal
Investigator Michael W. Weiner (see http://www.adni-info.org/ for
up-to-date information).
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Results: In the regression model predicting the new volumes, ethnicity was again a substantial predictor in most regions.
Additionally, the model-based z-scores of regions were calculated for 428 AD patients and the matched controls, and then
employed for diagnostic classification. When the AD classifier adopted the z-scores adjusted for ethnicity, the diagnostic
accuracy has noticeably improved (AUC = 0.85, �AUC = + 0.04, D = 4.10, p < 0.001).
Conclusions: Our results suggest that the prediction model remains robust across different measurement tool, and ethnicity
significantly contributes to the establishment of norms for brain volumes and the development of a diagnostic system for
neurodegenerative diseases.
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INTRODUCTION

Normative values for brain structures are needed
when calculating an individual’s brain volume alter-
nation, so that we can determine the degree of brain
diseases, or deviation from the norm, in light of that
individual’s characteristics. Starting two decades ago,
there had only been few attempts to establish norms
[1, 2] because collecting sufficient brain images of
healthy individuals is laborious and expensive. A
decade ago, a notable series of studies was conducted
[3, 4] in which a large number of images from multi-
ple MRI studies were integrated, and physical and
technical features of different MRI scanners were
considered; moreover, at the level of individuals,
there was also attention for demographical back-
ground and anatomy [5], allowing the establishment
of norms for brain volumes.

Recent research has shown ethnicity to be an essen-
tial factor in the establishment of brain norms [6].
Although it was already known that there are racial
differences in brain morphometry [7–10], this did not
lead to establishing brain norms in Western societies
that also included racial minorities [11–14]. Particu-
larly, there is a growing need for specialized norms for
the elderly covering Asians as well as Caucasians. In
2020, Asians comprised 56.7% of the world’s elderly
population, or 414 million people; by 2060, the num-
ber is projected to nearly triple to 1,216 million,
which is 61.5% of the world total [15]. Moreover,
as Choi, et al. [6] mentioned, the establishment of
norms unique to a restricted age range has benefits.
First, the norm model could be simple and non-
overfitted because volume and age most likely are
linearly related, and second, the model would pro-
vide more accurate and reliable estimates with the
same number of samples.

In a previous study, we validated a regression
model for predicting normative brain volumes of a
healthy individual in old age based on their ethnicity
and raw volumes obtained through a standard tool,

FreeSurfer [6]. Here we further validated the predic-
tion models. In this study, instead of FreeSurfer we
used Neuro I, which is a neuroimaging quantitative
analysis system developed to provide brain volumes
and norms suitable for Korean population. We uti-
lized the fresh volume measurement to acquire lobar
and subcortical volumes from extensive collections
of MRI images taken from healthy elderly individ-
uals of Korean and Caucasian origins, which were
subsequently examined within our predictive model.

MATERIALS AND METHODS

We note that our method section builds strongly
upon the method section described in Choi et al. [6].

The studies involving human participants were
approved by the Institutional Review Board of
Chosun University Hospital, Gwangju, Republic of
Korea. All volunteers or the next of kin of patients
gave written informed consent before participation.

Measurement of cortical and subcortical volumes

To measure the volumes of cortical and sub-
cortical structures, we processed T1 brain images
of all subjects using Neuro I (version 1.3; for
detailed information, see http://neurozen.ai/) which is
a commercial software package for quantitative neu-
roimaging analysis. Figure 1 depicted the procedure
that consisted of the following steps. 1) T1 images
were corrected for bias field inhomogeneity through
the self-developed software component based on the
N4 algorithm [16]. 2) The corrected images were
skull-stripped using the three-dimensional convo-
lutional neural network (3D CNN) deep learning
models for intracranial volume (ICV) and brain
delimitation [17, 18]. 3) The preprocessed images
underwent segmentation into 107 regions of inter-
est (ROIs) of the Desikan-Killiany-Tourville (DKT)
atlas by using a 3D CNN model for brain regional
parcellation. Then, cortical volumes were calculated
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Fig. 1. Data processing procedure for brain volume and cortical thickness measurement in Neuro I. ICV, intracranial volume; CNN,
convolutional neural network; PBT, projection-based thickness.

by counting voxel numbers in each ROI. 4) Corti-
cal thickness of each ROI was estimated by using
the self-developed software component based on a
projection-based thickness (PBT) algorithm [19]. We
note that cortical thickness was not analyzed in this
paper.

As part of the quality control for image data
processing result, the final step in Fig. 2 involved
examining ICV values, which significantly impact
the norm model. This examination led to the exclu-
sion of data associated with ICV values identified
as outliers. Additionally, a new step introduced in
this paper checks whether the difference in ICV
values between FreeSurfer and Neuro I (calculated
as 2(ICVFreeSurfer − ICVNeuro I )/(ICVFreeSurfer +
ICVNeuro I )) qualifies as an outlier. This new step

resulted in a minor reduction in the sample size com-
pared to our previous paper [6].

Normative samples for Koreans

As described in Choi et al. [6], all the partic-
ipants were enrolled in the Gwangju Alzheimer’s
and Related Dementia (GARD) cohort of the GARD
Cohort Research Center located in Gwangju, Repub-
lic of Korea, between April 2010 and March 2018.
All the participants underwent a thorough evaluation,
which included comprehensive interviews, neuro-
logical examinations, and neuropsychological tests.
The neuropsychological tests consisted of the Korean
version of the Mini-Mental State Examination (K-
MMSE) [20], and the Seoul Neuropsychological



226 Y.Y. Choi et al. / Multi-ethnic Normative Volumes of the Brain

Fig. 2. Flowchart of the process of subject selection for the norms.
The normative sample finally comprised 2,415 subjects: 1,629 for
Koreans and 786 for Caucasians. CN, cognitively normal; GARD,
Gwangju Alzheimer’s & Related Dementia; ADNI, Alzheimer’s
Disease Neuroimaging Initiative; OASIS, Open Access Series of
Imaging Studies.

Screening Battery (SNSB) [21]. Additionally, the
Clinical Dementia Rating [22] was administered. To
be eligible for inclusion in the study, participants were
required to satisfy specific conditions, which encom-
passed the absence of a focal brain lesion, no prior
head trauma history, and the absence of psychiatric
disorders potentially impacting their cognitive abil-
ities. Minor medical irregularities were not grounds
for exclusion [6].

Normative samples for Caucasians

To investigate ethnic differences, we collected
data from the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) and the Open Access Series
of Imaging Studies (OASIS) databases on Cau-
casians (851 CN cases), excluding Hispanic subjects
(cf. http://adni.loni.usc.edu and https://www.oasis-
brains.org).

The ADNI database supplied a part of the Cau-
casian data on which this paper was based. ADNI
was mainly set up to test whether various biological
markers, and various assessments can be combined
to measure how mild cognitive impairment and early
Alzheimer’s disease (AD) progress. The ADNI web-

site (http://www.adni-info.org) supplies the latest
material.

MRI acquisition

Korean participants underwent brain scans using
a 3.0 T MRI scanner (Siemens Skyra) equipped
with a 20-channel head coil and a 1.5 T MRI
scanner (Siemens Avanto) with a 12-channel head
coil. The scans included MPRAGE sagittal views
and MPRAGE axial views. The MRI protocol for
Koreans was described in detail in Choi, et al. [6]. For
Caucasians, brain scans were conducted using 3.0 T
and 1.5 T MRI scanners across various centers for
ADNI, and a 3.0 T scanner for OASIS. The protocols
for Caucasians can be found on the ADNI and the
OASIS sites (cf. https://adni.loni.usc.edu/methods/
documents/mri-protocols/ and https://www.oasis-
brains.org/files/OASIS-3 Imaging Data Dictionary
v2.0.pdf).

Statistical analyses

We performed the statistical analyses identically
as in our previous study where we used R (version
4.2.0, available at https://www.r-project.org/). In the
regression model analyses we used five predictors:
age, sex, intracranial volume (ICV), magnetic field
strength (MFS), and scanner manufacturers [6]. The
initial model prior to incorporating ethnicity as a pre-
dictor was structured as follows:

V̂ = β1 · age + β2 · sex + β3 · ICV + β4 · ICV 2

+β5 · ICV 3 + β6 · MFS + β7 · manufacturer

+β8 · sex × age + β9 · MFS × manufacturer+
β10 · MFS × ICV + β11 · ICV × manufacturer + α

The ultimate model, incorporating ethnicity and
the interaction terms ethnicity × age and ethnicity ×
sex, was structured as follows:

V̂ = β1 · ethnicity + β2 · ethnicity × age

+ β3 · ethnicity × sex + β4 · age + β5 · sex + β6

· ICV + β7 · ICV 2 + β8 · ICV 3 + β9 · MFS + β10

· manufacturer + β11 · sex × age + β12 · MFS×
manufacturer + β13 · MFS × ICV + β14 · ICV×
manufacturer + α
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We conducted ten-fold cross-validation on all the
predictive models utilizing the caret package to avoid
overfitting and enhance generalizability. Due to the
non-normal distribution of ventricular volumes, we
applied a logarithmic transformation to them, and the
resulting coefficients were adjusted to represent cm3

or % increase per year for better readability.
The z-score distributions for the four groups, which

include AD patients and normal controls from both
Koreans and Caucasians, were established following
inter-group matching that considered age, sex, and
MFS. A propensity score matching technique from
the MatchIt package was used in the selection process
of normal controls to match with AD patients from the
normative samples previously mentioned. The details
of the four groups can be found in Table 4.

Normative statistics

We calculated the discrepancies between a given
subject’s obtained volume (V0) and the volume pre-
dicted by the regression model (V̂ ) following the
approach given by Crawford et al. [23].

The initial stage involves the computation of the
standard error (SE) for a projected volume of a new
individual, referred to as sn+1. The SE can be repre-
sented using the following formula:

sn+1 = sV ·x·√
1 + 1

n
+ 1

n − 1

∑
riiz2

i0 + 2

n − 1

∑
rijzi0zj0

Here, sV ·x signifies the standard error of estimate
or root mean square error of the model predicting
normative values. The term rii denotes the elements
on the main diagonal of the inverted correlation
matrix (R−1) for the k predictor variables, while
rij refers to the off-diagonal elements. Additionally,
and z0 = (z10, . . . , zk0) ’ represents the subject’s val-
ues on the predictor variables in z-score form. The
calculation of zi0 is based on the formula zi0 =
(n − 1) (xi0 − x̄i) /�

(
xij − x̄i

)2. The first summa-
tion pertains to the k diagonal elements, and the
second summation covers the k(k-1)/2 off-diagonal
elements either below or above the diagonal. To esti-
mate the effect size, we computed a z-score (z) using
the formula:

z = V0 − V̂

sn+1

The equation represents the discrepancy between
a subject’s actual (V0) and predicted volumes (V̂ ),

divided by the standard error of the predicted volume
(sn+1).

Diagnosing Koreans with AD from Caucasian
controls

Logistic regression models with/without ethnic-
ity as a predictor were constructed based on the
z-scores from six ROIs, specifically the amygdala,
hippocampus, and temporal lobe in both left and
right hemispheres. The optimal classification model
was identified through a 10-fold cross-validation, and
the two receiver operating curves (ROCs) and their
respective areas under the ROC (AUCs) were com-
puted. To obtain a reliable estimate of population
parameters, the significance of AUC comparisons
was assessed using non-parametric stratified resam-
pling [24] with 10,000 bootstrap replications. The
caret and the pROC packages were employed for the
analysis.

RESULTS

Subject selection and demographic information

The normative sample for this study, consisting
of 2,415 subjects, was selected based on the inclu-
sion and exclusion criteria outlined in Fig. 2 [6]. All
subjects in the normative sample were selected from
the cohort classified as cognitively normal (CN). The
sample was comprised of 1629 Korean subjects from
the GARD cohort and 786 Caucasian subjects from
the ADNI and the OASIS datasets. The age range of
the Caucasian subjects matched that of the Korean
sample, which was 59 to 89 years old. Demographic
information for the normative sample is provided in
Table 1.

Predictive model that incorporates ethnicity as a
predictor to forecast a brain volume

Fit measures and standardized coefficients of
the models predicting subcortical and cortical vol-
umes of the Korean and Caucasian normal controls
(n = 2415) can be found in Table 2. The models
aimed at predicting subcortical gray matter volumes
accounted for significant portions of the variance (R2:
mean = 44.4%, range = 28.4–59.9%). Moreover, the
models targeting lobar gray matter volumes explained
even great extent of variance (R2: mean = 62.4%,
range = 42.6–77.3%). Table 2 shows that ethnicity
had a notable impact on most regions, whereas age
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Table 1
Cohort sizes and demographics for normal Koreans and Caucasians

Age (y) MMSE Education (y)
Race Dataset n F 3T range M ±SD M ±SD M ±SD

Korean GARD 1629 63% 82% 59–89 73.0 ±5.5 27.0 ±2.1 9.6 ±4.6
Caucasian ADNI, OASIS 786 54% 77% 59–89 73.3 ±6.2 29.2 ±1.1 16.3 ±2.6

GARD, Gwangju Alzheimer’s & Related Dementia; ADNI, Alzheimer’s Disease Neuroimaging Initiative; OASIS, Open Access Series of
Imaging Studies. F, female; y, years; MMSE, Mini-Mental State Examination.

exerted a considerable influence across all regions
except the left caudate.

Figure 3 and Table 3 show the variance explained
by each predictor, indicating its relative impor-
tance. Age explained substantial proportions of
variance for lobar and subcortical volumes (R2:
mean = 2.8%, 3.0%; range = 1.1–4.8%, 0.1–6.2%,
respectively). Ethnicity explained somewhat less
but still non-negligible proportions for lobar
and subcortical volumes (R2: mean = 2.1%, 1.3%;
range = 0.2–6.9%, 0.2–3.6%, respectively). The
ethnicity-relevant terms, including ethnicity×age
and ethnicity×sex as well as ethnicity, collectively
accounted for substantial portions of variance in lobar
and subcortical volumes (R2: mean = 4.0%, 3.3%;
range = 1.9–9.1%, 1.7–5.1%).

Table 2 shows that age had a substantial effect on
all lobar and subcortical regions except the left cau-
date, and ethnicity also had a substantial effect on half
or more of all the regions such as temporal, parietal,
right occipital, left cingulate, and right insular lobes
and most of the subcortical regions such as thalami,
putamina, hippocampi, caudates, amygdalae, pallidi
and left accumbens. Koreans generally had larger
lobar and subcortical regions than Caucasians (�<0,
p < 0.00125), with the left cingulate cortex being the
only exception, as it was clearly smaller in Koreans
(�>0, p < 0.00125).

Alternation in the volume of subcortical and
lobar regions during normal aging

Figures 4 and 5 show the rate of aging in brain
regions among individuals aged 59 to 89, comparing
Caucasians and Koreans. The aging slopes indicated
the projected volume changes in the subcortical and
lobar regions based on age and ethnicity. In general,
there were no significant differences in the aging
rates between Koreans and Caucasians. However,
as indicated in Table 2, a notable age-by-ethnicity
interaction was observed in the insular cortices,
left thalamus, right pallidus, and right accumbens
(p < 0.00125). Additionally, a relatively weaker age-

by-ethnicity interaction was detected in some regions
(p < 0.05).

Z-scoring before/after accounting for ethnicity

To validate the z-score generated by our pre-
dictive model accounting for ethnicity, Korean and
Caucasian individuals with AD were additionally col-
lected and their controls were matched. As shown
in Table 4, the two racial groups with the two
diagnostic categories (n = 214 for each group) were
well-matched in terms of age, gender, and MFS.

First, we calculated the z-scores for the normal
control groups within both Koreans and Caucasians
and assessed the statistical significance of the values.
Because the z-score reflects the disparities between
the observed and predicted volume measurements,
the z-scores of the normal controls should be closely
approximated zero. As detailed in Table 5, following
the ethnicity adjustment, the z-scores for normal con-
trols were no longer statistically significant for both
the racial categories, despite their earlier significance
in the parietal (z = −0.60 − 0.56, p < 0.00125), tem-
poral lobes, thalami, right hippocampus, and right
accumbens (z = −0.48–0.19, p < 0.05) for either
racial category prior to the ethnicity adjustment. Fol-
lowing this ethnicity adjustment, the z-scores for
lobar volumes closely approached zero (z in Koreans:
mean = 0.03, range = –0.03–0.12; z in Caucasians:
mean = 0.04, range = –0.09–0.03), and the z-scores
for subcortical volumes similarly converged near zero
(z in Koreans: mean = 0.04, range = –0.04–0.11; z in
Caucasians: mean = –0.02, range = –0.11–0.08).

Diagnosing Koreans with AD from Caucasian
controls

We assessed the effectiveness of our z-scoring
method in the AD diagnostic process in a multiracial
environment. As shown in Table 6, the z-scores were
compared between all combinations of the AD and
the control groups of both the races. The distributions
of six representative regions were illustrated in Fig. 6.
The condition for selecting the representative regions
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Table 2
Standardized coefficients of the prediction model of lobar and subcortical gray matter volumes

MODEL: COEFFICIENT: Intracrainial volume Scanner Interaction
RMSE R2 MAE Age Ethnicity Sex ICV ICV2 ICV3 MFS Manufacturer Ethnicity Ethnicity Sex MFS MFS* MFS ICV ICV*

1.5T/ GE/ Philips/ *Age *Sex *Age *GE Philips *ICV *GE Philips
M SD M SD M SD Cau/Kor M/F 3.0T Siemens Siemens

brain 27.39 1.45 0.91 0.01 21.35 1.04 –0.21 –0.04 –0.10 1.02 0.00 –0.02 0.06 –0.05 0.04 0.01 0.00 –0.02 0.02 –0.05 0.00 0.00 0.00
lobar gray matter 14.44 0.67 0.85 0.02 11.38 0.53 –0.22 –0.12 –0.11 0.96 0.00 –0.02 –0.05 –0.05 0.04 0.01 0.01 –0.02 –0.02 –0.08 0.01 –0.01 0.00

frontal L 3.32 0.16 0.74 0.03 2.65 0.12 –0.17 –0.01 –0.10 0.90 –0.02 –0.02 –0.02 –0.02 0.03 0.00 0.02 –0.02 –0.09 –0.08 0.02 –0.02 0.00
frontal R 3.41 0.15 0.77 0.02 2.72 0.12 –0.18 0.04 –0.07 0.92 0.01 –0.02 0.00 –0.04 0.02 0.03 0.00 –0.02 –0.07 –0.08 0.01 –0.02 0.00
temporal L 2.60 0.11 0.72 0.03 2.07 0.09 –0.23 –0.21 –0.09 0.86 0.00 –0.03 0.05 –0.01 0.04 0.03 0.01 –0.04 –0.02 –0.08 0.02 –0.01 0.01
temporal R 2.63 0.13 0.71 0.03 2.10 0.10 –0.24 –0.18 –0.10 0.85 –0.01 –0.01 0.08 –0.05 0.04 0.03 –0.01 –0.03 0.00 –0.08 0.02 –0.01 0.02
parietal L 2.58 0.12 0.73 0.03 2.06 0.09 –0.15 –0.24 –0.12 0.85 0.00 –0.03 –0.16 –0.04 0.03 –0.02 0.00 0.00 0.00 –0.05 0.00 –0.01 0.00
parietal R 2.46 0.12 0.76 0.02 1.93 0.10 –0.19 –0.27 –0.13 0.89 0.00 –0.06 –0.17 –0.06 0.04 0.00 0.01 –0.01 0.05 –0.05 –0.01 0.00 –0.01
occipital L 1.85 0.08 0.43 0.04 1.47 0.07 –0.23 –0.03 –0.07 0.66 0.00 –0.07 –0.16 –0.06 0.05 0.01 0.05 0.00 0.07 –0.01 0.04 –0.01 –0.04
occipital R 1.78 0.07 0.46 0.04 1.43 0.06 –0.27 –0.08 –0.09 0.69 0.01 –0.08 –0.15 –0.06 0.03 0.04 0.07 –0.02 0.05 –0.01 0.04 –0.02 –0.03
cingulate L 0.72 0.03 0.58 0.03 0.57 0.02 –0.15 0.06 –0.01 0.77 0.00 –0.01 0.08 –0.10 0.04 0.00 –0.01 0.00 0.01 –0.10 0.01 0.00 0.00
cingulate R 0.68 0.03 0.51 0.04 0.54 0.02 –0.12 0.02 –0.10 0.78 –0.02 –0.02 0.15 –0.11 0.11 –0.04 –0.01 0.00 –0.01 –0.15 0.01 –0.01 –0.01
insular L 0.42 0.02 0.53 0.04 0.33 0.02 –0.15 –0.03 0.01 0.71 –0.01 –0.02 –0.12 –0.03 0.02 0.07 0.00 0.02 0.03 –0.06 0.01 0.01 –0.01
insular R 0.44 0.02 0.55 0.04 0.35 0.01 –0.17 –0.09 0.02 0.67 0.03 0.02 –0.09 –0.06 0.00 0.07 0.00 0.00 0.00 –0.04 0.02 0.00 0.00

Subcortical gray matter 2.52 0.12 0.69 0.03 1.99 0.09 –0.22 –0.12 –0.07 0.82 0.01 –0.02 –0.13 –0.05 –0.01 0.05 0.08 –0.02 0.05 0.01 0.00 0.00 0.01
thalamus L 0.41 0.02 0.58 0.04 0.33 0.01 –0.27 –0.16 –0.05 0.70 –0.01 0.01 –0.12 0.02 –0.02 0.06 0.06 –0.04 –0.01 0.00 –0.02 0.01 0.00
thalamus R 0.41 0.02 0.60 0.03 0.33 0.01 –0.20 –0.15 –0.04 0.73 0.01 0.01 –0.13 –0.06 –0.06 0.02 0.04 –0.02 0.04 0.01 –0.03 0.02 0.00
putamen L 0.39 0.02 0.45 0.04 0.31 0.01 –0.18 –0.07 0.02 0.66 0.02 –0.05 –0.11 –0.06 0.03 0.04 0.01 –0.02 0.09 –0.01 0.00 0.00 0.02
putamen R 0.34 0.02 0.47 0.04 0.27 0.01 –0.12 –0.13 –0.01 0.66 0.01 –0.03 –0.19 –0.05 0.01 0.04 0.05 –0.03 0.08 0.01 –0.01 0.00 0.00
hippocampus L 0.28 0.01 0.39 0.05 0.22 0.01 –0.32 –0.15 –0.07 0.57 0.00 –0.03 –0.06 –0.05 0.02 0.06 0.05 0.00 0.08 –0.02 0.05 0.02 –0.01
hippocampus R 0.30 0.01 0.49 0.04 0.24 0.01 –0.24 –0.21 –0.04 0.64 0.02 0.00 –0.09 –0.02 –0.01 0.05 0.03 –0.02 0.06 –0.01 0.02 –0.01 0.00
caudate L 0.34 0.01 0.28 0.04 0.27 0.01 0.02 –0.09 –0.18 0.58 –0.02 –0.01 –0.13 –0.14 –0.04 0.06 0.08 0.00 0.06 0.03 0.00 0.00 0.02
caudate R 0.38 0.02 0.30 0.05 0.31 0.01 0.11 0.10 –0.10 0.53 –0.02 0.01 –0.14 –0.07 –0.03 0.05 0.06 0.01 0.00 0.03 –0.02 0.01 0.01
amygdala L 0.14 0.01 0.38 0.04 0.11 0.01 –0.19 –0.10 0.05 0.51 –0.01 0.02 –0.08 0.00 0.01 0.00 0.06 –0.03 0.03 0.00 0.02 0.00 0.00
amygdala R 0.14 0.01 0.47 0.04 0.11 0.00 –0.25 –0.11 0.06 0.57 –0.01 0.02 –0.08 –0.04 0.03 0.04 0.04 –0.05 0.03 –0.02 0.00 0.00 0.01
pallidus L 0.17 0.01 0.45 0.05 0.13 0.01 –0.17 –0.11 –0.11 0.72 0.00 –0.05 –0.04 0.03 0.04 0.01 0.05 –0.04 0.06 0.00 0.01 0.00 0.03
pallidus R 0.16 0.01 0.38 0.05 0.13 0.01 –0.21 –0.17 –0.11 0.64 0.01 –0.04 –0.05 0.04 0.07 0.07 0.07 –0.04 0.03 0.01 –0.01 0.00 0.04
accumbens L 0.04 0.00 0.41 0.05 0.04 0.00 –0.25 –0.09 –0.08 0.68 0.02 –0.08 0.07 0.10 –0.04 0.05 0.12 0.01 –0.08 –0.02 0.02 0.00 0.00
accumbens R 0.05 0.00 0.35 0.05 0.04 0.00 –0.17 0.07 –0.15 0.58 –0.03 –0.02 –0.06 –0.11 –0.22 0.08 0.17 –0.06 –0.01 0.08 0.00 0.01 0.04
ventral diencephalon L 0.25 0.01 0.51 0.04 0.20 0.01 –0.19 0.03 0.03 0.67 –0.01 –0.03 –0.04 –0.06 –0.01 0.05 0.09 –0.01 0.04 0.01 0.01 0.00 –0.01
ventral diencephalon R 0.28 0.01 0.54 0.04 0.22 0.01 –0.29 0.00 –0.07 0.71 0.00 –0.01 –0.05 –0.05 0.00 0.03 0.06 –0.01 0.05 0.01 0.01 0.00 0.00
stem 1.54 0.07 0.48 0.05 1.24 0.06 –0.08 –0.06 –0.07 0.67 –0.01 –0.01 –0.23 –0.04 –0.02 0.03 0.12 –0.05 0.08 0.07 –0.03 0.00 –0.03

ventricle 0.15 0.01 0.38 0.05 0.12 0.00 0.47 0.05 0.14 0.29 –0.01 0.04 0.05 –0.03 0.00 –0.04 0.00 –0.03 –0.02 –0.02 0.01 0.01 –0.01

The values with p value < 0.00125 are presented in bold and italic. The values with p value < 0.05 are presented in bold. Kor, Korean; Cauc. Caucasian. L, left; R, right. MFS, magnetic field
strength.
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Fig. 3. Relative importance (R2, proportion of the variance explained) of each predictive variable in the regression model for each regional
volume. Ethnicity-related terms in blue collectively had a significant impact on brain volumes. The relative importance is calculated by
averaging each predictor’s explained proportion of the variance over all orderings of predictors. Interaction indicates the total of the proportions
of variance explained by all the interaction terms except those pertaining to ethnicity.

was that all four types of �z values for each region
became less than –1 after correcting for ethnic dis-
parities as indicated in Table 6. This resulted in the
amygdalae, hippocampi, and the temporal cortices
being chosen.

Figure 6 illustrated that after correcting for ethnic
disparities, the distributions of z values for normal
individuals became nearly indistinguishable between
Koreans and Caucasians, in contrast to before correc-
tion. The pattern is also observed in the distribution of
AD patients, though to a lesser degree than in the case
of normal individuals. What’s particularly notewor-
thy is the shift in the gap between the distributions of

Korean AD patients and Caucasian normal controls.
Before the correction, there was a significant degree
of overlap between their distributions, which reduced
after the correction. This reduction can be found in the
columns labeled ‘Kor-AD versus Cau-CN’ of Table 6,
as well as in Fig. 6.

For our concluding analysis, we performed diag-
nostic classification analysis, and examined the extent
to which the correction for ethnic disparities enhances
the performance of the AD classification models.
We simply constructed logistic regression models
using only the z values of six brain areas: bilat-
eral amygdalae, hippocampi, and temporal lobes.
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Table 3
Percentage of the variance explained by each predictor in models predicting lobar and subcortical regional volumes

Ethnicity Ethnicity*Age Ethnicity*Sex Age Sex ICV MFS Manufacturer Interaction Unexplained

brain 0.8 0.6 2.0 3.4 12.0 64.0 0.2 0.2 8.1 8.6
lobar gray matter 2.1 0.9 1.4 3.9 10.1 57.2 0.9 0.6 8.2 14.8

frontal L 0.4 0.7 1.6 2.7 9.2 50.6 0.6 0.5 7.7 25.8
frontal R 0.3 0.5 1.9 2.6 10.4 53.5 0.4 0.4 7.5 22.5
temporal L 4.3 0.7 1.2 4.1 8.2 46.1 0.2 0.4 6.9 28.0
temporal R 3.9 0.7 1.1 4.5 7.7 45.5 0.3 0.5 6.7 29.1
parietal L 5.9 0.7 1.2 2.0 7.5 44.7 3.6 1.1 6.6 26.6
parietal R 6.9 0.7 1.4 2.8 7.5 45.7 3.4 1.2 6.6 23.8
occipital L 0.2 0.8 1.1 3.8 4.8 24.9 2.5 0.3 4.9 56.7
occipital R 0.6 0.8 1.1 4.8 4.8 26.1 2.3 0.4 5.5 53.7
cingulate L 0.3 0.3 1.9 1.6 9.2 39.2 0.3 0.4 5.2 41.7
cingulate R 0.3 0.6 1.1 1.5 6.2 35.6 1.1 0.9 4.7 48.0
insular L 0.5 0.2 1.3 1.1 8.6 35.1 1.8 0.2 5.3 45.9
insular R 1.5 0.2 1.1 1.6 8.6 35.5 1.2 0.6 5.4 44.3

subcortical gray matter 1.5 0.5 1.9 3.3 9.1 44.7 1.8 0.2 6.4 30.5
thalamus L 2.3 0.8 1.2 5.0 7.0 34.6 1.5 0.3 5.7 41.5
thalamus R 2.5 0.6 1.1 3.0 7.8 37.5 1.9 0.7 5.2 39.7
putamen L 0.8 0.3 1.2 2.0 7.3 28.5 1.0 0.2 4.3 54.3
putamen R 1.4 0.2 1.2 0.9 7.0 29.3 3.0 0.2 4.1 52.6
hippocampus L 1.8 0.8 0.6 6.2 3.6 20.5 0.6 0.2 5.4 60.4
hippocampus R 3.6 0.6 0.9 3.8 5.9 29.4 1.0 0.3 4.8 49.8
caudate L 0.9 0.3 0.5 0.1 2.6 18.9 1.9 1.1 3.0 70.7
caudate R 0.7 0.6 1.7 1.0 3.4 17.6 2.3 0.3 2.9 69.4
amygdala L 0.9 0.7 1.4 2.8 6.4 22.1 0.7 0.1 4.0 61.1
amygdala R 1.2 0.8 1.4 4.4 7.7 26.8 0.8 0.3 4.8 51.9
pallidus L 0.9 0.5 1.1 2.4 5.4 29.8 0.2 0.3 5.2 54.1
pallidus R 1.8 0.4 0.9 2.9 4.1 23.8 0.2 0.5 4.2 61.2
accumbens L 0.6 0.4 1.9 3.6 5.2 25.2 0.3 0.4 4.3 58.0
accumbens R 0.6 0.3 3.0 2.2 3.2 19.2 0.6 2.1 4.4 64.4
ventral diencephalon L 0.4 0.3 3.3 2.1 9.0 31.1 0.3 0.1 4.9 48.6
ventral diencephalon R 0.2 0.9 1.9 5.6 6.5 33.4 0.4 0.1 5.7 45.3
stem 0.4 0.1 2.3 0.6 6.6 29.9 4.3 0.1 4.0 51.7

Ventricle 0.2 2.2 1.4 13.2 6.9 10.1 0.0 0.1 4.2 61.7

L, left; R, right; ICV, intracranial volume; MFS, magnetic field strength.
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Fig. 4. Lobar volume changes with age in Korean (red) and Caucasian (blue) elderly people. This figure illustrates ethnic contrast on age
effect in each model predicting lobar volumes in a massive sample of cognitively normal people aged 59–89. Each line denotes mean volume
with 95% confidence intervals in the colored shade.

Figure 7 showed the classifiers’ performances before
(AUC = 0.81) and after correction for ethnic dispar-
ities (AUC = 0.85) in terms of the ROC. Following
the correction, the classifier exhibited a significant
enhancement compared to its pre-correction state
with �AUC=0.04, D = 4.18, p < 0.0001, as deter-
mined by a bootstrap AUC comparison test.

DISCUSSION

General summary

The present study again highlights the impor-
tance of ethnicity as a predictor in the prediction
model for normative brain volumes and the valid-

ity of multi-racial normative volumes of the brain to
diagnose degenerative brain diseases. This research
reproduced the key findings of our previous study that
first presented multi-racial norms for lobar and sub-
cortical volumes by using large samples restricted
to people of old age [6]; moreover, in the present
study, the self-developed software tool for brain vol-
ume measurement named Neuro I was used instead
of FreeSurfer, so the model is now validated using
two independent software programs for brain mea-
surement.

This study found the brain areas most vulnerable to
dementia for diagnostic application. The representa-
tive areas included the amygdala, hippocampus, and
temporal lobe, and were sensitively different in vol-
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Fig. 5. Subcortical volume changes in Korean (red) and Caucasian (blue) elderly peoples. This figure illustrates age and ethnicity influence
in each model predicting subcortical regional volumes in a large sample of cognitively healthy individuals aged 59–89. Shaded ribbons
around each line denote 95% confidence intervals for the mean. The ventricular volume is log10 transformed.

ume according to ethnicity. The values for the areas
corrected for racial disparities enhanced the diagnos-
tic accuracy of the AD classifier models. These results
were consistent with the results of our previous paper.
Particularly, the results in Fig. 6 and Table 6 indi-
cate that when medical practitioners analyze Korean
AD patients’ data, referring only to Caucasian norms
may lead them to incorrect diagnoses. The doctors

may be biased to diagnose patients as being within
the normal range because of the extensive overlap in
the distribution of brain regions, particularly the tem-
poral cortices and the right hippocampus, between
Caucasians without AD and Koreans with AD prior
to ethnic disparity correction. Considering that the
temporal lobes are situated laterally in the brain,
and the Asian brain bulges laterally compared to
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Table 4
Sample sizes of normal people and AD patients of Koreans and Caucasians

Korean-CN Korean-AD Caucasian-CN Caucasian-AD
M ±SD M ±SD M ±SD M ±SD

n 214 214 214 214
age 75.1 ±5.8 75.1 ±5.9 75.0 ±5.6 75.8 ±6.6
sex (male) 50.0% 50.0% 50.0% 50.0%
education (y) 9.1 ±5.0 7.9 ±5.0 16.2 ±2.7 15.0 ±2.8
APOE �4 carrier 24.3% 58.3% 29.0% 85.0%
field strength (1.5T) 27.6% 29.9% 28.5% 39.3%

the Caucasian brain [25], the temporal lobes may be
influenced by genetic factors that affect both cranial
shape and racial characteristics [26–28].

Review/Comparison of previous studies

Although this study and our previous paper
were generally consistent in their conclusion, we
identified minor differences. Before the ethnic-
ity adjustment, the AD classifiers using Neuro I
(AUC = 0.81) slightly outperformed the classifier
using FreeSurfer (AUC = 0.78), but the ethnicity
adjustment improved the performance of the classi-
fier of FreeSurfer (�AUC=0.10. D = 7.80, p < 0.001)
over that of the classifier of Neuro I (�AUC=0.04,
D = 4.18, p < 0.001). The relatively weak effect of
ethnicity on the performance of the classifier using
Neuro I appears to be due to the ethnic effects that
were less significant in most brain regions (for details,
see Table 2 and Table 2 in Choi, et al. [6]).

Regardless of the brain volume measurement tool,
Koreans were larger in most brain regions than
Caucasians (Supplementary Table 1). Compared to
FreeSurfer showing Koreans’ largeness in all lobar
structures, the use of Neuro I weakened the ethnic
effects. Furthermore, Neuro I reversed the sign of the
ethnic effects on the right frontal lobe and the left
cingulate cortex. In subcortical structures, the use of
Neuro I and FreeSurfer in both cases led to the conclu-
sion that Koreans were larger in thalami, hippocampi,
and amygdalae whereas they led to disagreement on
conclusions as to whether a specific race was greater
in putamina, left accumbens and left ventral dien-
cephalon. In caudates, pallidi, and stem, it is difficult
to conclude that the two tools led to different ethnic
effects since the CIs of the two types of measures
overlapped.

The data showed that the ethnic differences in brain
volumes tended to be less substantial in most regions
when using Neuro I than when using FreeSurfer (Sup-
plementary Table 1). Except for a few regions, it is
clear that using Neuro I largely reduced the ethnicity

effect. The cause of this reduction is difficult to deter-
mine but the deep learning-based imaging processing
of Neuro I does not rely upon standard template
images and so may have contribute to reducing racial
differences. Compared to Neuro I, FreeSurfer uses the
brain template based on Caucasian brain images, so
it is suboptimal for Asian brain analysis. Therefore,
although the learning process was performed with
Korean brain images, we are of the opinion that the
deep learning-based method could be used success-
fully to increase the versatility of the image analysis
for multiple ethnic groups.

In our investigation, the left caudate exhibited a
unique pattern, showing no age-related alterations
in normal aging. This observation was consistent
across analyses conducted using both Neuro I and
FreeSurfer data (�age = 0.02 and –0.04, p > 0.05,
respectively) [6]. This finding aligns with the results
reported by Walhoved et al. [2], illustrating a stable
or increased caudate volume in older age. Further-
more, Persson et al. [29] noted a larger caudate in
AD patients compared to those with mild cognitive
impairment or SCI. Table 6 also indicated marginally
increased caudate volumes in AD patients compared
to CN within each race, although the differences did
not reach statistical significance (�z=0.21 and 0.18,
p > 0.05 for Koreans and Caucasians, respectively; cf.
the ‘Kor-AD versus Kor-CN’ and ‘Cau-AD versus
Cau-CN’ columns of the ‘After ethnicity adjust-
ment’ panel). Our prior FreeSurfer results showed
marginally and insignificantly decreased caudate
volumes only in Caucasians (�z=0.02 and –0.26,
p > 0.001 for Koreans and Caucasians, respectively)
[6]. We found a paper reporting a smaller caudate
of fifteen AD patients, but the control group were
not sex- and age-matched because they were selected
from their staff and bystanders [30].

The left caudate atrophy in AD patients is reported
to occur later and to be less severe than the right
side [31, 32]. These studies were consistent with
our previous results of FreeSurfer (�z left>�z right
for caudate), but the difference between �z left and
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Table 5
Z-scores and the differences between the observed volumes and the predicted

Before ethnicity adjustment After ethnicity adjustment
Korean-CN Caucasian-CN Korean-CN Caucasian-CN

Z t p z t p z t p z t p

brain 0.19 0.63 0.530 –0.31 –0.99 0.323 0.12 0.39 0.695 –0.16 –0.50 0.617
lobar gray matter 0.18 0.83 0.410 –0.40 –1.82 0.070 0.03 0.15 0.879 –0.10 –0.42 0.678

frontal L –0.01 –0.04 0.969 –0.07 –0.39 0.696 0.00 –0.01 0.996 –0.07 –0.42 0.674
frontal R –0.04 –0.25 0.804 0.01 0.08 0.937 0.01 0.04 0.964 –0.09 –0.46 0.645
temporal L 0.15 1.03 0.304 –0.48 –3.08 0.002 –0.03 –0.22 0.825 –0.09 –0.55 0.579
temporal R 0.19 1.31 0.189 –0.45 –2.99 0.003 0.02 0.15 0.881 –0.09 –0.58 0.561
parietal L 0.26 1.79 0.073 –0.56 –3.83 0.000 0.02 0.15 0.884 –0.07 –0.42 0.677
parietal R 0.27 1.76 0.079 –0.60 –3.93 0.000 0.00 0.01 0.989 –0.03 –0.19 0.846
occipital L 0.09 0.81 0.416 0.03 0.28 0.777 0.10 0.89 0.377 0.03 0.28 0.778
occipital R 0.12 1.07 0.285 –0.03 –0.26 0.793 0.12 1.04 0.300 0.01 0.09 0.929
cingulate L 0.01 0.06 0.956 0.07 0.54 0.586 0.05 0.43 0.666 –0.03 –0.22 0.823
cingulate R 0.02 0.14 0.892 0.04 0.30 0.766 0.02 0.16 0.877 0.02 0.14 0.885
insular L 0.04 0.29 0.770 –0.08 –0.62 0.537 0.03 0.23 0.816 –0.05 –0.36 0.719
insular R 0.12 1.02 0.307 –0.14 –1.13 0.259 0.07 0.57 0.569 –0.01 –0.06 0.953

subcortical gray matter 0.10 0.70 0.484 –0.19 –1.33 0.185 0.06 0.44 0.663 –0.07 –0.46 0.645
thalamus L 0.11 0.93 0.352 –0.29 –2.32 0.021 0.04 0.30 0.762 –0.09 –0.74 0.461
thalamus R 0.15 1.23 0.220 –0.29 –2.27 0.024 0.06 0.45 0.651 –0.07 –0.53 0.595
putamen L 0.06 0.59 0.558 –0.13 –1.21 0.226 0.02 0.21 0.831 –0.04 –0.34 0.731
putamen R 0.11 1.02 0.309 –0.12 –1.14 0.257 0.06 0.52 0.603 0.02 0.16 0.874
hippocampus L 0.13 1.37 0.171 –0.15 –1.53 0.128 0.08 0.76 0.448 0.00 0.00 0.998
hippocampus R 0.18 1.73 0.084 –0.34 –3.01 0.003 0.06 0.58 0.566 –0.06 –0.54 0.587
caudate L 0.07 0.78 0.439 –0.09 –1.01 0.314 0.06 0.69 0.493 –0.04 –0.43 0.666
caudate R –0.04 –0.50 0.619 0.15 1.77 0.078 0.07 0.77 0.439 –0.05 –0.58 0.560
amygdala L 0.08 0.79 0.432 –0.08 –0.80 0.422 0.04 0.41 0.680 0.01 0.08 0.938
amygdala R 0.15 1.36 0.174 –0.11 –0.95 0.344 0.11 0.97 0.331 0.00 0.03 0.974
pallidus L 0.07 0.67 0.503 –0.13 –1.19 0.234 0.02 0.17 0.865 0.00 –0.02 0.981
pallidus R 0.11 1.21 0.227 –0.09 –1.00 0.317 0.05 0.55 0.583 0.07 0.70 0.484
accumbens L 0.04 0.41 0.679 –0.13 –1.13 0.260 0.05 0.54 0.592 –0.11 –0.94 0.350
accumbens R –0.19 –2.22 0.027 0.16 1.56 0.121 –0.04 –0.47 0.636 –0.10 –0.88 0.381
ventral diencephalon L –0.09 –0.84 0.402 0.17 1.41 0.159 0.00 –0.02 0.981 0.02 0.17 0.868
ventral diencephalon R –0.03 –0.24 0.813 0.06 0.52 0.602 0.02 0.18 0.856 –0.01 –0.07 0.943
stem –0.05 –0.49 0.626 0.00 –0.02 0.981 –0.02 –0.19 0.847 –0.02 –0.21 0.831

Ventricle 0.00 –0.02 0.984 0.13 1.37 0.170 0.02 0.22 0.825 0.08 0.80 0.424

The values with p value < 0.00125 are presented in bold and italic. The values with p value < 0.05 are presented in bold. L, left; R, right; ICV, intracranial volume; MFS, magnetic field strength;
Kor, Korean; Cau, Caucasian; AD, AD patients; CN, normal controls.
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Table 6
Z-score differences between AD patients and controls before/after ethnicity adjustment
Before ethnicity adjustment After ethnicity adjustment

Kor-AD vs. Kor-CN Cau-AD vs. Kor-CN Kor-AD vs. Cau-CN Cau-AD vs. Cau-CN Kor-AD vs. Kor-CN Cau-AD vs. Kor-CN Kor-AD vs. Cau-CN Cau-AD vs. Cau-CN
�z t p �z t p �z t p �z t p �z t p �z t p �z t p �z t p

brain –1.13 –11.40 0.000 –1.60 –13.60 0.000 –0.63 –5.81 0.000 –1.10 –8.74 0.000 –1.14 –11.36 0.000 –1.42 –12.16 0.000 –0.86 –7.85 0.000 –1.15 –9.16 0.000
lobar gray matter –1.02 –10.22 0.000 –1.75 –16.07 0.000 –0.43 –3.97 0.000 –1.17 –9.89 0.000 –1.05 –10.26 0.000 –1.42 –12.66 0.000 –0.92 –8.24 0.000 –1.29 –10.67 0.000

frontal L –0.50 –5.19 0.000 –0.59 –5.56 0.000 –0.44 –4.31 0.000 –0.53 –4.78 0.000 –0.49 –5.18 0.000 –0.60 –5.65 0.000 –0.42 –4.20 0.000 –0.53 –4.76 0.000
frontal R –0.40 –4.32 0.000 –0.39 –3.73 0.000 –0.46 –4.61 0.000 –0.45 –4.05 0.000 –0.40 –4.31 0.000 –0.52 –5.09 0.000 –0.30 –3.07 0.002 –0.43 –3.95 0.000
temporal L –1.33 –11.44 0.000 –2.28 –20.01 0.000 –0.70 –5.96 0.000 –1.65 –14.32 0.000 –1.41 –11.45 0.000 –1.90 –16.00 0.000 –1.35 –10.98 0.000 –1.85 –15.51 0.000
temporal R –1.07 –9.54 0.000 –2.15 –18.38 0.000 –0.43 –3.80 0.000 –1.51 –12.91 0.000 –1.12 –9.58 0.000 –1.79 –14.89 0.000 –1.01 –8.73 0.000 –1.67 –14.13 0.000
parietal L –0.65 –6.60 0.000 –1.50 –13.63 0.000 0.18 1.68 0.094 –0.68 –5.80 0.000 –0.71 –6.70 0.000 –0.94 –7.96 0.000 –0.62 –5.57 0.000 –0.86 –6.92 0.000
parietal R –0.52 –5.51 0.000 –1.51 –13.57 0.000 0.35 3.48 0.001 –0.64 –5.49 0.000 –0.59 –5.65 0.000 –0.89 –7.25 0.000 –0.55 –5.10 0.000 –0.86 –6.77 0.000
occipital L –0.26 –2.61 0.009 –0.25 –2.29 0.022 –0.20 –1.95 0.052 –0.19 –1.71 0.089 –0.26 –2.61 0.009 –0.27 –2.41 0.016 –0.19 –1.88 0.061 –0.20 –1.76 0.079
occipital R –0.38 –3.81 0.000 –0.29 –2.80 0.005 –0.23 –2.22 0.027 –0.14 –1.32 0.186 –0.38 –3.81 0.000 –0.27 –2.62 0.009 –0.27 –2.66 0.008 –0.17 –1.55 0.122
cingulate L –0.51 –5.44 0.000 –0.50 –5.45 0.000 –0.58 –5.81 0.000 –0.57 –5.82 0.000 –0.51 –5.43 0.000 –0.63 –6.77 0.000 –0.43 –4.34 0.000 –0.54 –5.58 0.000
cingulate R –0.44 –4.33 0.000 –0.57 –5.58 0.000 –0.46 –4.46 0.000 –0.60 –5.69 0.000 –0.43 –4.32 0.000 –0.58 –5.61 0.000 –0.43 –4.24 0.000 –0.58 –5.50 0.000
insular L –0.69 –6.91 0.000 –0.70 –6.23 0.000 –0.57 –5.61 0.000 –0.58 –5.09 0.000 –0.69 –6.92 0.000 –0.68 –6.07 0.000 –0.62 –6.03 0.000 –0.61 –5.31 0.000
insular R –0.63 –6.16 0.000 –0.72 –6.57 0.000 –0.37 –3.62 0.000 –0.45 –4.17 0.000 –0.64 –6.18 0.000 –0.58 –5.29 0.000 –0.56 –5.48 0.000 –0.50 –4.61 0.000

subcortical gray matter –0.82 –8.60 0.000 –1.18 –12.87 0.000 –0.53 –5.33 0.000 –0.88 –9.29 0.000 –0.84 –8.55 0.000 –1.08 –11.58 0.000 –0.70 –7.01 0.000 –0.95 –9.87 0.000
thalamus L –0.57 –6.15 0.000 –0.80 –8.65 0.000 –0.17 –1.66 0.098 –0.40 –3.95 0.000 –0.58 –6.14 0.000 –0.60 –6.42 0.000 –0.45 –4.39 0.000 –0.47 –4.63 0.000
thalamus R –0.41 –4.49 0.000 –0.58 –6.36 0.000 0.03 0.35 0.724 –0.13 –1.37 0.172 –0.42 –4.51 0.000 –0.33 –3.54 0.000 –0.29 –2.92 0.004 –0.20 –2.01 0.045
putamen L –0.47 –4.79 0.000 –0.75 –7.57 0.000 –0.29 –2.87 0.004 –0.56 –5.62 0.000 –0.48 –4.81 0.000 –0.65 –6.54 0.000 –0.42 –4.20 0.000 –0.59 –5.92 0.000
putamen R –0.33 –3.29 0.001 –0.67 –6.50 0.000 –0.09 –0.94 0.348 –0.43 –4.22 0.000 –0.33 –3.31 0.001 –0.52 –5.01 0.000 –0.29 –2.91 0.004 –0.48 –4.64 0.000
hippocampus L –1.67 –13.58 0.000 –2.20 –19.38 0.000 –1.38 –11.22 0.000 –1.91 –16.82 0.000 –1.69 –13.50 0.000 –2.06 –18.03 0.000 –1.61 –12.89 0.000 –1.99 –17.35 0.000
hippocampus R –1.37 –11.90 0.000 –2.09 –18.33 0.000 –0.85 –7.04 0.000 –1.57 –13.15 0.000 –1.41 –11.85 0.000 –1.82 –15.62 0.000 –1.28 –10.35 0.000 –1.69 –13.91 0.000
caudate L 0.21 1.91 0.057 0.06 0.57 0.571 0.37 3.20 0.001 0.21 2.07 0.039 0.21 1.90 0.058 0.08 0.86 0.393 0.31 2.70 0.007 0.18 1.79 0.075
caudate R 0.45 4.11 0.000 0.56 5.52 0.000 0.26 2.29 0.022 0.36 3.52 0.000 0.46 4.12 0.000 0.28 2.72 0.007 0.58 5.15 0.000 0.40 3.85 0.000
amygdala L –1.52 –11.54 0.000 –2.15 –19.27 0.000 –1.36 –10.12 0.000 –1.99 –17.36 0.000 –1.52 –11.54 0.000 –2.05 –18.40 0.000 –1.49 –11.10 0.000 –2.02 –17.67 0.000
amygdala R –1.53 –12.60 0.000 –2.27 –20.80 0.000 –1.27 –10.47 0.000 –2.01 –18.43 0.000 –1.54 –12.56 0.000 –2.17 –19.76 0.000 –1.43 –11.73 0.000 –2.06 –18.85 0.000
pallidus L –0.30 –3.12 0.002 –0.38 –3.73 0.000 –0.10 –1.08 0.281 –0.19 –1.82 0.070 –0.30 –3.14 0.002 –0.24 –2.34 0.020 –0.28 –2.92 0.004 –0.22 –2.14 0.033
pallidus R –0.37 –3.86 0.000 –0.43 –4.38 0.000 –0.16 –1.73 0.085 –0.23 –2.33 0.020 –0.38 –3.89 0.000 –0.27 –2.69 0.007 –0.39 –4.18 0.000 –0.28 –2.93 0.004
accumbens L –0.51 –4.99 0.000 –0.42 –4.12 0.000 –0.35 –3.25 0.001 –0.26 –2.41 0.016 –0.51 –4.97 0.000 –0.44 –4.29 0.000 –0.35 –3.33 0.001 –0.28 –2.66 0.008
accumbens R –0.32 –3.36 0.001 0.18 1.77 0.077 –0.67 –6.61 0.000 –0.17 –1.55 0.122 –0.32 –3.35 0.001 –0.19 –1.86 0.064 –0.27 –2.65 0.008 –0.14 –1.28 0.200
ventral diencephalon L –0.26 –2.85 0.005 –0.05 –0.55 0.585 –0.52 –5.35 0.000 –0.31 –3.19 0.002 –0.26 –2.84 0.005 –0.27 –3.00 0.003 –0.28 –2.91 0.004 –0.30 –3.07 0.002
ventral diencephalon R –0.49 –5.67 0.000 –0.36 –4.35 0.000 –0.58 –6.10 0.000 –0.45 –4.90 0.000 –0.49 –5.66 0.000 –0.48 –5.81 0.000 –0.46 –4.84 0.000 –0.45 –4.91 0.000
stem –0.11 –1.22 0.222 –0.05 –0.54 0.592 –0.16 –1.68 0.093 –0.10 –1.00 0.317 –0.11 –1.22 0.225 –0.12 –1.20 0.232 –0.11 –1.13 0.257 –0.11 –1.12 0.263

ventricle 0.85 9.23 0.000 1.00 10.25 0.000 0.72 7.36 0.000 0.87 8.44 0.000 0.85 9.20 0.000 0.94 9.72 0.000 0.80 8.14 0.000 0.89 8.69 0.000

The values with p value < 0.00125 are presented in bold and italic. The values with p value < 0.05 are presented in bold. L, left; R, right; Kor, Korean; Cau, Caucasian; AD, AD patients; CN,
normal controls.
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Fig. 6. Examples of z-score distributions of Alzheimer’s diseases (AD) patients and normal controls (CN) before/after adjustment for ethnic
differences. Before the adjustment, the z-score distributions of each diagnosis group were less overlapping between Koreans and Caucasians
and then more overlapping after the adjustment.

�z right is too marginal to be statistically significant.
In the case of Neuro I, both left and right caudates
were not atrophied in AD patients. The caudate is
anatomically wired to various brain regions and plays
a crucial role in learning and memory. Specifically,
studies indicate that the caudate volume is corre-
lated to language proficiency [33]; and a stimulation
to the caudate may improve learning and memory
[34]. As individuals age, fluid cognitive abilities such
as processing speed and executive functions tend to
decline, whereas crystallized cognitive abilities like
associative learning, knowledge, and comprehension
continue to increase [35, 36]. Notably, the caudate
nucleus appears to be involved in crystallized abil-
ities, particularly in functions related to language
and emotional aspects. Consequently, the left cau-
date nucleus is speculated to experience relatively
less atrophy compared to other brain regions, sug-
gesting that the caudate may be resilient to aging,
and even serve as a compensatory mechanism [31,
37].

Neuro I and FreeSurfer originate from entirely dif-
ferent technical underpinnings. Neuro I employs a
two-deep learning model pipeline for sequential brain
tissue segmentation and ROI parcellation. The 3D
CNN-based deep learning model was trained on a
dataset comprising 778 cognitively normal Koreans,

Fig. 7. Performance of the classifiers of Korean patients (AD) from
Caucasian normal controls (CN) using z-scores of bilateral tempo-
ral cortices, hippocampi, and amygdalae before/after adjustment
for ethnic differences.

focusing on precise brain tissue extraction and gen-
erating 109 ROIs [38]. On the contrary, FreeSurfer
is grounded in conventional algorithms that have
been developed and amassed over several decades,
which incorporate the removal of non-brain tissue
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using a hybrid watershed/surface deformation pro-
cedure [39], tessellation of the gray matter white
matter boundary [40], registration to a spherical atlas
which is based on individual cortical folding pat-
terns to match cortical geometry across subjects [41],
parcellation of the cerebral cortex into units with
respect to gyral and sulcal structure [42], and so
on in its segmentation and parcellation steps [43].
Despite its extensive technical heritage, FreeSurfer
yielded more jagged and less smooth boundaries in
parcellation of AD-vulnerable brain regions whereas
Neuro I generated smoother and more well-defined
boundaries [38]. Recently, deep-learning-based seg-
mentation techniques have been widely used in
various fields. Since deep learning techniques uti-
lize feature information that previously could not be
observed by humans, the techniques are expected to
enable more accurate segmentation and parcellation
than conventional methods.

Limitations

Because this study followed the methodology of
our previous study, it also shared the limitations due
to multi-study data analyses and other methodologi-
cal features (for a more in-depth discussion, see our
previous paper [6]). Additionally, as Choi et al. [6]
mentioned, race or ethnicity is determined by both
environmental and genetic factors, which makes it
difficult to draw strong conclusions. The primary aim
of our research is not to identify specific brain regions
on which solely the genetic components of ethnic-
ity have an impact, but rather to establish normative
ethnic standards for brain volume and formulate
strategies to minimize the current lack of compati-
bility between these standards.

Conclusions

The present study validated a regression model
which incorporates an individual’s ethnicity as vari-
able for estimating brain volumes in older adults,
which are used for diagnosis of neurodegenerative
diseases. The validity of this model was established
through the use of both a self-developed quantita-
tive brain measurement software (Neuro I) and a
widely-used standard tool (FreeSurfer). The results
demonstrate that the z-scores derived from this model
are effective for the diagnosis of AD regardless of
the measurement tool employed. Our results provide
valuable insights into the diagnostic processes of neu-
rodegenerative diseases in multiethnic populations.
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