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Cognitive assessments and neuroimaging are routinely combined in clinical practice to diagnose dementia rep-
resented by Alzheimer's disease (AD). The Montreal Cognitive Assessment (MoCA) is reported to be more suitable
than the Mini-Mental State Examination (MMSE) for screening mild cognitive impairment (MCI) and mild AD. On
the other hand, attention to the subfield volumes of the medial temporal lobe has recently been considered
important for the differential diagnosis and early detection of AD. The aim of this study was to uncover which
specific hippocampal subfields and adjacent extrahippocampal structures contribute to deficits in cognitive
assessment scores in patients with MCI and AD. We recruited from our institute 31 Japanese patients—14 with
amnestic MCI and 17 with probable AD, with a clinical dementia rating (CDR) of 0.5 and 1, respectively—and 50
healthy elderly individuals with a CDR of 0. All participants underwent magnetic resonance imaging and
cognitive assessments with the MMSE, Wechsler Memory Scale-Revised Logical Memory I and II, and Japanese
version of the MoCA (MoCA-J). With adjustment for age and sex, we performed partial correlation analysis of the
cognitive assessment scores with the subfield volumes of the medial temporal lobe measured by software-
mediated automatic segmentation of hippocampal subfields using high-resolution T1-and T2-weighted images.
Compared with normal controls, patients with MCI and AD showed subfield volume reductions in cornu ammonis
(CA) 1, CA2, Brodmann area (BA) 35, BA36, the dentate gyrus (DG), the subiculum, and the entorhinal cortex
(ERC). All participants showed high correlation coefficients (above 0.6) between cognitive assessment scores and
subfield volumes in CA1, the DG, the subiculum, the ERC, and BA36. In patients with MCI and AD, the MoCA-J
showed higher correlations than the MMSE with subfield volumes in CA1, the DG, the subiculum, and the ERC.
These results suggest that the combination of the in vivo analysis of subfield morphometry of the medial temporal
lobe with the MoCA-J paradigm provides important insights into whether changes within specific subfields are
related to the cognitive profile in MCI and AD.
1. Introduction

According to the World Health Organization, the proportion of the
population over the age of 60 years is increasing year by year, with the
total number of dementia patients projected to increase to 82 million in
2030 and to 152 million in 2050 [1]. In dementia represented by Alz-
heimer's disease (AD), early detection allows for rapid assessment and
treatment of reversible or treatable causes [2]. Accurate and early diag-
nosis plays an important role in patient care and the development of
future treatments [2, 3]. Cognitive impairment is a serious health prob-
lem that undermines the active independent living of the elderly and
ultimately threatens survival. Thus, it is important to screen older
Matsuda).
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persons with mild cognitive impairment (MCI), the prodromal stage of
AD, and to provide them with an appropriate intervention.

Cognitive assessments help physicians to assess cognitive function in
individuals manifesting cognitive impairment. Among different cognitive
assessments, the Mini-Mental State Examination (MMSE) has been
widely used and can be easily implemented in clinical practice [4].
However, as a drawback, the MMSE has often been criticized for its poor
screening sensitivity for mild dementia and MCI [5, 6]. Therefore, the
Montreal Cognitive Assessment (MoCA) was developed in Canada to
screen patients falling within the normal range in the MMSE [7]. As of
2017, the MoCA has been translated into 46 languages. In Japan, Fuji-
wara et al. [8] confirmed the reliability and validity of the Japanese
ay 2019
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Table 1
Demographic and clinical features of healthy elderly controls and patients with MCI and AD.

HC (n ¼ 50) MCI (n ¼ 14) AD (n ¼ 17) F p value intergroups

Mean � S.D. Mean � S.D. mean � S.D.

age 66.32 � 8.5 70.3 � 10.1 71.9 � 9.1 n.s –

M/f 23:27 6:8 6:11 n.s –

education years 14.1 � 2.6 13.3 � 2.5 13.1 � 2.9 n.s –

MMSE 29.0 � 1.4 26.3 � 4.0 21.4 � 2.4 72.875* HC�MCI: p < 0.001*
HC�AD: p < 0.001*
MCI�AD: p < 0.001*

MoCA-J 27.2 � 2.3 21.9 � 5.6 17.4 � 2.9 64.328* HC�MCI: p < 0.001*
HC�AD: p < 0.001*
MCI�AD: p ¼ 0.001*

WMS-R LMI 14.7 � 3.5 9.0 � 4.8 5.7 � 3.2 43.389* HC�MCI: p < 0.001*
HC�AD: p < 0.001*
MCI�AD: p ¼ 0.037*

WMS-R LMII 12.7 � 3.4 6.8 � 5.4 2.3 � 3.3 50.989* HC�MCI: p < 0.001*
HC�AD: p < 0.001*
MCI�AD: p ¼ 0.005*

AD, Alzheimer's disease; CDR, Clinical Dementia Rating; F, female; HC, healthy control; M, male; MCI, mild cognitive impairment; MMSE, Mini-Mental State Exami-
nation; MoCA-J, Montreal Cognitive Assessment Japanese Version; ns, not significant; WMS-R LM I, Wechsler Memory Scale-revised Logical Memory I, WMS-R LM II;
Wechsler Memory Scale-revised Logical Memory II.

* p < 0.05.Post hoc comparison: Bonferroni.
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version (MoCA-J). Although the MoCA is aimed at MCI screening, it is
also suitable for mild AD screening [7].

Magnetic resonance imaging (MRI) is useful for objective and
noninvasive evaluation of specific brain atrophy for AD. AD shows se-
lective atrophy in the medial temporal lobe including the hippocampus
and parahippocampal areas. A reduced hippocampal volume is associ-
ated with cognitive impairment in patients with AD and may serve as a
prognostic neuroimaging biomarker of early cognitive impairment [9].
The hippocampus, the centerpiece of the medial temporal lobe, can be
divided into subfields such as the cornu ammonis (CA1, CA2, CA3, and
CA4), dentate gyrus (DG), and subiculum. Selective atrophy of the en-
torhinal cortex (ERC), perirhinal cortex, subiculum, and CA1 has been
reported in the early stage of AD [10, 11, 12]. Furthermore, a correlation
between tau or amyloid deposits and the subfield volumes of the medial
temporal lobe has also been reported in mild AD [13]. Accordingly,
attention to the subfield volumes of the medial temporal lobe is consid-
ered important for the differential diagnosis and early detection of AD.

Cognitive assessments and neuroimaging are routinely combined in
clinical practice to diagnose dementia. Clarification of the neuroimaging
findings related to cognitive function due to normal aging,MCI, andADmay
lead to the early diagnosis of AD. Accordingly, several investigations have
been performed to study patients with AD by combining volumetric
assessment of the entire hippocampus and its subfields with clinical
assessment of Cognitive tests. Lim et al. [14] found that the volume of the
Fig. 1. Automatically segmented subfield areas of the medial temporal lobe o
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left and right subiculum is correlated with the Korean version of the MMSE.
Novellino et al. [15] demonstrated a positive correlation between the Free
and Cued Selective Reminding Test (FCSRT) and the CA4þDG volume. The
FCSRTmeasures only one aspect of the cognitive function of wordmemory.
The lengthy combination of several test batteries places considerable burden
on the elderly and is not suitable for routine clinical studies. Meanwhile, the
MoCA is a cognitive assessment that can measure multifaceted cognitive
function composed of execution function, visual space recognition,memory,
and other aspects and can be quickly implemented. The present study was
designed to investigate which specific hippocampal subfields and adjacent
extrahippocampal structures contribute to deficits in cognitive assessment
scores (including MoCA-J) in patients with MCI and AD.

2. Materials and methods

2.1. Participant characteristics

Demographic data of participants are shown in Table1. We recruited
from our institute 31 Japanese patients (19 women, 12 men)—14 with
amnestic MCI and 17 with probable AD, with a clinical dementia rating
(CDR) [16, 17] of 0.5 and 1, respectively—and 50 healthy elderly par-
ticipants (27 women, 23 men) with a CDR of 0. Patients were diagnosed
based on the clinical criteria of the National Institute on Aging and the
Alzheimer's Association for MCI due to AD [18] and dementia due to AD
n high-resolution T2-weighted coronal (left) and sagittal (right) images.
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[19]. All participants underwent MRI and cognitive assessments with the
MMSE, Wechsler Memory Scale-revised Logical Memory I and II (WMS-R
LM I and II) [20], and MoCA-J. Those with psychiatric and neurological
diseases, cardiovascular diseases, pacemakers or metals in the body, and
claustrophobia were excluded. All clinical assessments and MRI were
performed within a 12-week period.

2.2. Image acquisition

MRI scanning was performed using a 3.0-T MRI system (Verio,
Siemens, Erlangen, Germany). Three-dimensional (3D) sagittal T1-
weighted magnetization prepared rapid acquisition with gradient echo
(MPRAGE) images were obtained as follows: repetition time/echo time,
1900 ms/2.52 ms; flip angle, 9�; in-plane resolution, 1.0 � 1.0 mm; 1.0-
mm effective slice thickness with no gap; 300 slices; matrix, 256 � 256;
field of view, 25 � 25 cm; acquisition time, 4 mins 18 s.

High-resolution T2-weighted images were designed for hippocampal
subfield segmentation and obtained as follows: in-plane resolution, repe-
tition time/echo time, 7380 ms/76 ms; flip angle, 150�; in-plane resolu-
tion, 0.4 � 0.4 mm; 2-mm slice thickness with no gap; 30 slices; matrix of
512 � 432; 22 � 22 cm field of view; acquisition time; 6 min 33 s.

Radiologic interpretations on quality control and gross organic le-
sions were performed by a neuroradiologist (HM).

2.3. Subfield volumetry of the medial temporal lobe

We measured subfield volumes using automatic segmentation of hip-
pocampal subfields (ASHS) software developed at the University of
Pennsylvania [21, 22]. The ASHS segments hippocampal subfields on the
basis of a multi-atlas segmentation with joint label fusion, and a bias
correction using advanced machine-learning techniques. To achieve the
optimal segmentation, ASHS uses both high-resolution T1-weighted and
T2-weighted images. The main advantage of ASHS segmentation software
is that it is a fully automated framework at all stages (i.e., MRI
pre-processing, image segmentation, bias correction and refining), which
parcellates medial temporal lobe into the following subfields: CA1, CA2,
CA3, the DG, the subiculum, the ERC, the perirhinal cortex of Brodmann
area (BA) 35 and BA36, the collateral sulcus, and a miscellaneous part
(MISC). The technical details of ASHS segmentation software as well as
the comparison between hippocampal subfield segmentation by ASHS and
manual approach is described elsewhere [22]. The ASHS segmentation
software is available at https://sites.google.com/site/hipposubfields/. To
suppress variations in individual head sizes, all subfield volumes of the
medial temporal lobe were adjusted by the total intracranial volume.

Moreover a previous study has suggested that ASHS may have ad-
vantages in compatibility with existing histopathologic knowledge
compared to FreeSurfer ver. 5.3 [23].

2.4. Statistical analysis

The differences in age, years of education, and cognitive assessment
score (i.e., MMSE, MoCA-J, WMS-R LM I, and WMS-R LM II) among the
three groups were evaluated by analysis of variance (ANOVA), Welch's
test if not equal variance and a post-hoc comparisons Bonferroni for
intergroup. Sex differences among the three groups were evaluated by
the chi-square test. Partial correlation analysis between subfield volumes
of the medial temporal lobe and the cognitive assessment scores was
performed with adjustment for age and sex using SPSS software (version
23.0; IBM Japan, Tokyo, Japan).

A p value <0.05 was considered significant.

2.5. Ethical considerations

All individuals gave written informed consent to participate in the
study. This study was approved by the ethics committee of the National
Center of Neurology and Psychiatry (A2014–146,A2014-058).
3
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Table 3
Comparison of left and right subfield volumes with paired samples t-tests in all
invdividuals..

Left Mean Right Mean t value p value

CA1 mm3 896 915 -2.17 0.033*
CA2 mm3 14 17 -4.53 <0.001*
CA3 mm3 113 119 -2.84 0.006*
DG mm3 476 490 -2.81 0.006*
MISC mm3 121 114 1.83 0.071
Subiculum mm3 272 270 0.58 0.566
ERC mm3 354 348 1.12 0.268
BA35 mm3 299 297 0.27 0.787
BA36 mm3 1126 1040 4.26 <0.001*
CS mm3 259 184 10.04 <0.001*

*p < 0.05.
CA1, Cornu ammonis 1; CA2, Cornu ammonis 2; CA3, Cornu ammonis 3.
DG, dentate gyrus; MISC, miscellaneous; ERC, entorhinal cortex; BA35, Brod-
mann area 35; BA36, Brodmann area 36; CS, collateral sulcus.
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3. Results

3.1. Clinical findings

The demographic and clinical characteristics of the participants are
shown in Table 1. There were no significant differences in age, years of
education, and sex among the three diagnostic groups. There were sig-
nificant differences in MMSE, MoCA-J, and WMS-R LM I and II scores
among the three groups (p < 0.05). Post hoc comparisons with Bonfer-
roni showed significant differences between all groups in MMSE, MoCA-
J, and WMS-R LM I and II(p < 0.05).

3.2. Subfield volumes of the medial temporal lobe measured by ASHS

Automatic segmentation of the medial temporal lobe is shown in
Fig. 1. The subfield volumes of the medial temporal lobe are listed in
Table 2. There were significant differences in the bilateral CA1, CA2, DG,
subiculum, ERC, BA35, and BA36 among the three diagnostic groups (p<
0.001). All paired samples t-tests on the left versus right comparisons of
volumetric data are presented in Table 3. There were significant differ-
ences in volumes between the left and the right CA1, CA2, CA3, DG,
BA36,CS.

3.3. Associations between the subfield volumes of the medial temporal lobe
and cognitive assessment scores

For all individuals of the three diagnostic groups, significantly high
correlation coefficients (above 0.6) were observed in five subfields (left
CA1, left DG, right CA1, right DG, right ERC) for the MMSE and MoCA-J
and in one subfield (right CA1) for the WMS-R LM II (p < 0.001; Table 4,
Fig. 2). The MoCA-J and MMSE showed almost identical correlations in
these subfields and higher correlation coefficients than did the WMS-R.

For patients with MCI and AD, significantly high correlation co-
efficients (above 0.6) were observed in two subfields (right CA1 and right
ERC) for the MMSE, in five subfields (left DG, right CA1, right DG, right
subiculum, right ERC) for the MoCA-J, in one subfield (right CA1) for the
WMS-R LM I, and in three subfields (left BA36, right CA1, right DG) for
the WMS-R LM II (p < 0.001; Table 5). The MoCA-J showed higher
correlation coefficients than did the MMSE in CA1, the DG, the sub-
iculum, and the ERC.

4. Discussion

This study was conducted to clarify the subfields of the medial tem-
poral lobe associated with cognitive assessment scores for the early
diagnosis of AD. In partial correlation analysis with adjustment for age
and sex, high correlation coefficients were found in cognitive assessment
scores and the subfield volumes of CA1, the DG, the subiculum, the ERC,
4



Fig. 2. Correlations between the subfield volumes of the medial temporal lobe and MoCA-J scores in all individuals. Green, blue, and red dots show healthy control,
MCI, and AD groups, respectively. All subfield volumes were adjusted by the total intracranial volume. a. Correlations between volumes of CA1,CA2,CA3, dentate
gyrus, and miscellaneous, and MoCA-J scores. b. Correlations between volumes of subiculum, entorhinal cortex, Brodmann area 35, Brodmann area 36, and collateral
sulcus, and MoCA-J scores.
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and BA36. In all healthy controls and individuals with MCI or AD, the
MMSE and MoCA-J showed identical correlation coefficients in CA1, the
DG, and the ERC and higher correlation coefficients in these subfields
than the WMS-R. However, the MoCA-J showed higher correlation co-
efficients in CA1, the DG, the subiculum, and the ERC in patients with
MCI or AD than did the MMSE.

Recent work revealed a prominent volume reduction in CA1 and the
ERC in amnestic MCI [24]. Moreover, the CA1 volume showed a greater
difference between MCI patients and healthy controls than the whole
volume of the hippocampus. Mueller et al. [25] found an association
between CA1 and a cognitive task assessing late retrieval and consoli-
dation in individuals with subjective memory problems. The present
findings of high correlations between the CA1 volume and cognitive
assessment scores concurred well with this previous result.

High correlations between subfield volumes and MoCA-J were also
observed in the DG, the subiculum, and the ERC in the present study. The
DG is involved in memory encoding and early retrieval [26] and its
volume is correlated with verbal memory and visuospatial memory in
healthy controls [27]. The subiculum receives input from CA1 and the
5

ERC and serves as the major output structure of the hippocampus. The
subiculum has been associated with regulation of memory recall such as
rapid memory updating [27, 28]. The ERC volume has been correlated
with both delayed free recall and delayed recognition subtests [10, 29].
Information entering the DG of the hippocampus is transmitted from CA3
to CA1 and is sent to the ERC and frontal cortex [27]. Higher correlations
between the subfield volumes and cognitive assessment scores in CA1,
the DG, and ERC than for other areas may be related to this transfer
process of information, which plays a role in memory writing and recall.

The reason why the MoCA-J showed higher correlation with these
subfield volumes in MCI and AD groups than the MMSE may be greater
inclusion of immediate recall, delayed recall, and visuospatial tasks in the
MoCA-J than in the MMSE. The MoCA-J has 15 points with a total score
of 30 in combination with 4 points for visuospatial abilities, 6 points for
language abilities, and 5 points for short-term memory recall. However,
theMMSE has only 8 points with a total score of 30 in combination with 1
point for visuospatial abilities, 4 points for language abilities, and 3
points for short-term memory recall. Another reason may be a lower
ceiling effect from 28 to 30 points for MCI in the MoCA-J than in the
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MMSE [30]. Higher scores of the MMSE than the MoCA-J in the MCI
group in the present study may be due to this ceiling effect. The MoCA-J
may more quickly capture a decrease in subfield volumes in MCI than did
the MMSE.

In the present study right CA1, CA2, CA3, DG were larger in volume
than the same structures in the left hemisphere. This is in line with a
previous study on hippocampal subfield volume measures in healthy
subjects using FreeSurfer software program [31]. This previous study
found that left CA1 volume significantly correlated with delayed recall of
California Verbal Learning Test II. In contrast the present study showed
the right CA1 volume significantly correlated with delayed recall of
WMS-LMII. This left-right differences in correlation between CA1 volume
and delayed recall performance may be attributed to differences in study
cohorts, cognitive assessments, and used software programs.

This study has several limitations. First, the number of study patients
with MCI and AD is rather small compared with healthy controls. Second,
because this study was conducted for patients visiting our hospital and
healthy volunteers living in the neighborhood, it is unclear whether the
results can be generalized to elderly individuals living in other areas.
Third, the present study investigated the relationship between subfield
volumes and the total scores of cognitive assessments. Further clarifica-
tion of the relationship between subfield volumes and subitems of
cognitive assessments may be necessary.

Declarations

Author contribution statement

Masayo Ogawa: Conceived and designed the experiments; Performed
the experiments; Analyzed and interpreted the data; Wrote the paper.

Daichi Sone, Iman Behesht, Hiroshi Matsuda: Analyzed and inter-
preted the data.

Norihide Maikusa, Kyoji Okita, Harumasa Takano: Contributed re-
agents, materials, analysis tools or data.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

We would like to thank Mr. Jun Ogura, Ms. Yuko Furuya, and Mr.
Tenshou Yamao of the National Center of Neurology and Psychiatry for
their support.

References

[1] World Health Organization, Mental health of older adults, 2017. http://www.who
.int/en/news-room/fact-sheets/detail/mental-health-of-older-adults/2017.

[2] A. Martínez-Torteya, V. Trevi~no, J.G.T. Pe~na, Improved diagnostic multimodal
biomarkers for Alzheimer’s disease and mild cognitive impairment, BioMed Res.
Int. 2015 (2015) 961314.

[3] M. Liu, D. Cheng, Y. Wang, Multi-modality cascaded convolutional neural networks
for Alzheimer’s disease diagnosis, Neuroinformatics 16 (2018) 295–308.

[4] M. Folstein, S.E. Folstein, P.R. Mchuge, Mini-Mental state” a practical method for
grading the cognitive state of patients for the clinician, J. Psychiatr. Res. 12 (1975)
189–198.

[5] K.W. Kim, D.Y. Lee, J.H. Jhoo, J.C. Youn, Y.J. Suh, Y.H. Jun, E.H. Seo, J.I. Woo,
Diagnostic accuracy of mini-mental status examination and revised Hasegawa

http://www.who.int/en/news-room/fact-sheets/detail/mental-health-of-older-adults/2017
http://www.who.int/en/news-room/fact-sheets/detail/mental-health-of-older-adults/2017
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref2
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref2
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref2
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref2
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref2
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref3
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref3
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref3
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref4
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref4
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref4
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref4
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref5
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref5


M. Ogawa et al. Heliyon 5 (2019) e01828
dementia Scale for alzheimer's disease, Dement. Geriatr. Cognit. Disord. 19 (2004)
324–330.

[6] M. Volosin, K. Janacsek, D. N�emeth, Hungarian version of the Montreal Cognitive
Assessment (MoCA) for screening mild cognitive impairment, Psychiatr. Hung. 284
(2013) 370–392.

[7] Z.S. Nasreddine, N.A. Phillips, V. B�edirian, S. Charbonneau, V. Whitehead, I. Collin,
J.L. Cummings, H. Chertkow, The montreal cognitive Assessment,MoCA: a brief
screening tool for mild cognitive impairment, American Geriatr. Soc. 53 (2005)
695–699.

[8] M. Fujisima, N. Maikusa, K. Nakamura, M. Nakatsuka, H. Matsuda, K. Meguro, Mild
cognitive impairment, poor episodic memory, and late-life depression are
associated with cerebral cortical thinning and increased white matter
hyperintensities, Front. Aging Neurosci. 6 (2014) 306.

[9] L. Sørensen, C. Igel, N.L. Hanse, M. Osler, M. Lauritzen, E. Rostrup, M. Nielsen, Early
detection of Alzheimer’s disease using MRI hippocampal texture, Hum. Brain Mapp.
37 (2016) 1148–1161.

[10] G.A. Kerchner, G.K. Deutsch, M. Zeineh, R.F. Dougherty, M. Saranathan, B.K. Rutt,
Hippocampal CA1 apical neuropil atrophy and memory performance in Alzheimer's
disease, Neuroimage 60 (2012) 194–202.

[11] S. Krumm, S.L. Kivisaari, A. Probst, A.U. Monsch, J. Reinhardt, C. Stippichi,
R.W. Kressig, K.I. Taylor, Cortical thinning of parahippocampal subregions in very
early Alzheimer's disease, Neurobiol. Aging 38 (2016) 188–196.

[12] D. Hirjak, R.C. Wolf, B. Remmele, U. Seidl, A.K. Thomann, K.M. Kubera,
J. Schr€oder, M.H.K. Maier, P.A. Thomann, Hippocampal formation alterations
differently contribute to autobiographic memory deficits in mild cognitive
impairment and Alzheimer's disease, Hippocampus 27 (2017) 702–715.

[13] D. Sone, E. Imabayashi, N. Maikusa, N. Okamura, S. Furumoto, Y. Kudo, M. Ogawa,
H. Takano, Y. Yokoi, M. Sakata, T. Tsukamoto, K. Kato, H. Matsuda, Regional tau
deposition and subregion atrophy of medial temporal structures in early
Alzheimer's disease: a combined positron emission tomography/magnetic
resonance imaging study, Alzheimers Dement (Amst) 9 (2017) 35–40.

[14] H.K. Lim, S.C. Hong, W.S. Jung, K.J. Ahn, W.Y. Won, C. Hahn, I.S. Kim, C.U. Lee,
Automated segmentation of hippocampal subfields in drug-na�ıve patients with
alzheimer disease, AJNR Am J Neuroradiol 34 (2013) 747–751.

[15] F. Novellino, R. Vasta, A. Sarica, C. Chiriaco, M. Salsine, M. Morelli, G. Arabia,
V. Sacc�a, G. Nicoletti, A. Quattone, Relationship between hippocampal subfields
and category cued recall in AD and PDD: a multimodal MRI study, Neuroscience
371 (2018) 506–517.

[16] J.C. Morris, The clinical dementia rating (CDR): current version and scoring rules,
Neurology 43 (11) (1993) 2412–2414.

[17] K. Meguro, Basics of CDR judgment (in Japanese), Japanese J.Cogn. Neurosci. 6
(2004) 77–79.

[18] M.S. Albert, S.T. Dekosky, D. Dickson, D. Dubois, H.H. Feldman, N.C. Fox, A. Gamst,
D.M. Holtzman, W.J. Jaqust, R.C. Petersen, P.J. Snyder, M.C. Camillo, B. Thies,
C.H. Phelps, The diagnosis of mild cognitive impairment due to Alzheimer’s
disease: recommendations from the National Institute on Aging-Alzheimer’s
Association workgroups on diagnostic guidelines for Alzheimer’s disease,
Alzheimer Dement 7 (2011) 270–279.
7

[19] G.M. Mckhann, D.S. Knopman, H. Chertkow, B.T. Hyman, C.R. Jack Jr., C.H. Kawas,
W.E. Klunk, W.J. Koroshetz, J.J. Manly, R. Mayeux, R.C. Mohs, J.C. Morris,
M.N. Rossor, P. Scheltens, M.C. Carrillo, B. Thies, S. Weintraub, C.H. Phelps, The
diagnosis of dementia due to Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease, Alzheimer Dement 7 (2011) 263–269.

[20] D. Wechsler, Manual for the Wechsler Memory Scale-Revised, The Psychologaical
Corporation, U.S.A, 1987. Reference to a chapter in an edited book :.

[21] P.A. Yushkevich, H. Wang, J. Pluta, S.R. Das, C. Craige, B.B. Avants, Neary
automatic segmentation of hippocampal subfields in in vivo focal T2 weighted MRI,
Neuroimage 53 (2010) 1208–1224.

[22] P.A. Yushkevich, J.B. Pluta, H. Wang, L. Xie, S.L. Ding, E.C. Gertje, Automated
volumetry and regional thickness analysis of hippocampal subfields and medial
temporal cortical structures in mild cognitive impairment, Hum. Brain Mapp. 36
(2015) 258–287.

[23] D. Sone, N. Sato, N. Maikusa, M. Ota, K. Sumida, K. Yokoyama, Y. Kimura,
E. Imabayashi, Y. Watanabe, M. Watabnabe, M. Okazaki, T. Onuma, H. Matsuda,
Automated subfield volumetric analysis of hippocampus in temporal lobe epilepsy
using high-resolution T2-weighed MR imaging, Neuroimage: Clin. 12 (2016)
57–64.

[24] E.C. Gertje, J. Pluta, S. Das, L. Mancuso, D. Kliot, P. Yushkevich, D. Wolk, Clinical
application of automatic segmentation of medial temporal lobe subregions in
prodromal and dementia-level alzheimer's disease, J. Alzheimer's Dis. 54 (3) (2016)
1027–1037.

[25] S.G. Mueller, L.L. Chao, B. Berman, M.W. Weiner, Evidence for functional
specialization of hippocampal subfields detected by MR subfield volumetry on high
resolution images at 4T, Neuroimage 56 (3) (2011) 851–857.

[26] S.G. Travis, Y. Hung, E. Fujiwara, F. Radomski, R. Olsen, P. Carter, High field
structural MRI reveals specific episodic memory correlates in the subfields of the
hippocampus, Neuropsychologia 53 (2014) 233–245.

[27] D.S. Roy, T. Kitamura, T. Okuyama, S.K. Ogawa, C. Sun, Y. Obata, A. Yoshiki,
S. Tonegawa, Distinct neural circuits for the formation and retrieval of episodic
memories, Cell 170 (2017) 1000–1012.

[28] A.R. Zammit, A. Ezzati, M.E. Zimmerman, R.B. Lipton, M.,L. Lipton, M.J. Katz, Roles
of hippocampal subfields in verbal and visual episodic memory, Behav. Brain Res.
317 (2017) 157–162.

[29] Y. Fujiwara, H. Suzuki, M. Yasunaga, M. Sugiyama, M. Ijuin, N. Sakuma, H. Inagaki,
H. Iwasa, C. Ura, N. Yatomi, K. Ishii, A.M. Tokumaru, A. Homma, Z. Nasreddine,
S. Shinkai, Brief screening tool for mild cognitive impairment in older Japanese:
validation of the Japanese version of the Montreal Cognitive Assessment, Geriatr.
Gerontol. Int. 10 (2010) 225–232.

[30] P.T. Trzepacz, H. Hochstetler, S. Wang, B. Walker, A.J. Saykin, Relationship
between the montreal cognitive assessment and mini-mental state examination for
assessment of mild cognitive impairment in older adults, Alzheimer’s disease
neuroimaging initiative, BMC Geriatr. 7 (15) (2015) 107.

[31] P.M. Aslaksen, M.K. Bystad, M.C. Ørbo, T.R. Vangberg, The relation of hippocampal
subfield volumes to verbal episodic memory measured by the California Verbal
Learning TestIIin healthy adults, Behav. Brain Res. 351 (2018) 131–137.

http://refhub.elsevier.com/S2405-8440(18)36148-6/sref5
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref5
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref5
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref6
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref6
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref6
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref6
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref6
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref7
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref7
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref7
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref7
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref7
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref7
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref8
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref8
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref8
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref8
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref9
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref9
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref9
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref9
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref10
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref10
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref10
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref10
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref11
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref11
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref11
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref11
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref12
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref12
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref12
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref12
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref12
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref12
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref13
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref13
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref13
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref13
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref13
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref13
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref14
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref14
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref14
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref14
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref14
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref15
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref15
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref15
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref15
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref15
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref15
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref16
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref16
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref16
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref17
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref17
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref17
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref18
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref18
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref18
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref18
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref18
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref18
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref18
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref19
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref19
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref19
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref19
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref19
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref19
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref19
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref20
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref20
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref21
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref21
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref21
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref21
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref22
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref22
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref22
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref22
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref22
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref23
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref23
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref23
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref23
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref23
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref23
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref24
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref24
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref24
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref24
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref24
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref25
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref25
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref25
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref25
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref26
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref26
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref26
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref26
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref27
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref27
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref27
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref27
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref28
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref28
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref28
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref28
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref29
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref29
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref29
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref29
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref29
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref29
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref30
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref30
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref30
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref30
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref31
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref31
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref31
http://refhub.elsevier.com/S2405-8440(18)36148-6/sref31

	Association between subfield volumes of the medial temporal lobe and cognitive assessments
	1. Introduction
	2. Materials and methods
	2.1. Participant characteristics
	2.2. Image acquisition
	2.3. Subfield volumetry of the medial temporal lobe
	2.4. Statistical analysis
	2.5. Ethical considerations

	3. Results
	3.1. Clinical findings
	3.2. Subfield volumes of the medial temporal lobe measured by ASHS
	3.3. Associations between the subfield volumes of the medial temporal lobe and cognitive assessment scores

	4. Discussion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


