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Deep gray matter structures are associated with memory and other important 
functions that are impaired in Alzheimer’s disease (AD) and mild cognitive impair-
ment (MCI). However, systematic characterization of the subregional atrophy and 
deformations in these structures in AD and MCI still need more investigations. In this 
article, we combined complex volumetry- and vertex-based analysis to investigate 
the pattern of subregional structural alterations in deep gray matter structures and 
its association with global clinical scores in AD (n = 30) and MCI patients (n = 30), 
compared to normal controls (NCs, n = 30). Among all seven pairs of structures, the 
bilateral hippocampi and nucleus accumbens showed significant atrophy in AD com-
pared with NCs (p < 0.05). But only the subregional atrophy in the dorsal–medial part 
of the left hippocampus, the ventral part of right hippocampus, and the left nucleus 
accumbens, the posterior part of the right nucleus accumbens correlated with the 
worse clinical scores of MMSE and MOCA (p < 0.05). Furthermore, the medial–ventral 
part of right thalamus significantly shrank and correlated with clinical scores without 
decreasing in its whole volume (p > 0.05). In conclusion, the atrophy of these four 
subregions in bilateral hippocampi and nucleus accumbens was associated with cog-
nitive impairment of patients, which might be potential target regions of treatment in 
AD. The surface analysis could provide additional information to volume comparison 
in finding the early pathological progress in deep gray matter structures.

Keywords: alzheimer’s disease, mild cognitive impairment, deep gray matter structures, surface alteration, vertex 
analysis
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Figure 1 | Flowchart of structural MR image processing.
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inTrODucTiOn

Alzheimer’s disease (AD) is the most prevalent form of age-related 
dementia (1, 2) and is usually preceded by a stage of cognitive 
decline. This clinical state of cognitive decline is conceptualized 
as mild cognitive impairment (MCI) (3, 4). Previous studies 
showed that MRI-based assessments of brain volume, such as 
hippocampal atrophy, can provided additional information for 
diagnosis of AD (5). Specifically deep gray matter structures, 
including bilateral nucleus accumbens (NAc), amygdala, caudate 
nucleus, hippocampus, pallidum, putamen, and thalamus, are 
associated with memory, emotional learning, shifting atten-
tion, and spatial working memory (6, 7), which were typically 
impaired in AD stage. Previous studies have focused on these 
regions and reported that there was atrophy on hippocampus 
and entorhinal cortex (8–12). Besides, it also suggested that 
other deep gray matter structures, like amygdala, putamen, and 
thalamus also showed significantly reduced volume, even in MCI 
(10, 13–15).

However, the subregions of deep gray matter structures 
may have different function and their impairment in AD may 
also have subregional specificity (9, 15–17). Therefore, it is very 
informative to explore the changes of deep gray matter structures 
on the subregional level in the AD and MCI. Previous studies 
have reported shape abnormalities in multiple deep gray matter 
structures, such as the dorsal–medial part of thalamus (15), the 
anterior hippocampus (9, 17), and the basolateral complex of 
amygdala (16, 17) in AD patients compared to controls. However, 
there is still lack of a systematic investigation of all deep gray mat-
ter structures.

In the current study, we unitized the automated software 
package, FMRIB’s Integrated Registration and Segmentation Tool 
(FIRST) (16, 18, 19), which provided a powerful tool to analyze 
subregional atrophy and shape alterations within seven pairs of 
deep gray matter structures. The volumes of each deep gray matter 
structure and the vertex-wised distortion were compared among 
clinically normal controls (NCs) as well as MCI and AD patients. 
We hypothesized that the pattern of atrophy on subregional level 
would differ among the three mentioned groups, and the specific 
pattern of more profound atrophy or shape alterations would 
correlate with poorer scores of global clinical scores.

MaTerials anD MeThODs

subjects
Ninety consecutive subjects were recruited from the memory 
clinic of Affiliated Drum Tower Hospital of Nanjing University 
Medical School. All subjects underwent a clinical evalua-
tion using Mini-Mental State Examination (MMSE) (20) and 
Montreal Cognitive Assessment (MOCA) (21). Written consent 
was obtained from all subjects or their proxies after a detailed 
explanation of the study procedures, which was approved by the 
local Ethics Committee.

The MCI patients (n = 30) were diagnosed based on the fol-
lowing criteria (22): (a) memory complaint, preferably confirmed 
by an informant; (b) objective memory impairment, adjusted for 

age, and education; (c) normal or near-normal performance on 
general cognitive functioning and no or minimum impairment of 
daily life activities; and (d) not meeting the criteria for dementia. 
AD patients (n =  30) met NINCDS-ADRDA criteria (23). For 
comparison, we included NC (n = 30) who (a) had no cognitive 
complaints, (b) scored normally on global cognitive scales such 
as MMSE and MOCA, and (c) had no evidence of any structural 
abnormality on a conventional MRI scan.

Exclusion criteria were history of any significant medical, 
psychiatric, or neurological illness other than MCI or AD; history 
of brain injury; alcohol or drug abuse of alcohol; and missing 
clinical assessments.

Mri acquisition
Images were acquired on a 3.0-T MR scanner (Achieva 3.0T 
TX dual Medical Systems; Philips Medical Systems, Eindhoven, 
Netherlands) using a three-dimensional turbo fast echo (3D-
TFE) T1-weighted pulse sequence with TR = 9.7 ms, TE = 4.6 ms, 
flip angle  =  8°, slice thickness  =  1  mm, slice gap  =  1  mm, 
FOV = 256 mm × 256 mm, and matrix = 192.

image Processing
The flowchart of image processing is shown in Figure  1. MRI 
volume were processed using FMRIB Software Library (FSL, 
Version 5.0, http://www.fmrib.ox.ac.uk/fsl) (18, 24). Briefly, brain 
extraction was performed on 3D T1-weighted MR images using 
Brain Extraction Tool (25), which uses a deformable model that 
evolves to fit the brain’s surface by the application of a set of locally 
adaptive model forces (25).

FMRIB’s Integrated Registration and Segmentation Tool 
(16) was applied to perform the segmentation and to measure 
volumes and vertexes in seven deep gray matter structures bilater-
ally, including NAc, amygdala, caudate nucleus, hippocampus, 
pallidum, putamen, and thalamus. FIRST initially performed a 
two-stage linear registration using 12 degrees of freedom, and the 
registration was performed by FLIRT (26). In the first stage, an 
affine registration of the whole-head to a standard space template 
(MNI template), with 1  mm ×  1  mm ×  1  mm resolution, was 
implemented. In the second stage, a subcortical mask was used to 
exclude regions outside the deep gray matter structures. Finally, 
a boundary correction was used to determine whether boundary 
voxels belong to this structure or not.

Based on this deep gray matter segmentation, the volume of 
each region was first extracted. The boundary of each region was 
reconstructed into a vertex-based surface, and the vertex loca-
tions from each subject (at a corresponding anatomical point) 
were projected onto the surface normal of the average shape of all 
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TaBle 1 | Study sample characteristics.

group aD (n = 30) Mci (n = 30) nc (n = 30) p-Value

Age (years; SD) 74.1 ± 10.5 74.6 ± 9.6 68.0 ± 11.0 0.028*
Gender (M/F) 13:17 17:13 20:10 0.194
NBV (cm3; SD) 1,154.6 ± 114.9 1,225.6 ± 116.6 1,183.5 ± 102.9 0.052
MMSE (SD) 16.5 ± 5.5 25.4 ± 2.1 29.0 ± 1.2 <0.001**
MOCA (SD) 11.9 ± 4.7 21.9 ± 2.1 26.9 ± 2.1 <0.001**

*p ≤ 0.05.
**p ≤ 0.01.
Demographic data are presented as means ± SDs for continuous and proportions for 
categorical variables.
AD, Alzheimer’s disease; MCI, mild cognitive impairment; NC, normal controls; NBV, 
normalized brain volume; MMSE, Mini-Mental State Examination; MOCA, Montreal 
Cognitive Assessment; M, male; F, female.
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the subjects. The projections were scalar values representing the 
signed, perpendicular distance from the average surface, where 
a positive value was outside the surface and a negative value was 
inside. Therefore, these scalar values of the vertex-based projec-
tion represented the shape information of each subjects and were 
used in the analysis of vertex-level group difference and to evalu-
ate the shape deformation.

To reduce the influence of variation in head size, all volumes 
were scaled by normalized brain volume (NBV) estimated using 
SIENAX-FSL tool (24, 27). The segmentation result of each 
subject was visually checked and no error was observed. In the 
following statistical analysis, the volumes of each structure for 
each individual subject were corrected for NBV.

statistical analysis
Volume-Based Analysis
After calculating the volumes, we used SPSS v 21.0 to analyze 
the data, including two statistical methods: analysis of covariance 
(ANCOVA) and linear regression. To correct the differences in 
head size among individual participants, volumes of each struc-
ture were scaled by NBV using the following equation:

 V V Vstandard roi NBV
6= 10/( )×  

where Vstandard means the standardized volume corrected with 
NBV, Vroi means the absolute volume of each segmented structure, 
and VNBV means NBV.

Analysis of covariance model was used to evaluate group-wise 
differences in volume measures between AD, MCI and NC, with 
controlling for age and gender. In this model, volumes of deep 
gray matter structures were included as dependent factors and 
diagnosis as independent factors. A correction for multiple com-
parisons was carried out using the false discovery rate (FDR) cor-
rection at p < 0.05. Subsequently, post hoc pair-wise comparisons 
were applied to identify between-group differences with p-value 
≤0.05, which is considered as significant. Second, a linear regres-
sion model was applied to measure the associations between 
global clinical scores (MMSE and MOCA score) and volumes of 
each structure among all of the subjects. In the linear regression 
model, global clinical scores were included as the dependent 
variables and the volumes of deep gray matter structure were 
included as independent variables. Age, gender and NBV were 
included as covariates. A collinearity test was also performed to 
rule out multicollinearity between age and the volumes of deep 
gray matter structure.

Vertex-Based Analysis
To carry out the vertex analysis, we used FSL dedicated tools, 
generalized linear model (18) to design the statistical matrix and 
Randomize (28) to perform permutation inference. Two statisti-
cal models were also designed in the vertex analysis.

First, ANCOVA was applied to determine the subregional 
changes within the deep gray matter structures across AD, MCI, 
and NC groups. Second, we correlated local subregional changes 
with global clinical scores at p-value ≤0.05 across all subjects. Age 
and gender were taken into as covariates in both of the ANCOVA 
and correlational analyses. We applied the FDR (q  =  0.05) to 

correct for the multiple comparisons. The MNI coordinates of 
the center of gravity (COG) (18) at subregional alterations were 
also calculated for a better awareness of the locations where 
subregional changes occurred.

resulTs

group characteristics
Demographic and clinical characteristics of three groups are 
listed in Table 1. The AD, MCI, and NC groups did not differ 
in NBV (p  =  0.052) and gender (p  =  0.194), but differ in age 
(p  =  0.028). As expected, the pathological alteration among 
groups led to the significant difference in the scores of MMSE 
and MOCA among patients with AD, MCI, and NC (p < 0.001).

Deep gray Matter structures Volumes  
in aD and Mci groups
Group-wise differences in volumes of the deep gray matter 
structure are displayed in Table  2. Volumes of bilateral NAc 
and bilateral hippocampi (Hipp) were smaller in AD, compared 
to NC group (L_Hipp: p  =  0.001, R_Hipp: p  =  0.001, L_NAc: 
p = 0.003, R_NAc: p = 0.003). MCI had smaller left hippocampus 
(p = 0.020), right NAc (p = 0.010), and left putamen (p = 0.038) 
volumes, compared to the NC group. Only right hippocampus 
showed a smaller volume in AD, compared to MCI group 
(p = 0.012).

associations between Volumes  
and clinical rating scales
We did not find a multicollinearity among the selected variables: 
age and volumes of deep gray matter structures. After control-
ling age, gender, and NBV, the p-values and β-regression coef-
ficient of the correlations between volumes of deep gray matter 
structures and the global clinical scores across all subjects are 
displayed in Table  3. The volumes of bilateral NAc, bilateral 
hippocampi, which also showed significant atrophy in AD, 
compared to NC, were significantly correlated with MMSE and 
MOCA scores (p ≤ 0.05). The volumes of other deep gray mat-
ter structures did not show significant correlations with clinical 
scores (p > 0.05).
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TaBle 3 | Association between volumes in deep gray matter structures and 
global clinical scores.

structure MMse MOca

L_NAc 0.359 (0.002**) 0.382 (0.001**)
R_NAc 0.277 (0.024*) 0.324 (0.007**)
L_Hipp 0.389 (0.001**) 0.359 (0.001**)
R_Hipp 0.383 (0.001**) 0.369 (0.001**)
L_Put 0.103 (0.377) 0.078 (0.493)
R_Put 0.174 (0.139) 0.139 (0.232)
L_Thal 0.074 (0.522) 0.008 (0.945)
R_Thal 0.016 (0.888) 0.000 (0.998)

Results are presented as β-coefficient (p-values) based on linear regression model.
*p ≤ 0.05.
**p ≤ 0.01.

TaBle 2 | Group-wise differences in the deep gray matter structures.

structure aD, mean ± sD Mci, mean ± sD nc, mean ± sD t-Test (p-value)

aD-Mci aD-nc Mci-nc

L_NAc 316.5 ± 135.0 355.9 ± 126.2 443.3 ± 89.2 0.171 0.003** 0.078
R_ NAc 215.7 ± 104.5 228.1 ± 105.0 322.6 ± 83.2 0.585 0.003** 0.010**
L_Hipp 2,583.5 ± 591.0 2,724.7 ± 544.9 3,166.8 ± 374.9 0.283 0.001** 0.020*
R_Hipp 2,652.4 ± 625.7 2,988.9 ± 493.7 3,283.6 ± 386.3 0.012* 0.001** 0.240
L_Put 3,395.1 ± 804.1 3,409.9 ± 466.9 3,923.5 ± 618.7 0.853 0.062 0.038*
R_Put 3,415.8 ± 770.5 3,461.3 ± 591.0 3,847.9 ± 604.6 0.981 0.276 0.277
L_Thal 5,100.6 ± 650.5 5,033.1 ± 773.1 5,466.3 ± 534.6 0.592 0.352 0.145
R_Thal 4,833.0 ± 570.8 4,754.2 ± 687.0 5,152.1 ± 516.8 0.515 0.367 0.125

*p ≤ 0.05; **p ≤ 0.01 using ANCOVA; FDR corrected for t-test and adjusted for normalized brain volume, age, and gender.
Significant across and between-group differences are in bold.
L, left; R, right; NAc, nucleus accumbens; Hipp, hippocampus; Put, putamen; Thal, thalamus.
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Vertex analysis of Deep gray Matter 
structures
The results from vertex analysis are illustrated as probabilistic 
images that show the significant shape abnormalities within deep 
gray matter structures with 1 − p ≥ 0.95 (p ≤ 0.05) in Figure 2. 
After controlling for age and gender, the surface abnormali-
ties were located within bilateral hippocampi and NAc in AD, 
compared to NC group, and only shape alterations in the right 
hippocampus were found in AD, compared to MCI group. 
Specifically, significant shape differences were detected in the 
ventral part of left NAc (left ventral NAc) and right hippocampus 
(right ventral hippocampus), posterior part of right NAc (right 
posterior NAc), the dorsal–medial part of left hippocampus (left 
dorsal–medial hippocampus), and medial–ventral part of right 
thalamus (right medial–ventral thalamus) in AD when compared 
to NC. Less surface alterations were found in left hippocampus, 
right NAc, and left putamen in MCI, compared to NC without 
correction for the multiple comparisons, while these alterations 
did not survive under FDR correction. Figure 3 shows the loca-
tion of shape abnormalities using MNI coordinates of COG 
(colored in yellow).

relationship between regional shape 
alterations and clinical Measures
Figure  4 shows correlations between shape alterations of deep 
gray matter structures and clinical measures of MMSE and 

MOCA within the whole sample. MMSE scores were associated 
with shape abnormalities in bilateral hippocampi, left NAc, and 
right thalamus, whereas MOCA scores were associated with shape 
abnormalities in bilateral hippocampi, NAc, and thalami. The 
localization of subregional alterations and their correlation with 
MMSE and MOCA scores is shown in Table 4. It can be observed 
that the left dorsal–medial hippocampus, the right ventral hip-
pocampus, the left ventral NAc, and the right medial–ventral 
thalamus significantly correlated with MMSE and MOCA, while 
the right posterior NAc and the medial–ventral part of the left 
thalamus only correlated with MOCA. Notably, compared with 
NC, these results are quite consistent with the atrophy regions 
found in AD groups, which are shown in Figures 2 and 3.

DiscussiOn

In this study, we assessed the pattern of subregional structural 
alterations in deep gray matter structures in AD and MCI 
patients. Compared with NC, we found that among all seven pairs 
of structures, the bilateral hippocampi and NAc showed signifi-
cant atrophy in AD. But only the atrophy in the left dorsal-medial 
hippocampus, the right ventral hippocampus, the left ventral 
NAc and the right posterior NAc correlated with the worse global 
clinical scores. These results suggested that the atrophy of these 
four subregions in bilateral hippocampi and NAc was associ-
ated with clinical impairment in MCI and AD patients, which 
might be useful in diagnosis, evaluation and management of AD. 
Furthermore, compared with NC, the volume of bilateral thalami 
did not significantly decrease in AD patients, but the significant 
atrophy was observed in the right medial-ventral thalamus and 
correlated with global clinical scores by using surface analysis. 
These results implied that the surface analysis could provide 
additional information for volume comparison in finding the 
early pathological progress.

It is well known that hippocampus plays an important role 
in spatial, semantic, and episodic memory, which are generally 
impaired in AD and MCI patients (29–32). Numerous studies 
indicated that hippocampal atrophy contributes to memory 
impairment in patients with AD (33–38). Recent studies in AD 
found that obvious atrophy in hippocampal CA1, especially in 
MCI patients who converted to AD over time (37, 38). In the 
current study, we found that hippocampal atrophy and its 
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Figure 2 | Analysis of covariance (ANCOVA) of between-group shape differences. 3D rendering of 1 − p value images with vertex analysis between-group 
comparisons showing the subregional changes (yellow color coded) of deep gray matter structures [adjusted for age and gender; p-value corrected for multiple 
comparisons using false discovery rate (FDR)]. Shape alterations are seen in Alzheimer’s disease (AD) compared to normal control (NC) (a) in bilateral hippocampi, 
bilateral nucleus accumbens (NAc), right thalamus; AD compared to mild cognitive impairment (MCI) (B) in right hippocampus; MCI showed no significant alteration 
compared to NC after FDR corrected (c), while there are alterations found in left hippocampus, right NAc, and left putamen before FDR corrected (D).
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correlation with global clinical scores. Moreover, vertex analysis 
showed a alteration in the right ventral hippocampus and the left 
dorsal-medial hippocampus. This result is in line with a previous 
report that hippocampal atrophy is not homogeneous across the 
various hippocampal subregions during the progression of AD 
(5, 39). The dorsal hippocampus has been studied extensively for 
its significant role in spatial working memory, especially when 
processing the short-term spatial memory (40). Fanselow and 
Dong reported that the dorsal hippocampus performs primar-
ily cognitive functions, while the ventral hippocampus relates 
to stress, emotion, and affect (41). Other studies also indicated 
that loss of neurogenesis in the dorsal and ventral hippocampus 
was associated with the impaired cognitive function (42), and 
the ventral hippocampus supported working memory for odor 
information (43). Experiments in rats showed that dorsal-medial 
hippocampus plays a role in flexible, adaptive behavior, and 
cognitive processing, and rats with dorsal-medial hippocampus 
lesions suffered significant working memory deficits (44). In line 
with the previous studies, the significant correlation between the 
dorsal/ventral hippocampal shape distortion and the global clini-
cal scores in our study also emphasized the critical role of these 
two hippocampal subregions in cognitive impairment in AD 
process. Besides, the subregional level atrophy in hippocampi, 
which is slightly in MCI patients, but dramatically deteriorated 
in AD, further supporting the concept that AD is generally 
converted from MCI. Therefore, treatment on dorsal/ventral 
hippocampus may be effective to prevent the progression of AD. 
Drug treatment upon reduction of memory consolidation in rats 
with impaired dorsal hippocampus indicated that morphine may 
prevent impairment of memory consolidation (45). Yiu et  al. 

also reported that targeting CREB in the CA1 region of dorsal 
hippocampus may be a useful therapeutic strategy in treating 
humans with AD (46). The role of the ventral hippocampus in 
AD is still not clear. Since the stress management related to the 
ventral hippocampus is suggested as a useful intervention in early 
AD and MCI (47), the treatment on ventral hippocampus for 
AD still need to be explored. The measurement in hippocampal 
subregion might be useful in monitoring the effect of treatment 
or intervention on subregional level.

In addition to hippocampus, NAc participates in integrating 
the information involved in learning and executive function 
and is also related to the cognitive processing of aversion, 
motivation, pleasure, reward, and reinforcement learning (48, 
49). NAc is part of the striatum and has close connections with 
both limbic structures of the hippocampus, the amygdala, and 
the prefrontal cortex. One previous research about late-onset 
Alzheimer’s disease patients showed the significant reductions 
in NAc volumes (50). Some previous studies have shown that 
atrophy of NAc occurred in patients with AD (51, 52), while they 
failed to reveal its function in cognitive decline. In our study, our 
results were on par with these previous studies that the bilateral 
NAc were more atrophied in AD and MCI patients compared 
to NCs. Furthermore, we found the atrophy in NAc was cor-
related with MMSE and MOCA scores. These results suggested 
that in addition to hippocampus, the atrophy in bilateral NAc 
may also play an important role in clinical impairment in AD 
and MCI. The localized atrophy in NAc has been confirmed to 
be associated with apathy in Parkinson’s disease, and the sever-
ity of apathy was correlated with morphological changes in this 
region (53). Comparably, the vertex analyses in our study found 
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Figure 3 | Subregional surface alterations in hippocampus, nucleus accumbens (NAc), and thalamus, indicating the MNI coordinates of subregions where shape 
changes occurred (marked with an arrow). COG, center of gravity. (a) AD-NC and (B) AD-MCI.
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that the atrophy of NAc and its association with clinical scores 
were both constrained within the ventral and posterior aspects 
in AD. Our results suggested that the ventral/posterior parts of 
NAc may involve in AD progression. However, few studies have 
explored the function of NAc in subregional level, especially its 
functions in AD or MCI, which need to be investigated in the 
future. A previous study reported that the deep brain stimulation 
of NAc could be a new treatment strategies to addiction (54). In 
the future, treatment like deep brain stimulation on subregional 
level of NAc may be considered for intervention in AD patients.

Some studies have revealed that other deep gray matter 
structures, such as amygdala, basal nuclei, and thalamus, also 

suffer atrophy in AD patients (55). Shape changes of ventricle 
system were reported in ventricular regions adjacent to amygdala, 
caudate nucleus, and thalamus in AD patients (56). MRI study 
showed strongly reduced volumes of putamen and thalamus 
in AD patients and this atrophy may contribute to cognitive 
impairment (10). Volumes of caudate and thalamus in familial 
AD reduced at a presymptomatic stage (57). It is well recognized 
that thalamus is essential for generating attention (58) and is 
involved as a subcortical hub in many different neuronal path-
ways related to emotional, motivational and cognitive abilities 
that are impaired in AD (6). To our knowledge, few studies have 
investigated the subregional atrophy and its relationship with 
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global clinical scores in thalami. Significant bilateral volumetric 
and subregional atrophy in the dorsal–medial part of the thala-
mus in AD patients has already been reported (10, 15). Another 
study found the subregional atrophy in the medial part of bilateral 
thalami (59), but not explored the relationship with clinical scores. 
Our study revealed significant shape abnormalities in the right 
medial-ventral thalamus in AD patients, but not found smaller 
volumes in bilateral thalami. Furthermore, the atrophy in right 
medial-ventral thalamus significantly correlated with MMSE and 
MOCA, suggesting that some parts of thalamus may be more 
vulnerable in AD and MCI. Our results suggest a specific atrophy 
pattern of the thalamus in AD and MCI, and also indicated that 
vertex-based (shape) analysis may provide additional and valu-
able information to popular volumetric analysis.

The main limitation of our study is that, although we adjusted 
our analysis for age, gender, and NBV, relatively small group 
samples may have reduced the statistical power. Therefore, some 
counterintuitive results were also need to be further validated in 
the future. For example, the putamen volume was significantly 
different between MCI and NC, but not between AD and NC. 

Furthermore, this was a cross-sectional study, and so it was 
difficult to judge whether atrophy of specific deep gray matter 
structures was a primary or secondary phenomenon to the hip-
pocampal or entorhinal cortex. Therefore, further and preferable 
longitudinal investigations are needed to confirm the relation-
ship between clinical and cognitive decline and the subregional 
atrophy patterns.

cOnclusiOn

Based both on volumetric and vertex-based (shape) analysis 
of deep gray matter structures, this study showed that atrophy 
of deep gray matter structures in AD and MCI patients occurs 
at subregional level even when the volume of the whole given 
structure is not reduced. And this subregional atrophy within 
hippocampi and NAc correlates with worse global clinical scores. 
Atrophy measurement on subregional level may be useful in 
early diagnosis and management of AD patients or in evaluation 
of the treatment strategies.
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