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measure the regional hippocampal degeneration by indirect surface-based 
approaches [10,11] and subfield volumetry from manual to automated 
methods [12]. The objective of this study was to demonstrate the differences 
of hippocampal subfield volumes by using automated subfield volumetric 
analysis in discriminating between AD, MCI and healthy control (HC).

Materials and Methods
Study data, inclusion and diagnostic criteria

The study was approved by the institutional Review Board 
(Si 137/2015 and Si 059/2015, protocol number 651/2557(EC1)). 
Retrospective review data was performed, which derived from patients 
participating in Neurology and Geriatrics clinic in a tertiary hospital. 
A total of 53 subjects were included in this study (AD=15, MCI=9, 
HC=29). The demographics of the cohorts were shown in (Table 1).
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Introduction 
Alzheimer’s Disease (AD) is responsible for 60%–80% of the 

dementia patients [1]. Due to high individual cost, it was causing 
an enormous global socio-economic impact. In recent years, the 
researchers have strived to discover the non-invasive biomarkers that 
can reliably monitor disease progression and predict disease conversion 
in the future.

 There are many modalities used for evaluation AD such as molecular 
imaging (FDG PET, amyloid PET) and advanced MR imaging including 
functional MRI; diffusion tensor imaging; and perfusion study [2-
4]. However, these modalities need available and complex advanced 
processing methods for analysis. Structural brain imaging by using 
volume analysis either by visual evaluation or quantitative analysis by 
post-processing software is still helpful for evaluating AD patients and 
have the potential of reproducibility and easy to use in clinical practice 
in most healthcare.

Hippocampal atrophy has generally been found in AD [5,6] and 
also has been demonstrated in Mild Cognitive Impairment (MCI) with 
conversion to AD [7-9]. Hippocampal atrophy evidenced by MRI is one 
of the most validated biomarkers for AD. Based on neuropathological 
data showing a differential vulnerability of hippocampal subfields to AD 
processes, hippocampal subfield analysis should improve the diagnostic 
accuracy of AD and AD-converted MCI (cMCI).

Recently, many studies using varying techniques have attempted to 
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Operational definition 

AD

(1) Diagnosis established by National Institute of Neurological and 
Communicative Disorders and Stroke and the Alzheimer’s Disease and 
Related Disorders Association (NINCDS-ADRDA) for probable AD, 
(2) TMSE score less than 26, (3) Clinical Dementia Rating (CDR) score 
equal to or more than 0.5. Subjects were excluded from the study if any 
psychiatric or neurological illness other than AD was present. 

MCI

(1) Subjects had TMSE scores between 24 and 30, (2) subjective 
memory complaint reported by the patient, family member or clinician 
with preserved activities of daily living, (3) CDR score of 0.5, (4) 
absence of dementia by NINCDS-ADRDA criteria.

HC

(1) TMSE scores between 24 and 30, (2) CDR score of 0, (3) no 
neurological or psychiatric illness, non-demented and normal ADLs.

MRI Acquisition

Standardized MRI data acquisition techniques were used for the 
study group on the 3T MR system (Ingenia, Philips Medical System, 
Best, the Netherlands) with a 32-channel head coil. The imaging 
protocol included a 3D high-resolution T1 weighted FFE covering 
the whole brain (field-of-view FOV 230×230×172 mm3, matrix size 
352x352, voxel size 0.72×0.72×0.65 mm3, echo time TE /repetition time 
TR 4.8/9.8 ms; flip angle 8°, scan time 6 min).

Hippocampal subfield segmentation

Image analysis was accomplished by using the Freesurfer image 
analysis pipeline (version 6.0) a combination of ex vivo and in vivo MRI 
data [13]. Automated segmentation of the hippocampus was performed 
to define anatomical subfield labeling by using a Bayesian modeling 
approach and a computational model of the areas surrounding the 
hippocampus. An atlas mesh had previously been built and validated 

  AD (n=15) MCI (n=9) HC (n=29) p-value
Gender (men/women) 7/8 7/2a 9/20 0.045
Age (mean+SD) 72.3 ± 6.9 68.4 ± 3.9 69.5 ± 5.1 0.187
Education       0.288
    - Primary school 6 2 15  
    - Secondary school and High 
school 4 1 3  

    - Higher than high school 5 6 11  
TMSE 22.4 ± 3.7a,b   26.8 ± 1.8 27.9 ± 1.8 <.001
ADAS-COG 17.4 ± 10.6a,b     8.2 ± 4.8a     5.3 ± 2.6 <.001
CDR       <.001
0 0a   0a                 27  
0.5 8a     9a            2  
1 7a,b    0 0  
ADCS-ADL 60.4 ± 11.3a,b     71.8 ± 3.9 73.7 ± 4.2 <.001
NPI (Min,Max) 1.07(0,5) 0.44(0,2) 0.66(0,11) 0.665
a Significant compared to HC
b Significant compared to MCI
TMSE: Thai Mental State Examination; ADAS-COG: Alzheimer’s Disease 
Assessment Scale-Cognitive Subscale
CDR: Clinical Dementia Rating Scale; ADL: Alzheimer’s Disease Cooperative 
Study Activities of Daily Living (ADCS-ADL); NPI: Neuropsychiatric inventory

Table 1: Demographic, clinical and neuropsychological data in AD, MCI and HC 
subjects.

from manual delineations in ultra-high resolution MRI scans of 13 
individuals. These delineations include the fimbria, presubiculum, 
subiculum, parasubiculum, CA1, CA2/3, CA4, molecular layer HP, 
GC-ML-DG (granule cell layer and molecular layer of dentate gyrus), 
HATA (hippocampus-amygdala-transition-area), hippocampal tail 
subfields and whole hippocampus as well as the hippocampal fissure. 

All subfield measurements were normalized by the subject’s 
intracranial volume derived from Freesurfer using the following 
formula: volume_norm=volume_raw x 1,000/ICV in cm [3,14,15].

[18F] AV45 PET/CT Protocol

The detail of our in-house [18F] AV45 production and detailed 
chemical properties were as in the previous report [16]. The acquisition 
and image reconstruction protocols specific to our PET/CT scanner 
(Discovery STE, GE Healthcare, Wisconsin, USA), were as stated in 
ADNI GO [17] and ADNI 2 [18].Two nuclear medicine physicians with 
no access to clinical information, rated each amyloid PET image in 
consensus to perform binary interpretation of each data set as amyloid 
positive (increased retention of tracer in the cortical gray matter as 
shown either by the apparent loss of gray-white contrast within any 
two cortical regions, or intense uptake in at least one cortical region) 
and amyloid negative (preserved gray-white matter contrast with low 
retention of tracer in cortical gray matter), followed published criteria 
[19].

Statistical Analysis
Statistical analysis was carried out using PASW Statistics (Version 

18. 0; SPSS inc., USA). Categorical variables were analyzed using 
the Chi-square test, and continuous variables were tested using 
ANOVA with Bonferroni post hoc comparisons. A p-value<0.05 was 
predetermined as statistically significant.

To assess the predictive performance of individual volumes, the 
Receiver Operating Characteristic (ROC) curve methodology was 
performed. The Area Under the Curve (AUC), sensitivity and specificity 
were calculated.

Results
Demographics, neuropsychological, and global clinical 
measurements

Fifty three subjects were included into the study (AD=15, MCI=9, 
HC=29). Amongst the subjects, clinical scores of the AD group were 
poorest, and of the HC group were best on TMSE, and CDR as expected 
(Table 1). The means TMSE of each group was 22.4 (SD 3.7) for AD, 
26.8 (SD 1.8) for MCI, and 27.9 (SD 1.8) for HC.

Hippocampal subfields

All of the subfield volumes, except for hippocampal fissure, were 
significantly different between AD group and MCI or HC group (p<0.5) 
(Table 2, Figure 1). 

The highest diagnostic efficacy for discriminating AD subjects from 
HC or MCI subjects were right subiculum, right presubiculum, right 
molecular layer, right fimbria, and right whole hippocampus volumes. 
The similar pattern of subfield atrophy was also displayed in the left 
molecular layer, left fimbria, left whole hippocampus volumes in AD 
subjects relative to HC or MCI subjects. Only left fimbria volume was 
significantly reduced in MCI subjects compared to HC (normalized 
volume 47.7, sensitivity=66.7%, specificity=89.7%, AUC 0.709). The 
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  AD (n=15) MCI (n=9) HC (n=29)  p value
Lt. Hippocampal_tail 270.4 ± 48.6a 322.6 ± 69.4 379.5 ± 65.4 <0.01
Rt. Hippocampal_tail 292.5 ± 62.1a 355.9 ± 34.4 387.9 ± 71.2 <0.01
Lt. subiculum 214.8 ± 38.8a+b 270.5 ± 60.8 308.4 ± 47.2 <0.01
Rt. subiculum 225.2 ±39.9a+b 285.7 ± 47.0 313.3 ± 45.9 <0.01
Lt. CA1 329.3 ± 50.8a+b 400.0 ± 61.6 437.7 ± 71.2 <0.01
Rt. CA1 347.3 ± 65.0a 417.8 ± 59.8 456.3 ± 72.3 <0.01
Lt. hippocampal fissure 106.8 ± 23.6 108.1 ± 15.5 107.1 ± 21.3 0.989
Rt. hippocampalfissure 111.2 ± 24.8 121.9 ± 16.4 123.8 ± 19.9 0.167
Lt. presubiculum 149.3 ± 31.3a+b 201.7 ± 42.2 217.8 ± 34.9 <0.01
Rt. presubiculum 142.2 ± 25.1a+b 189.2 ± 32.3 210.0 ± 35.3 <0.01
Lt. parasubiculum 30.3 ± 15.2 41.7 ± 11.0 38.3 ± 9.7 0.043
Rt. parasubiculum 28.5 ± 8.8a 35.5 ± 6.9 37.3 ± 7.5 0.003
Lt. molecular_layer_HP 273.0 ± 43.3a+b 350.7 ± 66.1 390.8 ± 56.4 <0.01
Rt. molecular_layer_HP 289.2 ± 51.9a+b 370.1 ± 61.2 404.0 ± 60.2 <0.01
Lt. GC-ML-DG 141.4 ± 26.7a+b 179.3 ± 37.3 199.3 ± 27.9 <0.01
Rt. GC-ML-DG 156.4 ± 31.3a+b 195.5 ± 39.5 210.7 ± 29.4 <0.01
Lt. CA2/3 102.4 ± 25.5a+b 125.7 ± 21.4 133.6 ± 20.4 <0.01
Rt. CA2/3 113.0 ± 27.6a+b 141.4 ± 24.9 146.8 ± 22.8 <0.01
Lt. CA4 124.1 ± 22.7a+b 155.8 ± 29.6 171.7 ± 24.0 <0.01
Rt. CA4 136.8 ± 27.8a+b 168.2 ± 30.7 180.0 ± 24.7 <0.01
Lt. fimbria 24.2 ± 12.3a+b 45.3 ± 17.4a 57.8 ± 9.6 <0.01
Rt. fimbria 28.8 ± 13.2a+b 48.3 ± 17.8 56.6 ± 12.6 <0.01
Lt. HATA 31.2 ± 7.6a 37.8 ± 8.6 42.4 ± 7.8 <0.01
Rt. HATA 34.1 ± 6.6a 40.1 ± 7.0 45.3 ± 7.6 <0.01
Lt. Whole_hippocampus 1690.2 ± 258.0a+b 2131.2± 373.1 2377.2 ± 331.9 <0.01
Rt. Whole_hippocampus 1793.9 ± 308.3a+b 2247.6 ± 324.2 2448.4 ± 345.2 <0.01
Normalized hippocampal subfields volume (absolute hippocampal subfield/intracranial volume) were used with Bon-ferroni pairwise comparisons. 
a Significant compared to HC
b Significant compared to MCI

Table 2: Hippocampal subfield differences in AD, MCI, and HC subjects.
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Figure 1: Comparison of normalized subfield volumes between AD, MCI and HC subjects.

diagnostic performance of each subfield volume was shown in (Table 
3 and Table 4).

Comparison between AD and HC

Right subiculum, right presubiculum, right molecular layer, 
and right fimbria volumes were better predictors than right whole 
hippocampal volume (Table 3).

Comparison between AD and MCI

Left molecular layer (normalized volume 308.2, sensitivity=80.0%, 

specificity=92.3%, AUC 0.928) volumes was better predictor than 
left whole hippocampal volume (normalized volume 1955.2, 
sensitivity=86.7%, specificity=88.5%, AUC 0.923) (Table 4).

Comparison between MCI and HC

Only left fimbria volume was significantly reduced in MCI 
subjects compared to normal subjects (normalized volume 47.7, 
sensitivity=66.7%, specificity=89.7%, AUC 0.709, LR+6.4, LR- 0.4) 
(Figure 2).
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When considered MCI with a positive amyloid PET, there were 5 of 
8 cases defined as positive MCI. When using 48 as the cutoff value of 
the normalized volume of left fimbria to separate amyloid-PET positive 
MCI from HC, there were 4 cases correctly defined as positive MCI and 
2 cases as negative MCI. The accuracy, false positive, and false negative 
of left fimbria as the predictor of PET-positive MCI were 75%, 12.5% 
and 12.5% respectively.

Discussion
The importance of a biomarker in clinical diagnosis for AD is not 

only the sensitivity but also the specificity. AD process is known to begin 
in limbic lobe structures from the deposition of neurofibrillary tangles 
causing neuronal loss and atrophy. Hippocampal volumetry is one of 
a biomarker for clinical diagnosis with high specificity. Furthermore, 
hippocampal subfield analysis could improve the diagnostic accuracy 

Normalized volume Sensitivity (%) Specificity (%) AUC LR+ LR-

Lt. Hippocampal_tail 290.1 73.3 (44.9-92.2) 96.6(82.2-99.9) 0.926 21.3 0.3

Rt. Hippocampal tail 312.4 73.3 (44.9-92.2) 93.1(77.2-99.2) 0.871 10.6 0.3

Lt. subiculum 244.8 86.7 (59.5-98.3) 96.6(82.2-99.9) 0.959 25.1 0.1

Rt. subiculum 262.3 86.7 (59.5-98.3) 90.0 (72.6-97.8) 0.940 8.4 0.2

Lt. CA1 370.8 80.2 (51.9-95.7) 82.8 (64.2-94.2) 0.890 4.6 0.2

Rt. CA1 403.1 86.7 (59.5-98.3) 82.8 (64.2-94.2) 0.885 5.0 0.2

Lt. presubiculum 170.5 86.7 (59.5-98.3) 96.6 (82.2-99.9) 0.931 25.1 0.1

Rt. presubiculum 166.2 93.3 (68.1-99.8) 93.1 (77.2-99.2) 0.954 13.5 0.1

Lt. parasubiculum 28.6 80.0 (51.9-95.7) 79.3 (60.3-92.0) 0.782 3.9 0.3

Rt. parasubiculum 28.6 66.7 (38.4-88.2) 96.6 (82.2-99.9) 0.839 19.3 0.4

Lt. molecular_layer_HP 320.1 86.7 (59.5-98.3) 96.6 (82.2-99.9) 0.977 25.1 0.1

Rt. molecular_layer_HP 327.1 86.7 (59.5-98.3) 96.6 (82.2-99.9) 0.938 25.1 0.1

Lt. GC-ML-DG 166.6 93.3 (68.1-99.8) 93.1 (77.2-99.2) 0.945 13.5 0.1

Rt. GC-ML-DG 176.1 86.7 (59.5-98.3) 96.6 (82.2-99.9) 0.910 25.1 0.1

Lt. CA3 109.2 66.7 (38.4-88.2) 90.0 (72.6-97.8) 0.844 6.4 0.4

Rt. CA3 124.5 80.0 (51.9-95.7) 86.2 (68.3-96.1) 0.841 5.8 0.2

Lt. CA4 144.9 93.3 (68.1-99.8) 93.1 (77.2-99.2) 0.940 13.5 0.1

Rt. CA4 145.9 80.0 (51.9-95.7) 96.6 (82.2-99.9) 0.894 23.2 0.2

Lt. fimbria 44.0 100.0 (78.2-100.0) 93.1 (77.2-99.2) 0.977 14.5 0.0

Rt. fimbria 40.2 80.0 (51.9-95.7) 93.1 (77.2-99.2) 0.933 11.6 0.2

Lt. HATA 34.7 86.7 (59.5-98.3) 79.3 (60.3-92.0) 0.846 4.2 0.2

Rt. HATA 39.5 86.7 (59.5-98.3) 82.8 (64.2-94.2) 0.874 5.0 0.2

Lt. Whole_hippocampus 1955.2 86.7 (59.5-98.3) 96.6 (82.2-99.9) 0.970 25.1 0.1

Rt. Whole_hippocampus 1951.5 86.7 (59.5-98.3) 96.6 (82.2-99.9) 0.931 25.1 0.1

Table 3: The diagnostic performance, comparison between AD and HC.

  Normalized volume Sensitivity (%) Specificity (%) AUC LR+ LR-
Lt. subiculum 240.1 80.0 (51.9-95.7) 92.3 (74.9-99.1) 0.882 10.4 0.2
Rt. subiculum 242.9 73.3 (44.9-92.2) 96.2 (80.4-99.9) 0.895 19.1 0.3
Lt. CA1 377.7 86.7 (59.5-98.3) 73.1 (52.2-88.4) 0.856 3.2 0.2
Lt. presubiculum 163.7 80.0 (51.9-95.7) 96.2 (80.4-99.9) 0.897 20.8 0.2
Rt. presubiculum 166.2 93.3 (68.1-99.8) 92.3 (74.9-99.1) 0.936 12.1 0.1
Lt. molecular_layer_HP 308.2 80.0 (51.9-95.7) 92.3 (74.9-99.1) 0.928 10.4 0.2
Rt. molecular_layer_HP 315.9 80.0 (51.9-95.7) 92.3 (74.9-99.1) 0.910 10.4 0.2
Lt. GC-ML-DG 166.6 93.3 (68.1-99.8) 76.9 (56.4- 91.0) 0.890 4.0 0.1
Rt. GC-ML-DG 169.3 80.0 (51.9-95.7) 88.5 (69.8-97.6) 0.867 6.9 0.2
Lt. CA3 109.2 66.7 (38.4-88.2) 88.9 (51.8-99.7) 0.770 6 0.4
Rt. CA3 124.5 80.0 (51.9-95.7) 80.8 (60.6-93.4) 0.823 4.2 0.3
Lt. CA4 144.9 93.3 (68.1-99.8) 84.6 (65.1-95.6) 0.900 6.1 0.1
Rt. CA4 145.9 80.0 (51.9-95.7) 88.5 (69.8-97.6) 0.859 6.9 0.3
Lt. fimbria 38.4 93.3 (68.1-99.8) 84.6 (65.1-95.6) 0.921 6.1 0.1
Rt. fimbria 32.2 66.7 (38.4-88.2) 96.2 (80.4-99.9) 0.877 17.3 0.4
Lt. Whole_hippocampus 1955.2 86.7 (59.5-98.3) 88.5 (69.8-97.6) 0.923 7.5 0.2
Rt. Whole_hippocampus 1924.3 80.0 (51.9-95.7) 96.2 (80.4-99.9) 0.908 20.8 0.2

Table 4: The diagnostic performance, comparison between AD and MCI.
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of AD based on neuropathological data which showing a differential 
vulnerability of hippocampal subfields to AD process.	  

Automated image analysis pipeline by Freesurfer version 6.0 is 
a combination of ex vivo and in vivo MRI data which much higher 
resolution than the in vivo atlas (v5.3) in exploring the subfields of 
the hippocampus, accurately tracing the molecular layer with hard 
dependence on geometric criteria and better-matched values to 
previously reported histological studies [20,21]. In this version, subfields 
CA2 and CA3 were combined to CA2/3 due to lack of distinguishing 
contrast on MRI. The limitation of FreeSurfer 5.3 subfield segmentation 
is due to being in vivo atlas’ delineation protocol, solely set up for the 
hippocampal body. It was not well interpreting the hippocampal head 
or tail and boundaries of the parcellation scheme which strongly 
differed from the majority of in vivo and imaging atlases. For example, 
FreeSurfer 5.3’s CA1 is the smallest subfield while CA2–3 is the biggest, 
compared with histologic data which shows the opposite. 

 Using automated analysis by Freesurfer version 6.0, we found 
that AD displayed a widespread pattern of subfield atrophy and right 
subiculum, right presubiculum, molecular layer, fimbria had high 
diagnostic accuracy. Significant subiculum, presubiculum and fimbria 
volume loss have been reported in previous studies using an early 
version of Freesurfer [22-24].However, the significant molecular layer 
volume loss in AD using Freesurfer version 6.0 in this study did not 
show in many previous studies due to the unavailable model of the 
molecular layer in FreeSurfer (v5.3 or earlier). Nevertheless, significant 
molecular layer volume loss in MCI compared to HC has been reported 
in a recent study using Freesurfer version 6.0. [13]. 

 Only left fimbria volume was significantly reduced in MCI subjects 
compared to normal subjects in this study, same as a recent study [13]. 

Our study showed that the accuracy of left fimbria as the predictor of 
MCI converter was 75% when compared with amyloid PET result.

The fimbria is a white matter structure extending from the alveus 
and finally forming the fornix, containing myelinated  axons  (mostly 
efferent). The fornix and fimbria are sometimes referred to as the 
fimbria-fornix to reflect this functional unity and anatomic continuity. 
Callen et al. [25] found that almost all components of the limbic system, 
including the cross-sectional area of the fornix, showed a reduction 

in volume in patients with AD in comparison with age-matched 
controls. Copenhaver et al. [26] suggested that atrophy of the fornix 
and mammillary bodies might accompany the change from MCI 
to the development of clinical AD. Ringman et al. [27] followed this 
with diffusion tensor assessment of the fornix and orbitofrontal white 
matter projections. They found a significant reduction in Fractional 
Anisotropy (FA) in the fornix of patients with genetically inherited 
dementias in comparison with that in normal controls. The change of 
FA preceded the development of volume loss which can encourage early 
treatment as a preclinical biomarker identification.

Increased sensitivity of subfield volumetry more than total 
hippocampal volumetry to detect morphological changes at the MCI 
stage is consistent with NFT pathology, volumetric and neuronal loss. 
These are focal in the first pathophysiological stages and progressively 
extending to the whole hippocampus to become global in the advanced 
stage of dementia [28].

The cause of volume loss of the fimbria is not well understood. 
However, the recent study [13] assumed that it might be true biological 
process or the result of motion artifacts.

The demographic data showed the difference of TMSE between 
MCI and HC but not reached statistical significance. This may be due to 
small sample size and may explain about being no significant difference 
in other subfield volumes between these two groups.

In this study, Intracranial Volume (ICV) was used for normalized 
measured parameters because subjects with large ICV are expected to 
have larger hippocampi [29].The result of this study showed the better 
predictor for discriminating AD, MCI and HC groups in normalized 
group, for example, differentiating between AD and HC using 
normalized left fimbria volume (sensitivity=100.0%, specificity=93.1% 
and AUC=0.977) (Table3) compared with left fimbria volume 
without ICV normalization (sensitivity=93.3%, specificity=96.6% and 
AUC=0.949).

The strengths of this study were a clinical evaluation by the senior 
geriatric neurologist (W.M) who specializes in dementia, complete 
neuropsychological test in memory aspect of each group and amyloid-
PET result.

The study was limited by (1) small sample size, (2) using the atlas 
of only T1 data (using high-resolution T2 data giving good contrast 
between subregions, and segmentation of both channels simultaneously 
providing better information as demonstrated in the study of Iglesias et 
al. [13]), (3) no comparable MCI stable and MCI converter groups in this 
study which benefit for prediction MCI group who tended to develop 
AD in the future and might affect the treatment, (4) retrospective study 
design, and (5) some motion artifact in AD group. Further studies with 
larger sample size, a combination of T1/T2 data, and clinical follow up 
would be of interest to validate our findings in this study. 

Conclusion
We demonstrated the possibility of using quantitative volumetry 

analysis of hippocampal subfield as a biomarker to differentiate AD from 
MCI and HC. This study was also demonstrating higher accuracy of some 
subfield volumes than the others. The left fimbria volume may be a good 
biomarker in early detection of MCI patients to be AD in the future. 
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