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ABSTRACT 
Objectives: Alzheimer’s disease is a neurodegenerative disorder that primarily affects subcortical limbic 
structures. This study aimed to assess volumetric differences in subcortical limbic structures and to compare 
the relative volumes of surrounding brain regions - such as the telencephalon, diencephalon, and brainstem 
subdivisions - between individuals with Alzheimer’s disease and healthy controls. 
Methods: This study involved 24 patients with Alzheimer’s disease and 16 healthy controls. Subcortical 
structures were segmented automatically using MRICloud on 3D T1-weighted magnetic resonance imaging 
scans. To minimize individual anatomical variability, volume ratios relative to neighboring brain regions were 
also calculated. 
Results: Significant volume reductions were found in the amygdala (left: P=0.004, right: P=0.005, total: 
P=0.004), hypothalamus (left: P=0.005, right: P>0.05, total: P=0.007), diencephalon (left: P=0.001, right: 
P=0.012, total: P>0.05), and mammillary bodies (left: P=0.002, right: P=0.003, total: P=0.003) in the 
Alzheimer’s disease group compared to healthy controls. Although most volume ratios - particularly those 
involving the amygdala and mammillary bodies - were higher in the Alzheimer’s disease group, they did not 
reach statistical significance (P>0.05). 
Conclusions: This study confirms prominent atrophy in subcortical limbic structures in Alzheimer’s disease. 
While diencephalon volume was reduced, its ratio to the amygdalae changed minimally, likely reflecting more 
severe atrophy of the amygdalae. Similarly, the mesencephalon-to-hypothalamus ratio showed no significant 
difference, suggesting parallel atrophy. These findings support the combined use of absolute and ratio-based 
analyses and demonstrate the potential of MRICloud to identify Alzheimer’s disease-related neuroanatomical 
changes. 
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A lzheimer’s disease (AD) is a progressive and 
irreversible neurodegenerative disorder that 
primarily affects older adults, including both 

elderly individuals and those with early-onset forms. 
It is characterized by cognitive decline, memory 
impairment, and behavioral disturbances, and its 
prevalence is increasing as the global population ages 
[1, 2]. The number of individuals affected is projected 
to reach 13.8 million by 2060 [3]. Therefore, accurate 
and reliable risk prediction is critical for the 
development of disease-modifying therapies aimed at 
mitigating the devastating impact of AD.  
      Several studies based on magnetic resonance 
imaging (MRI) have demonstrated volume reductions 
in cortical structures, such as the hippocampus, in 
individuals with Alzheimer’s disease [4]. However, 
subcortical limbic system structures - including the 
mammillary bodies, amygdala, thalamus, and 
hypothalamus - have been less extensively studied. 
Motor symptoms, which reflect pathological changes 
in the extrapyramidal system, tend to emerge in the 
later stages of Alzheimer’s disease [5]. Therefore, it is 
commonly assumed that degeneration in the 
hippocampus and cortex precedes that in frontal–
subcortical circuits [6]. Nevertheless, this widely 
accepted sequence of degeneration may not fully 
reflect the underlying pathophysiology. It is often 
overlooked that other regions of the Papez circuit are 
affected concurrently with the hippocampus [7], and 
that the hippocampus constitutes only one component 
of this interconnected system [8]. Given the possibility 
that pathological changes in subcortical structures may 
begin earlier than those in the hippocampus and 
progressively worsen, volumetric analyses of the 
amygdala, hypothalamus, and mammillary bodies - 
structures that have received comparatively less 
attention in the literature - may offer valuable insights 
as potential biomarkers for the prediction of AD.  
      However, relying exclusively on the absolute 
volumes of these structures may limit diagnostic 
accuracy due to genetic and structural variability 
among individuals. For instance, a study by Gerritsen 
et al. [9] demonstrated that, in non-depressed controls, 
a higher amygdala-to-hippocampus (AH) volume ratio 
was associated with a stronger bias toward negative 
memories - a key cognitive marker of depression - 
whereas weaker associations were observed when the 

amygdala and hippocampus were assessed separately. 
Such discrepancies may contribute to suboptimal 
clinical decision-making or misdiagnosis. Considering 
the structural and functional interconnectivity of brain 
regions, evaluating the amygdala, hypothalamus, and 
mammillary bodies in relation to their adjacent 
structures may yield more meaningful diagnostic 
insights than assessing each region independently.  
      To address these limitations, recent developments 
in neuroimaging have led to the emergence of 
automated tools that can analyze both absolute and 
relative brain volumes. In parallel, web-based 
platforms for evaluating neuroanatomical structures 
have gained traction and increasingly supplanted 
traditional manual measurement methods. MRICloud 
is one such platform that performs automated 
volumetric analysis of T1-weighted MRI data and 
generates comprehensive neuroanatomical profiles. It 
is suitable for multicenter clinical validation studies, 
and its reliability in predicting future cognitive decline 
has been previously validated [10]. Although several 
studies have used automatic segmentation tools such 
as volBrain, Computational Anatomy Toolbox (CAT), 
BrainSuite, and FreeSurfer to evaluate the volumes of 
the amygdala, hypothalamus, and mammillary bodies 
in AD, to the best of our knowledge, no study has 
assessed both the volumes and volume ratios of these 
structures using the web-based MRICloud platform in 
AD. 
      In this study, we analyzed the volumes of the left 
amygdala (AmygL), right amygdala (AmygR), total 
amygdala (TotAmyg), left hypothalamus (HypoThL), 
right hypothalamus (HypoThR), total hypothalamus 
(TotHypoTh), left mammillary body (MamL), right 
mammillary body (MamR), and total mammillary 
body (TotMam). Additionally, we evaluated the 
volume ratios of surrounding brain regions - including 
the right and left telencephalon (TelenR and TelenL), 
total telencephalon (TotTelen), left and right 
diencephalon (DiencL and DiencR), total 
diencephalon (TotDienc), and brainstem components 
such as the mesencephalon (Mesenc), metencephalon 
(Metenc), and myelencephalon (Myelenc) - relative to 
these limbic structures using MRICloud. We aimed to 
explore their potential utility as volumetric biomarkers 
to enhance diagnostic accuracy in AD. 
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METHODS 
Ethics Approval 
T    his study was approved by the Non-Interventional 
Clinical Research Ethics Committee of Istanbul 
Medipol University (February 19, 2020; No: 170).  
 
Study Design  
      Patients over the age of 50 who presented with 
complaints of amnesia to the Neurology Outpatient 
Clinic of Istanbul Medipol University Hospital 
between January 1, 2017, and December 31, 2019, 
were retrospectively evaluated. All patients had 
completed at least primary school education and were 
diagnosed with AD according to the Diagnostic and 
Statistical Manual of Mental Disorders, Fifth Edition 
(DSM-5) criteria. Mini-Mental State Examination 
(MMSE) scores and T1-weighted MRI scans were 
retrieved from electronic medical records.  
 
Participants  
      This study included 24 patients diagnosed with 
AD and 16 healthy controls (HC), selected from the 
Neurology Outpatient Clinic of Istanbul Medipol 
University Hospital between January 2017 and 
December 2019. All participants met the diagnostic 
criteria outlined in the DSM-5. The demographic 
characteristics of the participants are presented in 
Table 1. 
 
Inclusion and Exclusion Criteria  
      Participants included individuals aged 55–84 years 
who underwent 3T MRI and were diagnosed with AD 
or classified as HC. The AD and HC groups had 
comparable age and sex distributions. Exclusion 
criteria included age below 50, illiteracy, space-
occupying brain lesions, global brain atrophy, 
cerebrovascular disease, and other neurodegenerative 
or structural brain disorders such as Parkinson’s 
disease, amyotrophic lateral sclerosis, essential tremor, 
and primary or metastatic brain tumors. From the initial 
sample, 65 patients without 3D T1-weighted MRI 
images, 33 with mismatched MMSE and MRI dates, 
20 with inconsistencies between MMSE scores and 
clinical findings, and 19 who met other exclusion 
criteria were excluded. Ultimately, 24 patients with AD 
(10 males, 14 females) were included in the study. The 

final sample also included 16 healthy controls (7 males 
and 9 females). 
 
Structural MRI Protocol  
      MRI was performed using a 3-T Philips Achieva 
TX scanner (Philips Healthcare, Best, Netherlands) 
equipped with a 20-channel head coil. The imaging 
protocol consisted of 3D T1-weighted and FLAIR 
sequences. Sagittal T1-weighted images were used for 
volumetric analysis. Imaging parameters for the T1-
weighted Magnetization Prepared Rapid Acquisition 
Gradient Echo (MPRAGE) sequence were as follows: 
repetition time (TR) = 2400 ms, echo time (TE) = 3.54 
ms, field of view (FOV) = 250 × 250 mm (sagittal 
plane), slice thickness = 1 mm, voxel size = 1 × 1 × 1 
mm, turbo field echo (TFE) factor = 97, flip angle = 
8°, and matrix size = 228 × 227 pixels. MRIcron 
software was used to convert the MRI data into a 
format suitable for analysis. The preprocessed data 
were then uploaded to the MRICloud platform.  
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FIGURE 1. Parcellation of MPRAGE images based on the 
Multi-Atlas Likelihood Fusion algorithm. 3D and cross-sec-
tional views (axial, coronal, and sagittal) illustrate bilateral 
segmentation of limbic system subcortical structures and 
mesencephalon: 1. Left Mammillary Body (MamL), 2. Right 
Mammillary Body (MamR), 3. Right Amygdala (AmygR), 4. 
Left Amygdala (AmygL), 5. Mesencephalon (Mesenc). Green 
areas represent the segmented regions overlaid on anatomical 
MRI sections. 
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Automatic Segmentation 
Magnetic Resonance Imaging Cloud (MRICloud)  
      MRICloud provides a fully automated 
segmentation service for MPRAGE images using the 
Multi-Atlas Likelihood Fusion algorithm, the JHU 
multi-atlas inventory with 286 labeled structures, and 
Ontology Level Control [11]. The segmentation atlas 
used in this study was 
“adult_286labels_11atlases_V5L” (Figure 1).  
      DICOM files were converted directly to the 
Analyze format (.hdr and .img extensions) using the 
dcm2analyze tool, as recommended by the official 
MRICloud documentation. This step ensured 
compatibility with the MRICloud platform, which 
requires input files in Analyze format. After 
conversion, the resulting .hdr and .img files were 
archived and uploaded to MRICloud for automated 
segmentation and volumetric analysis.  
      Finally, the archived Analyze format files (.hdr 
and .img) were uploaded to MRICloud via a web 
browser. Following the entry of demographic 
information such as age and gender, volumetric 

measurement results were made available in the “My 
Job Status” section as a downloadable .zip file 
containing the "corrected_stats.txt" table. 
Segmentation results were visualized in 3D using 
ITK-SNAP and MRIcroGL, two commonly used 
neuroimaging tools for anatomical visualization and 
surface rendering (Figure 2). 
 
Statistical Analysis  
      Descriptive statistics included mean, standard 
deviation, median, minimum, maximum, frequency, 
and percentage values. The distribution of variables 
was assessed using the Kolmogorov-Smirnov test. For 
the analysis of independent quantitative variables, the 
independent-samples t-test and the Mann-Whitney U 
test were used, depending on the distribution. The chi-
square test was used to analyze independent 
categorical variables. All statistical analyses were 
performed using IBM SPSS Statistics version 27.0, 
and a significance level of P<0.05 was considered 
statistically significant.  
 
 
RESULTS 
 
The volumes of 18 subcortical brain structures were 
evaluated using MRICloud segmentation derived from 
3D T1-weighted MRI scans. Descriptive statistics and 
group comparisons between patients with AD and HC 
are presented in Table 2.  
      Statistical analysis revealed that the volumes of 
the AmygL, AmygR, TotAmyg, HypoThL, 
TotHypoth, MamL, MamR, and TotMam were 
significantly lower in the AD group compared with the 
healthy control (HC) group (P<0.05). Additionally, the 
diencephalic structures - DiencL, DiencR, and 
TotDien - were also significantly reduced in the AD 
group (P=0.001, P=0.012, and P=0.003, respectively).  
      No significant volumetric differences were 
observed in the telencephalon (TelenL, TelenR, 
TotTelen), mesencephalon (Mesenc), metencephalon 
(Metenc), or myelencephalon (Myelenc) (P>0.05; 
Table 2). In addition to absolute volumes, inter-
regional volume ratios were calculated to assess 
proportional relationships between adjacent brain 
regions. These comparisons are presented in Table 3.  
      The ratios of TelenL/AmygL, TelenR/AmygR, 

450      The European Research Journal   Volume 12   Issue 4   April 2026

!
FIGURE 2. Colorization and three-dimensional modeling of 
MRICloud data using ITK-SNAP. Axial, coronal, and sagittal 
T1-weighted MR images with 3D volume renderings showing 
the bilateral segmentation of subcortical limbic structures 
using MRICloud and visualized in ITK-SNAP. Colored areas 
represent automatically segmented limbic structures.
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TelenL/MamL, and TelenR/MamR; as well as 
DiencL/AmygL, DiencR/AmygR, DiencL/MamL, 
and DiencR/MamR, were all significantly higher in 
the AD group compared with HC (P<0.05), suggesting 
relatively greater volume loss in the amygdala and 
mammillary bodies compared with their adjacent 
structures. Conversely, ratios involving the 
hypothalamus - such as TelenL/HypoThL, TelenR/ 
HypoThR, DiencL/HypoThL, and DiencR/HypoThR 
- were not statistically significant (P>0.05), indicating 
proportionate atrophic changes between the 
hypothalamus and its adjacent structures.  

      Moreover, when brainstem structures were 
evaluated relative to limbic structures, significant 
differences were observed in ratios such as 
Mesenc/TotAmyg, Mesenc/TotMam, Metenc/ 
TotAmyg, Metenc/TotMam, and Myelenc/TotMam 
(P<0.001), indicating structural disproportions in these 
regions in the AD group (Table 3). However, the ratios 
of Mesenc/TotHypoth, Metenc/TotHypoth, and 
Myelenc/TotHypoth were not statistically significant 
(P>0.05), suggesting that the hypothalamus and 
brainstem structures undergo parallel volumetric 
changes in AD. 
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DISCUSSION 
 
This study compared the volume ratios of selected 
brain structures between individuals with AD and HC. 
Specifically, the volume ratios of the HypoThL and 
TotHypoth were significantly higher in the AD group. 
Although the diencephalon-to-hypothalamus ratios 
(DiencL/HypoThL and DiencR/HypoThR) were also 
higher in the AD group, these differences did not reach 
statistical significance. This is likely because both the 
diencephalon (DiencL, DiencR) and the hypothalamus 
(HypoThL, HypoThR) exhibited similar degrees of 
volume reduction, resulting in comparable ratios. 
Moreover, the findings in Table 2 and Table 3 are 
consistent, as the reduction in diencephalon volume is 
evident both when assessed independently (Table 2) 
and relative to the hypothalamus (Table 3).  
      Recent studies emphasize that the hypothalamus 
plays an increasingly central role in the 
pathophysiology of AD, challenging earlier 
assumptions that primarily focused on cortical regions. 
Neuroimaging evidence indicates that early 
neurodegenerative changes may disrupt hypothalamic 
circuits involved in sleep, thermoregulation, and 
endocrine signaling - all of which are commonly 
impaired in AD. In particular, recent high-resolution 
volumetric analyses suggest that hypothalamic 
atrophy can occur early in the disease process, 
independent of global brain atrophy, making it a 
promising target for early diagnostic approaches [12]. 
This aligns with our findings, in which both absolute 
and ratio-based reductions in hypothalamic volume 
were observed in patients with AD compared with 
healthy controls.  
      Similarly, although no significant volume change 
was observed in the mesencephalon (Table 2), its ratio 
to the hypothalamus was likewise not statistically 
significant (Table 3). This further supports the idea 
that, in AD, the mesencephalon is affected to a similar 
extent as the hypothalamus, suggesting potential 
involvement of brainstem structures in disease 
pathology. 
      Adding to the existing evidence, Qu et al. [13] 
assessed the volumes of amygdala subfields using 
FreeSurfer software in individuals diagnosed with AD, 
those with mild cognitive impairment (MCI), and HC. 
Their results revealed significantly larger subfield 
volumes in the HC group compared with the AD 

group. Similarly, Copenhaver et al. [14] reported 
pronounced reductions in mammillary body volume 
in AD patients compared with individuals with MCI, 
other cognitive disorders, and HC.  
      Although mammillary bodies are integral 
components of the limbic circuitry, they have received 
relatively limited research attention over the past 
decade. Recent studies have begun to address this gap. 
For instance, Huang et al. [15] demonstrated that 
neuronal hyperactivity within the lateral mammillary 
nuclei may contribute to memory deficits in AD, 
emphasizing the region-specific vulnerability of these 
structures. Likewise, Salman et al. [16] reported 
heterogeneous atrophy patterns in the amygdala, with 
tau pathology predominantly affecting the central, 
medial, and accessory basal nuclei.  
      These findings underscore that both the amygdala 
and mammillary bodies are not only structurally 
compromised in AD but may also serve as region-
specific biomarkers that reflect distinct pathological 
processes. Given their role in the Papez circuit, further 
investigation into mammillary body degeneration may 
offer novel insights into memory-related symptoms in 
Alzheimer’s disease.  
      This study addresses this critical gap by presenting 
an up-to-date volumetric assessment of the 
mammillary bodies using an automated segmentation 
approach. This methodological precision enhances the 
reliability of volumetric measurements and contributes 
valuable data to an underexplored area.  
      In contrast to the extensive literature on 
hippocampal volumetry, research on other subcortical 
components of the limbic system has remained 
relatively limited. Our findings demonstrated that the 
volumes of the AmygL, AmygR, TotAmyg, HypoThL, 
TotHypoth, MamL, MamR, and TotMam were 
significantly lower in the AD group compared with 
HC. 
      Moreover, although the TelenL/HypoThL and 
TelenR/HypoThR ratios were higher in the AD group, 
the differences did not reach statistical significance. 
These findings suggest that the telencephalon 
undergoes volumetric changes that parallel those of the 
hypothalamus in AD, suggesting a broader pattern of 
subcortical structural degeneration associated with the 
disease. 
      Adding further context, Raji et al. [17] performed 
a volumetric comparison between bilingual and 
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monolingual individuals diagnosed with Alzheimer’s 
disease (AD), examining 45 subcortical and cortical 
brain structures. Their findings demonstrated that 
monolingual individuals with AD exhibited 
significantly smaller volumes in the ventral 
diencephalon compared to their bilingual counterparts.  
      Consistent with these findings, our study also 
revealed a significant reduction in diencephalon 
volume when evaluated independently in AD patients 
compared to HC. However, when the diencephalon 
was analyzed relative to the hypothalamus 
(DiencL/HypoThL and DiencR/HypoThR), no 
statistically significant differences were detected 
between the groups. This suggests that the 
diencephalon undergoes atrophy parallel to that of the 
hypothalamus in the context of Alzheimer’s disease.  
      By extending the current understanding of 
subcortical involvement, our findings provide valuable 
contributions to the relatively sparse literature on the 
role of diencephalic structures in AD pathology.  
      Expanding on the role of the brainstem in AD, Lee 
et al. [18] conducted an in vivo neuroimaging study 
that revealed significant reductions in total brainstem 
volume and notable structural deformities, particularly 
in the midbrain, in patients with AD compared to 
healthy individuals.  
      In contrast, our study did not reveal statistically 
significant reductions in the volumes of the 
mesencephalon, metencephalon, or myelencephalon 
when assessed individually (Table 2). Similarly, their 
volume ratios relative to the hypothalamus (Table 3) 
also showed no significant differences between 
groups. This pattern suggests that brainstem structures 
may undergo atrophy in parallel with the 
hypothalamus, reinforcing the hypothesis that 
brainstem degeneration is an integral component of 
AD pathology.  
      By combining absolute volume assessments with 
inter-regional ratio analyses, our study offers a refined 
perspective on brainstem involvement in AD, drawing 
attention to a structurally and functionally critical 
region that has been relatively underexplored in 
neuroimaging literature. 
 
Strengths and Limitations  
      This study has several limitations that should be 
acknowledged. First, the relatively small sample size 

(24 patients with Alzheimer’s disease and 16 healthy 
controls) may limit the generalizability of the findings. 
Although statistically significant differences were 
observed in several volumetric and ratio-based 
parameters, larger samples would provide greater 
statistical power and may reveal additional group 
differences not detected in this study. 
      Second, due to the retrospective design and 
reliance on previously acquired MRI scans, certain 
factors such as scanner variability, image quality, and 
acquisition protocols could not be fully standardized 
across all subjects. Although all images were obtained 
using the same 3T MRI scanner, minor technical 
variations may have influenced the segmentation 
outcomes. 
      Lastly, the cross-sectional nature of this study 
precludes conclusions about the longitudinal 
progression of subcortical atrophy in Alzheimer’s 
disease. Future longitudinal studies are needed to 
monitor dynamic volumetric changes over time and to 
better evaluate the predictive value of these structural 
alterations as potential biomarkers. 
      One of the main limitations of the present study is 
the relatively small sample size. The data collection 
period coincided with the onset of the COVID-19 
pandemic, and institutional safety measures 
implemented during this period limited researchers’ 
access to the hospital environment, thereby restricting 
the number of eligible patients who could be included 
in the study. Nevertheless, a major strength of the 
present study is that it goes beyond the commonly 
emphasized hippocampal alterations in Alzheimer’s 
disease and demonstrates significant volumetric 
changes in other components of the subcortical limbic 
system, particularly the amygdala, hypothalamus, and 
mammillary bodies. Furthermore, the combined 
evaluation of absolute volumetric measurements and 
regional volume ratios contributes to a more 
comprehensive characterization of proportional 
atrophy patterns among subcortical structures in 
Alzheimer’s disease. 
 
CONCLUSIONS 
 
In conclusion, our study demonstrated significant 
atrophy in key subcortical limbic structures - including 
the bilateral amygdala, left and total hypothalamus, 
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and mammillary bodies - in individuals with AD. In 
contrast, volume ratios between diencephalic and 
brainstem regions and the hypothalamus showed no 
significant differences, suggesting a parallel pattern of 
atrophic change. These findings reinforce the view that 
AD impacts a broader subcortical network beyond the 
traditionally emphasized hippocampus, underscoring 
the importance of including these regions in future 
diagnostic and research frameworks.  
      Volumetric ratio analysis offers enhanced 
sensitivity in detecting inter-regional structural 
differences and may serve as a valuable complement 
to absolute volumetric assessments in future research. 
In this context, MRICloud stands out as a reliable and 
user-friendly automated platform, not only for 
mapping disease-associated neuroanatomical 
alterations but also for identifying novel subcortical 
biomarkers that could support early diagnosis, 
personalized risk stratification, and improved 
prognostic accuracy in clinical settings. 
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