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Differences in cerebral structure among patients with amnestic mild cognitive impairment and patients with Alzheimer’s disease
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Background: Brain has been shown to undergo progressive atrophy in patients with Alzheimer’s disease (AD); however, more evidence is needed to elucidate how the brain structure changes during the progression to AD. Here, we observed differences in the cerebral structure among patients with amnestic mild cognitive impairment (aMCI) and patients with AD.

Methods: A total of 46 participants were selected and divided into AD, aMCI, and healthy control (HC) groups. Structural magnetic resonance imaging (sMRI) was performed on all participants. Voxel-based morphometry (VBM) and surface-based morphometry (SBM) techniques were utilized to analyze sMRI data so as to identify significant differences among the specific brain regions of these three groups. Then, a correlation analysis was performed on the characteristics of the identified brain regions and the Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) cognitive assessment scores.

Results: The volume of the left precuneus region, which was identified by voxel-based morphometry, and the thickness of both sides of the inferior parietal, which was identified by surface-based morphometry, were shown to be less in AD/aMCI patients, compared to those of the HC. The correlation analysis showed that there were significant differences between the volume of the left precuneus region and the MMSE/MoCA scores, as well as between the thickness of the left and right sides of the inferior parietal region and the MMSE/MoCA scores.

Conclusion: The sMRI characteristics of the identified brain regions were considered to be potential predictive diagnostic biomarkers for AD.

Systematic review registration: Identifier: ChiCTR2400092593.
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Introduction

Dementia in the elderly significantly impacts their physical and mental well-being, emerging as a primary global concern due to its social and economic implications (Dugu et al., 2003; Rosenblatt, 2005; Feczko, 2014; Kowalska et al., 2019). Alzheimer’s disease (AD), identified as the most prevalent cause of dementia, is a neurodegenerative condition with a latent onset and gradual progression, primarily characterized by consistent cognitive decline (Breijyeh and Karaman, 2020; Cooray et al., 2020; Zhang et al., 2021). According to World Health Organization, the number of AD patients worldwide is over 30 million and will be over 100 million by 2050, AD will become a major challenge for public health and increase the burden on society (van Oostveen and de Lange, 2021; Giridharan et al., 2022; Liu et al., 2022). Pathologically, AD exhibits the senile plaque containing β amyloid protein (Aβ), the neurofibrillary tangle with hyperphosphorylated tau protein, and degeneration and loss of acetylcholinergic neurons (Rajmohan and Reddy, 2017; Marcucci and Kleiman, 2021; Li and Gu, 2023). These pathological changes first occurred in the hippocampus and cerebral cortex. The onset of AD is insidious and progresses gradually, and only patients showing cognitive function impairment or mental state decline can be diagnosed clinically. Symptoms of these conditions include memory, attention, language and emotional disorders, and mental behavior abnormalities. Presently, there are limited therapeutic strategies available for the treatment of AD. They may alleviate some AD symptoms, but cannot reverse the course of the disease. Therefore, accurate diagnosis at the early stage of AD has great therapeutic potential (Regan et al., 2019; de Oliveira et al., 2020; Mahaman et al., 2022). However, due to the asymptomatic nature of AD progression, an accurate diagnosis cannot be determined until the patient exhibits severe cognitive dysfunction or mental state deterioration, thus missing the optimum treatment window and ultimately leading to death. Therefore, it is crucial to make a precise diagnosis of AD in its early stages so that AD progression can be effectively delayed.

Amnestic mild cognitive impairment (aMCI), which is featured as forgetting conversations and misplacing items, is memory-specific and considered to be the early stage of dementia (Sundermann et al., 2021; Tomoto et al., 2021; De Wit et al., 2022). According to reports, those with aMCI have a chance of developing AD that is at least five times more severe than that of healthy senior citizens (Jagust, 2008; Whitwell et al., 2008; Balthazar et al., 2010). However, timely detection of aMCI, proper physical activity, and adequate dietary supplementation were thought to be the most effective ways to halt the progression of aMCI to AD. Previous research revealed a strong link between the concentration of Aβ/tau in cerebrospinal fluid (CSF) and cognitive impairment, suggesting that tau may serve as a viable biomarker for the diagnosis of AD (Jia et al., 2019; Wang et al., 2020). Jack Jr. et al. proposed CSF Aβ42, Aβ42/Ab40 ratio, or CSF phosphorylated tau as the biomarker for AD diagnosis (Jack et al., 2018). However, the invasive examination cannot be used generally. More efficient, non-invasive, and practical diagnostic tests are required for assessing cognitive impairment.

Structural magnetic resonance imaging (sMRI) is a method of using magnetic resonance imaging (MRI) to obtain information about the internal structure of the human body. It can also specifically show each individual brain’s anatomical structure (Feng et al., 2022; Zhu et al., 2023). sMRI has been used to determine the stage and progression of AD. In patients with simple MCI or AD, sMRI was strongly associated with measures of cognitive function, and it showed more prediction accuracy in the progression of aMCI to AD than CSF tau, which were considered to be the biomarker for AD diagnosis for a long time (Brier et al., 2016). In 2018, National Institute on Aging and Alzheimer’s Association proposed a research framework on AD diagnosis with biomarkers in living persons, and included imaging results as one of different biomarkers based on the pathological process. This system was flexible and any biomarker that was available can be added (Jack et al., 2018). Financial capacity in Greek aMCI patients strongly correlates with right amygdala and left angular gyrus volumes, suggesting that emotion as well arithmetic skills are involved in financial capacity (Giannouli and Tsolaki, 2019). MRI data indicated that hippocampal volume, fractional anisotropy in cingulum and fornix, and functional connectivity within the default-mode network showed consistent associations with cognitive performance in all types of acute onset brain injury (Verhulst et al., 2023). The parahippocampal gyrus and hippocampus showed significant positive correlations with the severity of cognitive impairment as shown by MRI measurement (Zhao et al., 2023). Voxel-based morphometry (VBM) and surface-based morphometry (SBM), techniques for sMRI analysis, can be used to quantify the changes that have occurred in a number of sub-cortical regions of brain, including the hippocampus and the amygdaloid nucleus. The VBM and SBM analyses in sMRI demonstrated excellent potential for investigating imaging biomarkers for early-stage AD diagnosis (Cui et al., 2019; Thomann et al., 2021). The cortical volume, area and thickness (SBM) and left/right hippocampus and left amygdala (VBM) were found to be significantly changed in AD patients (Rechberger et al., 2022). Thus, more investigation should be performed on MCI and AD by using MRI with VBM and SBM analyses, in order to obtain more data and evidence for MCI and AD diagnosis and therapy.

In this study, under the hypothesis that brain structure changes in MCI and AD patients and monitoring the changes may help the diagnose and cure of dementia in clinic, we explored the structural changes of the brain in both aMCI and AD patients with MRI. We collect the basic information, neurological evaluation reports, and sMRI data. The VBM and SBM analyses were used to identify the exact brain regions that might serve as biomarkers for the diagnosis of aMCI and AD. We found that the volume of the left precuneus region and the thickness of the left/right inferior parietal showed decreased in aMCI and AD patients, compared to those of healthy control. This study may provide more data and evidence for MRI features in aMCI and AD, and the results might provide the basis and direction for clinical diagnosis and treatment of MCI and AD.



Materials and methods


Participants

This study was approved by Medical Ethics Committee of Shenzhen People’s Hospital (No. LL-KY-2019610). A total of 46 patients, who were admitted to the neurology department of Shenzhen People’s Hospital due to cognitive decline from January 2021 to December 2022, were selected. Combined with laboratory examination and quality control of image data, 20 cases were excluded, and a total of 26 patients (10 AD patients and 16 aMCI) were enrolled. In the same period, 12 patients with normal cognitive function were selected as control group. The diagnosis was performed by two qualified clinical neurologists who were completely blind to our study. The National Institute on Aging and Alzheimer’s Association (NIA-AA) guideline, which was released in 2011, served as the criteria for the diagnosis of AD. The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) served as the criteria for the diagnosis of aMCI: (1) subjectively perceived memory loss; (2) objective assessment on MCI evidence; (3) impaired ability to live and social function; (4) Hachinski Ischemia Scale (HIS) ≤4 points, excluding cognitive decline caused by other specific causes; (5) duration of disease >3 months; (6) did not meet the diagnostic criteria for dementia.

Twelve sex-matched healthy controls were selected and met the following inclusion requirements: (1) no history of cognitive impairment; (2) perfect scores on the activities of daily living (ADL); (3) no relatives in the first degree who have AD: (4) no history of cerebrovascular illness. Written informed consent was obtained for all the participants, and this study was approved by the ethics committees of Shenzhen People’s Hospital.



Laboratory examination

Every participant underwent the following standard examinations: regular blood test, basic liver and kidney function, thyroid and parathyroid function, electrolytes, blood sugar, HIV, Treponema pallidum antibody, homocysteine, sedimentation of the erythrocytes rate, folate, vitamin B12, heavy metals, tumor indicators, paratumor antibodies, drug or toxin tests, basic immune testing and other conditions affecting the metabolism and endocrine systems.



Neuropsychological evaluations

The following routine cognitive scale screening was completed: Mini-Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), ADL, and Hachinski Ischemic Score (HIS; Finney et al., 2016). They were also used for grouping of patients (AD or aMCI). In MMSE, illiteracy participants having MMSE score of ≤17 points, those with primary school education level having an MMSE score of ≤20 points, and those with middle school or above education level having an MMSE score of ≤24 points were classified as cognitive dysfunction. In the MoCA, the MoCA score ≥ 26 is considered to be normal cognitive function, and participants with an education of ≤12 years have one point more on the basic evaluation score (Seijo-Martinez et al., 2016). In ADL, 0–35 points are basically complete assistance; 35–80 points are partial assistance in wheelchair life; 80 points are wheelchair self-care level; 80–100 points are mostly self-care in ADL; and 100 points are complete self-care in ADL (Mlinac and Feng, 2016). HIS scale was used to exclude vascular cognitive dysfunction: HIS≤4 points, AD-derived cognitive dysfunction; 4 < HIS≤7, mixed dementia; HIS>7 points, highly indicative of vascular cognitive dysfunction. Only those with HIS≤4 points can be included in the patient group.



MRI data acquisition

sMRI data of all participants were obtained using a 3.0 T scanner (Lumina, 3D mprage, Siemens) at Shenzhen People’s Hospital. The T1-weighted images were acquired using a brain volume sequence with the following parameters: TR 1900 ms, TE 2.26 ms, TI 900 ms, FA 9°, matrix 256 × 256, FOV 25.6 cm × 25. 6 cm, thickness = 1 mm, sagittal slice = 192, vovel size = 1 × 1 × 1 mm3.



VBM analysis

VBM was performed in the SPM12 software package of MATLAB (2021b) platform (http://www.fil.ion.ucl.ac.uk/spm/; Chen et al., 2021). All T1-weighted images were first evaluated for image quality, and qualified ones were included in further study, which were spatially normalized in the standardized space using the template provided by the Montreal Neurological Institute (MNI). Each structural image was segmented into gray matter, white matter, and cerebrospinal fluid using a fully automated algorithm within SPM12 and subsequently transformed to the MNI space using diffeomorphic anatomical registration through exponentiated Lie algebra normalization. Next, the normalized gray matter images were smoothed (FWHM = 8 mm) for statistical analyses. During this procedure, comparisons between groups were performed between brain regions that showed significant differences in the ANOVA. The age and sex of each participant were entered into the design matrix as nuisance variables. The global volumes in the voxel intensities were used as confounding covariates. Voxel-wise false discovery rate (FDR) correction was used for multicomparison correction to control type I error (p < 0.01, FDR correction, minimum cluster size >100 voxels). The significance threshold of voxel level was <0.01 and the significance threshold of the cluster level was each considered to be <0.05. The anatomical position of each cluster via T (or F) test images was performed using Xjview software.1



SBM analysis

Data analysis was performed using FreeSurfer (v6.0.0; https://surfer.nmr.mgh.harvard.edu/; Chen et al., 2021), which has been more used in the automatic analysis of neuroimaging data (Biffen et al., 2020; Brown et al., 2020). The software automatically distinguishes the cortical structure, and the original data of each participant needs to be pre-processed for about 20 h before the formal brain imaging data analysis. The processing steps include image reconstruction, correction of brain tissue, conversion of T1 images to the Talairach template to obtain accurate coordinates, image brightness correction, 3D brain image reconstruction, cortical surface expansion, mapping of spherical brain image sets, etc.

Five indexes, including thickness, volume, surface area, sulc (sulcus depth), and curv (curvature) were calculated based on FreeSurfer preprocessed data (Caunca et al., 2020). The calculated index was smoothed, and the smoothing core was 10 mm. Then, these five indexes were statistically analyzed, and gender and age were included in the covariates. The Different Onset and Different Slope model was selected as the statistical model. In adjusting for Monte Carlo multiple comparison correction, p < 0.001 for the vertex level and p < 0.05 for the lump level were considered to be significant. The values of the brain regions with significant differences were extracted, and the two-pair t test was used for post hoc analysis.



Statistical analysis

A descriptive analysis of demographical variables, including age, sex, and clinical measures was performed. The Chi-squared or t test was used to analyze significant differences among the three groups, and p < 0.05 was considered to be statistically significant. For SBM/VBM data, analysis of variance (ANOVA) was performed among HC, aMCI and AD groups, and p < 0.05 was considered to be statistically significant. The differences between the groups were further explored by post hoc analysis. The values of brain regions with significant differences were extracted and analyzed by two-sample t test. By using MATLAB, the Pearson correlation analysis between the values of the significantly different brain areas obtained from SBM/VBM and MMSE/MoCA scores was performed, with the age and gender of individuals used as concomitant variables.




Results


Demographic and cognitive characteristics

Demographic characteristics, including age and sex, are shown in Table 1. The age was significantly different among the AD, aMCI, and HC groups, while gender distribution was not. As expected, neuropsychological scales (MMSE/MoCA) showed marked differences, with the performance in AD patients being worst, followed by that of aMCI patients, in comparison with that of HC patients.



TABLE 1 Demographic information.
[image: Table1]



Brain volume changes and correlation results

VBM was used to determine whether the gray matter (volume index) of the whole brain has atrophy and the atrophy area. For the VBM data, ANOVA of the three groups was performed, and then t test between the two groups is conducted after positive results are found. Our results showed that the left precuneus region was the peak MNI coordinate region, with a peak intensity of 9.2173 and a cluster size of 406 voxels in the AD group (Figures 1A–C). In addition, when compared to the aMCI and HC participants, the AD patients presented much less volumes in the left precuneus region (aMCI vs. AD: p = 1.26e-4; HC vs. AD: p = 4.08e-5). However, no significant difference was shown between the aMCI group and the HC group (p > 0.05; Figure 1D). By correlation analysis, the volume of the left precuneus region displayed a significant correlation with either the MMSE score or MoCA score (Figures 1E,F). These data implied that the left precuneus region may be involved in the process of the impairment of cognitive functions in AD.

[image: Figure 1]

FIGURE 1
 Brain volume changes as measured by VBM analysis. (A–C) The VBM analysis identified that the left Precuneus region showed atrophy in the AD group. The statistical result was shown (D). Correlation analyses were performed between the volume of the left Precuneus region and MMSE score (E) and between the volume of the left precuneus region and MoCA score (F). ***p < 0.001.




Thickness change of the cortex and correlation analysis

For the results of SBM analysis, it was divided into several indexes: thickness, volume, area, sulc and curv. First, ANOVA analysis was performed for the three groups, and then t test is conducted between the two groups after positive results are obtained. Our SBM analysis showed that, compared with the HC and aMCI participants, the thickness of the left inferior parietal region showed atrophy (Figure 2A). Meanwhile, the right inferior parietal also atrophied more sufficiently in the AD group than in the other two groups (Figure 2B). In addition, when compared to the aMCI and HC groups, the AD participants presented thinner in the left/right inferior parietal region (p < 0.001). However, no significant difference was shown between the aMCI group and the HC group (p > 0.05; Figure 2C). By correlation analysis, the thickness of either left or right inferior parietal region displayed a significant correlation with either MMSE score or MoCA score (Figures 2D–G). The SBM results indicated that both the left and right inferior parietal may contribute to the pathogenesis of AD.

[image: Figure 2]

FIGURE 2
 Thickness change as measured by SBM analysis. The SBM analysis identified that the thickness of the left (A) and right (B) inferior parietal regions changed in the AD group. The statistical result is shown (C). Correlation analyses were performed between the thickness of the left inferior parietal region and MMSE score (D), between the thickness of the left inferior parietal region and MoCA score (E), between the thickness of the right inferior parietal region and MMSE score (F), and between the thickness of right inferior parietal region and MoCA score (G).





Discussion

sMRI, a non-invasive imaging technique, has been widely used in measuring the brain’s anatomical structure clinically. It has been used in the quantification of the sub-cortical region of the brain in many diseases, such as AD, with the use of VBM and SBM analyses. In this study, we used VBM and SBM to evaluate sMRI data from the AD, aMCI, and HC participants and found that the left precuneus and inferior parietal on both sides may play a role in the pathogenesis of AD. There was a statistically significant difference in the correlation study between the brain region and the MMSE or MoCA scores. Our research might suggest a possible biomarker as the sign from aMCI to AD.

There have been studies previously in MRI biomarker for MCI due to AD, but no conclusive results were achieved until now. Brain atrophy, especially hippocampus atrophy, was used as a diagnostic feature for AD. Atrophy in other brain regions, such as frontal and parietal regions, cortical thinning, and alternation in white matter were all correlated with memory deficits in AD early stage. Besides, brain lob hyperactivation/hypoactivation were also shown in early AD (Bayram et al., 2018). Khatri and Kwon developed a framework, which combined the hippocampal subfield, the amygdala volume, and brain networks with multiple measures of sMRI could improve AD diagnosis (Khatri and Kwon, 2022). Here in the present study, the volume of left precuneus and the thickness of inferior parietal on both sides may serve as aMCI due to AD biomarkers. Considering all previous and present studies on the MRI biomarkers for aMCI to AD, it’s urgent to conduct a comparative and large-population based study to reach a conclusion on the MRI biomarker. Furthermore, the intrinsic mechanism in the MRI feature changes and AD pathological alternation (such as tau and Abeta) were also needed to be investigated.

We investigated whether the left precuneus region may be engaged in the progression to AD based on VBM on all sMRI data from patients, and the results showed the AD patients presented much less volumes in the left precuneus region, compared to the aMCI group and the HC group, and the volume of the left precuneus region displayed a significant correlation with either the MMSE score or MoCA score (Figure 1). With the cognitive ability decreased, the volume of left precuneus region decreased. This suggest the left precuneus region volume might correlate with the cognitive ability. Prior research suggested that the precuneus was a crucial region for the memory deficit seen in early AD, which was probably caused by the disconnection mechanisms. According to Marco et al., high-frequency repeated transcranial magnetic stimulation on the precuneus was a successful treatment strategy for addressing memory loss in patients with early-stage AD (Koch et al., 2018). Giannouli et al. reported the correlation of amygdala volumes and metacognitive deficits in aMCI patients (Giannouli and Tsolaki, 2023). Additionally, Maria-Joao et al. identified precuneus metabolism in AD, MCI, and HC, and discovered that the precuneus region had the lowest glucose uptake efficiency, indicating that precuneus hypometabolism occurred more so in AD compared to MCI and HC. The conclusion implied that the pathophysiologic shift might serve as a biomarker for AD (Bailly et al., 2015). According to the results of our investigation, the precuneus was the greatest MNI coordinate location. Combined with above research results, it was possible that the precuneus could be used as a diagnostic biomarker. A number of other papers that did mention mechanisms might be useful references. According to Koen et al., several CSF biomarkers, such as visinin-like protein 1, neurogranin, BACE1, and Aβ1-40, were all correlated negatively with the precuneus gray matter volume, which was linked to the loss of brain structural integrity that occurs during the early stages of AD (Schaeverbeke et al., 2019). We found the volume of left precuneus was reduced in AD patients than aMCI patients or HC, while no significant difference was shown between aMCI and HC participants. Furthermore, the volume of left precuneus region displayed a significant correlation with either the MMSE score or MoCA score. The reduced volume of left precuneus region may be used as a marker for aMCI to AD. However, in the present study, we only found the proof of the correlation of the left precuneus region with AD progression. Whether the right precuneus region also involves in it, or only the left precuneus is specific for AD progression, needs more investigation. Besides, future research concentrating on the underlying molecular process will be required.

Additionally, we found that the AD group had more severe inferior parietal atrophies than the other two groups after completing SBM on all sMRIs. Figure 2 showed the AD patients had thinner left/right inferior parietal region, compared to the aMCI group and the HC group, and the thickness of either side of inferior parietal region displayed a significant correlation with either the MMSE score or MoCA score. This mean, with the more cognitive ability decreased, the thinner left/right inferior parietal became, suggesting the thickness of left/right inferior parietal region might correlate with the cognitive ability. The inferior parietal is situated behind the postcentral sulcus and below the horizontal part of the intraparietal sulcus (Torrey, 2007; Yang et al., 2023). Earlier research using functional MRI suggested that the inferior parietal was involved in an extensive spectrum of higher cognitive tasks (Desmurget and Sirigu, 2012; Igelstrom and Graziano, 2017). Similar to this, in our current investigation, participants in the AD group with the lowest MMSE and MoCA scores had inferior parietal regions where they differed significantly from other groups. Additionally, inferior parietal was a crucial substrate for a variety of mental activities, including fundamental language and attention. According to SBM analysis, we found that the AD group’s inferior parietal thickness differed significantly from that of the aMCI and HC groups in this study. The quantity or density of cells in a cortical column affects the thickness of the cortex. Our observed alterations in inferior parietal area thickness were strongly associated with AD’s typical clinical abnormalities. Furthermore, the inferior parietal area thickness displayed a significant correlation with either the MMSE score or MoCA score. The reduced thickness of inferior parietal area may be used as a marker for aMCI to AD. However, more research is required on this issue, and the thickness changes in the left/right inferior parietal in different brain status, such as language, attention, even diseases such as AD, should be compared and monitored.

Our current study still has some limitation, which is inevitable. Based on the standard aforementioned description, which is a cross-section reflecting each participant’s unique situation, our collected individuals were classified into three groups. Therefore, the only conclusion we can draw is that the significant difference among AD, aMCI, and HC found through SBM and VBM analyses may 1 day serve as a biomarker for the diagnosis of AD. According to our current findings, we will conduct cohort research to track the changes in the discovered brain regions as AD progresses as well as animal trials to support the brain regions’ predicted predictive value. Meanwhile, further research is still required to understand the underlying mechanisms by which these brain regions contribute to AD. We anticipate that our research will add a fresh perspective to the early identification and treatment of AD. Additionally, we will collect data on more patients while we continue conducting our study.

In conclusion, we collected sMRI data from participants in the AD, aMCI, and HC groups and performed VBM and SBM analyses. The left precuneus and both sides of the inferior parietal region were found to change in AD patients and might be new potential diagnostic biomarkers for AD progression.
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