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Background: Alzheimer’s disease (AD) is a complex neurodegenerative disorder characterized by progressively worsening cognitive decline and memory loss. Excessive iron accumulation produces severe cognitive impairment. However, there are no uniform conclusions about changes in brain iron content in AD. This study aimed to investigate the iron content of the deep brain nuclei in AD, and its correlation with cognitive function.

Methods: Thirty-one patients with mild to moderate AD, 17 patients with mild cognitive impairment (MCI), and 20 age-, sex-, and education-matched healthy controls (HC) were collected. The QSM was used to quantify the magnetic susceptibility values of the caudate nucleus, putamen, globus pallidus, substantia nigra, red nucleus, and dentate nucleus, and to analyze the differences that existed between the three groups. As well as the correlation between the magnetic susceptibility values and cognitive function was calculated.

Results: The magnetic susceptibility values of bilateral globus pallidus, left putamen, and bilateral substantia nigra were significantly higher in AD patients than in HC, and the magnetic susceptibility values of the right globus pallidus were significantly higher in AD patients than in MCI (all p < 0.05). The magnetic susceptibility values of the left dentate nucleus in the AD group were negatively correlated with the writing function of the MMSE subitem (r = −0.42, p = 0.020), and the magnetic susceptibility values of the left caudate nucleus and right dentate nucleus were significantly and negatively correlated with the naming function and language function of the MoCA subitem, respectively (r = −0.43, p = 0.019; r = −0.36, p = 0.048).

Conclusion: Magnetic susceptibility values based on QSM correlate with cognitive function are valuable in discriminating AD from MCI and AD from HC.
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1 Introduction

Alzheimer’s disease (AD) is a complex neurodegenerative disorder characterized by progressively worsening cognitive decline (Albertini et al., 2012) and memory loss (Jahn, 2013). Although the etiology of AD is not fully understood, clinical and neuropathological studies have identified β-amyloid (Aβ) plaques and tau neurofibrillary tangles as the main histopathological hallmarks of AD (Sisodia and Price, 1995; Hampel et al., 2021). With the deepening of research on the etiology of AD, experiments based on animal models have found that excessive iron accumulation due to an imbalance in iron metabolism produces severe cognitive impairment (Schröder et al., 2013). In addition to this, alterations in iron metabolism have been confirmed to be associated with Aβ plaques and tau neurofibrillary tangles according to histochemical, histopathological, and imaging studies (Everett et al., 2014; Gong et al., 2019; O’Callaghan et al., 2017). Iron is an important metal ion for the maintenance of many basic biological activities, including oxygen transport, DNA synthesis, mitochondrial respiration, myelin synthesis, and neurotransmitter synthesis and metabolism (Wang and Pantopoulos, 2011). Iron is retained in neural tissues primarily as ferritin or hemosiderin, and iron equilibrium is critical for maintaining normal brain function (Du et al., 2018).

QSM is a non-invasive MRI technique that can be used to quantify the distribution of magnetic susceptibility in vivo, and post-mortem validation studies have shown a strong correlation between iron content in grey matter and magnetic susceptibility values (Langkammer et al., 2012). The QSM technique has been utilized in several research to investigate changes in brain iron distribution and levels in normal and pathological conditions (Li et al., 2022; Chen et al., 2021; Sun et al., 2020). QSM is expected to provide imaging biomarkers to help with the diagnosis of AD. In this study, we used QSM to analyze the differences in magnetic susceptibility values of deep brain nucleus in AD, MCI, and HC. Additionally, to better understand the relationship between various aspects of cognitive function and iron deposition, a correlation study between cognitive function scores, including sub-items, and magnetic susceptibility values was conducted.



2 Materials and methods


2.1 Participants

This study included 31 mild-to-moderate AD patients and 17 MCI patients diagnosed from November 2022 to December 2023, as well as 20 age-, gender-, education-matched healthy controls recruited from local communities. The study was approved by the Ethics Committee of the hospital, and the subjects signed an informed consent form.

Inclusion criteria: (1) Meet the core diagnostic criteria for what is likely to be AD dementia, which were jointly developed by the National Institute on Aging (NIA) and the Alzheimer’s Association (AA) in 2011 (McKhann et al., 2011). (2) The diagnostic criteria for MCI also refer to the NIA-AA Recommended Guidelines: normal activities of daily living, subjective and objective cognitive impairment, but not yet dementia criteria (Albert et al., 2011). (3) Age 50–85 years, right-handed. Able to read and understand the content of the research scale.

Exclusion criteria: (1) Other diseases causing cognitive impairment, such as cerebrovascular disease, brain tumor, Hachinski ischemia score ≥4. (2) Severe medical diseases, such as cardiopulmonary, hepatic and renal insufficiency, hypothyroidism, malignant tumors and other chronic wasting diseases. (3) Other psychiatric diseases such as severe depression and schizophrenia. (4) Those who have incomplete clinical data and cannot cooperate with the cognitive function examination. (5) Those who have contraindications to magnetic resonance examination.



2.2 Neuropsychometric measures

The researchers received specific coherence training. Participants underwent neuropsychological testing in a quiet room. Cognitive function was tested using the Mini-Mental State Examination (MMSE) and the Montreal Cognitive Assessment (MoCA). The MMSE scale consisted of 11 sub-items: temporal orientation, spatial orientation, transient memory, delayed memory, numeracy, naming, retelling, executive functioning, reading, writing, and drawing. The MoCA scale consists of 7 sub-items: visuospatial and executive function, naming, attention, language, abstraction, delayed memory, and orientation.



2.3 MRI acquisition and processing

All subjects underwent cranial magnetic resonance scans on a 3.0 T MRI scanner (Prisma, Siemens Healthcare, Erlangen, Germany) equipped with a 64-channel phased array head coil. T1-weighted (T1w) imaging was performed using a three-dimensional magnetization prepared rapid acquisition gradient recalled echo (3D MP-RAGE), sequence with parameters: TR/TE = 2,300/3 ms, TI = 900 ms, spatial resolution = 0.8 × 0.8 × 0.8 mm3. A 3D gradient echo (3D-GRE) sequence was employed for QSM, consisted of six echoes with acquisition parameters: TR = 46.0 ms, TE = 7.25, 13.93, 20.61, 27.29, 33.97, 40.65 ms, flip angle = 15°, FOV = 220 mm × 220 mm, voxel size = 0.6 mm × 0.6 mm × 2.0 mm, slice thickness = 2.0 mm, scan time = 9: 01 min: s. To obtain the QSM maps, the 3D-GRE was processed using the MEDI toolbox, a post-processing package that runs on MATLAB (Ver. 2016b, Matrix Laboratory, MathWorks).



2.4 Selection of region of interest

As shown in the Figure 1, iron-rich deep brain nuclei were selected (Haacke et al., 2005), including the bilateral caudate nucleus (Cd), globus pallidus (Gp), putamen (Pt), substantia nigra (Sn), red nucleus (Rn), and dentate nucleus (Dn). Manual outlining was performed using MRIcroN by two physicians after unified training. Images were magnified 6-fold during outlining to ensure clear nucleus edges; voxels at the nucleus boundaries were excluded from the region of interest (ROI) to minimize partial volume effects.
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FIGURE 1
 Six regions of interest (ROIs) analyzed in this study. (A) Caudate nucleus. (B) Globus pallidus. (C) Putamen. (D) Substantia nigra. (E) Red nucleus. (F) Dentate nucleus.




2.5 Statistical analysis

Statistical analyses were performed using SPSS 26.0 and MedCalc 20.0 software packages. Gender variables were expressed as percentages and comparisons between groups were performed using the χ2 test. Normally distributed measures were expressed as mean ± standard deviation, non-normally distributed data were expressed as Μ(P25, P75). One-way ANOVA was used to compare data that conformed to normal distribution and homogeneity of variance, otherwise the Kruskal–Wallis H test was used, and the Bonferroni test was used for post hoc comparisons. Comparison of disease duration between AD and MCI was performed using the Mann–Whitney U test. The correlation between magnetic susceptibility values and cognitive function scores was analyzed using partial correlation, controlling for the age variable. The diagnostic efficacy of magnetic susceptibility values was assessed using the receiver operating characteristic curve (ROC) and area under curve (AUC). The consistency of the ROI results outlined by the two physicians was assessed using the intraclass correlation coefficient (ICC), with an ICC value greater than 0.75 as high consistency, between 0.40 and 0.75 as good consistency, and less than 0.4 as poor consistency.




3 Result


3.1 Comparison of clinical data of participants

As shown in the Table 1, there were no statistical differences in gender, age, and years of education among the three groups (χ2 = 0.98, p = 0.611; F = 1.40, p = 0.255; H = 1.85; p = 0.397, respectively). There was no statistical difference in disease duration between AD and MCI (Z = −1.247, p = 0.213). MMSE and MoCA scores differed statistically between the three groups (H = 50.97, p < 0.001; H = 52.03, p < 0.01, respectively).



TABLE 1 Demographic characteristics and cognitive scores of study subjects.
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3.2 Comparison of magnetic susceptibility values of ROIs between the three groups

The ICC values of the magnetic susceptibility values for each nucleus were all greater than 0.75, with high intra-group consistency (Table 2), and the mean of the magnetic susceptibility values obtained by the two physicians was used for statistical analysis (Table 3). Statistical differences in the magnetic susceptibility values of the bilateral globus pallidus and the substantia nigra, and the left putamen were found between the three groups (all p < 0.05). Post hoc analysis of the above nuclei showed that the magnetic susceptibility values of the bilateral globus pallidus and the substantia nigra, and the left putamen were significantly higher in AD than in HC (all p < 0.05). The magnetic susceptibility values of the right globus pallidus were significantly higher in AD than in MCI (p < 0.05).



TABLE 2 The ICC values of the magnetic susceptibility values for ROIs.
[image: Table2]



TABLE 3 Comparison of magnetic susceptibility values of ROIs between the three groups.
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3.3 ROC curve analysis of magnetic susceptibility values for ROIs that differed between the three groups

Magnetic susceptibility values based on ROIs with significant differences identified AD and HC, left putamen (AUC = 0.776, p < 0.001), left globus pallidus (AUC = 0.716, p = 0.004), right globus pallidus (AUC = 0.763, p < 0.001), left substantia nigra (AUC = 0.848, p < 0.001), right substantia nigra (AUC = 0.826, p < 0.001); to identify AD and MCI, right globus pallidus (AUC = 0.663, p = 0.049) (Table 4 and Figure 2).



TABLE 4 ROC curve analysis of magnetic susceptibility values for ROIs that differed between the groups.
[image: Table4]
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FIGURE 2
 Receiver operator characteristic (ROC) curves analysis for magnetic susceptibility values. (A) Results of ROC curve analysis for ROIs with differences between AD and HC. (B) Results of ROC curve analysis for right pallidum with differences between AD and MCI. AD, Alzheimer’s disease; MCI, mild cognitive impairment; HC, health control; ROI, regions of interest.




3.4 Partial correlation analysis between magnetic susceptibility values of ROIs and cognitive function

Using age as a control variable, magnetic susceptibility values in the left dentate nucleus of the AD were significantly negatively correlated with the sub-item writing function of the MMSE (r = −0.42, p = 0.020), and in the left caudate nucleus and the right dentate nucleus were significantly negatively correlated with the sub-item naming function of the MoCA, and language function, respectively (r = −0.43, p = 0.019; r = −0.36, p = 0.048) (Tables 5, 6).



TABLE 5 Partial correlation analysis between magnetic susceptibility values of ROIs and MMSE scores in AD group.
[image: Table5]



TABLE 6 Partial correlation analysis between magnetic susceptibility values of ROIs and MoCA scores in AD group.
[image: Table6]




4 Discussion

In this study, by using the QSM technique to analyze the magnetic susceptibility values of deep grey matter nuclei in AD, MCI, and HC, it was found that the magnetic susceptibility values of the bilateral globus pallidus and the substantia nigra, the left putamen of AD were significantly higher than those of HC, and that the magnetic susceptibility values of the right globus pallidus of AD were higher than those of MCI, but no nuclei were found to be significantly different between MCI and HC. The caudate nucleus, globus pallidus, putamen, thalamus, and substantia nigra together form the basal ganglia and have been correlated with cognitive and motor functions (Graybiel, 2000), and the imbalance of iron homeostasis may be associated with corresponding dysfunction. β-amyloid (Aβ) plaques and tau neurofibrillary tangles are known pathological markers of AD (Sisodia and Price, 1995; Hampel et al., 2021), and it has been suggested that there is an interaction between the aggregation of these two and iron deposition (Galante et al., 2018; Liu et al., 2018), which together contribute to the development of AD and affect its cognitive function. However, it is unclear whether iron deposition is a pathological mechanism affecting the development of AD or merely a manifestation of the disease progression. MCI is clinically manifested by mild cognitive decline, but daily life is not significantly affected and has the potential to develop into AD (Petersen et al., 2001). In the present study, we found that the magnetic susceptibility values of the right globus pallidus of AD were higher than those of MCI, which could potentially be a marker to aid in the differentiation of AD from MCI. Consistent with the findings of Cogswell et al. (2021) and Kim et al. (2017), no significant difference was found in the present study when MCI was compared with HC, although the magnetic susceptibility values of all nuclei were higher in MCI than in HC. It is possible that the disease progression is not linear with pathological changes or iron deposition, which requires further study.

Iron levels in the brain are not uniformly distributed, with the brain regions with the highest iron levels located in the basal ganglia (Ramos et al., 2014). Several studies (Adisetiyo et al., 2012; Aquino et al., 2009; Xu et al., 2008) have found a positive correlation between iron deposition in the basal ganglia and age, which may be due to the fact that the basal ganglia have a higher metabolic rate and are more vulnerable to the decrease in metabolic rate that occurs with age (Vitanova et al., 2019), leading to more significant increase in iron deposition.

Controlling for age, the present study found that magnetic susceptibility values of the dentate nucleus in AD were negatively correlated with writing and language functions. The dentate nucleus is the largest deep nucleus of the cerebellum, and in addition to its involvement in motor functions (Bond et al., 2017), it is associated with executive functions including planning, working memory, and language functions (Jardri et al., 2007; Gitelman et al., 2005; Kim et al., 1994). Imbalances in iron deposition homeostasis may affect the function of the dentate nucleus, which may exhibit corresponding dysfunction. The basal ganglia, an important structure of the brain, is usually associated with motor control, but the different regions that comprise it have significant functional differences (Alexander et al., 1986). The caudate nucleus, anatomically considered part of the basal ganglia, is associated with language processing, and damage to it can lead to aphasia, including functions such as naming, spelling, and pronunciation of words (Brunner et al., 1982). In the present study, we found that the magnetic susceptibility values of the left caudate nucleus were negatively correlated with naming function, which may be due to the increased iron deposition that leads to impaired language processing, thus affecting the naming function in AD. Some previous papers (Uchida et al., 2020; Uchida et al., 2022b; Uchida et al., 2019) reported that cognitive impairment in neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s disease, is related to the susceptibility changes in the basal ganglia. Alterations in the basal ganglia can lead to the cognitive deficits observed in these conditions. These changes may involve a variety of neurobiological mechanisms, including neurotransmitter imbalances, dysfunction of neural circuits, and neuroinflammation, which can impair cognitive function. In our manuscript, we aim to build on these findings by examining how specific susceptibility changes in the basal ganglia correlate with cognitive impairment in our patient cohort. We believe our study provides valuable insights into the complex interactions between these neurodegenerative processes.

In this study, the diagnostic efficacy of the magnetic susceptibility values of ROI was assessed using ROC curves, and the magnetic susceptibility values of the left putamen, bilateral globus pallidus and substantia nigra had good diagnostic efficacy in discriminating between AD and HC (AUC >0.7), and average diagnostic efficacy in discriminating between AD and MCI using the magnetic susceptibility values of the right globus pallidus (AUC = 0.663 <0.7). This is an interesting finding. The AUC of 0.663 indicates a moderate ability to differentiate AD from MCI, suggesting that while the model shows promise, there may be significant overlap in susceptibility values between the two groups. This may be due to the fact that patients with mild to moderate AD were enrolled, whereas MCI is considered an early stage of AD, and there may be less variability in iron deposition between the two, or it may be due to the relationship between individual differences. This moderate efficacy underscores the need for further research to enhance the diagnostic accuracy, potentially through the integration of additional biomarkers or clinical parameters. A more nuanced understanding of these results could guide clinical decision-making and inform future studies.

The relationship between iron metabolism and the blood-brain barrier (BBB) is indeed critical in understanding neurodegenerative diseases like Alzheimer’s disease. Iron accumulation in the brain can exacerbate oxidative stress and neuroinflammation, processes that are pivotal in Alzheimer’s pathology. Previous studies (Uchida et al., 2022a) have shown that APOE ɛ4 dose is associated with increased brain iron levels and β-amyloid accumulation highlights a significant link between genetic risk factors and iron dysregulation. This suggests that individuals carrying the APOE ɛ4 allele may experience compromised BBB function, leading to altered iron transport and deposition in the brain, potentially accelerating neurodegenerative processes. Researchs (Uchida et al., 2023) on BBB imaging contributes to our understanding of the neurovascular unit’s pathophysiology in Alzheimer’s and related dementias. These imaging studies reveal how BBB dysfunction can facilitate the entry of iron and other potentially neurotoxic substances into the brain, further aggravating neuronal damage and cognitive decline. Together, these studies underscore the importance of the BBB in regulating iron homeostasis in the brain and its implications for neurodegenerative diseases. Understanding these mechanisms could pave the way for novel therapeutic strategies aimed at protecting the BBB and managing iron levels in the brain.

Several limitations of this study: firstly, the grouping regarding AD, MCI, and HC was based on scale scores rather than pathological findings such as cerebrospinal fluid biomarkers, but we have excluded dementia due to other neuropsychiatric disorders as much as possible. Secondly, the relatively small sample size of this study and the inclusion of patients with mild-to-moderate AD, which did not include severe AD, may have led to some limitations in the results. Thirdly, the ROIs selected for this study were only known iron-rich nuclei, which is a small study to comprehensively assess the correlation between brain iron content and cognitive function. Fourth, the present study is a cross-sectional design, which cannot dynamically assess the changes over time. These limitations need to be further refined in subsequent studies.



5 Conclusion

Magnetic susceptibility values based on QSM correlate with cognitive function are valuable in discriminating AD from MCI and AD from HC.
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