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Objective: To investigate the changes in the cortical thickness of the region of interest (ROI) and plasma Aβ40, Aβ42, and phosphorylated Tau (P-Tau) concentrations in patients with Alzheimer’s disease (AD) and amnestic mild cognitive impairment (aMCI) as the disease progressed with surface-based morphometry (SBM), to analyze the correlation between ROI cortical thickness and measured plasma indexes and neuropsychological scales, and to explore the clinical value of ROI cortical thickness combined with plasma Aβ40, Aβ42, and P-Tau in the early recognition and diagnosis of AD.

Methods: This study enrolled 33 patients with AD, 48 patients with aMCI, and 33 healthy controls (normal control, NC). Concentration changes in plasma Aβ42, Aβ40, and P-Tau collected in each group were analyzed. Meanwhile, the whole brain T1 structure images (T1WI-3D-MPRAGE) of each group of patients were collected, and T1 image in AD-aMCI, AD-NC, and aMCI-NC group were analyzed and processed by SBM technology to obtain brain regions with statistical differences as clusters, and the cortical thickness of each cluster was extracted. Multivariate ordered logistic regression analysis was used to screen out the measured plasma indexes and the indexes with independent risk factors in the cortical thickness of each cluster. Three comparative receiver operating characteristic (ROC) curves of AD-aMCI, AD-NC, and aMCI-NC groups were plotted, respectively, to explore the diagnostic value of multi-factor combined prediction for cognitive impairment. The relationship between cortical thickness and plasma indexes, and between cortical thickness and Mini-Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) scores were clarified by Pearson correlation analysis.

Results: Plasma Aβ40, Aβ42, and P-Tau proteins in the NC, aMCI, and AD groups increased with the progression of AD (P < 0.01); cortical thickness reductions in the AD-aMCI groups and AD-NC groups mainly involved the bilateral superior temporal gyrus, transverse temporal gyrus, superior marginal gyrus, insula, right entorhinal cortex, right fusiform gyrus, and cingulate gyrus. However, there were no statistical significances in cortical thickness reductions in the aMCI and NC groups. The cortical thickness of the ROI was negatively correlated with plasma Aβ40, Aβ42, and P-Tau concentrations (P < 0.05), and the cortical thickness of the ROI was positively correlated with MMSE and MoCA scores. Independent risk factors such as Aβ40, Aβ42, P-Tau, and AD-NC cluster 1R (right superior temporal gyrus, temporal pole, entorhinal cortex, transverse temporal gyrus, fusiform gyrus, superior marginal gyrus, middle temporal gyrus, and inferior temporal gyrus) were combined to plot ROC curves. The diagnostic efficiency of plasma indexes was higher than that of cortical thickness indexes, the diagnostic efficiency of ROC curves after the combination of cortical thickness and plasma indexes was higher than that of cortical thickness or plasma indexes alone.

Conclusion: Plasma Aβ40, Aβ42, and P-Tau may be potential biomarkers for early prediction of AD. As the disease progressed, AD patients developed cortical atrophy characterized by atrophy of the medial temporal lobe. The combined prediction of these region and plasma Aβ40, Aβ42, and P-Tau had a higher diagnostic value than single-factor prediction for cognitive decline.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by progressive cognitive and behavioral disorders. Mild cognitive impairment (MCI) is an intermediate stage between AD and normal aging. Amnestic mild cognitive impairment (aMCI) is a major type of MCI. In the aMCI stage, approximately half of the patients may be converted to AD patients (Petersen et al., 1999).

At present, it is believed that amyloid-β (Aβ) deposition and Tau neuron damage in the brain are the main causes of AD (Jack et al., 2013; Liu et al., 2019). The new drug aducanumab, which has recently been approved by the Food and Drug Administration (FDA) for the treatment of AD, targets to clear Aβ plaques in the brain (Sevigny et al., 2016; Schneider, 2020) and improve the cognitive function of AD patients. The Aβ and Tau in cerebrospinal fluid (CSF) has been used for the diagnosing AD and aMCI (Sperling et al., 2011; Dubois et al., 2014). However, CSF needs to be obtained through an invasive lumbar puncture, patient compliance is lower, and the lumbar puncture increases the chance of iatrogenic infection. By contrast, blood is easy to obtain. Current studies have found that changes in the concentrations of Aβ and Tau in the peripheral blood are closely related to the clearance and transport of Aβ and Tau in the central nervous system (Tarasoff-Conway et al., 2015). Palmqvist et al. (2019) found that CSF and plasma biomarkers of AD patients changed almost simultaneously. The study of Lue et al. (2017) revealed that compared with healthy older adults, aMCI patients had changes in their plasma Aβ42 and Tau levels and could reflect the progression of AD. As mentioned above, a large number of studies on the changes of plasma Aβ and Tau concentrations in patients with aMCI and early AD have confirmed that changes in plasma Aβ and Tau concentrations can reflect changes in brain Aβ and Tau concentrations to a certain extent.

Changes in the brain structure of AD patients are currently recognized research results. In the early stages of AD, specific brain regions such as the hippocampus, entorhinal cortex, and amygdala have begun to shrink (Horínek et al., 2007; Tang et al., 2015; Maass et al., 2018). The degree of atrophy is related to the progression of dementia (Dubois et al., 2007; Pettigrew et al., 2016; Marquié et al., 2017; Moscoso et al., 2019). At present, the measurement of cortical thickness by surface-based morphometry (SBM) has been increasingly used in the research of evaluating the degree of brain atrophy, which can evaluate the atrophy region in the whole brain more accurately and specifically. Previous studies on the cortical thickness of AD patients uncovered that AD patients had a reduction in cortical thickness in specific brain regions in contrast to normal people (Pettigrew et al., 2017; Racine et al., 2018; Weise et al., 2019). Sun et al. (2019) adopted SBM technology to analyze the thickness of the cerebral cortex in AD patients and normal elderly people, and found that the cortical thickness of the fusiform gyrus, middle frontal gyrus, cingulate gyrus, posterior orbital gyrus, insula, caudate nucleus, superior frontal gyrus, and inferior parietal lobule of AD patients was significantly reduced compared with normal elderly people. Racine et al. (2018) also analyzed the cortical thickness of normal aging and AD patients with SBM technology, and illustrated that the reduction of cortical thickness in AD patients mainly occurred in the medial temporal lobe, inferior temporal gyrus, temporal pole, superior parietal lobule, supramarginal gyrus, angular gyrus, superior frontal gyrus, precuneus, and other parts. These studies refered above have suggested that these brain regions are closely associated with cognition.

Present studies have verified that in the process of AD, Aβ deposition, and phosphorylated Tau (P-Tau) neuron damage have begun to appear at first in the brain, which further leads to brain atrophy (Sperling et al., 2011). Meanwhile, changes in plasma Aβ and Tau concentrations can reflect changes in brain Aβ and Tau concentrations to some extent. We further hypothesized that changes in plasma Aβ and Tau concentrations in AD patients were related to changes in brain structure, and the combination of cortical thickness indexes and plasma indexes could better predict AD.



MATERIALS AND METHODS


Study Population

A total of 112 inpatients in the Department of Neurology, Affiliated Zhongshan Hospital of Dalian University were enrolled in this study from February 2018 to December 2019, all of whom were right-handed. Of these patients, 31 patients suffered from mild and moderate AD, including 13 males and 18 females, with an average age of 74.71 years, and all the disease courses of more than 2 years. There were 48 patients with aMCI, including 20 males and 28 females, with an average age of 68.54 years, and all the disease courses of over 3 months. There were 33 normal elderly controls, including 21 males and 12 females, with an average age of 66.21 years.



Inclusion and Exclusion Criteria

All enrolled patients completed the Activity of Daily Living (ADL) Scale, Clinical Dementia Rating (CDR) Scale (Berg, 1988; Morris, 1993), Hamilton Anxiety Scale (HAMA) (Hamilton, 1959), Hamilton Depression Scale (HAMD) (Hamilton, 1960), Mini-Mental State Examination (MMSE) (Folstein et al., 1975), Montreal Cognitive Assessment (MoCA) (Nasreddine et al., 2005), and other scale evaluations. In addition, the enrolled patients were required to complete the Boston Naming Test (BNT), Tandem Mass Tag (TMT), Clock-Drawing Test (CDT), Auditory Verbal Learning Test, Huashan Version (AVLT-H) (Zhao et al., 2015), Wechsler Memory Scale Visual Reproduction (WMS-VR), and other scales to test language, executive function, visual space function, memory function, and other fields. Scale assessors were all experienced neurologists who received professional neuropsychological scale training. The above scale evaluation processes were carried out in a quiet and undisturbed environment.


Amnestic Mild Cognitive Impairment Group

This study mainly adopted the diagnostic criteria of Peterson in 2004 (Petersen, 2004) and the definition of aMCI by the MCI Working Group of the European Consortium on Alzheimer’s Disease in 2006 (Portet et al., 2006). The inclusion criteria for the aMCI group were as follows: (1) the patient had a main complaint of memory deficits, which was confirmed by an informant; (2) there was objective evidence of memory deficits. Sub-items to assess memory such as immediate memory and delayed recall in the MMSE and MoCA were scored in this study. The sub-score of less than 1.5 SD of the published normative values for age and/or educational was used as objective evidence of memory deficits, with the total score of 18 ≤ MMSE ≤ 26 and 20 ≤ MoCA ≤ 26; (3) ADL was not impaired (4) the AD diagnostic criteria were not met; the criteria for suspicious dementia were met and the criteria for dementia were not yet met according to clinical dementia rating (CDR) scale, with CDR = 0.5 points. The neuropsychological measurement of at least 1.5 SD lower than the published normative values for age and/or education indicated cognitive impairment. Exclusion criteria were: (1) those who were unable to cooperate with relevant inspections and tests in the study; (2) those who had contraindications to magnetic resonance imaging (MRI) examination; (3) related diseases that may cause cognitive impairment, such as frontotemporal dementia, dementia with Lewy bodies, vascular dementia, Parkinson’s disease with dementia, and other types of dementia; mental disorders; thyroid disease, folic acid deficiency, vitamin B12 deficiency, severe anemia and other endocrine, and metabolic diseases; and cognitive impairment caused by trauma, infection, drugs, or alcoholism, etc.



Alzheimer’s Disease Group

This screening met the diagnostic criteria issued by the National Institute on Aging (NIA) and the Alzheimer’s Association (AA) in 2011 (Jack et al., 2011) and referred to the “Diagnostic and Statistical Manual of Mental Disorders” (DSM-IV-R) diagnostic criteria (Arthur et al., 2001). Inclusion criteria: the decline of memory function or other cognitive domain functions objectively existed, with MMSE < 20 points and MoCA < 18 points; ADL was impaired (ADL ≥ 22 points); CDR = 1 point; except for changes in AD, there were no other abnormalities. The exclusion criteria were the same as those in the aMCI group.



Normal Control Group

The normal elderly who were in the same period, aged 50–75 years, and whose gender, handedness, and education level matched those of the aMCI group and AD group were screened and enrolled from the memory outpatient department of neurology specialists were selected as the control group (normal control, NC). Inclusion criteria: no MRI examination contraindications, no abnormalities shown by head MRI, no memory deficits or other cognitive decline performance, and no mental or neurological diseases; MMSE ≥ 26 and MoCA ≥ 26. The exclusion criteria were the same as those in the aMCI group.




Clinical Data Collection


General Clinical Data Collection

This study was approved by the Ethics Committee of the Affiliated Zhongshan Hospital of Dalian University (approval number: 2019142). All the subjects signed informed consent forms for this study. The general data of subjects, such as age, gender, handedness, past medical history, family history and genetic history, education level, history of memory deficits, and results of nervous system examination, were collected to rule out nervous system diseases and other systems-related diseases that may cause cognitive decline.



Laboratory Examinations

In the early morning, the venous blood of subjects was collected under fasting conditions for examinations of blood routine, coagulation function, blood lipids, blood sugar, liver and kidney function, thyroid function, myocardial enzyme spectrum, homocysteine, tumor markers, hepatitis, acquired immunodeficiency syndrome (AIDS), syphilis, and other laboratory examinations, to exclude dementia induced by infectious factors such as central nervous system infections caused by pathogens such as Treponema pallidum and human immunodeficiency virus (HIV), as well as cognitive decline caused by metabolic factors such as diabetic encephalopathy and Hashimoto’s encephalopathy, paraneoplastic limbic encephalitis caused by tumors and other factors, and cognitive decline caused by other systemic diseases.




Blood Sample Collection and Test

A double antibody sandwich enzyme-linked immunosorbent assay (ELISA) was used to determine the plasma levels of Aβ42, Aβ40, and P-Tau. The phosphorylation sites in P-Tau detection were Ser396 and Ser404. The kit used in this assay was provided by Wuhan Fine Biotech Co., Ltd., China. The whole process was conducted in strict accordance with the reagent instructions. The specific steps included the following: venous blood was collected and placed in an EDTA anticoagulation tube, and centrifuged at 2000 r/min for 10 min under 4°C. Then the supernatant was collected and placed it in an EDTA anticoagulation tube, and refrigerated at −80°C (the whole process was completed within 2 h). Test samples and the kit were put at room temperature for 30 min, and protease inhibitors were added to prevent various proteases from degrading Aβ and P-Tau. According to concentration gradients, 6 SD of double-reduced concentration were prepared, and 100 μL of prepared standards of each concentration and the test samples were added to the microwell plate coated with Aβ42 (Aβ40 and P-Tau) specific antibodies, so that Aβ42 (Aβ40 and P-Tau) in the standard samples and the samples was combined with immobilized antibodies, and incubated, followed by plate washing. Subsequently, 100 μL of biotin-labeled detection antibodies were added to each well on the ELISA plate and incubated. After the samples were washed, antibiotin and horseradish peroxidase (HRP) were added to the microwell. After the samples were washed again, chromogenic substrates were added for chromogenic reactions, and finally the chromogenic reactions were terminated. The optical density (OD) of each well was measured with a microplate reader at 450 nm. Later, a standard curve fitting equation of Aβ42 (Aβ40 or P-Tau) was established, and the concentration of each sample was calculated.



Magnetic Resonance Imaging Parameters

The MRI scan applied a Siemens superconducting magnetic resonance scanner (3.0 T Magnetom Verio) with a 12-channel standard head coil. Three-dimensional magnetization-prepared rapid acquisition with gradient echo (3D-MPRAGE) imaging sequence scan of the whole brain (from the top of the skull to the foramen magnum) was performed on the enrolled subjects, to obtain a three-dimensional T1 weighted imaging (3D-T1WI) structural image of the whole brain. The scanning parameters were as follows: echo time (TE) = 2.22 ms, repetition time (TR) = 2530 ms, flip angle (FA) = 7°, matrix = 224 × 224, filed of view (FOV) = 224 mm × 224 mm, scanning time: 5 min, slice thickness = 0.9 mm, slice gap = −1 mm, and slice number = 176 layers.



Surface-Based Morphometry Technology Image Processing

The data processing of this study required the installation of SPM12-v7771 software1 and CAT12.7-Beta (r1615) toolbox2 in the MATLAB2018 operating environment.3

For the SBM technology to estimate cortical thickness, the automatic surface preprocessing algorithm in the CAT12 toolbox was applied. This algorithm reconstructed the central surface of the left and right hemispheres by using a projection-based thickness calculation method, utilized a tissue segmentation to estimate the white matter (WM) distance, and then projected the local maxima (equal to the cortical thickness) to other gray matter voxels by using the adjacent relationship described by the WM distance to determine the cortical thickness (Dahnke et al., 2013). The specific operations were as follows: the projection-based thickness was used to estimate the surface and thickness of the research object, and the central cortical surface of the left and right hemispheres were created. Afterward, a 15 mm half-height half-width smoothing kernel was employed to smooth surface data. The thickness of the whole brain cortex was extracted for comparison, and a statistical model was established.



Statistical Analysis

SPSS 25.0 software (IBM, Armonk, NY, United State) was adopted for statistical analysis on the general data of the AD, aMCI, and NC groups such as age, gender, education level, MMSE score, and MoCA score. Measurement data were subjected to one-way analysis of variance (ANOVA) and expressed as [image: image] ± s, and enumeration data were subjected to the Chi-square test and described as percentages. Differences were statistically significant at P < 0.05. Plasma Aβ40, Aβ42, and P-Tau concentrations in each group were analyzed by one-way ANOVA, multiple comparisons between groups were performed by the least significant difference (LSD) method (P < 0.05), and the results were expressed as [image: image] ± s.

In the linear model based on the CAT12 surface, imaging data was statistically analyzed by ANOVA for the cortical thickness estimated by SBM in each group. The threshold of P < 0.001 and threshold-free cluster enhancement (TFCE) correction (Salimi-Khorshidi et al., 2011) were applied for multiple comparisons to test inter-group differences. The TFCE was used to correct multiple comparisons at the cluster level, and the family-wise error rate was P < 0.05. With Desikan-Killiany 40 Atlas (Desikan et al., 2006) as a template, the cortical thickness values of each cluster with statistical differences were extracted. Pearson correlation analysis was utilized to assess the correlation between the cortical thickness of each cluster and MMSE score, MoCA score, and plasma Aβ40, Aβ42, and P-Tau. In addition, according to the segmentation of template, the cortical thickness of different brain regions with statistical differences in each group were extracted, and the cortical thickness of these brain regions was made into ROC curve according to AD-aMCI group, AD-NC group, and aMCI-NC group, and the brain regions with high diagnostic efficiency for AD were selected (see Supplementary Material for details). According to the severity of the disease, the cortical thickness values of each cluster and plasma Aβ40, Aβ42, and P-Tau in the AD-aMCI and AD-NC groups were used as dependent variables to screen out significant indexes through multivariate ordered logistic regression analysis. According to the above selected indexes, the comparative receiver operating characteristic (ROC) curves of AD-aMCI, AD-NC, and aMCI-NC groups were established, and the combined ROC curves of each predictive index were established to obtain the diagnostic value of multi-factor combined prediction for cognitive dysfunction.




RESULTS


General Data Analysis

A total of 112 participants were included in this study, and their demographic and neuropsychological details are shown in Table 1. The three groups of data were analyzed by ANOVA and post hoc analysis. The results showed that the AD group, aMCI group, and NC group had no statistically LSD in gender and education level (P > 0.05), but age, MMSE score, MMSE delayed recall sub-score, MoCA score, MoCA delayed recall sub-score, AVLT-H-SR sub-score, AVLT-H-LR sub-score, WMS-VR-IR sub-score, WMS-VR-DR sub-score, BNT, TMT-B, CDT, ADL, HAMA, and plasma Aβ40, Aβ42, and P-Tau were statistically different among the three groups (P < 0.05). The AD and NC groups, and the AD and aMCI groups had statistical differences in MMSE immediate recall sub-score (P < 0.05), while the aMCI and NC groups exhibited no statistical difference. Regarding HAMD scores in the three groups, there was no statistical difference between the AD and aMCI groups (P > 0.05).


TABLE 1. Demographic and clinical variables of participants.

[image: Table 1]


Plasma Aβ40, Aβ42, and Phosphorylated Tau Results

The protein concentrations of plasma Aβ42, Aβ40, and P-Tau in the AD, aMCI, and NC groups were compared. In the AD group, the concentrations of plasma Aβ42, Aβ40, and P-Tau were 162.78 ± 29.84 pg/m, 148.74 ± 57.76 pg/ml, and 138.63 ± 33.80 pg/ml, respectively, and Aβ40/Aβ42 was 0.94 ± 0.45. In the aMCI group, the concentrations of plasma Aβ42, Aβ40, and P-Tau were 117.84 ± 38.72 pg/ml, 118.59 ± 29.66 pg/ml, and 88.07 ± 31.45 pg/ml, respectively, and Aβ40/Aβ42 was 1.15 ± 0.60. In the NC group, the concentrations of plasma Aβ42, Aβ40 and P-Tau were 97.36 ± 37.65 pg/ml, 102.64 ± 32.29 pg/ml, and 70.27 ± 27.77 pg/ml, respectively, and Aβ40/Aβ42 was 1.27 ± 0.81.

Plasma Aβ42, Aβ40, P-Tau, and Aβ40/Aβ42 in each group of AD group, aMCI group, and NC group were subjected to one-way ANOVA, and the results were obtained after multiple comparisons between each group by the LSD test, as shown in Figures 1A,B. The results showed that the plasma Aβ42, Aβ40, and P-Tau levels of the AD group were higher than those of the NC group (P < 0.05), and the plasma Aβ40/Aβ42 of the AD group was lower than that of the NC group (P < 0.05); plasma Aβ42, Aβ40, and P-Tau levels in the AD group were higher than those in the aMCI group (P < 0.05), and plasma Aβ40/Aβ42 in the AD group was lower than that in the aMCI group, but the difference was not statistically significant (P > 0.05); plasma P-Tau and Aβ42 showed statistical difference (P < 0.05), while there was no statistical difference in plasma Aβ40 and Aβ40/Aβ42 levels between the aMCI and NC groups (P > 0.05).


[image: image]

FIGURE 1. (A,B) Histogram of plasma Aβ40, Aβ42, P-Tau, and Aβ40/Aβ42 results in each group. (A) The histogram of plasma Aβ40, Aβ42, and P-Tau results in each group illustrated that with the progression of the disease, plasma P-Tau, Aβ42, and Aβ40 all showed upward trends, of which plasma P-Tau, Aβ42, and Aβ40 in the AD-NC groups and AD-aMCI groups exhibited statistical differences (P < 0.05); plasma P-Tau and Aβ42 had statistical differences (P < 0.05), whereas there was no statistical difference in Aβ40 (P > 0.05) between the aMCI and NC groups. (B) Aβ40/Aβ42 showed a downward trend as the disease progressed. The AD and NC group demonstrated a statistical difference (P < 0.05), while there was no statistical difference between the AD and aMCI groups, and between the aMCI and NC groups (P > 0.05). AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; NC, normal control; P-Tau, phosphorylated Tau. *P < 0.05.




Surface-Based Morphometry Data Result Statistics

In the ANOVA comparison, the regions with differences in the cortical thickness of the three groups included the right superior temporal gyrus, temporal pole, entorhinal cortex, transverse temporal gyrus, insula, fusiform gyrus, superior marginal gyrus, middle temporal gyrus, superior temporal gyrus (cluster 1, F = 16.4, P < 0.001), and posterior cingulate gyrus (cluster 2, F = 11.1, P < 0.001).

Further comparison between the groups were conducted. In the AD-NC groups, the brain regions with reduced cortical thickness mainly included the bilateral superior temporal gyrus, transverse temporal gyrus, bilateral superior marginal gyrus, bilateral insula, right temporal pole, right entorhinal cortex, right fusiform gyrus, right superior parietal lobule, right precuneus, right cuneus, right superior frontal gyrus, and right cingulate gyrus. See Table 2 and Figure 2 for details.


TABLE 2. Brain regions with reduced cortical thickness in the AD-NC groups.
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FIGURE 2. T-value maps of brain regions with reduced cortical thickness in the AD-NC groups. The closer the color mark was to red, the more severe the atrophy [threshold-free cluster enhancement (TFCE) multiple comparison correction, P < 0.05]. AD, Alzheimer’s disease; NC, normal control.


In the AD-aMCI groups, the brain regions with reduced cortical thickness primarily included the bilateral superior temporal gyrus, bilateral transverse temporal gyrus, bilateral insula, bilateral posterior cingulate gyrus, right temporal pole, right entorhinal cortex, right fusiform gyrus, and right paracentral gyrus. See Table 3 and Figure 3 for details. The aMCI and NC groups were processed with the same correction method, and the results showed no statistical difference in brain regions.


TABLE 3. Brain regions with reduced cortical thickness in the AD-aMCI groups.
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FIGURE 3. T-value maps of brain regions with reduced cortical thickness in the AD-aMCI groups. The closer the color mark was to red, the more severe the atrophy [threshold-free cluster enhancement (TFCE) multiple comparison correction, P < 0.05]. AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment.




Correlation Analysis

We analyzed the correlation between the obtained whole-brain cortical thickness and the corresponding MMSE and MoCA scores to obtain relevant clusters, and extracted the cortical thickness of each cluster. It was found that the cortical thickness was positively correlated with the MMSE and MoCA scores. In other words, as the cortical thickness decreased, the MMSE and MoCA scores also decreased. See Table 4 for details.


TABLE 4. Correlation between cortical thickness and MMSE and MoCA scores.

[image: Table 4]
The cortical thickness of each cluster in the AD-NC groups and AD-aMCI groups was extracted with plasma Aβ40, Aβ42, and P-Tau for correlation analysis. The results showed that the cortical thickness of each cluster was negatively correlated with plasma Aβ40, Aβ42, and P-Tau. In other words, as the cortical thickness decreased, the plasma Aβ40, Aβ42, and P-Tau values increased. See Table 5 for details.


TABLE 5. Correlation between cortical thickness and plasma Aβ and Tau.

[image: Table 5]


Regression Analysis and Receiver Operating Characteristic Curves

Plasma Tau, Aβ40, and Aβ42, and the cortical thickness of each cluster with statistical difference in the AD-NC groups and AD-aMCI groups were subjected to multivariate ordered logistic analysis, and the results were as follows: ordered logistic regression in line with the proportional odds assumption was applied to analyze the influence of plasma Tau, Aβ40, and Aβ42 and the cortical thickness of each cluster on the severity of the patients’ disease.

The result of the score test for the proportional odds assumption (χ2 = 22.33, P = 0.051) indicated that the proportional odds assumption existed. The deviance goodness-of-fit test showed that the model fitted well (χ2 = 136.42, P > 0.999). The model goodness-of-fit test illustrated that this model was better than the model with only constant terms (χ2 = 105.213, P < 0.001). Four regression independent variables of P-Tau, Aβ40, Aβ42, and AD-NC cluster 1R were selected through screening. For every 1-unit increase in P-Tau, the OR value of “disease severity” increased by 0.036 times (95% CI: 1.018–1.055, χ2 = 15.984, P < 0.001). For every 1-unit increase in Aβ42, the OR value of “risk of progression to AD” elevated by 0.019 times (95% CI: 1.004–1.033, χ2 = 6.669, P = 0.01). For every 1-unit increase in Aβ40, the OR value of “disease severity” increased by 0.013 times (95% CI: 1.000–1.027, χ2 = 3.741, P = 0.053). For every 1-unit decrease in AD-NC cluster 1R, the OR value of “risk of progression to AD” decreased by 99.7% (95% CI: 7.87E–06–1.078, χ2 = 3.744, P = 0.05).

Four regression independent variables of P-Tau, Aβ40, Aβ42, and AD-NC cluster 1R were selected by multiple ordered regression analysis. The above four independent variables were used to plot the ROC curves of the AD-aMCI, aMCI-NC, and AD-NC groups, respectively, and combined ROC curves were plotted for these four variables. The results were shown in Figures 4A–C.


[image: image]

FIGURE 4. (A–C) Receiver operating characteristic curves for the AD-aMCI, aMCI-NC, and AD-NC groups. AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; NC, normal control.





DISCUSSION


Analysis of Plasma Aβ42, Aβ40, and Phosphorylated Tau Results

We analyzed plasma Aβ40, Aβ42, and P-Tau concentrations in the AD, aMCI, and NC groups, and found that with the progression of the disease, plasma Aβ40, Aβ42, and P-Tau in the three groups showed upward trends, which was consistent with the findings of Yang et al. (2018) and Zecca et al. (2018). Although the change trend of plasma Aβ and Tau is still controversial, many previous studies confirmed that the change trend of plasma Aβ and Tau could reflect the progress of AD disease to a certain extent (Nakamura et al., 2018; Chatterjee et al., 2019; Chen et al., 2019; Risacher et al., 2019), and similar results were obtained in this study.

This may be attributed to a large amount of Aβ and Tau produced in the brain of AD patients. Most of Aβ and Tau are degraded by the ubiquitin-proteasome system and autophagy system in the brain (Tarasoff-Conway et al., 2015; Xin et al., 2018), or are cleared in the brain by proteases secreted by astrocytes and neurons, while remaining Aβ and Tau enter the peripheral blood circulation system through the blood–brain barrier, blood–CSF barrier, arachnoid villi, lymphatic drainage, etc. (Congdon and Sigurdsson, 2018; Gao et al., 2018), causing the concentration of Aβ and Tau in peripheral blood to increase. As the disease progresses, more Aβ and Tau are generated in the brain, so Aβ and Tau concentrations in the peripheral blood tend to increase with the progression of the disease. Teunissen et al. (2018) and Yang et al. (2018) also drew similar conclusions. In addition, Aβ in CSF can be transported to the peripheral blood circulation system through endocytosis of LPR-1 receptors on the membrane surfaces of the brain microvascular endothelial cells (BMECs) that constitute the blood–brain barrier structure and ATP-dependent pump mediated by P-glycoprotein (P-gp). Although Tau protein lacks specific binding proteins to pass through the blood–brain barrier, Tau can still exchange substances with the peripheral blood circulation system through the above other pathways except the blood–brain barrier pathway. The above pathways all ensure that Aβ and Tau in the brain can be timely transported to the periphery blood for clearance, which may also be the cause of increases in Aβ and P-Tau concentrations in the peripheral blood. However, the correlation between Aβ40, Aβ42, and P-Tau in the peripheral blood and cortical thickness is not great. The analysis may be related to the sensitivity of the ELISA detection method to the lowest detection threshold of plasma Aβ40, Aβ42, and P-Tau. Therefore, more sensitive detection methods for Aβ40, Aβ42, and P-Tau in the peripheral blood as early diagnostic approaches for AD still require a lot of explorations.



Analysis of Cortical Thickness Results

In the AD-NC groups, six clusters of brain regions with reduced cortical thickness were obtained, located in the bilateral superior temporal gyrus, transverse temporal gyrus, bilateral superior marginal gyrus, bilateral insula, right temporal pole, right entorhinal cortex, right fusiform, right superior parietal lobule, right precuneus, right cuneus, right superior frontal gyrus, and right cingulate gyrus. In the AD-aMCI groups, four clusters of brain regions with reduced cortical thickness were obtained, located in the bilateral superior temporal gyrus, bilateral transverse temporal gyrus, bilateral insula, bilateral posterior cingulate gyrus, right temporal pole, right entorhinal cortex, right fusiform gyrus, and right paracentral gyrus. It could be seen that the regions of brain atrophy showed expanding trends with the progress of AD disease. Many previous studies (Dickerson et al., 2009; Sabuncu et al., 2011; Wang et al., 2015) also validated that brain atrophy in AD patients mainly occurred in the entorhinal cortex, temporal pole, inferior temporal gyrus, middle temporal gyrus, superior parietal lobule, inferior parietal lobule, posterior cingulate gyrus, and other brain regions. The brain atrophy regions obtained in this study were consistent with the above research results, verifying that as the disease progressed in AD patients, the development of brain atrophy showed a trend of global brain atrophy.



Correlation Analysis of Cortical Thickness and Mini-Mental State Examination, Montreal Cognitive Assessment Scale, and Plasma Aβ42, Aβ40, and Phosphorylated Tau Results

Through the correlation analysis of cortical thickness and MMSE and MoCA scale scores, correlated brain regions were obtained, respectively. Then the common brain regions related to MMSE and MoCA scores were further compared and found that the common brain regions primarily included the superior temporal gyrus, transverse temporal gyrus, entorhinal cortex, fusiform gyrus, parahippocampal gyrus, middle orbital frontal gyrus, superior frontal gyrus, middle frontal gyrus, frontal pole, and other brain regions. The above-mentioned brain regions such as the hippocampus, parahippocampal gyrus, entorhinal cortex, cingulate gyrus, anterior nucleus of the thalamus, insula, and frontal orbital surface are also an important part of the Papez circuit or limbic system, which is closely related to learning and memory (Sitoh and Tien, 1997; Aggleton et al., 2016), and emit complex and closely connected fiber projections among various structures to participate in the whole process of learning and memory. This correlation indicated the importance of these brain regions in each cluster for the diagnosis of AD disease.

At present, Aβ and Tau in the brain are mainly determined by Pittsburgh compound B positron emission tomography (PiB-PET), flortaucipir (FTP)-PET, and CSF examination. Aβ and Tau content in the brain is analyzed with cortical thickness to assess their correlation, and a large number of studies supported the negative correlation between Aβ and Tau in the brain and cortical thickness or gray matter volume (Hsu et al., 2017; Pereira et al., 2017; Digma et al., 2019; Ossenkoppele et al., 2019; Harrison et al., 2021). In this study, correlation analysis was performed between the cortical thickness results and plasma Aβ42, Aβ40, and P-Tau concentration results. It was shown that the cortical thickness values of each cluster were also negatively correlated with plasma Aβ40, Aβ42, and P-Tau, which was consistent with the correlation between Aβ and Tau in the brain and changes in cortical thickness, suggesting that Aβ and Tau in the peripheral blood can reflect changes in Aβ and Tau in the brain to a certain extent. However, this study was a cross-sectional study, and each study cohort was limited to subjects who were clinically evaluated. The results still need to be confirmed by longitudinal study and analysis with a larger sample.



Regression Analysis and Receiver Operating Characteristic Curves

In this study, multivariate ordered logistic analysis was used to screen plasma indexes and the cortical thickness of each cluster with statistical differences in the AD-NC groups and AD-aMCI groups. Finally, plasma Aβ40, Aβ42, P-Tau, and AD-NC cluster 1R (right superior temporal gyrus, temporal pole, entorhinal cortex, transverse temporal gyrus, fusiform gyrus, superior marginal gyrus, middle temporal gyrus, and inferior temporal gyrus) were obtained. The brain regions involved in clusters obtained from the above screening revealed that the brain regions with reduced cortical thickness were mainly concentrated in the temporal lobe, which is closely related to the progression of MCI and AD. The selected factors were further used to draw ROC curves of the AD-NC, AD-aMCI, and aMCI-NC groups. See Table 6 for details. It was found that the sensitivity, specificity and the area under the curve of plasma Aβ40, Aβ42, and P-Tau were all greater than cortical thickness indexes in the AD-NC, AD-aMCI, and aMCI-NC groups, certifying that plasma Aβ40, Aβ42, and P-Tau had good sensitivity and specificity for the early recognition of AD, which was in agreement with the studies of Schindler et al. (2019), Shen et al. (2020), and Zou et al. (2020). Plasma Aβ40, Aβ42, and P-Tau are still expected to be applied in the future as biological indexes for the early recognition of AD. Plasma indexes and cortical thickness indexes in the AD-NC, AD-aMCI, and aMCI-NC groups were combined to plot ROC curves. The diagnostic efficiency of the combined curve of each group was better than that of plasma or cortical thickness indexes alone, which was supported by Rahim et al. (2017), Zhang and Liu (2018), and Gupta et al. (2019), suggesting that the early recognition and diagnosis of AD still need to be combined with multiple factors for analysis.


TABLE 6. Receiver operating characteristic curve parameters of the AD-NC, AD-aMCI, and aMCI-NC groups.

[image: Table 6]
This study found that AD patients developed cortical atrophy characterized by atrophy of the medial temporal lobe with the progression of the disease. Plasma Aβ40, Aβ42, and P-Tau were negatively correlated with cortical thickness, this suggests that the decrease of cortical thickness and the increase of plasma A concentration may indicate the progression of dementia to some extent. Additionally, this study also revealed that combined plasma and cortical thickness indicators can better identify AD.
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Cluster 6 4.0 254 265 +0.15 28240.15 100 Right posterior cingulate

AD, Alzheimer’s disease; NC, normal control.
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CDR

HAMD

HAMA

P-Tau (pg/mi)

AB40 (pg/ml)

AB42 (pg/ml)
AB4O/AB42

AD

31
13 (41.9)
74.71 £5.75
5.13 + 2.49
18.58 + 4.00
119 +£0.65
1.23 + 0.67
12.45 + 3.73
1.12 +1.09
174 £1.18
0.84 +0.93
1.84 + 1.10
1.00 £ 0.82
15.32 + 4.79
361.19 + 69.19
0.87 +0.89
20.94 + 584
1
1.55 + 1.54
4.61 +£2.26
138.63 + 33.80
148.74 + 57.76
162.78 + 29.84
0.94 +0.45

aMCI

48
20 (41.7)
68.54 +7.73
5.85 + 3.31
26.18 £2.39
1.98 +0.53
2.40 £ 0.50
21.29 +3.68
3.23+£0.78
463 +155
3.29 £ 1.09
5.85 +1.38
438 4+1.23
20.67 +3.86
213.33 + 45.46
3.04 £0.80
6.63 £5.95
0.5
118 £ 1.61
369 £225
88.07 +31.45
118.59 + 29.66
117.84 + 38.72
1.15 £ 0.60

NC

33
21 (63.6)
66.21 £8.09
4.58 £ 3.61
27.61 £1.87
2.33+£0.48
2.58 £ 0.50
25.55 £2.46
3.91 £0.68
6.556 +1.15
4.70 £1.05
912 +£1.71
7.39+1.25
25.65 +£1.95
1564.85 + 26.56
342 £0.75
0.64 £1.32
0
0.36 + 0.65
1.454+1.33
7027 £ 2777
102.64 £+ 32.29
97.36 + 37.65
1.27 £ 0.81

F(x?)

4.46
11.49
1.60
97.59
35.90
58.36
124.73
94.01
103.09
113.51
210.77
252.42
60.31
150.64
94.74
309.11

6.17
21.06
41.98
10.94
27.47

2.14

P

0.11
0.01*
0.21
< 0.01*
< 0.01*
<0.01*
<0.01*
< 0.01*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.008*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
0.122

*P < 0.01, P < 0.001.
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Cortical thickness

R L
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
MMSE F 0.539** 0.453** 0.421** 0.387** 0.382** 0.436"* 0457 0.431** 0.435™ 0.448**
P 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
MoCA r 0.535"* 0.418** 0.396™* 0.436** - 0.420** 0.444* 0.410* - -
P 0.001 0.001 0.001 0.001 - 0.001 0.001 0.001 - -

MMSE, the Mini-Mental State Examination; MoCA, the Montreal Cognitive Assessment; R, right; L, left. **P < 0.001.
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T-value Size Mean cortical thickness in Mean cortical thickness in Overlap of atlas (%) Region
AD group (mm) aMCI group (mm)
Cluster 1 4.4 2716 229 4+£0.17 247 £0.16 51 Left transverse temporal
~ = 30 Left insula
- - 16 Left superior temporal
Cluster 2 4.8 196 256 017 2.74+£0.14 100 Left posterior cingulate
Cluster 3 58 1136 282 £0.26 3.21 4020 34 Right superior temporal
- - 26 Right insula
s - 14 Right temporal pole
= = g Right transverse temporal
= = Right fusiform
= = Right entorhinal
Cluster 4 4.6 346 254 +£0.13 2.704+0.12 80 Right posterior cingulate
= = 20 Right paracentral

AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment.
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Area SE 95% confidence P

interval
AD-NC P-Tau 0.953  0.026 0.902-1.000 <0.0001
AB42 0.907  0.040 0.829-0.986 <0.0001
AB40 0.795  0.056 0.684-0.905 <0.0001
Cluster 1R 0.841 0.051 0.740-0.941 <0.0001
Combined  0.992  0.008 0.977-1.000 <0.0001
AD-aMCl  P-Tau 0.950  0.021 0.908-0.991 <0.0001
AB42 0.684  0.065 0.5657-0.811 0.0059
AB40 0.822  0.046 D.782-0.912 <0.0001
Cluster 1R~ 0.800  0.050 0.702-0.899 <0.0001
Combined  0.948  0.022 0.906-0.991 <0.0001
aMCI-NC  P-Tau 0.654 0.061 0.534-0.774 0.0190
AB42 0.674  0.062 0.552-0.796 0.0081
AB40 0.690  0.061 0.571-0:810 0.0038
Cluster 1R 0.581 0.066 0.452-0.709 0.2186
Combined  0.745  0.058 0.632-0.858 0.0002

AD, Alzheimer’s disease; aMCl, amnestic mild cognitive impairment; NC, normal
control.
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Tau Ap42 AB40 Ap42/40
r P r P r P r P
AD-NC Cluster 1R —0.346™* 0.005 —0.439* 0.001 —0.322 0.009 0.202 0.11
Cluster 2R —-0.177 0.161 —0.282* 0.024 —0.129 0.308 0.049 0.702
Cluster 3R —0.249" 0.047 —0.305* 0.014 —0.179 0.157 0.109 0.389
Cluster 4R —0.246" 0.05 —0.296* 0.017 —-0.132 0.299 0.204 0.105
Cluster 5R —0.301* 0.016 —0.252* 0.044 —0.385" 0.002 0.233 0.064
Cluster 1L —-0.312* 0.012 —0.336* 0.007 —0.261* 0.037 0.198 0.118
AD-aMCl Cluster 1R —-0.175 0.122 —0.296 0.008 —0.208 0.066 0.075 0.51
Cluster 2R —0.290™ 0.01 —0.298* 0.008 —0.305" 0.006 0.109 0.341
Cluster 1L —0.208 0.065 —0.239* 0.034 —0.224* 0.047 0.075 0.51
Cluster 2L —0.231* 0.04 —0.278* 0.013 —0.184 0.104 0.089 0.433

AD, Alzheimer’s disease; aMClI, amnestic mild cognitive impairment; NC, normal control; R, right; L, left. *P <0.05, **P < 0.01.
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