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Objective: Our study aimed to explore the differences in brain microstructure in patients with Alzheimer’s disease (AD) and with mild cognitive impairment (MCI) and in individuals with normal cognition using diffusion kurtosis imaging (DKI) to identify a potential non-invasive biomarker of AD.

Materials and methods: A total of 61 subjects were included in our study, including 20 subjects diagnosed with AD, 21 patients diagnosed with amnestic MCI, and 20 cognitively normal individuals. We acquired magnetic resonance imaging (MRI) scans, and DKI images were processed. Twelve regions of interest were drawn, and various parameters were measured and analyzed using SPSS version 11.0 software.

Results: Comparative analysis showed that differences in brain regions in terms of mean diffusion (MD) and mean kurtosis (MK) between groups were the most marked. Precuneus MD, temporal MK, precuneus MK, and hippocampal MK were significantly correlated with neuropsychological test scores. Hippocampal MK showed the strongest correlation with the medial temporal lobe atrophy score (r = −0.510), and precuneus MD had the strongest correlation with the Koedam score (r = 0.463). The receiver operating curve analysis revealed that hippocampal MK exhibited better diagnostic efficacy than precuneus MD for comparisons between any group pair.

Conclusion: DKI is capable of detecting differences in brain microstructure between patients with AD, patients with MCI, and cognitively normal individuals. Moreover, it compensates for the deficiencies of conventional MRI in detecting pathological changes in microstructure before the appearance of macroscopic atrophy. Hippocampus MK was the most sensitive single parameter map for differentiating patients with AD, patients with MCI, and cognitively normal individuals.
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Introduction

With the increase in the number of older adults, the incidence of neurodegenerative diseases is also rising, for which aging is the main contributing factor (Kritsilis et al., 2018). Alzheimer’s disease (AD) is the most common neurodegenerative disease and the leading cause of dementia, affecting approximately 3% of patients aged 65 to 75 years, 17% of patients aged 75 to 84 years, and 32% of patients aged over 84 years old (Abdelnour et al., 2016; Weller and Budson, 2018; Babulal et al., 2019; Alzheimer’s Association, 2020). Owing to genetic factors and women’s longer life expectancy, the number of female patients is two times that of male patients (Soria et al., 2019). AD has an insidious onset and manifests as progressive cognitive impairment and behavioral abnormalities. As the disease progresses, patients gradually become unable to take care of themselves in daily life, which can overwhelm caregivers and society in general. Mild cognitive impairment (MCI) refers to the stage of cognitive impairment that is not sufficient to be diagnosed as dementia; the National Institute of Aging and the Alzheimer’s Association first issued the diagnostic criteria for MCI in 2011 based on the 1984 diagnostic standards. This shifted the diagnosis time point of AD forward and enabled early clinical interventions to be realized (Albert et al., 2011; Roberts and Knopman, 2013).

Approximately, 50 million people worldwide are affected by AD, and the annual cost of dementia in the United States alone is as high as US$600 billion. It is estimated that the number of patients with dementia will increase rapidly in the next few decades, and the magnitude of this increase is likely to be greater in low- and middle-income countries, presenting severe challenges to both individual families and government departments (Mantzavinos and Alexiou, 2017; Lane et al., 2018; Rusek et al., 2019). Unfortunately, there is currently no effective method to prevent or delay the progression of AD. Pathological changes in AD can occur as early as 20 years before symptoms appear (Alzheimer’s Association, 2020), and considerable information is missed because research has primarily focused on cases that are at the clinical stage of AD. If AD can be detected early, as yet unidentified pathogenic factors could be examined, it could contribute to the development of more effective treatments; moreover, early applications of existing drugs could be trialed in the preclinical stage. In addition, other interventions, such as nutrition, exercise, cognitive training, and social interactions, can be planned as early as possible in the preclinical stage when patient cooperation and treatment effects are likely to be better. Therefore, early detection, regular monitoring in the preclinical phase, and early treatment are vital for accurate clinical diagnoses and effective treatments.

Diffusion kurtosis imaging (DKI) is an imaging technology based on the theory of non-Gaussian motion of water molecules in tissues (Hui et al., 2012; Bonilha et al., 2015; Zhang et al., 2015; Abdalla et al., 2020). The biological structure of the nervous system is so complex that changes in the myelin sheath, axons, cell membranes, organelles, and proteins can all lead to pathology. Based on the non-Gaussian motion of water molecules and the fourth-order three-dimensional tensor mode, DKI overcomes the limitations of conventional magnetic resonance imaging (MRI) techniques, such as T1, T2, and T2-fluid attenuate inversion recovery imaging (T2-FLAIR), which cannot quantitatively analyze tissues, and the constraints of diffusion tensor imaging (DTI) on the true motion patterns of water molecules, which can better describe the differences between and changes in complex microstructures (Arab et al., 2018). Falangola et al. (2013) were the first to apply DKI to a clinical study of patients with AD and MCI and showed that all kurtosis parameter values in the two groups were significantly lower than those in the normal cognition group; moreover, the parameter values of the AD group were the lowest, which indicated that significant changes in kurtosis can distinguish patients with MCI from patients with AD. Gong et al. (2013) used DKI to analyze changes in kurtosis parameters in the cerebral lobes and revealed that gray matter damage in patients with AD spreads from the temporal lobe to the parieto-occipital cortex and frontal lobe. Other studies that compared deep and cortical gray matter and analyzed the hippocampus in detail further confirmed that DKI can detect microstructural changes in patients with AD and abnormalities in areas that cannot be identified using DTI (Wang et al., 2015; Chen et al., 2017; Gong et al., 2017; Song et al., 2019). Thus, DKI parameters can distinguish cognitively normal individuals from patients with MCI and AD and may enable the identification of a reliable biomarker for AD diagnosis and treatment.

As an indispensable element of clinical diagnosis, neurological tests play an important role in characterizing the cognitive changes in AD and the degree of cognitive impairment. AD and MCI diagnoses are based on a patient’s symptoms, neuropsychological test results, hippocampal and parietal lobe atrophy, and the exclusion of other causes of cognitive impairment. In our study, brain imaging data were acquired using DKI technology in patients with AD, patients with MCI, and cognitively normal individuals. Various parameters were compared among the three groups to explore the differences in DKI parameters among patients with AD, patients with MCI, and cognitively normal individuals, and correlation analyses among the imaging parameters, neuropsychological test results, and hippocampal and parietal atrophy were performed. In addition, we used the area under the curve (AUC) of the receiver operating characteristic (ROC) curve to evaluate the diagnostic efficacy of each parameter and identify a potential non-invasive biomarker for AD.



Materials and methods


Subjects

Our study was approved by the Ethics Committee of the Second Hospital of Dalian Medical University, and informed consent was obtained from each subject or guardian (Ethics Review of The Second Hospital of Dalian Medical University, No. 016, December 31, 2021). Sixty-one sex- and age-matched subjects (20 patients with AD, 21 patients with amnestic MCI, and 20 cognitively normal individuals) were enrolled. A total of seven patients were excluded, three of whom refused to participate in the study and four did not meet the inclusion criteria (three for high Fazekas grading and one for claustrophobia). AD participants were diagnosed by two experienced neurologists according to the standard criteria of the National Institute of Neurological and Communicative Disorders and Stroke/AD and Related Disorders Association for clinically probable AD. Amnestic patients with MCI were diagnosed according to the criteria in the study by Petersen (2004). Detailed inclusion criteria are shown in Table 1. In addition to the criteria in Table 1, all three groups met the following conditions: (1) MRI showed a maximum of two cerebral infarction lesions with a diameter of more than 2 cm to ensure the minimal influence of cerebrovascular events and excluded other brain injuries; (2) subjects had no consciousness disorder, aphasia or dysarthria, history of mental illness, severe organ dysfunction, or contraindications to MRI.


TABLE 1    Enrollment criteria for subjects.
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Neuropsychological assessment and evaluation of brain atrophy

All subjects were evaluated by two trained neuropsychological assessors using a series of scales to evaluate the cognitive domains. Comprehensive scales comprised the mini-mental state examination (MMSE), the Montreal cognitive assessment scale (MoCA), the Hasegawa dementia scale revised (HDSR), and the clinical dementia rating scale (CDR). Other scales comprised the digit span test (DST), the verbal fluency test (VFT), the frontal assessment battery (FAB), the trail making test A (TMTA), the Rey auditory verbal learning test (RAVLT; consisting of a total of four scores for immediate recall, short-term delayed recall, long-term delayed recall, and recognition), the neuropsychiatric inventory-questionnaire (NPI-Q; the NPI-Q1 score reflected the patient’s score, and the NPI-Q2 score represented the caregiver’s score), the Hamilton anxiety scale (HAMA), and the Hamilton depression scale (HAMD). The activity of the daily living scale (ADL) was used to assess whether patients had the ability to take care of themselves, which distinguished patients with AD from patients with MCI.

The medial temporal lobe atrophy (MTA) scale was used to evaluate hippocampal atrophy. Grade 1 indicated widening of the choroidal fissure only; Grade 2 indicated the accompaniment of the enlargement of the temporal angle of the lateral ventricle; Grade 3 indicated a moderate reduction in hippocampal volume; Grade 4 indicated a severe decrease in hippocampal volume. The Koedam scale was used to evaluate parietal lobe atrophy. Grade 0 indicated a closed posterior cingulate and parieto-occipital sulcus and closed sulci of the parietal lobes and precuneus; Grade 1 indicated a mild widening of the posterior cingulate and parieto-occipital sulci, with mild atrophy of the parietal lobes and precuneus; Grade 2 indicated a substantial widening of the posterior cingulate and parieto-occipital sulci, with substantial atrophy of the parietal lobes and precuneus; Grade 3 indicated end-stage atrophy, evident widening of both sulci, and knife-blade atrophy of the parietal lobes and precuneus.



Magnetic resonance imaging data acquisition and processing

Before the MRI examination, the contraindications to MRI of each patient were checked, and both the purpose of the examination and the scanning time were informed in detail. During the scan, patients were instructed to relax and remain as still as possible. Because patients with cognitive impairment, especially those with dementia, were easily disturbed by the external conditions of the examination, they were given sound insulation headsets to minimize the noise of the scanner. A 3.0T Siemens Verio MRI scanner was used to acquire the data with a 32-channel head coil. Parameters of MRI acquisition are shown in Table 2. The b = 0 image represented the anatomical phase without orientation. When b reached 1000 or 2000, the number of motion probing gradient (MPG) directions was 15.


TABLE 2    MRI acquisition parameters.
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To obtain diffusion kurtosis maps, the logarithm of signal attenuation following the diffusion sensitization sequence is described as follows, which represents a cumulant expansion for the diffusion magnetic resonance signal:

ln[S(b)] = ln(S0)-bDapp + [image: image]b2D2appKapp + O(b3),

where S(b) refers to signal intensity, Dapp refers to the diffusion coefficient, and Kapp refers to diffusional kurtosis. When K = 0, Gaussian formalism is restored (Jensen and Helpern, 2010).

The original DKI data (DICOM format) were converted into analyzable data (NIFIT format) and then processed by the FSL software of Oxford University (FMRIB Software Library)1 using the “dcm2niigui” toolkit in the MRIcron software.2 Preprocessing, e.g., head motion and eddy current correction, was performed. The DKI image data acquired were post-processed using the Diffusion Kurtosis Estimator (DKE) software,3 and various parameter maps were obtained, including fractional anisotropy (FA) from DKI, mean diffusion (MD) from DKI, axial diffusion (Da) from DKI, radial diffusion (Dr) from DKI, fractional anisotropy of kurtosis (FAK), mean kurtosis (MK), axial kurtosis (Ka), and radial kurtosis (Kr) (Figure 1). Considering the possibility of misidentifying brain regions with the use of automatic whole-brain analysis, manual region of interest (ROI) analysis was chosen for the follow-up work. Using the MK parameter map as the main parameter map, ROIs were manually drawn by means of the MRIcron software. ROIs, which are the areas related to clinical diagnosis, the areas relevant to cognitive impairment, and the areas of previous research (Struyfs et al., 2015; Chen et al., 2017; Gong et al., 2017), respectively, are described below and shown in Figure 2. All ROIs were drawn by two neuroradiologists (Peng Wu and Yang Dong) and checked by a third senior expert (Chao Yang) to ensure correct anatomical position. Peng Wu was responsible for the ROI drawing of the subcortical white matter of the frontal lobe, parietal lobe, temporal lobe, occipital lobe and precuneus, hippocampus, and Yang Dong was responsible for the ROI drawing of the splenium of the corpus callosum, genu of the corpus callosum, posterior limb of the internal capsule, lenticular nucleus, corona radiata, and centrum semiovale. The central part of the largest layer and the upper and lower adjacent layers of the structure were selected, and the same sized ROIs were also drawn in the symmetrical region of the bilateral lobes, avoiding the interference areas, such as the cerebrospinal fluid and blood vessels. The measurement was repeated three times. Measurements of the left and right lobes were taken together as a whole, and the average value of the three repeated measurements was used for the final statistical analysis.


[image: image]

FIGURE 1
Diffusion kurtosis imaging (DKI) parameter image. (A) FA: fractional anisotropy; (B) MD: mean diffusion; (C) Da: axial diffusion; (D) Dr: radial diffusion; (E) FAK: fractional anisotropy of kurtosis; (F) MK: mean kurtosis; (G) Ka: axial kurtosis; (H) Kr: radial kurtosis.
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FIGURE 2
Region of interest (ROI) placement diagram. The selected ROIs are shown on the T1 maps. (A) temporal lobe and hippocampus; (B) frontal lobe; (C) parietal lobe; (D) occipital lobe; (E) precuneus; (F) splenium of the corpus callosum and genu of the corpus callosum; (G) posterior limb of the internal capsule and lenticular nucleus; (H) corona radiata; (I) centrum semiovale. The central part of the largest layer and the upper and lower adjacent layers of the structure were selected, and the same sized ROIs were drawn in the symmetrical region of the bilateral lobes, avoiding the interference areas, such as the cerebrospinal fluid and blood vessels.




Statistical analysis

Statistical analysis was performed using the SPSS version 11.0 software. The normal distribution of data was confirmed using the normality test (PP plot method). Continuous data were compared among the three groups using a one-way analysis of variance (ANOVA) or analysis of covariance (ANCOVA) with age and sex included as confounding factors. For multiple comparisons between groups, the least significant difference method was used for groups with uniform variance, and the Tamhane method was used for groups with unequal variance. Furthermore, FDR correction was also used for multiple comparisons of DKI parameters. An independent sample t-test was used to compare continuous data between two groups. Pearson’s correlation analysis was used to analyze correlations between two continuous variables. For graded data, the overall differences among the three groups were compared using the Kruskal–Wallis test, comparisons between groups were carried out using the Mann–Whitney U-test, and the correlation analysis was conducted using Spearman’s correlation. Chi-square tests were used to compare categorical data between groups, and different statistical results were used according to the number of cases and theoretical frequency. If the number of cases was greater than 40, and the theoretical frequency was greater than five, the result of the normal chi-square test or the maximum likelihood/Fisher’s exact probability was used. The AUC was used to evaluate the diagnostic efficacy of each parameter. A p < 0.05 indicated statistical significance. For the Mann–Whitney U-test, pairwise comparisons among the three groups were carried out three times, and the significance level (p-value) was adjusted to 0.017.




Results


General characteristics, neuropsychological tests, and brain atrophy evaluation

Apart from disease duration, there were no significant differences in age, sex, educational level, history of hypertension, history of diabetes, or history of smoking among the three groups (p > 0.05; Table 3).


TABLE 3    General characteristics.
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All neuropsychological test scores were significantly different among the three groups (p < 0.05). The scores of the MMSE, MoCA, HDSR, DST, VFT, FAB, and RAVLT of the AD group were lower than those of the normal cognition group, whereas the CDR, TMTA, NPI-Q1, NPI-Q2, HAMA, HAMD, and ADL scores were higher than those of the normal cognition group (p < 0.05). The scores of the MMSE, MoCA, HDSR, VFT, FAB, and RAVLT of the MCI group were lower than those of the normal cognition group, whereas the HAMA and HAMD scores were higher than those of the normal cognition group (p < 0.05). The scores of the MMSE, MoCA, HDSR, DST, VFT, FAB, and RAVLT of the AD group were lower than those of the MCI group, whereas the CDR, TMTA, NPI-Q1, NPI-Q2, and ADL scores were higher than those of the MCI group (p < 0.05; Table 4).


TABLE 4    Neuropsychological test results.
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The MTA and Koedam scores were significantly different among the three groups (p < 0.05). Compared with the normal cognition group, the MTA and Koedam scores of the AD group were significantly higher (p < 0.05). In comparison with the MCI group, the MTA score of the AD group was significantly higher (p < 0.05; Table 5).


TABLE 5    Evaluation of hippocampal atrophy and parietal lobe atrophy [n (%)].
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Abnormalities in diffusion kurtosis imaging parameters

Various DKI parameters of all ROIs were significantly different among the three groups (p < 0.05).

Significant differences in DKI parameters for each ROI between the AD and normal cognition groups were as follows (p < 0.05): frontal lobe: MD and MK; parietal lobe: MD, Dr, and FAK; occipital lobe: MD and Dr; temporal lobe: FA, MD, Dr, FAK, MK, and Kr; precuneus: MD, Da, Dr, MK, Ka, and Kr; hippocampus: MD, Da, Dr, FAK, MK, Ka, and Kr; splenium of the corpus callosum: MD and MK; genu of the corpus callosum: MD, Dr, MK, and Kr; the posterior limb of the internal capsule: MD, Da, and MK; lenticular nucleus: Da and Kr; corona radiata: MD and MK; centrum semiovale: FA, MD, Dr, FAK, and MK.

Significant differences in DKI parameters for each ROI between the MCI and normal cognition groups were as follows (p < 0.05): temporal lobe: FA, FAK, and MK; precuneus: MD and Da; hippocampus: Dr, FAK, MK, and Kr; splenium of the corpus callosum: MK; genu of the corpus callosum: Dr and MK; lenticular nucleus: Kr.

Significant differences in DKI parameters for each ROI between the MCI and AD groups were as follows (p < 0.05): frontal lobe: MD and MK; parietal lobe: MD; occipital lobe: Dr; temporal lobe: MD, Dr, MK, and Kr; precuneus: MD, Da, Dr, MK, and Kr; hippocampus: MD, Da, Dr, FAK, MK, Ka, and Kr; genu of the corpus callosum: MK; the posterior limb of the internal capsule: MD and MK; corona radiata: MD and MK; centrum semiovale: FA, MD, Dr, and MK (Figures 3, 4).


[image: image]

FIGURE 3
Mean (± standard deviation) diffusivity for each ROI for each study group in both one-way analysis of variance (ANOVA) and analysis of covariance (ANCOVA). (A) FA, (B) MD, (C) Da, and (D) Dr showed significant differences between groups. AD patients had higher diffusivity in most ROIs than the MCI and normal cognition groups. NC, normal cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease; FA, fractional anisotropy; MD, mean diffusion; Da, axial diffusion; Dr, radial diffusion; F, frontal lobe; P, parietal lobe; O, occipital lobe; T, temporal lobe; Pc, precuneus; H, hippocampus; SCC, splenium of the corpus callosum; GCC, genu of the corpus callosum; PIC, posterior limb of the internal capsule; LN, lenticular nucleus; CR, coronal radiata; CS, centrum semiovale. *p < 0.05 vs. NC group in ANOVA, #p < 0.05 vs. MCI group in ANOVA; *p < 0.05 vs. NC group in ANCOVA, #p < 0.05 vs. MCI group in ANCOVA; *p < 0.05 vs. NC group in both analysis, #p < 0.05 vs. MCI group in both analysis.



[image: image]

FIGURE 4
Mean (± standard deviation) kurtosis for each ROI for each study group in both one-way analysis of variance (ANOVA) and analysis of covariance (ANCOVA). (A) FAK, (B) MK, (C) Ka, and (D) Kr showed significant differences between groups. AD patients had lower kurtosis in most ROIs than the MCI and normal cognition groups. NC, normal cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease; FAK, fractional anisotropy of kurtosis; MK, mean kurtosis; Ka, axial kurtosis; Kr, radial kurtosis; F, frontal lobe; P, parietal lobe; O, occipital lobe; T, temporal lobe; Pc, precuneus; H, hippocampus; SCC, splenium of the corpus callosum; GCC, genu of the corpus callosum; PIC, posterior limb of the internal capsule; LN, lenticular nucleus; CR, coronal radiata; CS, centrum semiovale. *p < 0.05 vs. NC group in ANOVA, #p < 0.05 vs. MCI group in ANOVA; *p < 0.05 vs. NC group in ANCOVA, #p < 0.05 vs. MCI group in ANCOVA; *p < 0.05 vs. NC group in both analysis, #p < 0.05 vs. MCI group in both analysis.


Considering the effect of age and sex, and the possibility of false positives (Hyatt et al., 2020), we also performed ANCOVA with age and sex as covariates and FDR correction for the comparisons of DKI parameters.

The results of ANCOVA indicated that several parameters were related to age and sex. Parameters with significant changes were as follows (p < 0.05): frontal lobe: Dr, Kr; parietal lobe: MD, Dr, FAK; occipital lobe: MD; temporal lobe: FA, MD, FAK, Kr; precuneus: Dr, Kr; hippocampus: Dr; splenium of the corpus callosum: MD, Da; genu of the corpus callosum: MD, Kr; the posterior limb of the internal capsule: MD, Da, FAK, MK; lenticular nucleus: Da, Kr; centrum semiovale: FAK (Figures 3, 4 and Supplementary Table 1).

The results of FDR correction in comparisons of DKI parameters are shown in Supplementary Table 2.

Parameters showing significant changes between the AD and normal cognition groups were as follows (p (FDR) <0.05): frontal lobe: MD, MK, and Kr; parietal lobe: MD, Dr, and FAK; occipital lobe: MD and Dr; temporal lobe: FA, MD, Dr, FAK, MK, and Kr; precuneus: MD, Da, Dr, MK, Ka, and Kr; hippocampus: MD, Da, Dr, FAK, MK, Ka, and Kr; splenium of the corpus callosum: MD, Da, and MK; genu of the corpus callosum: MD, Dr, MK, and Kr; the posterior limb of the internal capsule: MD, Da, and MK; lenticular nucleus: Da, Kr; corona radiata: MD, Da, and MK; centrum semiovale: FA, MD, Dr, FAK, and MK.

Parameters showing significant changes between the MCI and normal cognition groups were as follows [p (FDR) <0.05]: temporal lobe: MK; precuneus: Da; hippocampus: MK.

Parameters showing significant changes between the AD and MCI groups were as follows [p (FDR) <0.05]: frontal lobe: MD; occipital lobe: Dr; temporal lobe: Dr, MK, and Kr; precuneus: MD, Da, and MK; hippocampus: MD, Da, MK, Ka, and Kr; genu of the corpus callosum: MK; the posterior limb of the internal capsule: MD and MK; corona radiata: MD and MK; centrum semiovale: FA, MD, Dr, and MK.



Correlation analysis of diffusion kurtosis imaging parameters

As shown above, the analysis of DKI parameters revealed a total of 11 ROIs that differed significantly for MD and 9 ROIs that differed significantly for MK. MD and MK were more sensitive indicators than other parameters for the evaluation of pathological changes in brain tissue in patients with cognitive impairment. Therefore, our follow-up correlation analysis was conducted for MD and MK.

Neuropsychological test scores were correlated with all brain regions for the analysis of MD, which was focused on the frontal lobe, parietal lobe, occipital lobe, temporal lobe, precuneus, hippocampus, genu of the corpus callosum, posterior limb of the internal capsule, corona radiata, and centrum semiovale (Tables 6, 7). For MK, correlations were primarily distributed in the frontal lobe, temporal lobe, precuneus, hippocampus, splenium of the corpus callosum, genu of the corpus callosum, posterior limb of the internal capsule, corona radiata, and centrum semiovale (Tables 8, 9).


TABLE 6    Pearson’s correlation analysis between MD and neuropsychological test.
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TABLE 7    Pearson’s correlation analysis between MD and neuropsychological test.
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TABLE 8    Pearson’s correlation analysis between MK and neuropsychological test.
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TABLE 9    Pearson’s correlation analysis between MK and neuropsychological test.
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There was a positive correlation between hippocampus MD and MTA scores and a negative correlation between hippocampus MK and MTA scores. Parietal MD and precuneus MD were positively correlated with Koedam scores, whereas precuneus MK was negatively correlated with Koedam scores (p < 0.05; Figures 5, 6).


[image: image]

FIGURE 5
Spearman’s correlation analysis between MD and MK of the hippocampus and MTA scores. (A) There was a positive correlation between hippocampus MD and MTA scores, (B) There was a negative correlation between hippocampus MK and MTA scores. H-MD, mean diffusivity of hippocampus; H-MK, mean kurtosis of hippocampus; MTA, medial temporal lobe atrophy.
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FIGURE 6
Spearman’s correlation analysis between MD and MK of the parietal lobe and precuneus and Koedam scores. (A) Parietal MD was positively correlated with Koedam scores, (B) Precuneus MD was positively correlated with Koedam scores, (C) Precuneus MK was negatively correlated with Koedam scores. P-MD, mean diffusivity of parietal lobe; Pc-MD, mean diffusivity of precuneus; Pc-MK, mean kurtosis of precuneus.




Receiver operating characteristic curve analysis of hippocampus mean kurtosis and precuneus mean diffusion

Table 10 shows the AUC for the ability of hippocampal MK and precuneus MD to distinguish between cognitively normal individuals, patients with MCI, and patients with AD. The diagnostic threshold was determined by the Youden’s index, which is equal to sensitivity plus specificity minus 1, where the value of the variable corresponding to the maximum value of the Youden’s index is the optimal threshold for diagnosis. We demonstrated that both parameters could be used to identify any two groups of patients, although hippocampal MK performed better than precuneus MD as reflected by its larger AUC (Figure 7). When the diagnosis was made according to hippocampus MK, the diagnostic threshold for patients with AD was 0.765, and the diagnostic threshold for patients with MCI was 0.811. When hippocampal MK was selected as the diagnostic threshold, the sensitivity and specificity for AD diagnosis were 85 and 100%, respectively, and the sensitivity and specificity for MCI diagnosis were 75 and 90.5%, respectively.


TABLE 10    Coordinate points of receiver operating characteristic (ROC) curve.
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FIGURE 7
Receiver operating characteristic (ROC) curve analysis of hippocampus MK and precuneus MD. Both parameters could be used to identify any two groups of patients, although hippocampal MK performed better than precuneus MD as reflected by its larger AUC. H-MK, mean kurtosis of hippocampus; Pc-MD, mean diffusivity of precuneus; NC, normal cognition; AD, Alzheimer’s disease; MCI, mild cognitive impairment; AUC, area under the curve.





Discussion

Results showed that FA of the temporal lobe and centrum semiovale was highest in the normal cognition group, lower in the MCI group, and lowest in the AD group. MD of the frontal lobe, parietal lobe, occipital lobe, temporal lobe, precuneus, hippocampus, splenium of the corpus callosum, genu of the corpus callosum, corona radiata, and centrum semiovale was highest in the AD group, followed by the MCI and normal cognition group. MK of the frontal lobe, temporal lobe, precuneus, hippocampus, splenium of the corpus callosum, genu of the corpus callosum, and centrum semiovale was the highest in the normal cognition group, lower in the MCI group, and the lowest in the AD group, which is consistent with the patterns of FA, MD, and MK observed in previous studies (Gong et al., 2013; Struyfs et al., 2015). Moreover, it was clear that MD and MK were more sensitive than FA to detecting differences between the MCI/AD group and the normal cognition group, which was also in agreement with previous studies (Struyfs et al., 2015). MD is the average diffusion coefficient in all diffusion tensor directions and represents the diffusion amplitude of the random motion of water molecules; thus, it is related to tissue integrity. MK represents the average kurtosis in all diffusion directions, where kurtosis describes the peak value of the probability of the water distribution. The higher the kurtosis, the more the water molecule diffusion deviates from the Gaussian distribution, indicating that the diffusion environment is more restrictive. Conversely, reduced kurtosis indicates decreased structural complexity or heterogeneity (Arab et al., 2018; Andica et al., 2019). During the progression of AD, neuronal degeneration, atrophy, and apoptosis lead to an increase in extracellular diffusion space and a decrease in the complexity of brain tissue (Wang et al., 2015). The high MD and low MK in our AD group echo the above changes. Thus, DKI parameters can effectively characterize the changes in the brain pathological conditions of patients with AD.

We performed both ANOVA and ANCOVA on DKI parameters among those three groups. Results showed that the significance of several parameters changed due to age and sex, whereas the key parameters of our research, hippocampal MK and precuneus MD were relatively stable. We found no significant differences in factors such as age, sex, educational level, history of hypertension, history of diabetes, or history of smoking among the three groups, which indicated a balance among the groups, and this might be the reason why the significance of the other parameters was less related. In conclusion, it is of much importance to include age and sex as confounding factors to ensure the quality and reliability of the study. In addition, we carried out FDR correction for the comparisons of DKI parameters to reduce the probability of type 1 errors. Consistent with the results of ANOVA, MD and MK were found to be the most prominent parameters in the process of comparing differences among the three groups; therefore, we selected MD and MK for follow-up analysis.

Studies on the correlation between DKI parameters and neuropsychological scores have been conducted previously, most of which were correlation studies using the MMSE. Diffusion parameters were shown to be negatively correlated with MMSE scores, whereas kurtosis parameters were shown to positively correlate with MMSE scores (Gong et al., 2013). In addition, Li et al. (2022) reported a positive correlation between MK and MoCA scores. Tu et al. (2021) reported a negative correlation between MK and CDR scores, and Yang et al. (2021) found a positive correlation between MK and RAVLT scores. However, the current study is the first to conduct a comprehensive correlation analysis between DKI parameters and neuropsychological test scores. The most sensitive parameters of MD and MK as revealed by the DKI parameter analysis were used to examine associations with comprehensive cognitive scale scores and other scale scores for various cognitive domains. Precuneus MD, temporal MK, hippocampal MK, and precuneus MK were found to be highly correlated with neuropsychological test scores. These brain regions are consistent with the main pathological areas of AD, which suggests that the cognitive decline of patients with AD is due to changes in the complexity of diseased brain tissue and the structure of extracellular spaces. It is worth noting that although the FAB score, which reflects the state of the frontal lobe, was negatively correlated with MD of the frontal lobe and positively correlated with MK of the frontal lobe, the correlation was not particularly strong and lower than that with other brain regions, which may be because pathological changes in AD occur predominantly in the medial temporal lobe. It would be of interest to examine correlations between DKI parameters and the FAB score in patients with frontotemporal lobe dementia.

Common imaging examination methods for AD are positron emission tomography and MRI, which include T1, T2, T2-FLAIR, arterial spin labeling (ASL), DTI, and DKI. Imaging biomarkers have the advantages of being non-invasive, timely, and economical, and are thus the preferred examination method of clinicians. Clinicians can observe brain atrophy in T1, T2, and T2-FLAIR imaging scans, evaluate cerebral blood flow (CBF) in ASL images and quantify brain tissue information using DTI and DKI techniques. DKI technology fully exploits the non-Gaussian diffusion of water molecules to accurately estimate the attenuation of the diffusion-weighted signal and introduce the dimensionless measure of kurtosis to quantify the level of non-Gaussian diffusion. The formula takes into account all types of tissues by using a fourth-order three-dimensional tensor model and provides insight into the changes in microstructure, which may potentially be used as non-invasive biomarkers for AD (Arab et al., 2018; Cheng et al., 2018). Numerous studies comparing DKI and DKI-derived diffusion parameters have shown that kurtosis has a higher diagnostic value than diffusivity (Gong et al., 2013; Yuan et al., 2016; Cheng et al., 2018). Furthermore, Taha et al. (2022) studied the diffusion parameters derived from both DKI and DTI techniques and found that the diffusivity values calculated by DKI were 15–20% higher than those calculated by DTI. Compared with DTI-derived diffusion parameters, DKI-derived diffusion parameters could identify more areas of white matter microstructural changes and favorably reduce the dependence on b-values (Giannelli et al., 2013; Wei et al., 2021). Yang et al. (2021) compared the significance of DKI parameters and CBF measured using ASL and found that MK could be used as a potential neuroimaging biomarker and is more sensitive than CBF in the early stage of AD. Thus, we analyzed the correlations between brain atrophy and DKI parameters.

Observing the degree of the medial temporal lobe and posterior atrophy to support the diagnosis of AD is the main purpose of current routine MRI examinations (Lehmann et al., 2012). Wang et al. (2015) analyzed hippocampal volume and DKI parameters and found that DKI parameters are more sensitive than volume for diagnosing MCI and AD. However, studies on the association between brain atrophy scores and DKI parameters have not yet been conducted. Thus, we first compared differences in brain atrophy scores and DKI parameters between groups and found that Dr, FAK, MK, and Kr of the hippocampus and MD and Da of the precuneus differed significantly between the MCI and normal cognition groups, whereas these group differences were not observed in the brain atrophy scores. This confirmed that the changes in the pathological microstructure of patients with AD precede the changes in the macroscopic volume, and DKI parameters can capture these changes acutely. Moreover, the follow-up correlation analysis revealed that the MTA score was most strongly correlated with hippocampal MK, and the Koedam score was most strongly correlated with precuneus MD, which indicated that hippocampal MK and precuneus MD quantitatively reflected brain atrophy scores.

The above analysis of the neuropsychological test and brain atrophy scores showed that hippocampal MK and precuneus MD are the two most sensitive parameters for characterizing cognitive impairment and structural changes and may be used as candidate parameters for diagnosing AD and MCI. The subsequent ROC curve analysis showed that the diagnostic performance of hippocampal MK was better than that of precuneus MD when distinguishing between any two of the groups, and the specificity and sensitivity were more balanced. It is well established that brain atrophy in patients with AD occurs initially in the medial temporal lobe and gradually spreads with the progression of the disease toward the parietal and frontal lobes (Whitwell et al., 2007), which may explain why the diagnostic performance of hippocampal MK was slightly better than that of precuneus MD. Because our study required patients to complete numerous neuropsychological tests and imaging examinations, patients with severe symptoms could not participate; therefore, we could not determine whether precuneus MD has a higher diagnostic value for severe AD. This will require further verification in future studies.

Common biomarkers like amyloid-β (Aβ), total tau (T-tau), and phosphorylated tau (P-tau) reflect the pathological condition of AD and contribute to the diagnosis in the preclinical stage (Blennow and Zetterberg, 2018). Struyfs et al. (2015) analyzed the Aβ1-42, T-tau, and P-tau levels in patients with MCI and AD, but did not compare them with DKI parameters. In other diseases, Lo et al. (2022) studied the correlation of blood tau and Aβ1-42 with DKI parameters in patients with fibromyalgia, but up to date, no one has compared AD pathological biomarkers with DKI. Our study was originally conceived to include in vitro pathological studies of AD, but few patients and their families accepted it because of its high cost and invasiveness. On the contrary, DKI technology showing non-invasive, timeliness, and economic advantages would be a promising diagnostic method of AD.


Limitations

The sample size of our research was limited and the sensitivity of the diagnosis based on hippocampal MK did not reach the same sensitivity as the gold standard. Furthermore, Hyatt et al. (2020) suggested that intracranial volume should be considered a confounding factor; thus, the measurement of intracranial volume needs to be carried out for further study on its relationship with DKI. Nevertheless, DKI technology still has several shortcomings. For example, when the b-value changes, all parameter values will change accordingly (Szczepankiewicz et al., 2013; Shahim et al., 2017). Moreover, the present studies are all single-center clinical studies, and the scanning protocols of each center lack consistency. A multi-center, randomized double-blind study needs to be conducted to determine optimal MRI settings for developing an optimal method for non-invasive diagnostic imaging. This will facilitate the application of DKI for patients with AD in routine clinical practice. Last but not the least, DKI needs to be combined with conventional MRI to rule out other diseases.




Conclusion

Diffusion kurtosis imaging technology can not only detect differences in the microstructure of brain tissue in AD, MCI, and normal cognition but also make up for the deficiencies of brain atrophy scores by detecting the pathological changes in the microstructure of patients with AD before the appearance of macroscopic atrophy. MD and MK of the AD pathological areas were correlated with numerous neuropsychological scale scores, which reflected the severity of cognitive impairment. In particular, hippocampal MK may be used as a sensitive parameter map for evaluating AD and MCI.
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MK, mean kurtosis; F, frontal lobe; P, parietal lobe; O, occipital lobe; T, temporal lobe; Pc, precuneus; H, hippocampus; MMSE, mini-mental state examination; MoCA, Montreal cognitive
assessment scale; HDSR, Hasegawa dementia scale revised; CDR, clinical dementia rating scale; DST, digit span test; VFT, verbal fluency test; FAB, frontal assessment battery; TMTA, trail making
test A; RAVLT, Rey auditory verbal learning test (immediate recall/short-term delayed recall/long-term delayed recall/recognition); NPI-Q, neuropsychiatric inventory-questionnaire (NPI-Q1: the
score of patient, NPI-Q2: the score of caregiver); HAMA, Hamilton anxiety scale; HAMD, Hamilton depression scale; ADL, activity of daily living scale. *p < 0.05, **p < 0.01. Bold data (0.6-0.8),

indicating high-intensity correlation.
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MMSE, mini-mental state examination; MoCA, Montreal cognitive assessment scale; HDSR, Hasegawa dementia scale revised; CDR, clinical dementia rating scale; DST, digit span test; VET, verbal
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NPI-Q, neuropsychiatric inventory-questionnaire (NPI-QI: the score of patient, NPI-Q2: the score of caregiver); HAMA, Hamilton anxiety scale; HAMD, Hamilton depression scale; ADL, activity
of daily living scale. *p < 0.05, **p < 0.01. Bold data (0.6-0.8), indicating high-intensity correlation.
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