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Editorial on the Research Topic
 Advances in the imaging techniques of radiologically subtle CNS disorders




Most CNS disorders manifest with subtle structural, biochemical, or physiological alterations at an early stage of the disease. However, most early changes are not detectable with conventional neuroimaging modalities, rendering early diagnosis difficult. While this is valuable for understanding disease origin and development, for this reason, there is a strong need for the development of tools that are sensitive to radiologically subtle CNS alterations. Such tools would be invaluable for accurate, early diagnosis and for objective evaluation of treatment interventions. Therefore, this Research Topic focused on progress in the detection of radiologically subtle CNS disorders.

The title attracted 21 submissions from different parts of the world, such as China, Egypt, Finland, India, Japan, Saudi Arabia, Sweden, and the UK. A total of 12 articles were accepted of which 8 are research articles and 4 review articles. In total, the studies list contributions from 100 authors.

Here, we briefly summarize the articles published in this Research Topic. Algahtany et al. suggested that multimodal techniques, such as positron emission tomography (PET), PET-MRI, single-photon emission computed tomography, functional MRI (f-MRI), magnetic resonance spectroscopy (MRS), and diffusion tensor imaging (DTI), that can be employed in combination to detect a lesion, its connection, and its intimacy with eloquent areas to limit surgery and avoid post-surgical complications, particularly in epileptic patients. Likewise, Sone also suggested employing non-Gaussian diffusion MRI parameters and Arterial Spin Labeling (ASL) techniques can non-invasively detect microstructural parameters and hypo-perfusion, respectively, within the focused lesions. These advancements in technology may also provide usefulness for both focused detection and a better understanding of epilepsy. Quan et al. hypothesized that the radiomics features extracted from FLAIR and ADC images could be prognostic biomarkers for predicting clinical outcomes in acute ischemic stroke (AIS) patients. They developed a combined prediction model based on radiomics and DWI-ASPECTS and showed the superiority of the combined model. On retrospective data, the combined model showed unfavorable functional outcomes in patients with AIS. Zhu Q. et al. have shown that DKI parameters can significantly differentiate T1-hypointense lesions, T2-hyperintense lesions, normal-appearing white matter (WM), and WM microstructure in healthy controls. The damage in normal-appearing WM reflected by the DKI parameter, mean kurtosis could be a potential biomarker to evaluate the WM damage. This imaging-based classification in WM may help to evaluate the disease severity and progression. Jiang et al. performed a Tract-based Spatial Statistics (TBSS) study to explore WM integrity in the brain of End-Stage and Non-End-Stage Chronic Kidney Disease (ES-CKD and NES-CKD). The study showed that ES-CKD patients have more serious WM microstructure abnormalities than NES-CKD patients. The study also revealed that progressive WM abnormalities are associated with uric acid and phosphate levels in the blood. These findings also suggested that a multiparametric approach can provide a better understanding at a systemic level. Another study by Rawat et al. employed a multiparametric MRI approach that has revealed significant metabolic and volumetric alterations in the brain of patients with gluten ataxia (GA). In-vivo MRS revealed significant differences in NAA and NAA/choline ratios in the cerebellum. GA patients also had a significant reduction in total brain WM, cerebrum WM, and lateral ventricle and thalamic volume. Another study by Kumar et al. employed 1H MRS in two different brain regions viz., posterior parietal cortex and dorsolateral prefrontal cortex (DLPFC), to study neurochemical alterations in hyperthyroid patients, before and after antithyroid treatment. The 1H MRS has shown that hyperthyroidism causes changes in key metabolites in both regions, possibly indicating alterations in astrocyte physiology, glutamate/glutamine cycle, and/or oxidative stress. The altered neurometabolic ratios in the brain regions showed reversible changes after anti-thyroid treatment. The study strengthens the use of MRI in radiologically subtle CNS disorders and the outcome of efficient treatment intervention. Zhu L. et al. have used seed-based d mapping (SDM) a statistical technique for meta-analysis of neuroimaging studies. They studied hepatic encephalopathy (HE) patients for regional gray matter abnormalities using voxel-based morphometry. The study found gray matter volume reduction, especially in frontal regions, temporal insular cortex, and the caudate nucleus. The study also found an increase in plasma ammonia, which could be caused by increased blood flow to related brain regions in patients with cirrhosis. The study concludes that in patients with different degrees of HE, the changing area of gray matter volume was similar and the range of symptoms increased with aggravation. Zhu X. et al. explored whether the presence of impulse control disorder (ICD) in Parkinson's disease (PD) patients may determine abnormalities in the topological network by using rs-fMRI and graph theory methods. They divided PD patients into two groups, viz., PD-ICD and PD not ICD (PD-nICD) patients. The study showed that the clustering coefficient and characteristic path length of the brain functional network of PD-ICD patients increased, accompanied by damage to the Default Mode Network (DMN), Control Network (CN), and Dorsal Attention Network (DAN) nodes. The study also provides evidence for PD-ICD patients' brain network abnormalities from the perspective of information exchange. In another rs-MRI study, alterations in brain activity during microlesions in PD patients were investigated by Luo et al. They utilized the amplitude of low-frequency fluctuation (ALFF) and functional connectivity (FC) methods to explore changes associated with spontaneous brain activity and brain networks in PD patients before and after DBS surgery. The results demonstrated that implantation of DBS electrodes not only improves the activity of the basal ganglia-thalamocortical circuit but also reduces the activity of the DMN and ECN-related brain regions. These findings can be helpful for further understanding potential mechanisms that underlie microlesion in PD. Ai et al. have studied Rasmussen's Encephalitis (RE), a rare chronic neurological disorder characterized by unihemispheric brain atrophy and epileptic seizures. To reveal the involvement of genetic factors in the mechanisms of RE, whole-exome sequencing in 15 RE patients was performed in this study. They found single nucleotide variants (SNVs) in genes with the functions of antigen presentation, antiviral infection, epilepsy, schizophrenia, and nerve cell regeneration. The results suggest that RE is a polygenic disease and the triggering factors of the adaptive immune response may be SNVs related to antigen presentation and antiviral infection. Sasaguri et al. have reviewed the animal models of AD. The first-generation animal model expressed amyloid-beta (Aβ) peptide deposition and neuroinflammation. However, they have suffered from some artificial phenotypes, which could lead to erroneous interpretations of the outcome. The second-generation animal models of AD expressed Aβ pathology, neuroinflammation, vascular dysfunction as well as cognitive impairment in an age-dependent manner. However, these animal models also have some limitations. For instance, Aβ is resistant to proteolytic degradation and is therefore prone to aggregation in this model. The third-generation animal model exhibits more specific plaque pathology and neuroinflammation than the second-generation models and thus is more suitable for preclinical studies.

We strongly hope that this Research Topic will attract the attention of clinicians and researchers who are interested in developments toward a better understanding of CNS disorders where disease-related tissue alterations are too subtle to be radiologically visible at present. We thank not only all the authors for their precious contributions but also the reviewers for sharing their expertise. Their efforts have secured this Research Topic as a collection of high-quality articles, which can be useful to the clinical and research communities.
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Background: Transient improvement in motor symptoms are immediately observed in patients with Parkinson’s disease (PD) after an electrode has been implanted into the subthalamic nucleus (STN) for deep brain stimulation (DBS). This phenomenon is known as the microlesion effect (MLE). However, the underlying mechanisms of MLE is poorly understood.

Purpose: We utilized resting state functional MRI (rs-fMRI) to evaluate changes in spontaneous brain activity and networks in PD patients during the microlesion period after DBS.

Method: Overall, 37 PD patients and 13 gender- and age-matched healthy controls (HCs) were recruited for this study. Rs-MRI information was collected from PD patients three days before DBS and one day after DBS, whereas the HCs group was scanned once. We utilized the amplitude of low-frequency fluctuation (ALFF) method in order to analyze differences in spontaneous whole-brain activity among all subjects. Furthermore, functional connectivity (FC) was applied to investigate connections between other brain regions and brain areas with significantly different ALFF before and after surgery in PD patients.

Result: Relative to the PD-Pre-DBS group, the PD-Post-DBS group had higher ALFF in the right putamen, right inferior frontal gyrus, right precentral gyrus and lower ALFF in right angular gyrus, right precuneus, right posterior cingulate gyrus (PCC), left insula, left middle temporal gyrus (MTG), bilateral middle frontal gyrus and bilateral superior frontal gyrus (dorsolateral). Functional connectivity analysis revealed that these brain regions with significantly different ALFF scores demonstrated abnormal FC, largely in the temporal, prefrontal cortices and default mode network (DMN).

Conclusion: The subthalamic microlesion caused by DBS in PD was found to not only improve the activity of the basal ganglia-thalamocortical circuit, but also reduce the activity of the DMN and executive control network (ECN) related brain regions. Results from this study provide new insights into the mechanism of MLE.

Keywords: amplitude of low-frequency fluctuation, deep brain stimulation, functional connectivity, microlesion effect, Parkinson’s disease, resting state functional MRI, subthalamic nucleus, Parkinson’s patients


INTRODUCTION

Deep Brain Stimulation (DBS) is an operation that is based on stereotactic technology that implants electrodes into specific nerve clusters or tissue structures within the brain, and regulates neuronal activity of the target nucleus by releasing pulsed electrical signals, which can alleviate symptoms of the disease (Miocinovic et al., 2013; Holiga et al., 2015; Lozano et al., 2019; Jakobs et al., 2020). DBS has emerged as an effective surgical treatment for Parkinson’s disease (PD) (Miocinovic et al., 2013; Dayal et al., 2017; Habets et al., 2018). To date, common targets of DBS treatment of PD include the subthalamic nucleus (STN) and globus pallidus internus (GPI) (Zavala et al., 2015; Edwards et al., 2017; Thevathasan et al., 2018). Neurosurgeons often observe an interesting phenomenon associated with DBS. After electrodes have been implanted into the brain, patients that suffer from PD experience a transitory improvement in motor symptoms of several days-to-weeks before the pulse generator has been turned on. This phenomenon, known as microlesion effect (MLE), can even be observed in the operating room (Jech et al., 2012; Holiga et al., 2015). However, the exact mechanism behind MLE remains unclear (Jech et al., 2012; Singh et al., 2012; Holiga et al., 2015). Some studies have suggested that MLE is related to the output of abnormal basal ganglia caused by the destruction of cells and their fibers within the target nuclei caused by electrode implantation (DeLong, 1990; Holiga et al., 2015). Additionally, MLE has been associated with rapid leakage of neurotransmitters due to synaptic destruction, as well as postoperative edema in brain tissue around the electrodes (Jech et al., 2012; Holiga et al., 2015). The damage caused by DBS is similar to the damage induced by traditional thalamotomy (Alvarez et al., 2005), except that the damage is less (Alvarez et al., 2005). Some studies have also demonstrated that MLE is likely associated with postoperative deterioration of language fluency, as well as cognitive decline (Mikos et al., 2011; Lefaucheur et al., 2012; Costentin et al., 2019).

Currently, resting state functional MRI (rs-fMRI) has been widely utilized to study brain activity and network changes among patients with neurological and mental illness (Nathan et al., 2014; Poldrack and Farah, 2015; Tessitore et al., 2019; Ge et al., 2020). Compared to fMRI in the task state, rs-fMRI is simple (Park et al., 2020), easy to perform and highly repeatable (Smitha et al., 2019). In fact, there have been a few studies that have used rs-MRI in order to study alterations in the brain activity during microlesions (Jech et al., 2012; Holiga et al., 2015). Holiga et al. (2015) suggested that MLE associated-brainstem and cerebellar activation can compensate for damaged neurons in order to maintain relatively normal motor function during the acute phase of MLE. However, a lack of control groups undermines credibility of these results. Jech et al. (2012) believe that microlesions have a significant effect on fMRI patterns caused by simple finger movement, and that the expected activation of the mesial premotor region, the primary motor cortex and basal ganglia were observed during the tapping test. However, the effect of exercise itself on brain function was ignored.

Amplitude of low-frequency fluctuation (ALFF) and functional connectivity (FC) are frequently-used resting data processing methods that can help study brain activity and networks (İçer et al., 2020). ALFF is able to reflect the magnitude of spontaneous neural activity in the brain at rest (Harrington et al., 2017; Xia et al., 2019). FC detects the correlation between instantaneous nerve activity among different spatially independent brain regions (Aertsen et al., 1989; Pando-Naude et al., 2019).

Herein, ALFF and FC methods were utilized to analyze rs-fMRI whole brain data of the DBS microlesion period in order to study functional changes within the brain region, as well as to further understand the physiological and pathological mechanisms of MLE.



MATERIALS AND METHODS


Participants and Clinical Assessments

Overall, 43 patients with PD and 13 gender- and age-matched healthy controls (HCs) were recruited for this study. All participants were right-handed. PD patients were diagnosed according to the criteria of the UK Parkinson’s Disease Society Brain Bank and underwent surgery after neurosurgeons rigorously assessed DBS surgical adaptation. The exclusion criteria of PD included diagnosis other neurological disorders, mental illnesses or diseases that can have an effect on the central nervous system (i.e., cerebrovascular disease, brain trauma), presence of a metal foreign body in the head that can affect image quality and contraindication of MRI examination (i.e., cardiac pacemaker implantation). The HCs did not have a history of neurological and psychiatric diseases, as well as contraindications to MRI. The Hamilton Anxiety (HAMA) (Gjerris et al., 1983) and Hamilton Depression (HAMD) (Fava et al., 1982) scales were utilized for the assessment of mental and psychological states of all subjects. The Mini-Mental State Exam (MMSE) (Folstein et al., 1975) and Montreal Cognitive Assessment (MoCA) (Nie et al., 2012) helped assess cognitive and executive function. The quality of life of PD was evaluated by the 39-item Parkinson’s Disease Questionnaire (PDQ-39) (Peto et al., 1998). Furthermore, PD patients were assess across three sessions with the Unified Parkinson’s Disease Rating Scale part-III (UPDRS-III) (Goetz et al., 2008) and MMSE: three days before DBS (24 to 72 h before DBS), one day after DBS (24 to 48 h after DBS surgery), one month after DBS, and each time during off medication and absence of neurostimulation. The data for each patient three days before DBS and one day after DBS was divided into two groups of PD-Pre-DBS group and PD-Post-DBS group, respectively. The scales and MRI data of PD patients need to be collected at least 12 h after withdrawal of anti-Parkinson drugs (off-medication), in order to reduce the influence of drugs on data collection (Elfmarková et al., 2016; Manza et al., 2018). The study was granted approval by the Ethics Committee of The Brain Hospital affiliated with Nanjing Medical University on March 1, 2016, and written informed consent was obtained from all participants (Protocol Number, 2016-KY009).



Surgery

Herein, all PD patients underwent implantation of bilateral STN deep brain electrodes and all positions of the electrode were not adjusted during the implantation process. We utilized the cartesian stereo coordinate system in order to locate the target, which takes midpoint of the line between the anterior commissure (AC) and posterior commissure (PC) as the stereotactic origin. The STN target was located at 11∼12 mm, beside the midpoint of AC and PC, 3 mm backward, and 4 mm downward. Furthermore, we fine-tuned target coordinates based on the specific location of the nuclear cluster within the MRI image (see Supplementary Table 1). Avoiding the brain sulci and deep brain blood vessels, the implanted path arc and ring angles were determined (see Supplementary Table 1). A combination of local anesthesia and general anesthesia were utilized during this procedure. The DBS electrode (model E202, PINS) implantation was performed using local anesthesia while the pulse generator (model G102R, PINS) implantation was conducted under general anesthesia. The unified standardized DBS surgery and same target location method were adopted among all PD patients via a neurosurgeon.



Image Acquisition

The MRI data were gathered using a 1.5 Tesla GE Medical Systems scanner (produced by GE Medical System, Milwaukee, WI) using an 8-channel head coil. All subjects were then instructed to remain still, awake and think of nothing during the scan. In order to prevent and reduce the subjects’ head movement, the supporting foam pad was utilized to fix the head, and elastic earplugs were provided to reduce interference of the machine noise. The patients were scanned on both three days before DBS and one day after DBS, while the HCs group was scanned only once. The rs-fMRI data was acquired using a gradient-recalled echo-planar imaging (GRE-EPI) sequence with repetition time (TR) of 2,000 ms, echo time (TE) of 40 ms, 28 slices, thickness of 3.0 mm with no gap, flip angle (FA) of 90°, field of view (FOV) of 240 mm × 240 mm, matrix size of 64 × 64, voxel size of 3.75 mm3 × 3.75 mm3 × 3 mm3, and number of total volumes = 128. The T1-weighted anatomical images were acquired using 3D magnetization-prepared rapid gradient-echo (MPRAGE) sequence with TR of 11.864 ms, TE of 4.932 ms, FA of 20°, matrix size of 256 × 256, FOV of 152 mm × 152 mm, thickness of 1.4 mm, 112 slices, and voxel size of 0.59 mm3 × 0.59 mm3 × 1.4 mm3.



Data Preprocessing

Functional data was preprocessed using the rs-fMRI data processing assistant (DPABI_V4.3, Beijing, China)1 base on the MATLAB 2013b2 platform. The preprocessing steps are consistent with previous literature (Xue et al., 2019; Li K. et al., 2020; Sun et al., 2020; Wang et al., 2020). The specific steps are described below. After converting the DICOM format of resting data into the NIFTI format, the first five volumes were discarded due to scanner instability. The remaining 123 phases of rs-fMRI data were corrected for differences in acquisition time between all slices of the whole brain, as well as for head movement. Subjects were excluded if they exhibited head translation exceeding 3.0 mm or rotation exceeding 3.0 degrees in any direction. Therefore, six PD patients were excluded due to excessive head movement. Next, the obtained images were normalized to the Montreal Neurological Institute (MNI) space, resampled to a voxel size of 3 mm3 × 3 mm3 × 3 mm3 and then spatially smoothed with a gaussian kernel with full width at half maximum (FWHM) of 4 mm × 4 mm × 4 mm. The nuisance variables included 24 motion parameters, global signals, white matter signals, cerebrospinal fluid signals, as well as linear trends were regressed out using a general linear mode. Finally, a time-bandpass filter was carried out (0.01 Hz < f < 0.10 Hz) to eliminate the influence of high frequency physiological noise, as well as low frequency drift noise.



ALFF and FC Analysis

ALFF calculation was carried out using the DPABI_V4.3 software. All voxels were converted from the time domain to frequency domain through the use of the Fast Fourier Transform (Luo et al., 2020). The ALFF value of each voxel was obtained by averaging the square root of the power spectrum in the range of 0.01–0.10 Hz. Finally, the ALFF value of whole brain voxels was divided by mean ALFF value of all voxels in order to obtain a standardized ALFF map.

Regions that had significant ALFF differences between before and after surgery in PD patients were identified as regions of interest (ROIs). A seed-based FC analysis was carried out through the use of Resting-State f-MRI Data Analysis Toolkit (REST_V1.8, Beijing, China)3 (Song et al., 2011). The average time series of each ROIs was extracted, and correlation between the ROIs and the time series of each voxel in the whole brain was calculated in order to obtain FC maps. Finally, Fisher’s z transformation (Long et al., 2016) helped normalize all FC maps in order to improve the normality of the data distribution.



Statistical Analysis

The SPSS22 software (Chicago, IL, United States) was utilized to statistically analyze the general clinical data of PD patients and HCs using Chi-square test and two-sample t-test, as appropriate. P < 0.05 is considered a statistically significant difference. Repeated measures ANOVA test was applied in order to compare the UPDRS-III scores of PD patients across different sessions.

An analysis of covariance (ANCOVA) was carried out to assess brain areas with significant ALFF/FC differences among the three cohorts (the PD-Pre-DBS group, the PD-Post-DBS group and HCs), with age and gender as covariates using SPM12.4 Then, significantly different ALFF/FC brain regions among the three groups were extracted as a mask for post hoc t-tests. Two-sample t test was utilized to assess ALFF differences with age and gender as covariates between HC and PD-Pre-DBS group within this extracted ALFF mask. The differences of ALFF/FC between the PD-Pre-DBS group and the PD-Post-DBS group were analyzed through the use of paired t-tests with mean frame-wise displacement (FD) as covariates within the above extracted ALFF/FC mask. We applied an uncorrected voxel-level threshold p < 0.001 to display all results. Multiple comparisons of the family-wise error (FWE) rate with cluster p < 0.05 was also carried out for all results. The names of the brain regions with statistically significant differences were recorded according to anatomical automatic labeling (AAL) partitioning template (Rolls et al., 2015).



RESULTS


Demographic and Clinical Features

Overall, 37 PD patients and 13 HCs were included in the study (see Table 1), after excluding six patients. There were no significant differences with regards to gender (p = 0.99), age (p = 0.76) and MMSE scores (p = 0.14) between PD patients and HCs. However, there were significant differences in HAMA (P < 0.001), HAMD (P < 0.001) and MoCA scores (P < 0.001) between PD patients and HCs. The UPDRS-III (p < 0.001) and MMSE (P = 0.004) for PD patients varied significantly over three sessions.


TABLE 1. Demographic and clinical data of all subjects.
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ALFF Alterations

Compared to HCs, the PD-Pre-DBS group demonstrated increased ALFF in the right middle temporal gyrus (MTG), but decreased ALFF in the left MTG, left angular gyrus and bilateral precuneus (see Table 2 and Figure 1A).


TABLE 2. Alterations of ALFF between the PD-Pre-DBS group and HCs, as well as between the PD-Pre-DBS group and the PD-Post-DBS group (voxel p < 0.001, FWE correction with cluster p < 0.05).
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FIGURE 1. Brain regions with altered ALFF between the PD-Pre-DBS group and HCs, the PD-Pre-DBS group and the PD-Post-DBS group were shown in (A) (PD-Pre-DBS group vs HCs group) and (B) (PD-Pre-DBS group vs PD-Post-DBS group), respectively. Regions showing increased ALFF in red and decreased ALFF in blue; L and R represent left and right hemispheres, respectively; The results were corrected by multiple comparisons of the family-wise error (FWE) (voxel p < 0.001, cluster p < 0.05); ALFF, amplitude of low-frequency fluctuation; PD-Pre-DBS, three days before DBS, PD-Post-DBS, one day after DBS, each time in the off medication and absence of neurostimulation; PD, Parkinson’s disease; DBS, deep brain stimulation; vs, versus.


Relative to the PD-Pre-DBS group, the PD-Post-DBS group had higher ALFF in the right putamen, right inferior frontal gyrus (IFG) (triangular and opercular part), left middle frontal gyrus (MFG) and right precentral gyrus. However, the PD-Post-DBS group had lower ALFF in the right angular gyrus, right precuneus, right posterior cingulate gyrus (PCC), left insula, left MTG, bilateral MFG and bilateral superior frontal gyrus (dorsolateral prefrontal cortex; DLPFC) (see Table 2 and Figure 1B).



FC Alterations

Based on differences between the PD-Pre-DBS and PD-Post-DBS groups, we chose left MTG, left insula, left MFG, right precuneus, right angular gyrus, right DLPFC, right putamen, right IFG and right precentral as ROIs and performed a voxel-wise analysis of the whole brain FC. There were no significant intergroup differences found in FC for three ROIs (left insula, right putamen and right precentral gyrus). Compared to the PD-Pre-DBS group, the PD-Post-DBS group demonstrated significantly decreased left MTG FC with left MTG and right superior temporal gyrus. Relative to the PD-Pre-DBS group, in right precuneus/PCC and right angular gyrus, the PD-Post-DBS group exhibited similar reduced FC in the right precuneus and bilateral MFG. Interestingly, we did not find increased FC. However, the PD-Post-DBS group had increased right IFG FC with right DLPFC. In addition, the PD-Post-DBS group had decreased left MFG FC with left precuneus and bilateral angular gyrus, but increased FC in the right temporal pole and bilateral supramarginal gyrus compared to the PD-Pre-DBS group. Furthermore, there were lower right DLPFC FC with left MTG, left cerebellum, right angular gyrus and bilateral precuneus, but higher FC with the right MTG, left superior temporal gyrus, left inferior parietal gyrus and left supramarginal gyrus in the PD-Post-DBS group than PD-Pre-DBS group. All of the above results were shown in Table 3 and Figure 2.


TABLE 3. Difference in functional connectivity between the PD-Pre-DBS group and the PD-Post-DBS group (voxel p < 0.001, FWE correction with cluster p < 0.05).
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FIGURE 2. Brain regions with altered FC between the PD-Pre-DBS group and the PD-Post-DBS group. Left middle temporal gyrus (A), Right precuneus (B), Right angular gyrus (C), Left middle frontal gyrus (D), Right dorsolateral prefrontal cortex (E), Right inferior frontal gyrus (F) as ROIs and performed a voxel-wise analysis of the whole brain FC; Regions showing increased FC in red and decreased FC in blue; L and R represent left and right hemispheres, respectively; The results were corrected by multiple comparisons of the family-wise error (FWE) (voxel p < 0.001, cluster p < 0.05); FC, functional connectivity; PD-Pre-DBS, three days before DBS, PD-Post-DBS, one day after DBS, each time in the off medication and absence of neurostimulation; PD, Parkinson’s disease; DBS, deep brain stimulation.




DISCUSSION

Herein, we utilized ALFF combined with FC methods in order to explore changes associated with spontaneous brain activity and brain networks between HCs and PD patients before and after undergoing DBS surgery for the first time. The main focus of this study was to examine alterations of neural activity and functional networks in PD with subthalamic microlesions. After deep brain electrodes were implanted, compared to the PD-Pre-DBS group, the PD-Post-DBS group exhibited significantly increased ALFF in the basal ganglia-thalamocortical circuit (putamen, precentral gyrus), as well as decreased ALFF in the right precuneus/PCC and right angular gyrus within the default mode network (DMN) and DLPFC and MFG that belong to the executive control network (ECN). Furthermore, we observed aberrant FC in these regions with prefrontal and temporal lobes. Herein, we concluded that the brain activity and networks of PD patients were altered during the microlesion period. The results of this study complemented findings from previous studies (Jech et al., 2012; Holiga et al., 2015). On one day after surgery, the UPDRS-III scores for PD patients decreased significantly from 38.19 ± 14.85 to 27.78 ± 11.31, which is consistent with the patient’s improved postoperative symptoms. However, after one month, the scores were found to be deteriorated by 38.89 ± 12.73, which reflects a transitory characteristic of MLE (Sitburana et al., 2010; Tykocki et al., 2013). Some patients had persisted for even longer (Kondziolka and Lee, 2004). This is in line with a study that suggests that the long-term clinical effects of MLE are small (Sitburana et al., 2010). In addition, one study observed a positive correlation between MLE and the degree of motor improvement that was induced by active stimulation after surgery (Tykocki et al., 2013).

Compared to the PD-Pre-DBS group, there was significantly increased ALFF value in the right putamen of the PD-Post-DBS group. The pathophysiology of PD is characterized by a striatal dopamine deficiency due to degeneration of dopaminergic nigrostriatal neurons (Hacker et al., 2012; Huot et al., 2016; Poewe et al., 2017; Shen et al., 2020). In particular, dopamine depletion is most pronounced within the putamen (Kish et al., 1988; Goldstein et al., 2017). Additionally, the putamen is a crucial component of basal ganglia-thalamocortical circuit (Amemori et al., 2011; Morigaki and Goto, 2016), which plays a key function in the development of movement disorders in PD (DeLong and Wichmann, 2015; Morigaki and Goto, 2016; McGregor and Nelson, 2019). Many previous studies have found consistent results of reduced putamen activity in PD (Zhang et al., 2015; Wang J. et al., 2018; Hu et al., 2020). Wang J. et al. (2018) have identified a consistent decrease in putamen activity in PD using a meta-analysis and an independent validation. Zhang et al. (2015) found that tremor-dominant PD patients showed decreased regional homogeneity in right putamen compared with HCs. There are lower ALFF in the bilateral putamen compared to HCs (Hu et al., 2020). Furthermore, there was also a significantly elevated ALFF in the right precentral gyrus in PD-Post-DBS, compared to the PD-Pre-DBS group. Previous imaging studies of PD have also observed abnormalities in the precentral gyrus (Uribe et al., 2016; Li J. Y. et al., 2020). The precentral gyrus is an area that is responsible for the output of movement and a key node of the basal ganglia-thalamocortical circuit (Bradberry et al., 2012; Burciu and Vaillancourt, 2018). Some studies have discovered a decrease of regional homogeneity (Li J. Y. et al., 2020) and cortical atrophy (Huang et al., 2016; Uribe et al., 2016) within the precentral gyrus of PD. These studies even suggested that they can be used as biomarkers for PD diagnosis or prognosis (Uribe et al., 2016; Li J. Y. et al., 2020). In addition, a study of the akinetic motor subtype of PD demonstrated a decrease in gray matter volume within the motor cortex, as well as abnormal FC between these areas and the cortex involved in motor planning and execution (Kann et al., 2020). These regions may play a key role in the unique longitudinal trajectory the akinetic motor subtype of PD (Kann et al., 2020). Therefore, we thought that development of PD was related to aberrant structure and function of the motor cortex, including its neural activity (Li J. Y. et al., 2020), gray matter volume (Kann et al., 2020), cortical thickness (Huang et al., 2016) and FC (Kann et al., 2020). Herein, we hypothesized that the increased activity of PD with the subthalamic microlesion in the putamen and precentral gyrus may relatively normalize neural activity of the PD-related motor cortex and enhance functioning of the basal ganglia-thalamocortical circuit, which causes transitory improvement of patients’ symptoms after DBS. It was also helpful to understand the mechanisms of traditional thalamotomy (Alvarez et al., 2005) by studying the different causes of MLE.

Relative to the PD-Pre-DBS group, the PD-Post-DBS group had lower ALFF in the right precuneus/PCC and the right angular gyrus. These brain regions are all key components of the DMN (Seghier, 2013; Cunningham et al., 2017). Numerous studies had demonstrated that DMN has a vital function in cognitive processing of neurodegenerative diseases (Lucas-Jiménez et al., 2016; Mohan et al., 2016; Kvavilashvili et al., 2020). In addition, DMN is related to the processing of emotionally-salient stimuli, working memory and consolidation of memory (Mohan et al., 2016). Some previous studies of PD patients with mild cognitive impairments have found similar results and that the dysfunction of DMN is associated with cognitive decline in PD (Hou et al., 2016; Lucas-Jiménez et al., 2016). These findings are consistent with our research results. Our observations regarding the alterations of ALFF between the PD-Pre-DBS group and HC are in line with these studies. Our results indicated reduced ALFF in the precuneus and angular gyrus in the PD-Pre-DBS group, compared to the HCs cohort. In addition, a study discovered that the function of DMN had been compromised in cognitively unimpaired patients with PD (Tessitore et al., 2012), which suggests that PD patients had an early functional disruption of the DMN in advance of any clinical evidence of cognitive impairment. Furthermore, the right precuneus/PCC and the right angular gyrus exhibited significantly reduced FC with right precuneus, left angular gyrus and bilateral MFG in the PD-Post-DBS group compared with PD-Pre-DBS group through further FC analysis. Therefore, these results indicate that reduction of neural activity of the precuneus/PCC may cause FC impairments of the DMN (Sandrone and Catani, 2013). We also observed lower ALFF values in the left insula in the PD-Post-DBS group. The insular lobe was thought to regulate DMN, as well as the fronto-parietal network (Fathy et al., 2020), and is associated with cognitive impairment in PD (Deen et al., 2011; Fathy et al., 2020). After STN-DBS, the cognitive decline on frontal executive function (Mikos et al., 2011; Lefaucheur et al., 2012), particularly verbal fluency (Okun et al., 2009; Mikos et al., 2011; Lefaucheur et al., 2012), found in many studies is considered to be due to the surgical microlesion (Mikos et al., 2011; Lefaucheur et al., 2012). Verbal fluency still declines in the off STN-DBS states, which indicates that it is caused by surgery, rather than a stimulation-induced effect (Morrison et al., 2004; Mikos et al., 2011). The abnormality of the DMN function, caused by subthalamic microlesion, may be partly responsible for a decline in cognition, especially verbal fluency (Okun et al., 2009). Nevertheless, the absence of the assessment of postoperative language function in our study has prevented us from validating our considerations.

Compared to the PD-Pre-DBS group, the PD-Post-DBS group exhibited lower activities in the bilateral MFG and DLPFC. A PD study discovered significantly decreased gray matter volume in the superior frontal gyrus and MFG, compared to HCs (Li Y. et al., 2016). DLPFC and MFG are core and key regions of the ECN (Ham et al., 2015; Taren et al., 2017), and play an important role in maintenance and regulation of top-down modulation (Seminowicz and Moayedi, 2017), as well as driving appropriate behavioral responses (O’Reilly, 2010; Sallet et al., 2013). Furthermore, DLPFC was thought to be involved in cognitive processes (Cieslik et al., 2013; Seminowicz and Moayedi, 2017), such as attention and emotional regulation (Buhle et al., 2014; Bidet-Caulet et al., 2015). Hence, we suspected that DLPFC and MFG are involved in post-surgical cognitive decline. Further FC analysis, DLPFC and MFG exhibited decreased FC with DMN-related regions, such as the angular gyrus and precuneus, which further validated our theory. Additionally, we found a significantly elevated ALFF in the right IFG in the PD-Post-DBS group, when compared to the PD-Pre-DBS group. In some studies, this area was widely considered to have an important role in executive control function (Hampshire et al., 2010; Wang Z. et al., 2018). This finding is consistent with that of one previous study on PD patients with mild cognitive impairment that demonstrated higher ALFF in the right IFG (opercular part), which was also negatively correlated to the MoCA score (Wang Z. et al., 2018). At the same time, the PD-Post-DBS group had a significantly higher right IFG FC with right DLPFC, compared to the PD-Pre-DBS group. Therefore, we thought that hyperactivity of IFG likely indicates a compensatory effect of cognitive decline, caused by electrode implantation in PD.

FMRI has been widely utilized to study abnormal patterns of brain activity and connectivity in PD during rest and task (Wu et al., 2011; Mohl et al., 2017). In contrast to rs-fMRI, task-based fMRI requires subjects to carry out a series of specific experimental actions. Many previous studies have investigated altered brain function of the cortical and subcortical regions of the motor network in PD based on task-based MRI (Herz et al., 2014; Filippi et al., 2018). A study of Mohl et al. found that the effective connectivity of different motor networks responses to levodopa during a tapping task can distinguish the subtypes of PD (Mohl et al., 2017). In addition, PD patients exhibited decreased connectivity between the striato-cortical and striato-cerebellar pathways, while there is an elevated connectivity in the cortico-cerebellar motor areas that can possibly compensate for basal ganglia dysfunction during self-initiated movements (Wu et al., 2011). Tessa et al. discovered that PD patients have higher activity in the left primary sensorimotor cortex whose hypoactivation is associated with severity of the disease during hand motor tasks (Tessa et al., 2012). The purpose of our study is to examine changes in brain activity patterns of PD patients during microlesion stage in the resting state. Therefore, we used rs-fMRI as the imaging method in this experiment. This can help avoid a decrease in comparability of experimental results in task-based research due to different task designs and different performance of subjects. In the following study, we will use task-based fMRI in order to further explore the abnormalities of the motor network cortex in PD with subthalamic microlesions.



LIMITATIONS

There were several limitations to our study. First, the language function were not evaluated after surgery. The main purpose of our study was to investigate the changes of motor symptoms and explore alterations of spontaneous brain activity and brain networks during the microlesion period. Therefore, we only used the UPDRS scale to evaluate the fluctuation of motor symptoms after DBS and did not evaluate the changes in speech function after DBS operation. The assessment of lack of language function did not affect the results of this study. In the following studies, we will further evaluate the cognitive and language function of patients after DBS. Secondly, although the unified standardized DBS surgery was adopted among PD patients via a neurosurgeon, we were still not able to control the absolute consistency of the position of electrodes implanted in all patients. In addition, the target implanted in this study was STN, which is divided into different sub-regions (van Wijk et al., 2020; van Wouwe et al., 2020). The damage caused by implantation in different sub-regions can induce different alterations in brain function. However, due to the small size of STN and the overlapping between functional subregions (Karachi et al., 2005), we thought that all subregions of STN were passed through by the implanted stimulation electrode (Yelnik et al., 2003), which caused minor damage to all subregions. Finally, there were much fewer HCs in our study compared to the PD group. Although the difference in sample size was a limitation of this study, there was no significant difference between demographic variables in two groups. In the future, the sample size will be expanded in order to validate results of this study.



CONCLUSION

Our results demonstrate that implantation of DBS electrodes not only improves the activity of the basal ganglia-thalamocortical circuit, but also reduces activity of the DMN and ECN-related brain regions. These findings can be helpful for further understanding of potential mechanisms that underlie MLE in PD.
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DBS, deep brain stimulation; PD, Parkinson’s disease; STN, subthalamic nucleus; GPI, globus pallidus internus; MLE, microlesion effect; AC, anterior commissure; PC, posterior commissure; TR, repetition time; TE, echo time; FA, flip angle; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; PCC, posterior cingulate gyrus; DMN, default mode network; ECN, executive control network; rs-fMRI, resting state functional MRI; ALFF, Amplitude of low-frequency fluctuation; UPDRS-III, the Unified Parkinson’s Disease Rating Scale part-III; PD-Post-DBS, one day after DBS; FC, functional connectivity; HCs, healthy controls; HAMA, Hamilton Anxiety scale; HAMD, Hamilton Depression scale; MMSE, Mini-Mental State Exam; FOV, field of view; DLPFC, dorsolateral prefrontal cortex; FWHM, full width at half maximum; ROIs, regions of interest; ANCOVA, analysis of covariance; FD, Mean frame-wise displacement; FWE, family-wise error; AAL, anatomical automatic labeling; MTG, middle temporal gyrus; MNI, Montreal Neurological Institute; MoCA, Montreal Cognitive Assessment; PDQ-39, the 39-item Parkinson’s Disease Questionnaire (PDQ-39); PD-Pre-DBS, three days before DBS.
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It has been a clinically important, long-standing challenge to accurately localize epileptogenic focus in drug-resistant focal epilepsy because more intensive intervention to the detected focus, including resection neurosurgery, can provide significant seizure reduction. In addition to neurophysiological examinations, neuroimaging plays a crucial role in the detection of focus by providing morphological and neuroanatomical information. On the other hand, epileptogenic lesions in the brain may sometimes show only subtle or even invisible abnormalities on conventional MRI sequences, and thus, efforts have been made for better visualization and improved detection of the focus lesions. Recent advance in neuroimaging has been attracting attention because of the potentials to better visualize the epileptogenic lesions as well as provide novel information about the pathophysiology of epilepsy. While the progress of newer neuroimaging techniques, including the non-Gaussian diffusion model and arterial spin labeling, could non-invasively detect decreased neurite parameters or hypoperfusion within the focus lesions, advances in analytic technology may also provide usefulness for both focus detection and understanding of epilepsy. There has been an increasing number of clinical and experimental applications of machine learning and network analysis in the field of epilepsy. This review article will shed light on recent advances in neuroimaging for focal epilepsy, including both technical progress of images and newer analytical methodologies and discuss about the potential usefulness in clinical practice.
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INTRODUCTION

Epilepsy is a common chronic brain disease, which affects around 50 million people all over the world (Leonardi and Ustun, 2002; GBD 2016 Epilepsy Collaborators, 2019). The burden of epilepsy includes recurrent seizures, their physical and psychosocial problems, and various comorbidities (GBD 2016 Epilepsy Collaborators, 2019). While seizures can be controlled by anti-seizure medicine in over 60% of patients with epilepsy (Kwan and Brodie, 2000; Chen et al., 2018b), the rest of them experience drug-resistant seizures, which may result in poorer quality of life (Kubota and Awaya, 2010). Epilepsy surgery is a well-established option to remediate patients with drug-resistant epilepsy, and particularly accurate localization of epileptogenic focus has a key role for the successful surgical resection in focal epilepsy (Rathore and Radhakrishnan, 2015).

Neuroimaging is an essential examination for epilepsy, and one of its major roles is to visualize epileptogenic lesions, particularly in patients with drug-resistant focal seizures (Bernasconi et al., 2019). However, a part of cases with focal epilepsy show visually normal MRI, which is called “MRI-negative” epilepsy (So and Lee, 2014), and the proportion of MRI-negative cases was supposed to be up to 30% in temporal lobe epilepsy (Muhlhofer et al., 2017). Since unsuccessful localization of focus by MRI may lead to poorer surgical seizure outcome (So and Lee, 2014), accurate visualization of epileptogenic lesions by neuroimaging techniques has been a long-standing challenge in epilepsy.

Thus, the current review will shed light on recent advanced neuroimaging techniques for focus detection as well as conventional standard and quantitative analysis.



CONVENTIONALLY “VISIBLE” STRUCTURAL LESIONS

Even though a lot of quantitative methodologies have been developed, visual inspection is still an important and standard approach for focus detection. Figure 1 presents an overview of conventionally visible epileptogenic lesions, including hippocampal sclerosis, focal cortical dysplasia and other malformation of cortical development, neoplasms, vascular malformations, and cerebrovascular diseases. Before discussing about MRI-negative epilepsy, epileptologists should be aware of these common epileptogenic lesions. Particularly, the two common etiologies, i.e., hippocampal sclerosis and focal cortical dysplasia, may need careful and specific attention for detection, as only subtle abnormalities may sometimes be found (Bernasconi et al., 2019). Additionally, meningoencephalocele has been recently recognized as another etiology in drug-resistant focal epilepsy, which may sometimes show only subtle abnormalities (Saavalainen et al., 2015; Tse et al., 2020). In cases with encephalocele, constructive interference in steady-state (CISS) imaging may be helpful for detection by enhancing the contrast between brain parenchyma and cerebrospinal fluid (Wang et al., 2017) (Figure 2). On the other hand, we need to keep in mind that the detected abnormalities may not always cause the seizures, in cases with incidental lesions.
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FIGURE 1. An overview of visible epileptogenic lesions (red arrows). (A) Hippocampal sclerosis, (B) focal cortical dysplasia, (C) other malformations of cortical development, (D) neoplasms, (E) vascular malformations, and (F) cerebrovascular lesions.
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FIGURE 2. A case with drug-resistant temporal lobe epilepsy and encephalocele. Constructive interference in steady-state (CISS) imaging was helpful for detection by enhancing the contrast between brain parenchyma and cerebrospinal fluid.


It is also important to differentiate epileptogenic lesions, particularly focal cortical dysplasia, from other findings, such as unspecific aging-related changes showing T2 hyperintensity. For that, we need to consider the main features of focal cortical dysplasia, including cortical thickening, blurring of gray–white matter junction, cortical or white matter T2 hyperintensity, and transmantle sign (De Vito et al., 2021) (Figures 1B, 3). To detect hippocampal sclerosis, which is the most common etiology of temporal lobe epilepsy (Thom, 2014), attention should be paid to hippocampal atrophy and T2 hyperintensity, and thinning and blurring of the molecular layer (Bernasconi et al., 2019; De Vito et al., 2021) (Figure 4). As described, epileptogenic lesions are sometimes subtle, and 3D acquisition with reformats is important (De Vito et al., 2021). Therefore, we should be careful about motion artifact and quality control.
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FIGURE 3. A case with drug-resistant focal epilepsy, who benefited from the official standard protocol for epilepsy. It was impossible to detect any abnormalities in both coronal and axial 2D fluid-attenuated inversion recovery (FLAIR) images with 3-mm slice thickness (A), but the 3D FLAIR images revealed findings of a bottom-of-sulcus-type focal cortical dysplasia with transmantle sign (B), and changing the signal range is sometimes helpful to clearly visualize the lesion (C). The pathological finding was focal cortical dysplasia type IIb.
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FIGURE 4. MRI findings in a case with unilateral hippocampal sclerosis (left). The affected hippocampus showed hippocampal atrophy and T2 hyperintensity, and thinning and blurring of the molecular layer, compared with the contralateral side or normal case (right).




RECOMMENDATION OF THE OFFICIAL STANDARD PROTOCOL FOR EPILEPSY

In 2019, the International League Against Epilepsy (ILAE) published the official recommendation of structural MRI for epilepsy (Bernasconi et al., 2019). In that, the following protocols were recommended as a standard: 3D millimetric T1-weighted images (T1WI) and fluid-attenuated inversion recovery (FLAIR) images, and 2D submillimetric coronal T2-weighted images (T2WI). Figure 3 shows a representative case with drug-resistant focal epilepsy, who benefited from 3D millimetric FLAIR images. It was impossible to detect any abnormalities in both coronal and axial 2D FLAIR images with 3-mm slice thickness (Figure 3A), but the 3D FLAIR images revealed findings of a bottom-of-sulcus-type focal cortical dysplasia with transmantle sign (Figure 3B), and changing the signal range may sometimes be helpful to clearly visualize the lesion (Figure 3C). The patient underwent surgical resection, and the pathological result was focal cortical dysplasia type IIb. Thus, the optimal MRI protocol for epilepsy may be able to make the previously invisible lesions visible.

However, even with such optimized protocols, we sometimes encounter patients with visually normal MRI. To detect the conventionally invisible epileptogenic lesions, efforts have been made to seek for useful advanced neuroimaging techniques in drug-resistant focal epilepsy (Bernasconi and Wang, 2021).



ADVANCED STRUCTURAL IMAGING

Beyond the recommended MRI protocol, newer structural MRI sequences have been suggested to provide additional usefulness. Double inversion recovery (DIR), which shows a high contrast between gray and white matters (Ryan, 2016), has been increasingly reported as a useful sequence to detect epileptogenic lesions in temporal lobe epilepsy (TLE) and extratemporal focal epilepsy (Li et al., 2011; Morimoto et al., 2013a, b; Granata et al., 2016; Wong-Kisiel et al., 2016; Wychowski et al., 2016; Sone et al., 2021). In TLE, the superiority of DIR to FLAIR for the detection of anterior temporal white matter abnormalities in the focus side in TLE was reported by both qualitative and quantitative evaluations (Morimoto et al., 2013a; Sone et al., 2021). Figure 5 describes a case of conventionally MRI-negative PET-positive unilateral TLE, in which increased DIR signals can be found in the focus side, while it was difficult to detect on FLAIR, T1WI, and T2WI. More recently, fluid and white matter suppression (FLAWS) has been reported for better visualization of focal cortical dysplasia even in conventionally MRI-negative cases (Chen et al., 2018a; Sun et al., 2021). FLAWS suppresses the white matter and cerebrospinal fluid signals and then generate gray matter-specific images (Tanner et al., 2012; Chen et al., 2018a). Thus, the enhanced contrast between gray and white matters by these newer sequences may improve the visualization of epileptic foci. In addition, edge-enhancing gradient echo (EDGE) imaging was reported to allow us to detect focal cortical dysplasia by directly visualizing the boundary between gray and white matters (Middlebrooks et al., 2020).
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FIGURE 5. A case of conventionally MRI-negative PET-positive temporal lobe epilepsy (TLE). While it was difficult to detect abnormalities on FLAIR, double inversion recovery (DIR) visualized hyperintensity within the anterior temporal white matter of the focus side. T1-weighted images (T1WI) and T2WI were also intact including the hippocampus.




ADVANCED DIFFUSION IMAGING

The progress in diffusion MRI has been an emerging topic in the field of neurology and psychiatry. Particularly, multi-shell protocols of diffusion MRI, including diffusion kurtosis imaging (DKI), q-space imaging (QSI), restriction spectrum imaging (RSI), and neurite orientation dispersion and density imaging (NODDI), have provided further information on brain microstructures (Cohen and Assaf, 2002; Jensen et al., 2005; White et al., 2013; Sone, 2019). In the field of epilepsy, NODDI and RSI have been repeatedly reported for their usefulness (Winston et al., 2014; Loi et al., 2016; Reyes et al., 2018; Rostampour et al., 2018; Sone et al., 2018; Lorio et al., 2020; Winston et al., 2020; Shao et al., 2021). Neurite orientation dispersion and density imaging allows us to investigate neurite density and orientation dispersion of the brain microstructures, and reduced neurite density has been consistently found in visible focal cortical dysplasia (Winston et al., 2014; Lorio et al., 2020). Neurite orientation dispersion and density imaging may also visualize neurite abnormalities within the focus even in MRI-negative cases (Sone et al., 2018). Figure 6 represents two cases with conventionally MRI-negative PET-positive unilateral TLE, which showed reduced neurite density within the anterior temporal lobe of the focus side. In TLE with hippocampal sclerosis, reductions of neurite orientation dispersion as well as neurite density were reported (Sone et al., 2018). Additionally, NODDI could help in better visualization of cortical tubers in tuberous sclerosis (Shao et al., 2021). RSI is another advanced diffusion MRI using multi-shell, reduced neurite density, and its correlation with clinical symptoms in epilepsy was also confirmed by RSI (Loi et al., 2016; Reyes et al., 2018). Thus, advances in diffusion MRI may be a promising tool for patients with drug-resistant focal epilepsy and invisible lesions on conventional MRI.


[image: image]

FIGURE 6. Two cases of conventionally MRI-negative PET-positive TLE. While no abnormalities were found in FLAIR and T2WI including the hippocampus, neurite orientation dispersion and density imaging (NODDI) revealed reduced neurite density of the focus side. (A) Modified from Sone et al. (2018). (B) Modified from Sone (2019).




ADVANCED FUNCTIONAL NEUROIMAGING

Interictal reduction of glucose metabolisms in 18F-FDG PET and ictal hyperperfusion detected by SPECT are traditional and established biomarkers for the detection of focus in drug-resistant epilepsy and often effective for MRI-negative cases (Kumar and Chugani, 2013; Shigemoto et al., 2020). In addition to nuclear imaging, recent advances in functional neuroimaging may further improve the detection of focus. Arterial spin labeling (ASL) is a non-invasive method to visualize brain perfusion by MRI (Haller et al., 2016) and, thus, expected to detect abnormal cerebral blood flow, particularly interictal reduction, around the epileptogenic foci in epilepsy (Figure 7) (Boscolo Galazzo et al., 2016; Shang et al., 2018; Wang et al., 2018; Sone et al., 2019; Lam et al., 2020). Although ASL might not surpass 18F-FDG PET in terms of detectability of focus (Sone et al., 2019), its non-invasive nature and wide availability will guarantee a supplemental role in clinical practice. Functional MRI triggered by electroencephalogram (EEG-fMRI) is another newer tool of functional imaging for focus detection. EEG-fMRI can non-invasively detect the hemodynamic signals related with interictal epileptic discharges on EEG (van Graan et al., 2015), and then it can be utilized to visualize the epileptogenic zone and its propagations (Khoo et al., 2017, 2018).
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FIGURE 7. A case of temporal lobe epilepsy with hippocampal sclerosis. Both Arterial spin labeling (ASL) and 18F-FDG PET showed reduced signals around the temporal lobe of focus side (modified from Sone et al., 2019).




QUANTITATIVE ANALYSIS AND POST-PROCESSING

Another solution for MRI-negative drug-resistant epilepsy is quantitative analysis and post-processing of images. It is known that quantitative hippocampal volumetry and signal analysis improve the visual detectability of hippocampal sclerosis (Coan et al., 2014), and better segmentation and detailed hippocampal profiling methods have also been developed (Winston et al., 2013; Vos et al., 2020). The Morphometric Analysis Program (MAP) is a well-investigated software to generate voxel-based morphometric maps, which can visualize subtle blurring of the gray–white boundary or abnormal cortical surface, using 3D T1WI. In fact, many studies confirmed the usefulness of MAP for the detection of focal cortical dysplasia (Kassubek et al., 2002; Huppertz et al., 2005; Wagner et al., 2011; Wang et al., 2015; Lin et al., 2018; Demerath et al., 2020) or band heterotopia (Huppertz et al., 2008). In addition to T1WI, usefulness of quantitative FLAIR or DIR analysis was also reported (Rugg-Gunn et al., 2006; Focke et al., 2009).

Machine learning is an emerging topic in this field; the advantage of machine-learning may include the accurate, automated, and fast pattern learning, which could be utilized to develop and/optimize clinical algorithms. Currently, studies on machine learning and epilepsy imaging reported its usefulness in the lateralization of TLE (Pustina et al., 2015; Bennett et al., 2019; Beheshti et al., 2020a, b) or automated detection of focal cortical dysplasia (Hong et al., 2014; Hong et al., 2016; Adler et al., 2017; Tan et al., 2018). While machine leaning has provided promising results for the detection of focus in epilepsy, we may need to develop and validate consistent methodology given the diversity of methods (Sone and Beheshti, 2021). Furthermore, network analysis is another trend in epilepsy (Bernhardt et al., 2015), and literature suggested that network metrics derived from neuroimaging could also be used for focus detection when combined with machine learning (Chiang et al., 2015; Yang et al., 2015; Kamiya et al., 2016; Fallahi et al., 2020).



MULTIMODAL IMAGING

Combination of multimodal imaging is also important for precise localization of focus (Kurian et al., 2007). Concordance across different modalities supports successful epilepsy surgery (Rathore and Radhakrishnan, 2015), and in addition, coregistered images would improve visual detectability of epileptogenic foci, which was demonstrated by a study using MRI and 18F-FDG PET (Salamon et al., 2008). Multimodal imaging is also a topic in machine learning studies (Pustina et al., 2015; Bennett et al., 2019). Given the importance of multiple modalities in epilepsy, developing a platform for fusion of data (Marecek et al., 2021) would become a significant work for the future.



SEVEN-TESLA MRI

Seven-tesla (7T) MRI is expected to yield improved detectability over 3T MRI, by the ultra-high-field magnetic strength (van Lanen et al., 2021). Despite the still limited access to 7T MRI, there have been several studies reporting its usefulness in epilepsy (De Ciantis et al., 2016; Veersema et al., 2017; Bartolini et al., 2019; Feldman et al., 2019). On the other hand, diagnostic gain of 7T over conventional MRI has been variable, ranging from 8 to 67% (van Lanen et al., 2021), and thus, further studies would be needed to establish the utility of 7T MRI for clinical use in patients with epilepsy.



ESTABLISHMENT OF CLINICAL MRI STANDARDS FOR EPILEPSY

While this review focused on the recent progress in newer imaging techniques, uniformity of the MRI protocols is of great relevance in clinical epileptology. To establish a practical standard, various aspects need to be considered, including magnetic field strength, imaging resolution, and acquisition time.

Regarding the magnetic field strength, 1.5- or 3-T MRI scanners are currently utilized in clinical practice. In principle, 3-T MRI provides a better signal-to-noise ratio and higher resolution of images, although we need to pay more careful attention to flow and motion artifact in 3-T scanners (Martinez-Rios et al., 2016; De Vito et al., 2021). Indeed, some previous studies reported better identification of epileptogenic lesions by 3- than by 1.5-T MRI, and the use of 3-T MRI may improve the clinical decision making (Knake et al., 2005; Zijlmans et al., 2009; Mellerio et al., 2014; Rubinger et al., 2016). The imaging resolution should be along with the official recommendation of ILAE (Bernasconi et al., 2019), i.e., 3D isotropic T1WI and FLAIR images with millimetric voxels (1 × 1 × 1 mm3), and 2D submillimetric T2WI designed for hippocampal evaluation. More advanced techniques, which were reviewed in this article, may be considered as additional imaging. On the other hand, however, such additions usually require longer acquisition time, which may become a trade-off dilemma for clinically acceptable epilepsy imaging. Thus, those advanced imaging methods need to become more established, particularly by robustly revealing the clinical usefulness, e.g., long-term prognosis of surgery. The manufacturer of MRI scanners is another important factor for the uniformity of epilepsy protocols, as some newer sequences have been developed by each specific manufacturer.



LIMITATION AND FUTURE CHALLENGE

As noted above, compared with conventionally established sequences, the usefulness of advanced imaging still needs to be more robustly elucidated. Although most studies reported potentials of better focus detection, long-term seizure outcomes after resection of the abnormal areas are rarely investigated, so far. Additionally, the cost effectiveness of acquisition time should be kept in mind. Thus, future studies should include more comprehensive and robust comparisons between imaging modalities and clinical parameters, as well as consideration of time efficiency. Another important topic in epilepsy imaging is the preclinical MRI studies to identify the underlying mechanism and time course of epileptogenesis (Immonen et al., 2019; Reddy et al., 2019). Advanced neuroimaging methods may provide further information for basic research on epilepsy. Eventually, in addition to focus detection, neuroimaging could contribute to elucidation of the neurobiological mechanisms, brain functions, and longitudinal brain changes in epilepsy (Galovic et al., 2019; Bernasconi and Wang, 2021). Thus, clinical and basic applications of advanced neuroimaging would be promising for better understanding and improved clinical practice for epilepsy.



CONCLUSION

There have been various, continuous efforts to better visualize epileptogenic foci in drug-resistant focal epilepsy. The promising advances in structural, diffusion, and functional neuroimaging, as well as quantitative processing and machine learning, may provide critical information for epilepsy surgery and benefit patients with drug-resistant focal epilepsy.
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Intractable epilepsy, also known as drug resistance or refractory epilepsy, is a major problem affecting nearly one-third of epilepsy patients. Surgical intervention could be an option to treat these patients. Correct identification and localization of epileptogenic foci is a crucial preoperative step. Some of these patients, however, have no abnormality on routine magnetic resonance imaging (MRI) of the brain. Advanced imaging techniques, therefore, can be helpful to identify the area of concern. Moreover, a clear delineation of certain anatomical brain structures and their relation to the surgical lesion or the surgical approach is essential to avoid postoperative complications, and advanced imaging techniques can be very helpful. In this review, we discuss and highlight the use of advanced imaging techniques, particularly positron emission tomography (PET)–MRI, single-photon emission computed tomography, functional MRI, and diffusion tensor imaging–tractography for the preoperative assessment of epileptic patients.
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INTRODUCTION

Temporary onset of signs and/or symptoms due to irregular excessive or synchronous neuronal activity in the brain is known as an epileptic seizure (Fisher et al., 2005). Epilepsy is defined as drug-resistant, or intractable, when the two main antiepileptic drugs are not capable of eliminating seizure activity, according to the International League Against Epilepsy (ILAE) (Duncan et al., 2016).

The epileptic focus is the site where the seizure starts (Munari and Bancaud, 1985). Epilepsy surgery aims to identify, remove, or disconnect this focus to achieve seizure-free conditions (Bonelli et al., 2012). The radiological identification of this focus and defining its relations to adjacent critical brain structures, however, could be challenging (Duncan et al., 2016).

For example, one of the most common causes of focal seizures in adults and infants is temporal lobe epilepsy (TLE), which accounts for 30% of all epilepsies (Rastogi et al., 2008). Nearly one-third of patients with TLE develop drug resistance, and in one-third of them, routine magnetic resonance imaging (MRI) of the brain will be normal (Bernardino et al., 2005).

Preoperative workup is required for the evaluation of patients with intractable epilepsy. MRI is the investigation of the choice for regular assessment. An epilepsy-tailored MRI technique was established to detect subtle lesions. This includes three-dimensional (3D) T1-weighted image gradient echo (MPRAGE) and 3D fluid-attenuated inversion recovery (FLAIR) images with isotropic voxels for the detection of focal cortical dysplasia (FCD) and mesial temporal sclerosis (MTS). Coronal and axial high-resolution T2-weighted images with 2–3 mm slice thickness are also used for the same reason. A 3D susceptibility-weighted imaging (SWI) sequence is required for microbleeds and faint calcification. Moreover, coronal T1 inversion recovery is used for better delineation of the gray–white matter interface, 3D T2 if suspected encephalocele, diffusion-weighted imaging (DWI) for detection of ischemic lesion, and post-contrast scan in case of inflammation or tumors. The use of 3T MRI is favored over regular 1.5T MRI machines (Gonçalves Pereira et al., 2006; Coan et al., 2014; Shah and Mittal, 2014).

The most challenging lesions to detect are MTS and FCD. The age of onset of MTS is usually between 4 and 16 years of age, with no gender preference. There may also be a family history of seizures. The diagnosis of MTS requires 3 mm coronal section T2-weighted image or FLAIR, in which gliotic changes appear as hyperintense signals. Atrophy and neuronal loss can also be observed in the T1-weighted image. Surgical intervention in MTS shows a success rate of 90% (Bradley and Shey, 2000; Rastogi et al., 2008; Tsai et al., 2016).

In contrast, FCD is the most common cause of intractable epilepsy in children younger than 3 years of age. It is considered a focal form of malformation of cortical development (MCD) and is thought to be related to an insult during gray matter differentiation. These insults could be ischemic, infectious, toxic, or genetic, and the associated epilepsy is drug-resistant and usually requires surgery (Rastogi et al., 2008).

In many situations, epilepsy-tailored MRI techniques are not sufficient to detect a lesion, and delineate its relations to adjacent eloquent brain structures. Therefore, other advanced techniques, such as positron emission tomography (PET), PET–MRI, functional MRI (fMRI), magnetic resonance spectroscopy (MRS), and diffusion tensor imaging (DTI), can be used. These techniques aim to detect a lesion, its connection, and its intimacy with an eloquent area to limit surgery and avoid post-surgical complications (Knake et al., 2005).

We review different advanced imaging techniques that are useful to detect epilepsy lesions and outline their relations to nearby critical brain structures and highlight the value of these techniques in improving the outcome and safety of epilepsy surgery.


POSITRON EMISSION TOMOGRAPHY

Positron emission tomography is a functional imaging technique that detects glucose uptake and metabolism in various tissues. The most used tracer is 2-deoxy-2[18F] fluoro-D-glucose (FDG), which is manufactured in a cyclotron, produces gamma radiation, and can cross the blood–brain barrier. After intravenous injection of FDG, tissue uptake, accumulation, and processing can be detected using a specific PET scanner (Juhász and John, 2020).

Positron emission tomography scanning requires a long imaging time (approximately 30 min), so it is suitable to detect epileptic focus, or in another term, the functional deficit zone, during the interictal period. Epileptic focus, which could be a small FCD that is often missed on MRI, appears as an area of low metabolism (reduced uptake) due to low neuronal activity as compared to the rest of the brain tissue (Figure 1). Even if the lesion is detected by conventional MRI, the extent of this lesion is beyond what is visible, and PET can detect the exact damaged area. Therefore, PET provides lateralization and localization information to guide epilepsy surgeons to remove or disconnect only the area of concern while avoiding major surgical procedures and poor postoperative outcomes (Rosenow and Lüders, 2001; Juhász and John, 2020).
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FIGURE 1. Coronal fluid-attenuated inversion recovery (FLAIR) (A), axial perfusion-weighted imaging-arterial spin-labeled (PWI-ASL) (B), coronal positron emission tomography (PET) (C), and coronal PET–MRI fusion (D) images of a 23-year-old male with longstanding epilepsy and underwent the scans in the interictal period. FLAIR image revealed mild increased signal and mild gliotic changes of the right hippocampus (white arrows) as compared to the left one (black arrows). PWI-ASL revealed a decrease in the cerebral blood flow (CBF) in the right hippocampus [region of interest (ROI) 1 = 44] as compared to the left hippocampus (ROI 2 = 50) denoting hypoperfusion. PET and PET–MRI images revealed pronounced hypometabolism of the right temporal lobe particularly the hippocampal formation as compared to the contralateral side. Quantitative data showed standardized uptake value (SUV) of right hippocampus measured 2.56 while on the left hippocampus measured 4.88 (Case courtesy of Prof. Dr. Yasser Abdel Azeem, Ain Shams University).


Positron emission tomography is superior to conventional MRI in detecting mild malformations of cortical development, which was missed in up to 66% of patients by MRI, while detected in 77% of patients by PET in some of the studies (Kim et al., 2011).

Co-registration of MRI with PET (Figure 1) adds more localizing capability and increases the sensitivity of PET to detect FCD, particularly type I, up to 98% which is commonly missed on routine MRI examination (Salamon et al., 2008). Moreover, surgical resection of the PET–MRI-positive region is associated with better seizure-free outcomes (Lin et al., 2018).

Hybrid PET–MRI has the same sensitivity as PET–CT but has the advantage of less radiation exposure and lower absorbed dose to the brain and eye as the images are acquired in a single session (Oldan et al., 2018). Limitations include high cost, long scan time, and the use of radioactive material which should be prepared in advance (Juhász and John, 2020).



SINGLE-PHOTON EMISSION COMPUTED TOMOGRAPHY

Single-photon emission computed tomography (SPECT) is another nuclear medicine technique that can detect epileptogenic foci during seizure activity. During seizures, blood perfusion to the abnormal area increases up to threefold. SPECT can detect this focal hyperperfusion during ictus; hence, it is called ictal SPECT (Valmier et al., 1989). Technetium-99m hexamethylpropyleneamine oxime (99mTc HMPAO) is used as an isotope agent, and a gamma camera is used to detect the radiation emission from the isotope. The injected dose is divided into two halves. The first half is injected during the interictal period, while the second half is injected during seizures, which is detected by an electroencephalograph (EEG) connected to the patient’s scalp. The uptake of the interictal scan is subtracted from the uptake of the ictal scan and the result refers to the focal area of hyperperfusion, and hence the epileptogenic focus (Duncan et al., 2016).

Furthermore, ictal SPECT can be co-registered with MRI, as with PET, and this again increases its accuracy and ability to show better anatomical localization. The new technique is called subtraction ictal SPECT co-registered with MRI (SISCOM). Identifying the epileptogenic focus by SISCOM is associated with good postoperative outcomes and elimination of seizures (Lerner et al., 2009).

SPECT co-registered with MRI is also useful in determining the exact location during placement of intracranial EEG leads for invasive recording that reduces possible complications. Nevertheless, it is sensitive to detect ictal focus in cases of extratemporal lobe epilepsy (Kim et al., 2009).

One limitation of ictal SPECT is the timing of radiotracer injection, which should be within 25 s after onset of ictus to achieve good sensitivity and avoid misleading results (Stamoulis et al., 2017).



PERFUSION MRI

Magnetic resonance imaging can detect changes in blood flow and volume using perfusion techniques. This can be done with intravenous contrast administration, for example, dynamic susceptibility contrast (DSC) or without intravenous contrast administration, for example, arterial spin labeling (ASL). The acquisition time is relatively long (3–4 min), which is why MR perfusion detects hyperperfusion in the early post-ictal period. Perfusion may be performed in the interictal period and the results can be subtracted from the early post-ictal perfusion images which confirmed the epileptogenic focus (Shah and Mittal, 2014; Abud et al., 2015).

In ASL (Figure 1), protons of the arterial blood are labeled by a radiofrequency pulse generated from the MR machine before they enter the cerebral vasculature and exchange with unlabeled protons. ASL can measure the cerebral blood volume (CBV) and cerebral blood flow (CBF) at the area of interest and hence can measure seizure related changes. It is widely used in accompany with conventional MRI as it doesn’t require intravenous contrast injection, it has a low cost, less time, and doesn’t subject the patients to radiation or radioactive hazards. On the contrary, the sensitivity of ASL is affected by the time delay between the onset of seizure and beginning of the scan (Kim et al., 2016).



DIFFUSION TENSOR IMAGING AND FIBER TRACTOGRAPHY

Diffusion tensor imaging is an advanced MRI technique that monitors the continuous movement of water molecules (Brownian movement). In an isotropic medium, for example, the gray matter, water molecules tend to be distributed randomly with no preferred direction. In an anisotropic medium, for example, white matter fibers, water molecules prefer to diffuse along the long axis of the nerve fibers rather than perpendicular to this axis (preferred direction) (Fujiyoshi et al., 2016; San Martín Molina et al., 2020).

By dividing the matrix into voxels and determining the water movement direction of each voxel, reconstruction of the white matter tracts can be performed by combining voxel directions, which is called tractography (Figure 2). Several tractography algorithms can be used, either deterministic or probabilistic, and the fiber tracts of every white matter bundle can be generated (Rosazza et al., 2018).
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FIGURE 2. Axial (A) and coronal (B) functional MRI (fMRI) (memory paradigm), diffusion tensor imaging (DTI)-tractography of the inferior occipitofrontal fasciculus (IOFF) (C) and inferior longitudinal fasciculus (ILF) (D) of a 30-year-old male with recurrent epilepsy due to right hippocampal low-grade glioma (white arrows). Yellow arrow referred to cortical representation at the posterior aspect of the hippocampus in relation to the lesion after memory activation. Tractography revealed deviation of the IOFF and ILF by the lesion without disruption of the fibers. These data are important in pre-operative planning (Case courtesy of Prof. Dr. Yasser Abdel Azeem, Ain Shams University).


An important step in preoperative evaluation in patients with intractable epilepsy is to identify Meyer’s loop at the site of surgery. Mayer’s loop is the anterior bundle of optic radiation, which projects variably into the temporal lobe (Figure 3). Anterior temporal lobe resection can cause injury of Meyer’s loop and, consequently, postoperative visual field defects. Identification of Meyer’s loop and measuring the distance from the anterior pole of the temporal lobe is crucial to salvage the bundle during surgery and avoid postoperative complications (Yogarajah et al., 2009; James et al., 2015).


[image: image]

FIGURE 3. Three-dimensional diffusion tensor imaging (DTI)-tractography images of the Meyer’s loops on the right side (A) and left side (B) of the same patient (black arrows), which demonstrated how asymmetrical Meyer’s loop could be in the same individual. The loop on the right side projected more into the temporal lobe than the left side. Tractography of this loop and estimation of the distance between the anterior pole of the temporal lobe and these fibers are recommended before anterior temporal lobe resection to guard against postoperative visual field defect.


Another white matter bundle that should be preserved during surgery is the arcuate fasciculus. The arcuate fasciculus connects the language areas at the temporal (Wernicke’s) and frontal lobes (Broca’s) and is larger in the dominant hemisphere (Ellmore et al., 2010). Injury or disconnection of this tract during surgery results in conduction aphasia; therefore, DTI-tractography is recommended before frontotemporal resection to preserve this bundle (Li et al., 2013).



FUNCTIONAL MRI

In the preoperative setting, DTI should be combined with fMRI to estimate the exact risk of surgical intervention. fMRI is a functional imaging technique that is sensitive to changes in oxygen concentration. Activated cortical areas within the brain extract more oxygen from the blood, and its blood oxygen level-dependent (BOLD) signal will change (Figure 2; Gaillard, 2000).

Each cortical area requires a specific task and a tailored paradigm for its activation and assessment. Activation of the cortical area will result in focal hyperemia and a transient increase in oxygenic consumption (Figures 2, 4), which will consequently cause a detectable increase in the T2∗ signal in this region (Yerys et al., 2009).
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FIGURE 4. Sagittal (A) and axial (B) preoperative functional MRI (fMRI) of a young female who had a cavernous hemangioma on the right parietal lobe (white arrow) that caused recurrent seizure. Activation of the motor cortex (white arrowheads) by finger tapping test revealed that the lesion was separable from the motor cortex and it could be resected without postoperative motor deficit.


Evaluation of language function and its side of dominance is essential for safe epilepsy surgery and requires the assessment of receptive (Wernicke) and expressive (Broca’s) language areas. In most healthy right-handed individuals, the left hemisphere is dominant, while in patients with TLE, this pattern is changed; there is a higher incidence of bilateral and right hemisphere dominance (Rosazza et al., 2013). Lateralization of the dominant hemisphere for language was previously carried out by the intracarotid amytal injection (Wada) test or electrocortical stimulation mapping, which are invasive techniques. Consequently, fMRI has been increasingly used to replace such invasive techniques (de Ribaupierre et al., 2012).

Several tasks are required to assess the comprehensive and productive capability of language areas. These include the verbal generation task, which is an easy task that stimulates both frontal and temporal language areas, semantic comprehension tasks that require naming objects and result in activation of temporal areas as well as verbal fluency tasks that activate the frontal more than the temporal regions (Vitali et al., 2011).

Localizing the motor area before surgery is an important step to avoid post-surgical paralysis. Localization of the dominant hemisphere is important before hemispherectomy, and the assessment of the closeness of the epileptogenic focus to the motor area is crucial. Tasks that involve stimulating the foot, finger, and mouth can be used to assess the motor cortex (Figure 4). In children less than 2 years of age and in sedated patients, activation of the motor cortex can be successfully performed using passive movement (Choudhri et al., 2015).

Resting-state fMRI (rs-fMRI) is another emerging technique that does not require a specific task for activation. It detects spontaneous neural activity, which creates fluctuations in the BOLD signal. Some studies have revealed that patients with epilepsy have an abnormal pattern of the resting-state network including decreased connectivity in comparison to the healthy group (Pizoli et al., 2011; Roland et al., 2017).

Although fMRI has a lower risk, lower cost, and more functional localization capability than Wada test, yet it still has some drawbacks. For example, there is no standard threshold to differentiate between activated and non-activated areas, the complexity of some tasks like language and memory requires high level of cooperation between staff and participants and the lack of ideal paradigms for the assessment of some tasks such as memory (Limotai and Mirsattari, 2012; Szaflarski et al., 2017).



CONCLUSION

Surgery can be a good treatment option for medically refractory epilepsy. The surgical success may depend on the use of advanced brain imaging techniques to identify the epileptic focus. We recommend the use of multiparametric imaging like conventional MRI with the use of perfusion, SPECT, PET–MRI to increase the chance of correct identification of the epileptogenic focus and the use of fMRI as well as DTI before surgical intervention to map the eloquent cortical areas, such as the language and motor cortex, as well as the connecting white matter tracts, to avoid accidental damage and faulty disconnection during surgery.
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In recent years, neuroimaging evidence shows that the brains of Parkinson disease (PD) with impulse control disorders (ICDs) patients have functional disconnection changes. However, so far, it is still unclear whether the topological organization is damaged in PD patients with ICD. In this study, we aimed to explore the functional brain network in 18 patients with PD with ICDs (PD-ICD) and 18 patients with PD without ICDs (PD-nICD) by using functional magnetic resonance imaging and graph theory approach. We found that the PD-ICD patients had increased clustering coefficient and characteristic path length, while decreased small-world index compared with PD-nICD patients. Furthermore, we explored the hypothesis whether the abnormality of the small-world network parameters of PD-ICD patients is accompanied by the change of nodal centrality. As we hypothesized, the nodal centralities of the default mode network, control network, and dorsal attention network were found to be significantly damaged in the PD-ICD group compared with the PD-nICD group. Our study provides more evidence for PD-ICD patients’ brain network abnormalities from the perspective of information exchange, which may be the underlying pathophysiological basis of brain abnormalities in PD-ICD patients.
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INTRODUCTION

Parkinson disease (PD) is a common neurodegenerative disease in middle-aged and elderly people. Its main clinical manifestations are motor symptoms such as resting tremor, bradykinesia, muscle rigidity, and abnormal posture, as well as non-motor symptoms such as impulse control disorders (ICDs). ICD refers to a mental disorder in which patients are driven by a strong desire to adopt improper behaviors to obtain self-satisfaction. Fifteen percent of PD patients have one or more clinical symptoms of ICD (Vriend, 2018), which mainly include pathological gambling, compulsive eating, hypersexuality, compulsive shopping, and so on (Vargas and Cardoso, 2018). Once PD patients suffer from ICD, clinical management and intervention will become more difficult. Therefore, in the early stage of PD with ICDs (PD-ICD), it is very important to understand the corresponding specific changes of PD-ICD.

Many previous neuroimaging studies, involving brain metabolism by using single-photon emission tomography (SPECT) (Cilia et al., 2011) and positron emission tomography (Thiel et al., 2003) and morphometric and functional imaging by using magnetic resonance imaging (MRI) (Frosini et al., 2010; Carriere et al., 2015; Tessitore et al., 2016), have made a lot of contributions in exploring the abnormal changes related to PD-ICD. They have consistently demonstrated dysfunction in both cortical and subcortical areas, which are important in the reward system, such as the striatum, anterior cingulate cortex (ACC), and insula. For example, in the SPECT study, PD patients with pathological gambling were found to be associated with ACC–striatal disconnection, which may indicate a specific abnormality of behavior control and explain why PD gamblers used to persist in gambling despite the self-destructive consequences (Cilia et al., 2011). A recent review of functional studies revealed decreased activity in ACC and increased activity in the ventral striatum and orbitofrontal cortex (Santangelo et al., 2019). Evidence from one of the resting-state functional MRI (rs-fMRI) studies showed that PD with ICD symptoms was associated with the functional disconnection between the left anterior putamen (an associative striatal area) and the left inferior temporal gyrus and the left ACC (limbic cortical regions) (Carriere et al., 2015). In addition, PD-ICD patients have been shown through several diffusion tensor imaging tractography to have widespread white matter tract damage (Yoo et al., 2015; Canu et al., 2017; Zadeh et al., 2018), which further confirm the impaired network connection in PD patients with ICD.

In recent years, as a new network analysis method, graph theory analysis has been widely used in the research of many neurological and psychiatric diseases including PD. This method models the brain regions and the connections between regions as nodes and edges, such that the brain is modeled as a topological network composed of many points and edges, which can be studied for network parameters and network efficiency. However, so far, it is still unclear whether the topographic organization is damaged in PD patients with ICD. Given the disconnected brain in PD with ICD, as well as the disruption of topological organization in PD, it is plausible that the whole-brain topological network of PD-MCI may also be damaged in a diseased state. Therefore, in the current study, we aimed to explore whether the presence of ICD in PD patients may determine abnormalities in the topological network by using rs-fMRI and graph theory methods.



MATERIALS AND METHODS


Study Population

All MRI and experimental data used in this study were obtained from the Parkinson’s Progression Markers Initiative,1 which is a large-scale, comprehensive observational, multicenter project of PD progression biomarkers (Marek et al., 2011). A total of 52 participants were analyzed, including 18 participants in the PD-ICD group, 18 in the PD without ICDs (PD-nICD) group, and 16 age- and sex-matched health control (HC) group (Table 1). All PD patients were diagnosed according to the criteria of the United Kingdom Brain Bank (Hughes et al., 1992). The study was approved by the Institutional Review Boards/Independent Ethics Committees. Written informed consent was obtained from all subjects. For more details on the study, see http://www.ppmi-info.org/wp-content/uploads/2013/02/PPMI-Protocol-AM5-Final-27Nov2012v6-2.pdf.


TABLE 1. Demographic and clinical features of HC, PD-nICD, and PD-ICD.
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MRI Parameters

The imaging data were acquired on the Siemens 3-T MRI scanner. T1-weighted gradient-echo 3D MPRAGE sequence was used [repetition time (TR) = 2,300 ms, time to echo (TE) = 2.98 ms, fractional anisotropy (FA) = 9°, 1-mm3 isotropic voxel] to obtain high-resolution structural images. rs-fMRI scan is obtained by echo plane sequence (TR = 2,400 ms, TE = 25 ms, FA = 80, voxel size = 3.3 mm3, total 210 volumes, 40 axial slices). It is recommended that the subjects open their eyes and relax quietly to perform a functional scan of the resting state and try not to fall asleep.



Data Preprocessing and Statistical Analysis

Results included in this manuscript come from preprocessing performed using fMRIPrep 1.4.1 (Esteban et al., 2019), which is based on Nipype 1.2.0 (Gorgolewski et al., 2011). More method details are shown in the Supplementary Material.



RESULTS


The Small-World Topology in PD-ICD, PD-nICD, and HC Patients

The topological brain networks at all three groups had the characteristics of “small-world” networks. For example, over an entire range of density thresholds, the small-world indexes of these three groups were larger than one (σ > 1) (Figure 1C).
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FIGURE 1. Cluster coefficient (Cp), characteristic path length (Lp), and small-world index (σ) in PD-nICD, PD-ICD, and HC. (A) The Cp from three groups. Black triangle means significant differences between PD-nICD and PD-ICD (36–38, 40, 42–50%, p < 0.05). Black diamond means significant differences between HC and PD-nICD (density thresholds: 32–50%, p < 0.05). (B) The Lp from three groups. Black triangle means significant differences between PD-nICD and PD-ICD (density thresholds: 25–39%, p < 0.05). Black square means significant differences between HC and PD-ICD (density thresholds: 36–37, 49–50% p < 0.05). (C) The σ from three groups. Black triangle means significant differences between PD-nICD and PD-ICD (density thresholds: 10, 23, 26–27%, p < 0.05).




PD-ICD Group Versus PD-nICD Group

Compared to the PD-nICD group, the PD-ICD group showed significantly increased clustering coefficient Cp (density thresholds: 36–38, 40, 42–50%, p < 0.05, two-tailed) (Figure 1A), characteristic path length Lp (density thresholds: 25–39%, p < 0.05, two-tailed) (Figure 1B), and significantly decreased small-world index σ (density thresholds: 10, 23, 26–27%, p < 0.05, two-tailed) (Figure 1C). Furthermore, we explored the hypothesis whether the abnormality of the small-world network parameters of PD-ICD patients is accompanied by the change of nodal centrality. Compared with the PD-nICD group, the brain regions with significantly increased node centrality in PD-ICD patients are located in default mode network (DMN), control network (CN), and dorsal attention network (DAN), and the significantly reduced regions are located in DAN (Table 2).


TABLE 2. Nodal centrality differences between PD-ICD and PD-nICD.
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PD-nICD Group Versus HC Group

Compared to the HC group, the PD-nICD group showed a significantly decreased clustering coefficient Cp (density thresholds: 32–50%, p < 0.05, two-tailed) (Figure 1A).



PD-ICD Group Versus HC Group

Compared to the HC group, the PD-ICD group showed significantly increased characteristic path length Lp (density thresholds: 36–37, 49–50% p < 0.05, two-tailed) (Figure 1B).



DISCUSSION

As far as we know, this is the first time to explore the changes of the brains from the perspective of topological networks in PD patients with ICD by using fMRI and graph theory analysis. We found that the PD-ICD patients had increased clustering coefficient and characteristic path length, while decreased small-world index compared with PD-nICD patients. Furthermore, we explored the hypothesis whether the abnormality of the small-world network parameters of PD-ICD patients is accompanied by the change of nodal centrality. As we hypothesized, the nodal centralities of DMN, CN, and DAN were found to be significantly damaged in the PD-ICD group compared with the PD-nICD group. As the pathogenesis of PD-ICD is not yet fully understood, we will further discuss our findings from the perspective of the topological network and the underlying pathophysiological basis that may arise.

Our results showed that whether it is NC group’s, PD-nICD group’s, or PD-ICD group’s brain functional network, they are all in line with the characteristics of small-world networks. This is similar to the studies of topological networks in other brain diseases, such as Alzheimer disease, schizophrenia, and so on (Liu et al., 2008; Zhao et al., 2012; Seo et al., 2013). Especially in the recent related research of topological networks in PD patients, the small-world network characteristics of the PD brain are also consistently presented (Luo et al., 2014; Berman et al., 2016; Chen et al., 2020). A small-world network is a relatively high-efficiency network model, with a high clustering coefficient and low characteristic shortest path length (Bullmore and Sporns, 2009). The brains of PD-ICD patients also have the characteristics of a small-world network, indicating that even in a disease state, the brain network is still a relatively efficient network model, which may be necessary for their daily activities, such as recalling, thinking, or decision making.

Although the brain network of PD-ICD patients presented a small-world characteristic, the network parameters were significantly different from those of the PD-nICD group. In our study, the clustering coefficient and characteristic shortest path length of the functional network in PD-ICD were significantly higher than in PD-nICD. In a topological network, the clustering coefficient reflects the efficiency of information transfer between local areas, and the higher the clustering coefficient, the more efficient the integration of information in the local area. The characteristic shortest path length reflects the overall information transmission, and the shorter the characteristic shortest path, the higher the efficiency of information transmission between long-distance areas (Bullmore and Sporns, 2009). Therefore, the increase in the clustering coefficient of the functional network of PD-ICD patients may indicate that the communication between the local brain regions related to impulsive behaviors is enhanced, leading to the occurrence of impulsive behaviors. The increase in the patient’s characteristic path length may indicate that the information exchange in the remote brain regions that inhibit impulsive behavior has also become slower, making it more difficult for patients to control and stop these impulsive behaviors.

We also explored the hypothesis whether the abnormality of clustering coefficient and characteristic shortest path length in PD-ICD patients is accompanied by the change of nodal centrality. Our results show that, compared with PD-nICD, the brain regions with significantly increased node centrality in PD-ICD patients are located in DMN, CN, and DAN, and the significantly reduced regions are located in DAN.

Default mode network, CN, and DAN are three networks that play an important role in cognition, behavior, and attention, which are inseparable from the brain’s information exchange and processing (Petrides, 2005; Fox et al., 2006; Koechlin and Summerfield, 2007; Buckner et al., 2008; Spreng et al., 2009). The DMN is considered to be related to ruminations, mind-wandering, and cognitive processing (Buckner et al., 2008; Spreng et al., 2009). The CEN is involved in the process of external stimuli, decision-making, and executive behaviors (Petrides, 2005; Koechlin and Summerfield, 2007). DAN is one of the sensory orientation systems in the human brain. It involves voluntary top-down orientation and indicates when, where, or in what direction the subject should perform behavioral activities (Fox et al., 2006). When it comes to PD with ICD symptoms, there are a few previous articles about these networks. As far as we know, there are currently only two related articles. One of them found that PD-ICD was related to increased connectivity within the salience network (SN) and DMN, as well as with a decreased connectivity within CN (Tessitore et al., 2017b). The other found decreased connectivity in DMN and CN, and increased connectivity in SN in PD-ICD when compared with PD-nICD patients (Tessitore et al., 2017a). Similar to previous studies, the current article also found that the DMN and CN network in the brain of PD-ICD patients are significantly abnormal compared with PD-nICD. The difference is that our research did not find significant changes in the SN network but found that the DAN network was damaged. This may be because our research method used a large-scale topological network, the information flow related to the centrality of the node needs to calculate the flow of information in the whole brain, rather than the functional connection between several brain regions. However, it is worth noting that our research also found DMN and CN in the brains of PD-ICD patients from the perspective of the topological network. This may indicate that DMN and CN network abnormalities are related to the pathogenesis and development of ICD symptoms in PD, and whether there are related abnormalities in DAN network still needs more research to confirm.

This study still has some limitations. The most important aspect is that the sample size is relatively small. Although our research found significant topological network differences between PD-ICD and PD-nICD, the small sample size prevented us from obtaining multiple comparisons corrected results. Second, we control the influence of confusion factors (such as age, gender, and so on) between groups on the topological network, but we cannot control the influence of these factors within the group. Third, the neural network mechanisms of different subtypes of ICD may be different. This study also did not distinguish the impact of ICD subtypes on topological networks. We hope that sufficient samples can be obtained in future studies for further research.



CONCLUSION

In summary, by using the topological network analysis method, we found that the clustering coefficient and characteristic path length of the brain function network of PD-ICD patients increased, accompanied by damage to the DMN, CN, and DAN network nodes. This may be the underlying pathophysiological basis of brain abnormalities in PD-ICD patients. At the same time, the current study also provides more evidence for PD-ICD patients’ brain network abnormalities from the perspective of information exchange.
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At present, it is still challenging to predict the clinical outcome of acute ischemic stroke (AIS). In this retrospective study, we explored whether radiomics features extracted from fluid-attenuated inversion recovery (FLAIR) and apparent diffusion coefficient (ADC) images can predict clinical outcome of patients with AIS. Patients with AIS were divided into a training (n = 110) and an external validation (n = 80) sets. A total of 753 radiomics features were extracted from each FLAIR and ADC image of the 190 patients. Interquartile range (IQR), Wilcoxon rank sum test, and least absolute shrinkage and selection operator (LASSO) were used to reduce the feature dimension. The six strongest radiomics features were related to an unfavorable outcome of AIS. A logistic regression analysis was employed for selection of potential predominating clinical and conventional magnetic resonance imaging (MRI) factors. Subsequently, we developed several models based on clinical and conventional MRI factors and radiomics features to predict the outcome of AIS patients. For predicting unfavorable outcome [modified Rankin scale (mRS) > 2] in the training set, the area under the receiver operating characteristic curve (AUC) of ADC radiomics model was 0.772, FLAIR radiomics model 0.731, ADC and FLAIR radiomics model 0.815, clinical model 0.791, and clinical and conventional MRI model 0.782. In the external validation set, the AUCs for the prediction with ADC radiomics model was 0.792, FLAIR radiomics model 0.707, ADC and FLAIR radiomics model 0.825, clinical model 0.763, and clinical and conventional MRI model 0.751. When adding radiomics features to the combined model, the AUCs for predicting unfavorable outcome in the training and external validation sets were 0.926 and 0.864, respectively. Our results indicate that the radiomics features extracted from FLAIR and ADC can be instrumental biomarkers to predict unfavorable clinical outcome of AIS and would additionally improve predictive performance when adding to combined model.

Keywords: acute ischemic stroke, outcome, magnetic resonance imaging, apparent diffusion coefficient, radiomics


INTRODUCTION

Acute ischemic stroke (AIS) is a critical cerebrovascular disorder worldwide with high morbidity and disability and accounts for 60–80% of all strokes (Darwish et al., 2020). The cerebral infarct in the middle cerebral artery (MCA) territory represents the most frequent AIS (Sommer et al., 2018). Early diagnosis and prognosis assessment are crucial in the management of AIS. At present, the National Institute of Health Stroke Scale (NIHSS) is the most commonly used clinical score for the evaluation of functional impairment (Choi et al., 2015). Most of the clinical trials on AIS are based on computed tomography (CT), CT angiography (CTA), and CT perfusion (CTP), which provide several and fast information about cerebral ischemic tissue. However, contrast-enhanced CT techniques are not universally accepted methods in the routine workup in AIS patients in some institutions due to the possible risk of intravenous injection of iodinated contrast agent and technical complex. Instead, non-contrast CT and multimodality magnetic resonance imaging (MRI) are used as substitute imaging modalities for clinical evaluation in AIS patients. Conventional MR stroke protocol, even without contrast injection, could be an alternative tool for providing both anatomic and functional information, including the lesion location and size, occluded vessels, diffusion characteristics, and cerebral blood perfusion obtained by arterial spin label (ASL) technique. Thus, the objective MRI markers would be useful to assist in predicting prognosis for an individual AIS patient.

By intravenous injection of contrast agent, enhanced MRI can provide further information, and the lesion mismatch on perfusion-weighted imaging (PWI) and diffusion-weighted imaging (DWI) has been employed to estimate the ischemic penumbra (Darwish et al., 2020). Whereas, enhanced MRI is not a universally accepted method in the routine workup in AIS patients due to an intravenous injection of gadolinium agent, it is time consuming, and the patient’s cooperation. Evidences have also shown its possibility to improve prognostic estimation with other non-enhanced MRI features, including fluid-attenuated inversion recovery (FLAIR) vascular hyperintensity (FVH) (Jiang et al., 2019), susceptibility vessel sign (SVS) (Rudilosso et al., 2021), cerebral artery laterality (Ichijo et al., 2013), and lesion volume (Bucker et al., 2017). Nevertheless, most of these studies are based only on morphologic information. Therefore, we will focus on FLAIR and apparent diffusion coefficient (ADC) as our research sequences in the setup of prognosis prediction models in this study.

As a novel developed data analysis technique, radiomics can extract great many quantitative features from medical images. Radiomics features would reflect subtle pathophysiologic features and heterogeneity of lesions. Radiomics has been employed in the diagnosis, prognostic estimation, and treatment evaluation of varied diseases. A recent study presented a promising result by using texture analysis with FLAIR and DWI images in AIS patients (Wang et al., 2020). They found that the texture features could be used as biomarkers to assess stroke severity. In other studies, radiomics features were extracted from CT angiography, enhanced T1WI, and ADC map. It has been proven that radiomics is an effective image analysis tool in the depiction of ischemic penumbra (Tang et al., 2020), evaluation of collateral circulation (Dolotova et al., 2020), prediction of hemorrhagic transformation (Kassner et al., 2009), prediction of malignant infarct (Wen et al., 2020), and forecasting clinical outcome in AIS patients. However, prognosis estimation was often made only based on radiomics features without clinical factors. So far, few studies have been performed to setup a prognostic model based on radiomics to predict clinical outcome individually. We hypothesized that the radiomics features extracted from FLAIR and ADC could be a prognostic biomarker for predicting clinical outcome in AIS patients.

Thus, the aim of this study was to explore radiomics based on FLAIR and ADC to predict the clinical outcome after 90 days of AIS onset. In addition, we tested the diagnostic performance of this model in an external validation set.



MATERIALS AND METHODS


Patients

This study was approved by the ethics committee of The Second Hospital of Hebei Medical University. Due to its retrospective nature, informed consent from patients was waived. AIS patients were retrospectively collected from three hospitals during January 2018 to June 2020. AIS was defined as the presence of acute clinical vascular syndromes and infarction DWI in MCA territory. Inclusion criteria included the following: (1) a first-ever AIS in unilateral MCA territory; (2) acute ictus of stroke ≤ 72 h before MR examination; (3) the maximum diameter of AIS lesions ≥ 1 cm; and (4) modified Rankin scale (mRS) at 90 days after ictus was available. Exclusion criteria included the following: (1) lacunar cerebral infarct; (2) secondary hemorrhagic transformation of AIS lesions; (3) coexisting other diseases that affect neurologic function, such as brain tumor, cerebral hemorrhage, trauma, and demyelinating disease; (4) age less than 18 years old; and (5) severe artifact on FLAIR or ADC images.

During the study period, 344 AIS patients were collected. There were 154 patients excluded due to bilateral cerebral infarction of anterior circulation or combined with posterior circulation cerebral infarction (n = 77); neurological dysfunction left by previous history of AIS (n = 21); complicated with other diseases causing neurological dysfunction, including brain tumor, hemorrhagic stroke, demyelinating disease, and brain trauma (n = 15); incomplete imaging and clinical data or poor image quality (n = 13); and the maximum diameter of DWI high signal < 1 cm (n = 28). Finally, 190 patients were enrolled into the present study (Figure 1). According to the Transparent Reporting of a multivariable prediction model for Individual Prognosis or Diagnosis (TRIPOD) (Collins et al., 2015), 110 patients who came from one hospital were assigned as training set. Eighty patients who came from the other two hospitals were assigned as external validation set. There was no significant difference in the baseline clinical and MRI variables between two sets (Table 1). A comparison of population characteristics of anterior circulation AIS patients with different outcomes is shown in Table 2.
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FIGURE 1. Flowchart of the collection of patients.



TABLE 1. Population characteristics of patients with AIS in the training and validation sets.
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TABLE 2. Population characteristics of AIS patients with favorable and unfavorable outcome.
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The demographic and clinical data (Liu et al., 2018) included gender, age, history of hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, smoking, alcohol consumption, previous cerebral infarct attack, time from ictus to MR examination (in hours), baseline NIHSS score on admission, and mRS score at 90 days. The orthogonal diameters (ODs) of infarct lesion (Yuan et al., 2019), admission addressStreetDiffusion-Weighted Imaging-Alberta Stroke Program Early CT (DWI-ASPECT) score, and Fazekas score (Fazekas et al., 2002) were measured for each patient. Unfavorable clinical outcome was defined as mRS > 2 at 90 days (Jiang et al., 2019). The treatment strategy included intravenous thrombolytic therapy, anti-thrombotic therapy, anticoagulant, oral statins, and antiplatelet. Arterial thrombectomy was performed in 12 patients in this cohort.



Image Analysis

Acute ischemic stroke patients underwent MR examination with a 3T Philips MR scanner (Achieva, Netherlands; in The Second Hospital of Hebei Medical University) or a GE MR System (Signa, United States; in Handan Central Hospital and Cangzhou City Hospital). The MRI protocol included FLAIR, DWI, and magnetic resonance angiography (MRA). The imaging protocol parameters at the Philips MR system were as follows: (1) FLAIR: repetition time (TR)/echo time (TE) = 9,000 ms/140 ms, inversion time (TI) = 2,600 ms; (2) DWI: single-shot echo planar imaging, b = 1,000 s/mm2, TR/TE = 2,208 ms/96 ms; and (3) MRA: time of flight sequence, 3D acquisition, TR/TE = 20 ms/3.5 ms. Imaging parameters at the GE MR system were as follows: (1) FLAIR: TR/TE = 8,000 ms/126 ms, TI = 2,400 ms; (2) DWI: single-shot echo planar imaging, b = 1,000 s/mm2, TR/TE = 4,500 ms/72.5 ms; and (3) MRA: time of flight sequence, 3D acquisition, TR/TE = 20 ms/3.2 ms.

The conventional MRI factors, including ODs of the lesion, Fazekas scores, and admission DWI-ASPECTS, were analyzed by two neuroradiologists (with 10 and 21 years of experience separately) independently. When a disagreement existed, consensus was reached after consulting another radiologist with a 26-year experience in neuroradiology. The ODs were measured on the DWI slice with the largest lesion diameter (Yuan et al., 2019). If there were multiple infarct lesions, the ODs of the first three largest lesions were summed up. We recorded the DWI-ASPECTS, in which a score of 0 indicates diffuse infarct throughout the MCA territory and a score of 10 represents no lesion (Tei et al., 2011). The white matter lesions were evaluated with Fazekas score (Fazekas et al., 2002), in which a score of 3 indicates confluent lesions and a score of 0 represents no lesions.



Feature Extraction

The FLAIR and ADC images of all eligible AIS patients were imported into the software Insight Segmentation and Registration Toolkit-ANAP (ITK-SNAP, version 3.8.01). Two neuroradiologists manually delineated the lesions on the ADC, then the region of interest (ROI) on ADC was copied to the corresponding FLAIR slice by using a free available software2 (Figure 2). In the areas of infarction, the FLAIR and ADC images were consequently segmented and were loaded into the open-source platform, PyRadiomics3, to extract radiomics features (van Griethuysen et al., 2017). Logistic regression analysis was employed for further selection of significant features. These selected significant features were used to calculate radscore.
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FIGURE 2. Lesion segmentation with the Insight Segmentation and Registration Toolkit-ANAP (ITK-SNAP). (A) Non-segmented diffusion-weighted imaging (DWI). (B) Segmented DWI. (C) Segmented apparent diffusion coefficient (ADC). (D) Segmented fluid-attenuated inversion recovery (FLAIR).




Development and Validation of Prediction Models

To develop prediction models, we performed a univariate logistic regression analysis for each potential factor (age, gender, various risk factors of cerebral vascular disease, interval from ictus to MR, ODs of infarct, admission NIHSS, Fazekas score, and admission DWI-ASPECTS) in the training set to select demographic, clinical, and conventional MRI predictors associated with unfavorable outcome. Then, the factors showing significant in the univariate logistic regression analysis and the radiomics features were used to develop six prognosis prediction models by using multivariable logistic regression analysis: ADC radiomics model, FLAIR radiomics model, ADC + FLAIR radiomics model, clinical model, clinical + conventional MRI factors model, and a combination model (all radiomics features and clinical and conventional MRI factors). The fitting formulas that were constructed with the training set were applied to the patients in the validation set.



Statistical Analysis

Statistical analyses were performed with IBM SPSS Statistics (version 21.0). The consistency between observers for estimating ODs of infarct lesions, the DWI-ASPECTS score, Fazekas score, admission NIHSS, and the reliability of extracted radiomics features were evaluated by the inter-class correlation coefficient. An ICC value more than 0.75 was considered as good consistency.

A logistic regression was used (1) to compare the difference in each potential variable between the training and validation sets and (2) to select the significant demographic, clinical, and conventional MRI variables that associated with unfavorable outcome. A P-value less than 0.05 was considered statistically significant.

A receiver operating characteristic (ROC) curve was employed to assess the performance of the six prediction models for discriminating unfavorable outcome from favorable outcome both in the training and validation sets. The performance of a model was considered good when the value of area under the ROC curve (AUC) was larger than 0.75.



RESULTS


Patients’ Characteristics

Due to imbalance of the data, we balanced them in both training and validation sets with Synthetic Minority Oversampling Technique (SMOTE) at first.

The basic characteristics of training and validation AIS patients are shown and compared in Table 1. There was no significant difference of outcome distribution between the two sets. The incidences of unfavorable outcome (mRS > 2 at 90 days) in the training and validation sets were 27.7% and 26.25% separately (P = 0.875). A univariate analysis showed that the following variables were significantly associated with the unfavorable outcome: age (P < 0.001), gender (P = 0.003), ODs (P = 0.006), admission NIHSS (P < 0.001), and DWI-ASPECTS (P < 0.001). Whereas, the time interval from stroke attack to MR examination (P = 0.119), hypertension (P = 0.748), diabetes mellitus (P = 0.276), hyperlipidemia (P = 0.567), coronary heart disease (P = 0.889), smoking (P = 0.646), alcohol consumption (P = 0.149), previous ictus (P = 0.877), and admission Fazekas score (P = 0.305) were not related to unfavorable outcome (Table 2). The average Fazekas score of the patients in the present study was 2.32. A multivariate analysis showed that the following variables were significantly associated with the unfavorable outcome: age (P < 0.001), gender (P = 0.010), admission NIHSS (P < 0.001) (Table 3).


TABLE 3. Logistic analyses for the predictors of unfavorable outcome of AIS patients.
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Assessment of Radiomics Features

The extracted features included three categories: shape features; first-order statistic features (histogram); and second-order statistic features, including gray level co-occurrence matrix (GLCM), gray level run-length matrix (GLRLM), gray level size zone matrix (GLSZM), gray level-dependent matrix (GLDM), and neighborhood gray-tone difference matrix (NGTDM). A total of 753 radiomics features were extracted from FLAIR and ADC images. Dimension reduction of data redundancy was performed with the Wilcoxon rank sum test, Spearman correlation analysis, and least absolute shrinkage and selection operator (LASSO). In brief, we employed cross-validation to determine an optimized tuning parameter λ when coefficients of indistinctive covariates were non-zero results. Then, this optimized λ was used for feature selection in the LASSO method (Li et al., 2018). At last, we used the selected features to setup a LASSO Cox regression model. After cutting off irrelevant and redundant features, the final six features were used as ultimate radiomics signatures: (1) DWI_wavelet. LH_first order_Interquartile Range; (2) DWI_wavelet. HL_GLCM_Idmn; (3) DWI_wavelet. HL_GLRLM_LongRun Emphasis; (4) FLAIR_original_GLSZM_ SmallArea Low GrayLevel Emphasis; (5) FLAIR_log. sigma. 5.0.mm. 3D_GLRLM_RunLength NonUniformity; and (6) FLAIR_wavelet. LL_GLDM_Low GrayLevel Emphasis. The detailed explanation of these features is shown in Supplementary Material 1. There was a significant difference of radscore between favorable and unfavorable outcome patients both in training and validation sets (Figures 3, 4 and Tables 4, 5).
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FIGURE 3. The box diagrams of radscore for discriminating favorable and unfavorable outcomes with combined model in the training and validation sets. (A) Training set. (B) Validation set.
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FIGURE 4. Waterfall chart showing radscores for each patient in the training and validation sets. The red columns represent patients with favorable outcome, whereas the green columns represent those with unfavorable outcome. (A) Training set. (B) Validation set.



TABLE 4. The diagnostic performance of the prediction models.
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TABLE 5. Comparison the AUCs among different prediction models (P-value).
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Comparison of Performance of the Prediction Models

The AUC values and other diagnostic performance indexes, including specificity, sensitivity, accuracy, positive and negative predictive values (PPV and NPV), and the comparison of AUCs among these models for predicting unfavorable outcome in the training and testing sets, are shown in Figure 5 and Tables 4, 5.
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FIGURE 5. ROC and precision–recall (PR) curve analysis of the six models for predicting unfavorable outcome in training and validation sets. ADC, apparent diffusion coefficient; AUC, area under the curve; Clin + Con MRI, clinical + conventional MRI variables; CI, confidence interval; FLAIR, fluid-attenuated inversion recovery; ROC, receiver operating characteristic curve. (A,B) ROC and PR curves of the training set. (C,D) ROC and PR curves of the validation set.


In the training set for predicting unfavorable outcome, the AUCs were as follows: ADC radiomics model 0.772, FLAIR radiomics model 0.731, ADC + FLAIR radiomics model 0.815, clinical model 0.791, and clinical and conventional MRI model 0.782. When combining clinical and conventional MRI factors and radiomics signatures, the AUC was significantly increased, reaching to 0.926 (Table 4 and Figure 5). In comparison, the combined model (all factors) had significantly better performance than any other model (P < 0.05) in the training set, so did the ADC + FLAIR model comparing with the FLAIR model (P = 0.041). However, there was no significant difference between the AUCs of other models (Table 5).

In the validation set for predicting unfavorable outcome, the AUCs were as follows: ADC radiomics model 0.795, FLAIR radiomics model 0.707, ADC + FLAIR radiomics model 0.825, clinical model 0.763, and clinical and conventional MRI model 0.751. When combining clinical and conventional MRI factors and radiomics signatures, the AUC value was increased to 0.864 (Table 4 and Figure 5). The PPV was relatively lower (0.531) and the NPV was relatively higher (0.917) in the validation set. In comparison, the combined model (all factors) had significantly better performance than FLAIR, clinical (Clin), and Clin + conventional (Con) MRI models (P < 0.05) in the validation set, so did the ADC + FLAIR model comparing with the FLAIR model (P = 0.036). However, there was no significant difference between the AUCs of other models (Table 5).

The diagnostic performance of the prediction models was tested with a precision–recall (PR) curve. The areas under curve of the “all” model (combined model) were largest both for ROCs and PR curves in training and validation sets (the areas under curve of PR was 0.79 in the training set and 0.71 in the validation set) (Figure 5). This indicated that the combined model could attain better diagnostic performance than any other models.

In the combined model (“all” model), the ORs for various factors were as follows: radioscore (ADC + FLAIR), 2.08; age (>60.5 years), 1.07; sex (male), 0.22; DWI-ASPECTS ≥ 7, 1.25; and admission NIHSS, 1.18 (Supplementary Material 2). Thus, radioscore, age, DWI-ASPECTS ≥ 7, and admission NIHSS were the risk factors of unfavorable outcome in AIS patients.



DISCUSSION

In this study, we extracted radiomics features based on FLAIR and ADC images and developed a combination model for predicting the functional outcome in AIS patients. We found that the radiomics signatures, especially those extracted from ADC image, were associated with unfavorable outcome (mRS > 2) and was a value risk factor. Moreover, radiomics based on FLAIR and ADC can improve the diagnostic performance of the combination prediction model.

Conventional MRI, including FLAIR and DWI, had been proven a useful tool in predicting AIS outcome. The location, volume, as well as signal intensity of infarct lesions are the effective markers of prognosis. Boss et al. (2019) explored the influence of visual DWI lesion homogeneity on clinical outcome in 30 AIS patients. A significant difference of mRS scores was found between patients with homogenous and non-homogeneous DWI lesions. However, they did not offer a quantization parameter of lesion homogeneity, and the finding has not been verified in other studies. In another study that included 65 AIS patients treated with thrombolysis, Tanriverdi et al. (2016) assessed the relationship between FLAIR hyperintensity and functional outcome. They suggested that a rise of FLAIR intensity ratio is a marker of favorable outcome. Whereas, the setup of prediction model and validation in other medical centers had not been made. Radiomics capture subtle variation within medical images. After extraction of radiomics features and dimension reduction of data redundancy, the strongest features could be used to analyze the heterogeneity of lesions and thus to predict patient outcome (Qiu et al., 2019; Tomaszewski and Gillies, 2021). Radiomics is superior to conventional imaging visual analysis in identifying the heterogeneity of AIS lesions (Wen et al., 2020). Qiu et al. (2019) also found that the radiomics features extracted from non-contrast CT and CT angiography were useful to predict the recanalization of cerebral arteries with intravenous injection of alteplase in AIS patients. Therefore, we selected FLAIR and DWI images to develop radiomics signatures and explore their prognostic role of clinical outcome in AIS patients.

Our results suggested that radiomics signatures extracted from FLAIR and DWI can be correlated with mRS scores. The diagnostic odds ratio (OR) analysis also showed that the weight of radioscore (2.08) was higher than any other clinical and conventional MRI factors (from 0.22 to 1.25). This result indicated that radioscore is the most important risk factor for predicting unfavorable outcome of AIS patients. It confirms our hypothesis that these features could be used as a biomarker to predict AIS outcome. In the study conducted by Tozer et al. (2018), texture features were extracted from FLAIR images. They found that these texture features were correlated with executive dysfunction and cognition in patients with cerebral small vessel disease instead of AIS. Wang et al. (2020) also confirmed that texture features extracted from FLAIR images and ADC maps could serve as a biomarker of stroke severity. While these features were not predictive of mRS scores in their study, on the other hand, they only enrolled ischemic stroke patients in subacute phase and did not test their results in an external validation set. In contrast, in the present study, we enrolled the AIS patients from three hospitals who suffered from ischemic attack less than 72 h and extracted radiomics signatures based both on FLAIR and ADC images.

Although radiomics features capture subtle heterogeneity beyond the perception of the human eye, our study showed that the AUCs of ADC + FLAIR radiomics feature model were slightly superior to those of pure Clin or Clin + Con MRI model both in the training and validation sets. But, other diagnostic performance indexes of ADC + FLAIR radiomics feature model were similar or even slightly lower than those of pure Clin or Clin + Con MRI model both in the training and validation sets. Thus, the direct usefulness of models only based on ADC and FLAIR radiomics features to predict unfavorable outcome of AIS may cause bias or errors. On the other hand, the multi-parameter analysis has been proven to attain better diagnostic performance. Therefore, the model integrating clinical and conventional MRI factors could be used in predicting outcome in AIS patients. The ability for predicting AIS outcome was improved significantly for this combination. In our study, the AUC and PPV of predicting unfavorable outcome in the training set with combined model were improved significantly (0.926 and 0.722, separately). Previous studies have also reported diagnostic performance improvement when this methodology was combined to clinical and conventional imaging variables. In one retrospective study of 38 pathologically confirmed intraductal papillary mucinous neoplasms (IPMN) of the pancreas, Permuth et al. (2016) found that the combined radiogenomic model attained more accurate prediction of the IPMN malignancy (AUC = 0.92). Wen et al. (2020) extracted radiomics features from non-contrast CT and CTA images of 126 patients with MCA infarct. They developed a combined prediction model based on radiomics and ASPECTS and showed a good performance of this model in predicting malignant MCA infarct both in the training and validation sets (with AUC of 0.917 and 0.913, respectively). These results confirmed the superiority of a combined model, indicating that clinical and conventional imaging factors and radiomics features have an intercrossing incremental effect on each other, adding up to a more satisfactory outcome prediction model for AIS patients. Thus, radiomics features should be combined to multi-parameter analysis with clinical variables as well as conventional visual factors to form a comprehensive marker panel with better performance. However, the PPV was relatively lower (0.531) and the NPV was relatively higher (0.917) in the validation set. This means four participants in the validation set will be incorrectly labeled as unfavorable outcome. The phenomena of relatively lower PPV and higher NPV in the validation set of the present study is probably because the data of the validation set come from the other two institutes. The heterogeneity of MR data and clinical factors could reduce the efficiency of the combined model.

Clinical and MR factors also play an important role in outcome prediction of AIS. Previous studies have reported that the clinical variables, such as gender, age, and admission NIHSS, could be used as factors for predicting the outcome of AIS patients (Kim and Vemuganti, 2015; Wu et al., 2019). To validate these results, we used the 90-day mRS > 2 as an unfavorable outcome criteria. In our study, multivariate logistic analysis confirmed that higher admission NIHSS scores, age (>60.5 years old), and gender (female) were independent predictors of unfavorable outcome. Both the above studies and the present study proved that the selected clinical variables have the potential in predicting long-term outcome of AIS. Along with clinical predictors, our findings also indicated that conventional MRI variables, including infarct volume and DWI-ASPECTS score, seem to be independent markers for predicting functional outcome. In previous studies, certain conventional MRI factors, especially those based on FLAIR and DWI images, have been proven to be associated with the outcome of AIS patients (Bucker et al., 2017; Liu et al., 2018; Tozer et al., 2018). Similarly, our earlier study also proved that with a cut-off value of 57.3 ml, the infarct volume could predict unfavorable patient outcome (Yuan et al., 2019). In the present study, we did not find an association between Fazekas score and 90-day mRS. This phenomena could ascribed to the lower Fazekas score of the patients in this study. The patients with lower Fazekas score experienced a less severe cerebral vascular disease (Liu et al., 2018). Otherwise, only moderate to severe leukoaraiosis (with higher Fazekas score) was the independent predictor of unfavorable outcome. Therefore, the use of clinical and conventional MR factors alone for predicting the outcome accurately has been challenged (Boss et al., 2019).


Limitations

It should be noted that there are several limitations in the present study. The main limitation is the relatively small sample size, which might cause an overfitting problem for developing radscore. However, to address this limitation, we used the external validation analysis to minimize this bias. Second, we collected the imaging data of AIS retrospectively. This might lead to selection bias. The results obtained from the consecutive AIS patients enabled the development of tentative outcome prediction model. Third, our current study did not include functional MR imaging. In the future, the data of perfusion imaging, amide proton transfer imaging, and other functional imaging could be added to a comprehensive model. Finally, only patients who had a stroke in the MCA territory are included, and this analysis cannot be generalized to strokes in other areas of the brain. However, infarction in the MCA territory is a most common ischemic stroke with high prevalence of sequelae and mortality (Yuan et al., 2019; Wen et al., 2020). Thus, the prediction model combining radiomics features and clinical and conventional MRI factors may still facilitate the early and accurate prediction of stroke. We deduce that the radiomics features extracted from ADC and FLAIR can be helpful in the development of clinical decisions of AIS patients, especially for those patients with stroke in the MCA territory.



CONCLUSION

Our results showed the usefulness of radiomics based on FLAIR and ADC in predicting unfavorable functional outcome in patients with AIS. Radiomics can be added as an independent predictor along with clinical and conventional MRI factors. The results proved that the combination model, which incorporates clinical variables, conventional MRI information, and radiomics, demonstrated the highest efficiency in the prediction of functional outcomes after AIS attack. This model can facilitate prediction of AIS evolution in acute phase and would contribute more to clinical evaluation process.
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Rasmussen’s encephalitis (RE) is a rare chronic neurological disorder characterized by unihemispheric brain atrophy and epileptic seizures. The mechanisms of RE are complex. Adaptive immunity, innate immunity and viral infection are all involved in the development of RE. However, there are few studies on the role of genetic factors in the mechanisms of RE. Thus, the objective of this study was to reveal the genetic factors in the mechanisms of RE. Whole-exome sequencing (WES) was performed in 15 RE patients. Ten patients with temporal lobe epilepsy (TLE), which is a common and frequently intractable seizure disorder, were used as the controls. Thirty-one non-silent single nucleotide variants (SNVs) affecting 16 genes were identified in the RE cases. The functions of the genes with SNVs were associated with antigen presentation, antiviral infection, epilepsy, schizophrenia and nerve cell regeneration. Genetic factors of RE were found first in this study. These results suggest that RE patients have congenital abnormalities in adaptive immunity and are susceptible to some harmful factors, which lead to polygenic abnormal disease.

Keywords: Rasmussen’s encephalitis (RE), seizure, genetic factors, whole-exome sequencing, singe nucleotide variants


INTRODUCTION

Rasmussen encephalitis (RE) is a rare chronic neurological disorder characterized by unihemispheric inflammation, refractory seizures, and progressive neurological deficits (Varadkar et al., 2014). It was first reported by the neurosurgeon Theodore Rasmussen in 1958 (Rasmussen et al., 1958). An epidemiological study from Germany estimated that the annual incidence of RE was 2.4 cases/107 persons aged ≤ 8 years (Bien et al., 2013). The disease mainly affects children, with an average age of onset of 6–7 years (Andermann and Farrell, 2006). However, there have also been reports that adolescents and adults account for 10% of all RE cases (Villani et al., 2006). Histopathological analysis of brain specimens revealed inflammation with microglial nodules, perivascular and parenchymal infiltration of T cells, loss of neurons and astrocytes, and gliosis in the affected hemisphere (Farrell et al., 1995; Bien et al., 2005). Immunomodulatory therapy seems to slow the progression of RE but cannot stop it or change the eventual outcome (Rasmussen et al., 1958). Cerebral hemispherectomy is still the only treatment for associated seizures, but it is related to inevitable dysfunction impairment (Kossoff et al., 2003).

There are various mechanisms related to RE. Adaptive immunity, innate immunity and viral infection are all involved in the development of RE. Immunopathological studies have shown that cytotoxic CD8+ T lymphocytes are the most common T lymphocyte subgroup in the brains of patients with RE (Pardo et al., 2014). The intensity of peripheral CD8+ T cell expansion is related to the severity of the disease (Schneider-Hohendorf et al., 2016). Although the adaptive immune response is an important effector of central nervous system (CNS) damage, the innate immune response mediated by the activation of microglia and astrocytes is also the core of the pathogenesis of RE. The degree of microglial activation follows the progression pattern of RE, parallels the degree of T lymphocyte infiltration, and is observed in the early stages of cortical involvement (Pardo et al., 2004; Troscher et al., 2019).

The pathological changes observed in RE brains are similar to those in viral encephalitis, which has promoted the study of pathogen infection in the damaged cerebral cortex. Human cytomegalovirus (HCMV) and Epstein-Barr virus (EBV) infections were originally proposed by Theodore Rasmussen (Walter and Renella, 1989; Farrell et al., 1991). Other viruses were also found in RE brain samples, such as herpes simplex virus (Vinters et al., 1993; Atkins et al., 1995). The localized and slowly progressing viral infection may explain the changes in monohemispheric encephalitis in RE. However, human herpesvirus infections are very common in humans. In all these studies, the causal relationship between viruses and RE pathogenesis has not been proven.

While RE is a rare chronic brain disorder, there are few studies on the role of genetic factors in the mechanism of RE. Early reports about genetic tests in RE came from case reports and found mutations in the NOD2/CARD15 and SCN1A genes (Goyal et al., 2007; Ohmori et al., 2008). Subsequently, researchers found SNPs in the CTLA4 and PDCD1 genes and elucidated genetic predisposition in immunoregulatory genes (Takahashi et al., 2013). However, because of the small case number or limited number of genes detected, limitations existed for the above studies. To reveal the genetic factors in the mechanisms of RE, whole-exome sequencing (WES) in 15 RE patients was performed in this study. As a result, single nucleotide variants (SNVs) were found in genes with functions in antigen presentation, antiviral infection, epilepsy, schizophrenia and nerve cell regeneration.



MATERIALS AND METHODS


Rasmussen’s Encephalitis Patients and Controls

Between 2008 and 2016, 34 patients with RE were admitted to Sanbo Brain Hospital (Beijing, China). Clinical diagnosis was made according to the “European consensus statement” (Bien et al., 2005). Among them, 15 patients were selected and enrolled in this study. Each patient was subjected to magnetic resonance imaging (MRI) examination using an MRI scanner (Siemens 3.0T TIM Trio MRI; Munich, Germany) for diagnosis before undergoing craniotomy.

Temporal lobe epilepsy (TLE) is a common refractory epilepsy in adolescents and adults (Tellez-Zenteno et al., 2012). There were partial similarities between RE and TLE in clinical manifestations and age of onset. However, their prognoses are greatly different. Cerebral hemispherectomy is the only treatment for associated seizures in RE, but it is related to inevitable dysfunction and impairment. Surgical resection of the temporal lobe has a good outcome in TLE. Thus, TLE was used as the control group in this study.

A total of 10 temporal lobe epilepsy (TLE) patients admitted to Sanbo Brain Hospital who underwent surgical treatment were used as a control group; they were generally matched with the RE group with respect to age. Patients with other nervous system diseases were excluded.

For RE and TLE patients, at least two blocks (0.5 × 0.5 × 0.5 cm each) of brain biopsies from different areas were collected for WES after the operations.



Whole-Exome Sequencing

WES was performed by GrandOmics (Beijing, China). Generally, the brain tissue collected during the operation was homogenized using a tissue disruptor. Then, genomic DNA was extracted with a TIANamp Genomic DNA Kit (DP304) (TIANGEN, China). DNA samples were quantified using a NanoDrop 2000. An exome-captured sequencing library was produced from the xGen Exome Research Panel v1.0 kit. The libraries were subsequently sequenced on an Illumina HiSeq X-ten sequencing instrument according to the manufacturer’s instructions with a read depth greater than 100X, and more than 95% of the area covered more than 20X.

After sequencing, the original data were obtained in FASTQ format, and then the short reads were compared with Genome Reference Consortium Human genome build 37 (GRCh37) by Burrows-Wheeler Aligner (BWA) software (v0.7–6a) (Li and Durbin, 2009) to determine the position of the short sequence on the genome. Sequence Alignment/Map (SAM) tools software (v0.1.18) was used to align these short sequences and convert the data format. The removal of redundant information and noise generated in the process of sequencing was conducted by Picard software (v1.91). Genome Analysis Toolkit (GATK) software (v2.6–4) (McKenna et al., 2010) was used to analyze sample sequencing data and the difference loci (SNPs and InDels) of the referred genome, while Annovar software (2013Aug23 version) was used for functional annotation of these mutation sites.



Variant Filters

We considered only canonical transcripts for each variant, assuming the most deleterious predicted effect for each transcript according to VEP software. In gene-based analyses, only non-silent SNVs were considered (that is, transcript ablations, splice donor/acceptors, splice region, stop gain, frameshift, stop lost, initiator codon variants, transcript amplifications, in-frame insertion/deletions and missense) (Figure 1).
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FIGURE 1. Screening process of SNVs in RE. RE, Rasmussen’s Encephalitis. TLE, temporal lobe epilepsy. WES, whole-exome sequencing. SNVs, single nucleotide variants.




Statistical Analysis

The frequencies of selected non-silent SNVs in all RE and TLE cases were calculated. SNVs that had a high frequency in RE cases (> 0.8) and low frequency in TLE and normal populations (0.2–0.6) were considered to be associated with the pathogenesis of RE (Figure 1).

Fisher’s exact test was used for statistical analysis by SPSS 19.0 software. P-values less than 0.05 were considered to be significant.



RESULTS


Clinical Features of Patients With Rasmussen’s Encephalitis

There were six males and nine females in the RE group, with a mean age of seizure onset of 7.7 years and a mean age at surgery of 11.0 years. The 10 TLE patients in the control group were generally matched with the RE patient group. There were four males and six females with a mean age of seizure onset of 7.3 years and a mean age at surgery of 9.4 years.



Single Nucleotide Variants in Rasmussen’s Encephalitis

In total, 31 non-silent SNVs affecting 16 genes were identified in this study (Figure 2). Detailed information on all genes and mutations is shown in Table 1. Most of the SNVs (29/31) had a frequency of 0.2–0.6 in normal populations, while two in the MUC2 gene had a low frequency (<0.1). No rare SNVs (<0.01) associated with specific functions were found. The frequency of these SNVs in the TLE group was nearly the same as that in the normal population. However, almost all of them were carried in the RE group, with a minimum frequency of 0.8.
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FIGURE 2. Functions and numbers of SNVs associated with RE.



TABLE 1. Single nucleotide variants obtained by WES in 15 RE cases and 10 TLE cases.

[image: Table 1]

Among the 16 genes with SNVs, half were related to antigen presentation, antiviral infection, epilepsy, schizophrenia and nerve cell regeneration, five had unknown functions, and three had no obvious connection with RE (Figure 3).
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FIGURE 3. Functions and numbers of genes carried SNVs associated with RE.




Genes With Single Nucleotide Variants in Rasmussen’s Encephalitis Are Related to Antigen Presentation and Antiviral Infection

SNVs in four genes related to antigen presentation and one gene related to antiviral infection were found in RE cases (Figure 3). Genes related to antigen presentation were HLA-DQA1, HLA-DQB1, HLA-DRB5, and CD1A. The gene related to antiviral infection was TRIM41.

HLA-DQA1, HLA-DQB1, and HLA-DRB5 belong to HLA class II. More than 11 SNVs were found in the HLA-DQB1 gene, while one SNV was found in the HLA-DQA1 and HLA-DRB5 genes. One SNV was found in CD1A. In addition, there was one SNV in TRIM41 gene in RE.



Genes With Single Nucleotide Variants in Rasmussen’s Encephalitis Are Related to Epilepsy, Schizophrenia and Nerve Cell Regeneration

Three genes related to epilepsy, schizophrenia and nerve cell regeneration were found in RE in this study. ADGRV1 plays a role in epilepsy. CMYA5 was reported to have a connection to schizophrenia. TNR is related to nerve cell regeneration.

One SNV was found in the ADGRV1, CMYA5, and TNR genes in RE cases.



DISCUSSION

The mechanisms of RE are complex. Viral infection was originally proposed to be the possible cause of RE (Walter and Renella, 1989; Farrell et al., 1991). Over the years, several studies have reported the detection of a number of viruses, including enteroviruses, EBV, human HCMV, human papillomavirus and herpes simplex virus (HSV), in the brains of RE patients (Pardo et al., 2014). Furthermore, in our previous research, antigens of various human herpesviruses (HHVs), including HCMV, EBV and HHV6, were detected in RE brain tissues with positive rates ranging from 50 to 88.5% (Zhang et al., 2017; Liu et al., 2018). In addition, it was found that the interferon-induced transmembrane protein-3 (IFITM3) polymorphism rs12252-C is associated with the high detection rate of HCMV and rapid disease progression in RE patients with the IFITM3 rs12252-CC genotype. This result indicates that IFITM3 rs12252-C is related to the disease progression of RE patients by promoting persistent HCMV infection in brain tissue (Wang et al., 2021).

Drug-resistant epilepsy is one of the most important clinical features of RE (Bien et al., 2002; Pradeep et al., 2016). TLE is a common and frequently intractable seizure disorder. Both RE and TLE have complex pathogenesis and show similar syndromes. Thus, TLE was used as the control group in this study. Studies have shown that adaptive and innate immunity play an important role in the mechanisms of RE (Varadkar et al., 2014; Schneider-Hohendorf et al., 2016). However, the triggering factor of these immune responses remains unknown. In this study, WES was used to explore the genetic factors of RE. The results showed that SNVs related to antigen presentation and antiviral infection were found in RE cases. However, none of them were found in TLE cases. This suggested that unlike TLE patients, RE patients might have congenital abnormalities in adaptive immunity. Therefore, we speculated that the triggering factors of the adaptive immune response in brain tissue in RE cases may be SNVs related to antigen presentation and antiviral infection when facing the challenge of viral infection.

In addition to adaptive immune-related genes, SNVs were also found in genes involved in epilepsy, schizophrenia and nerve cell regeneration in RE brain tissue but not in TLE tissues. This result suggested that SNVs in genes with the function of epilepsy, schizophrenia and nerve cell regeneration may be responsible for neurological symptoms in RE cases. Although RE and TLE have similar clinical manifestations, the prognosis of them after surgical treatment is completely different. The outcome for most patients with TLE is good. However, the prognosis of RE is not satisfactory and is accompanied by progressive neurological dysfunction. Based on the results of this study, we speculate that it may be due to mutations in genes related to nerve cell regeneration in patients with RE, which inhibited the recovery of nervous system function. Simultaneously, due to mutations in genes related to antigen presentation and antiviral infection, the patient’s adaptive immune function is dysregulated, and the antiviral effect is weakened, which in turn leads to aggravation of neurological diseases.

RE mainly affects children and is a pediatric epileptic syndrome in this population. Genetic factors and neurodevelopmental abnormalities were reported to be associated with age-specific epileptic syndromes, such as infantile spasms (IS). According to reports, approximately 7∼8% of infants with IS with unknown etiology have abnormal copy number variation (Osborne et al., 2010; Mefford et al., 2011). However, studies about the role of genetic factors in RE are lacking.

In this study, genetic factors of RE were explored. SNVs were found in genes with the functions of antigen presentation, antiviral infection, epilepsy, schizophrenia and nerve cell regeneration. We speculated that congenital abnormalities in adaptive immunity in RE would be the basis of neuron lesions, causing neurologic symptoms such as progressive neurological and cognitive deterioration and unihemispheric brain atrophy. Furthermore, SNVs in genes with functions in epilepsy, schizophrenia and nerve cell regeneration in RE cases may increase the degree of epilepsy.

In summary, genetic factors of RE were found in this study. We speculated that the triggering factors of the adaptive immune response against brain tissue in RE cases may be SNVs related to antigen presentation and antiviral infection when facing the challenge of viral infection. Congenital abnormalities in adaptive immunity increase neuropathy damage. Our results not only contribute to further understanding of the complex pathogenesis of RE but also help further elucidate the etiology of the disease. In the future, a large number of RE samples and in vitro experiments are needed to verify the roles of these SNPs in the pathogenesis of RE.
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Purpose: Patients with hyperthyroidism have frequent neuropsychiatric symptoms such as lack of attention, concentration, poor memory, impaired executive functions, depression, and anxiety. These neurocognitive impairments such as memory, attention, and executive functions appear to be associated with dysfunction in brain regions. This study was conducted to investigate the metabolic changes in the brain subcortical regions, i.e., posterior parietal cortex and dorsolateral prefrontal cortex (DLPFC), in patients with hyperthyroidism before and after antithyroid treatment using proton magnetic resonance spectroscopy (1H MRS).

Materials and Methods: We collected neuropsychological and 1H MRS data from posterior parietal cortex and DLPFC, in both control (N = 30) and hyperthyroid (N = 30) patients. In addition, follow-up data were available for 19 patients treated with carbimazole for 30 weeks. The relative ratios of the neurometabolites were calculated using the Linear Combination Model (LCModel). Analysis of co-variance using Bonferroni correction was performed between healthy controls and hyperthyroid patients, and a paired t-test was applied in patients at baseline and follow-up. Spearman’s rank-order correlation was used to analyze bivariate associations between thyroid hormone levels and metabolite ratios, and the partial correlation analysis was performed between neuropsychological scores and metabolite ratios, with age and sex as covariates, in the patients before and after treatment.

Results: Our results revealed a significant decrease in choline/creatine [glycerophosphocholine (GPC) + phosphocholine (PCh)/creatine (tCr)] in both the posterior parietal cortex and DLPFC in hyperthyroid patients, and these changes were reversible after antithyroid treatment. The posterior parietal cortex also showed significantly reduced glutamate/creatine (Glu/tCr), (glutamate + glutamine)/creatine (Glx/tCr), and increased glutathione/creatine (GSH/tCr) ratios in the hyperthyroid patients over control subjects. In DLPFC, only (N-acetyl aspartate + N-acetyl aspartyl-glutamate)/creatine (NAA + NAAG)/tCr was increased in the hyperthyroid patients. After antithyroid treatment, (GPC + PCh)/tCr increased, and Glx/tCr decreased in both brain regions in the patients at follow-up. Gln/tCr in the posterior parietal cortex was decreased in patients at follow-up. Interestingly, (GPC + PCh)/tCr in DLPFC showed a significantly inverse correlation with free tri-iodothyronine (fT3) in hyperthyroid patients at baseline, whereas NAA/tCr showed positive correlations with fT3 and free thyroxine (fT4) in hyperthyroid patients before and after antithyroid treatment, in the posterior parietal cortex. In DLPFC, only (NAA + NAAG)/tCr showed positive correlations with fT3 and fT4 in the patients before treatment.

Conclusion: The overall findings suggest that all the brain metabolite changes were not completely reversed in the hyperthyroid patients after antithyroid treatment, even after achieving euthyroidism.

Keywords: hyperthyroidism, magnetic resonance spectroscopy, neurometabolites, dorsolateral prefrontal cortex, posterior parietal cortex


INTRODUCTION

Thyroid hormones play an important role in the development and maturation of the brain and neuronal differentiation in humans (Zoeller and Rovet, 2004; Bernal, 2007). Dysfunction of these hormones may influence deficits in physiology, cognitive function, and emotional behavior (Bauer et al., 2008). Several studies have demonstrated that hyperthyroidism is commonly coupled with a range of neuropsychiatric symptoms, namely, nervousness, irritability, depression, anxiety, memory impairment, lack of concentration, and declined executive functions (Fahrenfort et al., 2000; Vogel et al., 2007; Yuan et al., 2019). The neurocognitive functions such as attention and concentration are associated with the cerebral cortex such as prefrontal and parietal cortices, which are highly sensitive to thyroid hormone concentration (Heuer, 2007). Although the effect of adult-onset hyperthyroidism on these brain regions is known, the underlying mechanism for the brain dysfunction and its reversibility remains unclear. We speculate that excess thyroid hormone not only influences brain function but may lead to metabolic abnormalities in the mature brain structures, namely, posterior parietal cortex and dorsolateral prefrontal cortex (DLPFC), critical for cognitive functions.

Magnetic-resonance-based imaging and spectroscopy have enormous potential for understanding structural, functional, and metabolic changes in various brain regions. Among non-invasive techniques, proton magnetic resonance spectroscopy (1H MRS) provides an in vivo quantification of various neurochemicals/metabolites during pathological conditions in humans and animal models. Several studies have reported metabolic changes in different brain regions in hyperthyroid patients using 1H MRS (Bhatara et al., 1998; Elberling et al., 2003; Danielsen et al., 2008). A previous 1H MRS study demonstrated a decreased choline/creatine (Cho/Cr) ratio in the right prefrontal cortex in patients with hyperthyroidism (Bhatara et al., 1998). Elberling et al. (2003) have shown significantly reduced total choline and myoinositol (mI) in the acute phase of Graves’ thyrotoxicosis compared with the healthy volunteers. Similarly, Danielsen et al. (2008) have reported significantly reduced N-acetyl aspartate (NAA), creatine (Cr), Cho, mI, and combined glutamate and glutamine (Glx) in both white matter (WM) and gray matter (GM) in parieto-occipital regions in patients with Graves’ disease, and also found a reversal of Cho/Cr ratio in the patients at follow-up after the acute phase of the disease. However, there are limited studies that reveal the metabolic changes associated with hyperthyroidism in the posterior parietal cortex and DLPFC of the brain.

In this study, we aimed to examine the metabolic changes in the brain subcortical regions, i.e., posterior parietal cortex and DLPFC, in patients with hyperthyroidism before and after antithyroid treatment using 1H MRS. Furthermore, the correlations of clinical indices, neuropsychological scores, and MRS data in the hyperthyroid patients were also carried out to understand the impact of clinical scores in these patients.



MATERIALS AND METHODS


Study Design

The hyperthyroid patients underwent thyroid hormone tests, neuropsychological assessments, and 1H MRS scanning pre and post 30 weeks of carbimazole treatment (after achieving a euthyroid state). The dose of carbimazole for each patient was decided by the clinician according to the disease severity during the period of antithyroid treatment. A starting dose of carbimazole 0.5 mg/kg/day was given and patients were monitored every 6 weeks for free tri-iodothyronine (fT3), free thyroxine (fT4), and thyroid-stimulating hormone (TSH) levels. The dose was titrated to keep fT4 in the lower half of the normal range (12–22 pmol/l). After 30 weeks of antithyroid treatment, patients were ordered back to undergo comprehensive assessments to evaluate the therapeutic efficacy. The healthy control group underwent the same assessments one time only, at the beginning of the study.



Subjects

We recruited 30 healthy controls and 30 hyperthyroid patients for this study. Out of the original cohort of 30 patients, 19 were included in the follow-up study. Demographic, clinical, and neuropsychological data for all the subjects are summarized in Table 1. All the hyperthyroid patients were diagnosed with hyperthyroidism for the first time and were recruited from the Thyroid Research Centre of our Institute. All control subjects chosen for the study were recruited from the local community. Thyroid function tests [TSH, fT3, and fT4] were carried out in all the patients and control subjects.


TABLE 1. Demographic, clinical and neuropsychological characteristics of all the subjects.
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The study was approved by the institutional research ethics committee, and informed consent was obtained for all the participants. Exclusion criteria for patients and controls were clinical evidence of stroke, head injury, cardiovascular diseases, history of smoking, alcohol or drug dependence, psychiatric disorders, or cognitive impairment.



Neuropsychological Data

The Mini Mental State Examination (Folstein et al., 1975) and the “Postgraduate Institute Battery of Brain Dysfunction (PGIBBD)” (Pershad and Verma, 1990) neuropsychological tests were performed in all the subjects. The memory scale, a part of PGIBBD, consists of a series of domain-specific cognitive function tests such as long-term episodic memory, recent episodic memory, mental balance, working memory span, delayed and immediate recall, immediate recall of semantically related word pairs, immediate recall of arbitrarily related word pairs, visual retention, and recognition of the objects (Pershad and Verma, 1990), were conducted for each subject. The higher raw score of each memory function test indicated better performance.

For executive function, Koh’s block design (KBD) and pass-a-long test (PALT) tests were performed in both the controls and patients. The higher the raw scores of KBD and PALT, the better the performance of the individual. For visuospatial and motor functions, the Bender–Gestalt test (BGT) and Nahor–Benson test (NBT) were used. The higher raw dysfunction scores indicated poor performance.

The scoring of all neuropsychological data was done as per the procedure, which has been described in detail elsewhere (Pershad and Verma, 1990).



In vivo MRI/MRS Acquisition

We used 3T whole-body magnetic resonance (MR) system (Magnetom Skyra, Siemens, Germany) with a 20-channel head coil and a 45 mT/m actively shielded gradient system for brain studies. High-resolution T1-weighted images were collected using a Magnetization Prepared Rapid Acquisition Gradient-Echo (MPRAGE) pulse sequence [repetition time (TR) = 1,900 ms; echo time (TE) = 2.49 ms; matrix size = 256 × 256; field of view (FOV) = 240 × 240 mm2; slice thickness = 0.9 mm; and number of slices = 160]. Anatomical imaging was performed in all three orthogonal planes for the positioning of the MRS voxels. We collected T2-weighted multislice images [TR = 5,600 ms, TE = 100 ms, number of excitations (NEX) = 2, matrix size = 312 × 512, FOV = 220 mm, 25 slices, slice thickness = 4.0 mm, and distance factor = 1.2 mm] covering the entire brain, to rule out the presence of any focal brain lesions.

The MRS was acquired using the single volume point resolved spectroscopy sequence (PRESS) with acquisition parameters: TR/TE = 2,000/30 ms; spectral points = 1,024; spectral bandwidth = 1,200 Hz; and averages = 256). Water suppression was achieved with a chemically selective suppression (CHESS) pulse sequence. Automated global shimming was used to minimize the B0 inhomogeneities and localized shimming was done to further minimize B0 field variations over the voxel of interest. Water unsuppressed spectra with 10 averages were also acquired for reference purposes. The line width of spectra in all subjects was less than 0.156 ppm (20 Hz) at full-width at half maximum (FWHM). For the right posterior parietal cortex, a voxel of 12 × 12 × 12 mm3 was placed in a sagittal slice and visually inspected on axial and coronal MR images. The visual cortex at the caudal pole of the brain and the somatosensory cortex just behind the central sulcus were used as anatomical boundaries for the voxel placement (Figure 1A). Similarly, a voxel of 12 × 12 × 12 mm3 was placed in the right DLPFC, which was identified on the sagittal and coronal MR images (Figure 1C). For the right DLPFC, the superior frontal sulcus, the lateral fissure, and the genu of the corpus callosum were used as anatomical boundaries for the voxel placement. The position of the voxels was visually inspected and adjusted based on identifiable anatomical landmarks about standard brain atlases (Jackson and Duncan, 1996).
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FIGURE 1. (A) Location of 12 × 12 × 12 mm3 voxel in the right posterior parietal cortex, (B) a representative spectrum analyzed by LCModel, (C) location of 12 × 12 × 12 mm3 voxel in the right dorsolateral prefrontal cortex (DLPFC), and (D) a representative spectrum analyzed by LCModel.




Magnetic Resonance Spectroscopy Data Analysis

The MRS raw data were processed using LCModel Version 6.3 for quantitative assessment of the brain metabolites (Provencher, 1993, 2001). To determine the detectability and quantitative reliability of each metabolite from the measured spectra, the % SD of each metabolite, defined as the Cramer–Rao lower bound (CRLB) criteria, was derived as a measurable index for quantitative reliability (Provencher, 1993). CRLB ≤ 20% was considered as an acceptable level of quantitative reliability. Metabolite ratios were used to reduce the variability in absolute values for different metabolites as observed in the subjects. We used total creatine (tCr) values as the internal reference for relative quantification due to its relatively stable concentration in the brain (Provencher, 2001).



Statistical Analysis

All the statistical analyses were conducted using SPSS (version 20.0, SPSS Inc., Chicago, IL, United States) statistical software. Demographic, clinical, and neuropsychological parameters were assessed by independent samples t-tests, and categorical characteristics were compared using the chi-squared test. Analysis of co-variance using Bonferroni correction was performed to compare different metabolite ratios between the two groups with age and sex as covariates. A paired t-test was used to compare metabolite ratios in the patients at baseline and the follow-up. MRS voxel GM, WM, and cerebrospinal fluid (CSF) were calculated using the Matlab script (Quadrelli et al., 2016).

Spearman’s rank-order correlation was used to analyze bivariate associations between clinical indices (fT3, fT4, and TSH) and metabolite ratios, and the partial correlation analysis was performed between neuropsychological scores and metabolite ratios, with age and sex as covariates, in the healthy controls and patients before and after treatment. A p value ≤ 0.05 was considered to be statistically significant.




RESULTS


Demographic, Clinical, and Neuropsychological Variables

Demographic, clinical, and neuropsychological data of hyperthyroid patients and control subjects are summarized in Table 1. No significant differences in age (p = 0.120), sex (p = 0.197), education (p = 0.396), or BMI (p = 0.925) appeared between the groups. In hyperthyroid patients, suppressed TSH (≤0.01 μIU/ml), elevated fT3 (≥7 pmol/l) and fT4 (≥22 pmol/l) levels were observed. However, the thyroid hormones of the control subjects were within normal ranges (TSH = 0.27–4.2 μIU/ml, fT3 = 2.6–6.8 pmol/l, and fT4 = 12.0–22.0 pmol/l). After antithyroid treatment, a significant increase in TSH levels (1.93 ± 1.75 μIU/ml), and reduced fT3 (4.60 ± 1.98 pmol/l) and fT4 (16.44 ± 4.70 pmol/l) values, were found in the patients at follow-up.

Significantly decreased scores were observed in recent episodic memory, mental balance, working memory span, visual retention, recognition of objects, performance quotient, and increased scores in NBT and BGT, in hyperthyroid patients over healthy controls (Table 1). After antithyroid treatment, patients at follow-up showed improvement in working memory span, immediate recall of arbitrarily related word pairs, visual retention, recognition of objects, performance quotient, and NBT and BGT scores (Table 1).



Magnetic Resonance Spectroscopy Results

The quality of the spectra between the groups was not significantly different as judged by FWHM and signal-to-noise ratio (SNR). The FWHM and SNR of the healthy controls and hyperthyroid patients before and after treatment are summarized in Table 2. No significant differences for GM, WM, and CSF in voxel tissue components were found between healthy controls, hyperthyroid patients before and after thyroxine treatment in both the brain regions (Table 2). There was no significant difference in tCr concentration between healthy controls and hyperthyroid patients in the right posterior parietal cortex (p = 0.96) and right DLPFC (p = 0.39). In the posterior parietal cortex, significantly decreased Glu/tCr (p = 0.001), [glycerophosphocholine (GPC) + phosphocholine (PCh)]/tCr (p = 0.004), and Glx/tCr (p = 0.011), and increased GSH/tCr (p = 0.035) metabolite ratios were found in hyperthyroid patients over healthy controls (Table 2). In addition, NAA/tCr (p = 0.075) showed an increasing trend in hyperthyroid patients compared to healthy controls, but it did not reach the level of statistical significance. In DLPFC, significantly reduced (GPC + PCh)/tCr (p = 0.005) and increased (NAA + NAAG)/tCr (p = 0.030) were observed in hyperthyroid patients compared to healthy controls (Table 2). The representative spectra acquired from the right posterior parietal cortex and right DLPFC regions of a control subject are shown in Figures 1B,D.


TABLE 2. Relative values of neuro-metabolites and spectral quality measures for the 30 controls, and 30 hyperthyroid and 19 hyperthyroid patients at baseline and at follow-up in posterior parietal cortex and dorsolateral prefrontal cortex (DLPFC).
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After treatment, (GPC + PCh)/tCr metabolite ratio reversal (p = 0.006 for right posterior parietal cortex; p = 0.001 for right DLPFC) in both the brain regions studies. Patients at follow-up showed significantly decreased Gln/tCr (p = 0.020), Glx/tCr (p = 0.035) in the posterior parietal cortex, and Glx/tCr (p = 0.037) in DLPFC. Also, GSH/tCr (p = 0.058) showed an increasing trend in the patients at follow-up (Table 2).



Correlation Analysis Among Thyroid Indices, Neuropsychological Scores, and Neurometabolites

After controlling for age and sex, hyperthyroid patients had positive correlations between (GPC + PCh)/tCr in the posterior parietal cortex and immediate recall of arbitrarily related word pairs (r = 0.584 and p = 0.002) (Figure 2A). In hyperthyroid patients, (GPC + PCh)/tCr in DLPFC positively correlated with delayed recall memory scores (r = 0.405 and p = 0.041) (Figure 2B), and negatively with Bender Visual-Motor Gestal test (r = −0.416 and p = 0.04) (Figure 2C) and Nahor–Benson test (r = −0.538 and p = 0.005) scores (Figure 2D).
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FIGURE 2. Scatter plots showing significant correlations between clinical data, neuropsychological scores, and metabolite ratios in hyperthyroid patients at baseline. (A) Positive correlation between (GPC + PCh)/tCr in posterior parietal cortex and immediate recall of arbitrarily related word pairs scores, (B) positive correlation between (GPC + PCh)/tCr in DLPFC and delayed recall memory scores, negative correlations between (C) (GPC + PCh)/tCr in DLPFC and Bender Visual-Motor Gestal test scores, (D) (GPC + PCh)/tCr in DLPFC and Nahor–Benson test scores, in hyperthyroid patients at baseline. Positive correlations between (E) NAA/tCr in posterior parietal cortex and fT3 and (F) NAA/tCr in posterior parietal cortex and fT4. (G) Negative correlation between (GPC + PCh)/tCr in DLPFC and fT3, positive correlations between (H) (NAA + NAAG)/tCr in DLPFC and fT3, and (I) (NAA + NAAG)/tCr in DLPFC and fT4, in hyperthyroid patients at baseline. DLPFC, right dorsolateral prefrontal cortex; GPC, glycerophosphocholine; NAA, N-acetyl aspartate; NAAG, N-acetyl aspartyl-glutamate; PCh, phosphocholine; tCr, total creatine.


Furthermore, in hyperthyroid patients at baseline, NAA/tCr in the posterior parietal cortex showed a significantly positive correlation with fT3 (r = 0.412 and p = 0.026) (Figure 2E) and fT4 (r = 0.400 and p = 0.031) (Figure 2F). GPC + PCh/tCr in DLPFC showed an inverse correlation with fT3 (r = −0.387 and p = 0.042) (Figure 2G), and positive correlations between (NAA + NAAG)/tCr and fT3 (r = 0.417 and p = 0.027) (Figure 2H) and fT4 (r = 0.389 and p = 0.045) (Figure 2I) in hyperthyroid patients at baseline. At follow-up, only NAA/tCr showed a significantly positive correlation with fT3 (r = 0.489 and p = 0.05) (Figure 3A) and fT4 (r = 0.603 and p = 0.01) (Figure 3B) in the posterior parietal cortex in patients after antithyroid treatment. In healthy controls, no significant correlations were observed among clinical parameters, neuropsychological scores and metabolite ratios.


[image: image]

FIGURE 3. Scatter plots showing significant positive correlations between (A) NAA/tCr in posterior parietal cortex and fT3 and (B) NAA/tCr in posterior parietal cortex and fT4, in hyperthyroid patients at follow-up. NAA, N-acetyl aspartate; tCr, total creatine.





DISCUSSION

This study investigated the metabolic changes in the posterior parietal cortex and DLPFC brain regions in hyperthyroid patients before and after antithyroid treatment using 1H MRS. Our results showed significant changes in the major brain metabolites, mainly in the posterior parietal cortex region due to thyroid hormone dysfunction in hyperthyroid patients, which include (GPC + PCh) as a marker of cellular membrane turnover, Glu as a measure of glutamate metabolism, GSH as an oxidative stress marker and NAA as a neuronal cell marker (Fonnum, 1984).

It is known that thyroid hormones regulate the processes of terminal brain differentiation such as neurogenesis, neuronal migration, neuronal and glial cell differentiation, myelination, and synaptogenesis (Chan and Kilby, 2000; Bernal, 2007). Thyroid hormones mediate central nervous system effects primarily through interaction of the active hormone T3 with nuclear receptors and regulation of gene expression (Heuer, 2007; Bauer et al., 2008). In adult humans, thyroid hormone deficiency or excess may lead to brain metabolism changes that cause clinical manifestations, namely, neurological and psychiatric symptoms (Joffe and Sokolov, 1994; Bernal, 2007), which are usually reversible with proper treatment. Our findings have shown the metabolic changes in total choline, combined peak of Glu and Gln, and NAA or (NAA + NAAG) in the posterior parietal cortex and DLPFC in hyperthyroid patients.

In the current study, hyperthyroid patients had significantly lower (GPC + PCh)/tCr in both the posterior parietal cortex and DLPFC, compared to healthy controls, which reversed in both brain regions after antithyroid treatment. Choline acts as a precursor for major components of cellular membrane phospholipids such as phosphatidylcholine and sphingomyelin, and it affects cholinergic neurotransmission via the synthesis of the neurotransmitter acetylcholine (Bekdash, 2016). Choline also has pivotal functions, namely, the maintenance of structural integrity of membranes and modulation of cholinergic neurotransmission, functions that are often dysregulated in some neurodegenerative disorders (Bekdash, 2016). Thus, the reduced (GPC + PCh)/tCr might be due to reduced cholinergic neurotransmission as mediated by acetylcholine. Several studies have suggested that choline may attenuate age-related memory decline or memory impairments that may be induced during adulthood (Klein, 2000; Bekdash, 2016). We also found a positive correlation between (GPC + PCh)/tCr and memory and motor functions in the brain regions of hyperthyroid patients. Our study is in support of a previous study that has shown that the Cho/Cr ratio decreases when patients have thyrotoxicosis and increases after treatment when the conditions of patients change to euthyroidism (Bhatara et al., 1998). In addition, our study also showed a positive correlation of (GPC + PCh)/tCr in both the brain regions with certain memory and motor functions, and a negative correlation of (GPC + PCh)/tCr in DLPFC with fT3 in the hyperthyroid patients.

Our findings showed significantly reduced Glu/tCr and Glx/tCr ratios in the posterior parietal cortex in hyperthyroid patients compared to healthy controls. Glu is the principal excitatory neurotransmitter, whereas Gln is a precursor of Glu and GABA in the brain, and its metabolism depends on astrocytes (Fonnum, 1984; Erecinska and Silver, 1990). During neurotransmission, Glu is released from the presynaptic terminals and converted to Gln via the Gln synthetase, an astrocyte-specific enzyme, in astrocytes. The Gln travels back to the neuron, where it is reconverted to Glu by a phosphate-dependent glutaminase enzyme (Meldrum, 2000). Therefore, the decreased Glu/tCr, and Glx/tCr ratios as observed in our study might be due to abnormal Glu-Gln cycling or decreased Glu activity in hyperthyroid patients. After antithyroid treatment, a significantly decreased Glx/tCr ratio in both brain regions was found in the patients at follow-up. These results might indicate that the metabolite alterations persisted even after the patients returned to the euthyroid state following antithyroid treatment. A previous study has shown that reduced Glu and Gln in the parieto-occipital WM in patients with Graves’ thyrotoxicosis persistently decreased even after antithyroid treatment (Danielsen et al., 2008). Different responses in terms of metabolite changes were observed in the two cortical regions studied, wherein metabolites associated with Glu metabolism were altered only in the posterior parietal cortex region, depicting compartmentalization of thyroid hormone influence on astrocytic Glu metabolism in the brain. However, the disparity in Glu metabolism in different regions is still a question of research.

In addition, there was a significant increase in (NAA + NAAG)/tCr in DLPFC in the hyperthyroid patients as compared with controls. In the posterior parietal cortex, an increasing trend was observed in NAA/tCr in hyperthyroid patients. After antithyroid treatment, both NAA/tCr in the posterior parietal cortex and (NAA + NAAG)/tCr in DLPFC decreased but were not statistically significant. NAA is an essential amino acid that is released from the breakdown of NAAG and is mainly synthesized in the mitochondria. NAA takes part in many processes, like regulation of protein synthesis, lipid production, and the metabolism of aspartate and NAAG in the brain. Increased NAA/tCr and NAA + NAAG/tCr may suggest impaired catabolism of NAA, as NAA is catabolized in astrocytes and oligodendrocytes, and may be affected by astrogliosis (Baslow, 2003; Aston et al., 2005). Besides cellular alterations, studies have reported higher NAA indicating oxidative stress (Surendran and Bhatnagar, 2011; Khan et al., 2018). We also found a positive correlation between NAA/tCr and fT3 and fT4 in the posterior parietal cortex in patients at baseline and follow-up, and positive correlations between (NAA + NAAG)/tCr and fT3 and fT4 in DLPFC in patients at baseline only.

In our study, we found an increased GSH/tCr ratio, an important antioxidant of the cells in the hyperthyroid patients, which further showed an increasing trend in the patients at follow-up. It is reported that elevated thyroid hormones levels (hyperthyroidism) induce oxidative stress (Villanueva et al., 2013). An increase in GSH could possibly reflect either an upregulation of local GSH production or downregulation in GSH breakdown to counterbalance increased oxidative stress (Duffy et al., 2014). An MRS study has shown that patients with mild cognitive impairment (MCI) had elevated GSH levels in the anterior and posterior cingulate, and the higher levels of anterior cingulate GSH were associated with poorer cognitive performance in MCI patients (Duffy et al., 2014). This increase in GSH level was explained as an early compensatory or neuroprotective response in MCI (Duffy et al., 2014).

In this study, reduced mI/tCr was also observed in both the brain regions in hyperthyroid patients, but it was not statistically significant. Although a previous study has shown a significantly reduced mI/tCr ratio in the parieto-occipital WM and frontal GM in the acute phase of Graves’ thyrotoxicosis compared with healthy volunteers (Elberling et al., 2003). Another study reported that the mI/tCr ratio was increased in the parieto-occipital WM, occipital GM, and frontal GM in hyperthyroid patients after antithyroid treatment (Danielsen et al., 2008).

Our study has provided information on metabolic changes in hyperthyroidism. However, there are certain limitations to this study. Our sample size is small for the follow-up study. Future studies with a large number of subjects may improve the robustness of data. Secondly, a follow-up study at different time points is necessary to see if the complete reversal of brain metabolites after antithyroid treatment in hyperthyroid patients is possible. This information may be valuable in the management and therapeutic planning of hyperthyroid patients in the future. Thirdly, we have not assessed depression and anxiety scores, which may affect metabolite levels in hyperthyroid patients.



CONCLUSION

Our study provides evidence that hyperthyroidism results in changes of key metabolites in the posterior parietal cortex and DLPFC, possibly indicating alterations in astrocyte physiology, glutamate/glutamine cycle, and/or oxidative stress in the adult human brain. In this study, altered neurometabolite ratios were found in the brain regions which showed reversible changes after antithyroid treatment in hyperthyroid patients. In addition, a few metabolites showed a significant correlation with thyroid indices (fT3 and fT4) and neuropsychological scores in the brain regions. The overall findings suggest that all the brain metabolites were not completely reversed in the hyperthyroid patients after antithyroid treatment, even after achieving euthyroidism. This finding has great relevance for the proper treatment and management of these patients.
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Background and Purpose: Reduced white matter (WM) integrity has been implicated in chronic kidney disease (CKD), especially in end-stage renal disease (ESRD). However, whether the differences in WM abnormalities exist in ESRD and non-end-stage CKD (NES-CKD) remains unclear. Hence, this study aimed to investigate the WM microstructural changes between the two stages using diffusion tensor imaging (DTI) and explore the related influencing factors.

Methods: Diffusion tensor imaging’ images were prospectively acquired from 18 patients with ESRD, 22 patients with NES-CKD, and 19 healthy controls (HCs). Tract-based spatial statistics (TBSS) was performed to assess the voxel-wise differences in WM abnormalities among the three groups. The relationships between DTI parameters and biochemical data were also analyzed.

Results: Compared with NES-CKDs, FA value was significantly decreased, and AD value increased in ESRDs mainly in brain regions of bilateral anterior thalamic radiation (ATR), the genu and body of corpus callosum (CC), bilateral anterior corona radiata, superior corona radiata, and superior longitudinal fasciculus. Besides, extensive and symmetrical deep WM damages were observed in patients with ESRD, accompanied by increased MD and RD values. Multiple regression analysis revealed that uric acid and serum phosphorus level can be used as independent predictors of WM microstructural abnormalities in clusters with statistical differences in DTI parameters between ESRD and NES-CKD groups.

Conclusion: In the progression of CKD, patients with ESRD have more severe WM microstructural abnormalities than NES-CKDs, and this progressive deterioration may be related to uric acid and phosphate levels.

Keywords: tract-based spatial statistics, chronic kidney disease, end-stage renal disease, uric acid, phosphate


INTRODUCTION

Chronic kidney disease (CKD) is defined as decreased kidney function shown by an estimated glomerular filtration rate (eGFR) of less than 60 ml/min per 1.73 m2 or the presence of albuminuria with at least 3-month duration (Zhang L. et al., 2012; Webster et al., 2017). End-stage renal disease (ESRD) occurs when CKD progresses to the eGFR of < 15 ml/min/1.73 m2. Continuous renal replacement therapy is essential to maintain the health of patients with ESRD, and hemodialysis accounts for the largest proportion in China (Navva et al., 2015). About 10–40% of patients with CKD had impaired cognitive function (Sarnak et al., 2013) and gradually progresses with the decline of kidney function. Patients at stage 4 have almost two times the memory and attention deficits compared with stage 3 (Egbi et al., 2015). In addition, patients with ESRD treated with hemodialysis show a 26–60% prevalence of mild cognitive impairment. The neurocognitive decline is most likely to be related to brain structure damage, especially white matter (WM) abnormalities (Vogels et al., 2012). Many studies have shown that WM abnormalities may appear earlier than brain atrophy and are more sensitive to early marker (Bartzokis, 2011; Metzler-Baddeley et al., 2019). In addition, more severe CKD may lead to more severe WM damage, which is associated with cognitive impairment (Liu et al., 2020). Therefore, WM integrity may be a more suitable biomarker for brain changes in patients with CKD.

Diffusion tensor imaging (DTI), a non-invasive neuroimaging technique, measures the diffusion tensor of water molecules and provides a detailed assessment of fiber tracts, which has been widely applied in microstructural WM integrity assessment (Hagmann et al., 2006; Nucifora et al., 2007). Therefore, patients with CKD can apply DTI technology for regular follow-up to track the changes in WM microstructure and conduct a detailed assessment of cognitive-related microstructure impairment. Some other more advanced dMRI techniques, such as diffusion kurtosis imaging (DKI) (Fieremans et al., 2011), neurite orientation dispersion and density imaging (NODDI) (Zhang H. et al., 2012), and fixel-based analysis (FBA) (Raffelt et al., 2015), provide additional and richer indicators to detailed evaluate the microstructure characteristics of tissues.

Previous studies based on DTI have found that patients with ESRD have abnormal WM integrity in multiple regions of the brain (Kong et al., 2014; Zhang et al., 2015; Yin et al., 2018; Chou et al., 2019). However, studies on the changes in WM integrity of patients with non-end-stage CKD (NES-CDK) are still limited. So far, only one study by Liu et al. (Liu et al., 2020) revealed that adult patients with CKD at stage 4 have reduced integrity of WM tracts in the corpus callosum (CC), anterior thalamic radiation (ATR), inferior fronto-occipital fasciculus (IFOF), and inferior longitudinal fasciculus (ILF). To rule out the effects of long-term hemodialysis, their study only included patients with CKD at stages 3–4. In fact, a report of longitudinal WM alterations in patients with ESRD showed that the toxic effect of ESRD itself may be the major factor of poor WM integrity (Chou et al., 2019).

Although WM microstructural abnormality in patients with CKD has been suggested, no studies have yet reported the direct comparison of DTI parameters (fractional anisotropy [FA], mean diffusivity [MD], axial diffusivity [AD], and radial [RD] diffusivity) between patients with ESRD and NES-CKD using tract-based spatial statistics (TBSS) analysis, to the best of our knowledge. TBSS is an advanced hypothesis-free method for analyzing whole-brain WM fiber tracts, which has been widely used in studies of various neurological diseases (Smith et al., 2006; Chen et al., 2018; Lim et al., 2019; Mei et al., 2020; Yamada et al., 2020). Compared with voxel-based analysis (VBA) using statistical parametric mapping, TBSS improves the registration sensitivity and accuracy based on the diffusion data projected onto a single, averaged FA skeleton located at the center of major cerebral WM pathways. TBSS also overcomes the personal evaluation bias in methods based on regions of interest (Smith et al., 2006; Qi et al., 2013).

This study applies TBSS to examine the microstructural abnormalities of the whole-brain WM skeleton among participants with ESRD, NES-CDK, and healthy controls (HCs) to accurately explore the characterization of WM alterations during CKD progression. The DTI metrics used in this study include FA, MD, AD, and RD, which may provide an overall characterization of WM alterations in patients with CKD. We hypothesize that WM microstructural alterations existed differences in the patients with ESRD and NES-CKD. We also explored the relationships among these DTI parameters with the clinical and laboratory data, and also cognitive function in participants with ESRD.



MATERIALS AND METHODS


Participants

This study was approved by the Local Ethics Committee of the First Affiliated Hospital of Dalian Medical University. Informed consents were obtained from patients or legal guardians before the study. CKD diagnosis was confirmed by a nephrologist according to the kidney disease outcomes quality initiative (K/DOQI) classification, with < 15 and 15–59 ml/min/1.73 m2 classified as ESRD and NES-CDK, respectively. Other inclusion criteria for patients with ESRD and NES-CDK were as follows: (1) maintenance hemodialysis (3–4 times per week) for at least 3 months and no dialysis, respectively; (2) age > 18 years; and (3) right-handedness. Exclusion criteria included the following: (1) had a history of traumatic brain injury, psychiatric diseases, or other neurological disorders (e.g., infarction); (2) recipient of renal transplant; and (3) contraindications for MRI examination (e.g., claustrophobia, pacemaker).

Between April 2019 and May 2021, 45 patients diagnosed with CKD were prospectively recruited in this study. Patients with poor image quality (n = 3) and with claustrophobia (n = 2) were excluded. Therefore, 40 patients with CKD, including 18 patients with ESRD and 22 with NES-CKD at stages 1–4, were enrolled in the final analysis. Nineteen HCs (right-handedness) were recruited with similar age, sex, body mass index (BMI), and education level to the participants with CKD. The exclusion criteria for HCs were traumatic brain injury, mental disorder, and neurological disorders.



Neurocognitive Assessments

Among 40 patients with CKD, only 12 ESRD participants completed cognitive assessment [Beijing revised version Montreal Cognitive Assessment (MoCA)] before MR data acquisition. MoCA is a fast, comprehensive, deliberate, and sensitive neurocognitive assessment tool, which has previously been applied in the CKD population (Tiffin-Richards et al., 2014; Liu et al., 2020).



Clinical Data and Laboratory Tests

All patients with CKD underwent clinical data collection (course of disease, admission blood pressure) and several biochemical tests, including serum creatinine (Scr), creatinine (Cre), serum urea (Urea), uric acid (UA), cystatin C (Cys C), cholesterol (CHOL), homocysteine (HCY), low-density lipoprotein (LDH), high-density lipoprotein (HDL), triglyceride (TG), serum kalium (K), serum natrium (Na), serum calcium (Ca), serum phosphorus (P), and parathyroid hormone (PTH) levels before MR data acquisition. No biochemical test was performed on the participants in the HC group.



Diffusion Tensor Imaging


Diffusion Tensor Imaging Data Acquisition

Diffusion-weighted images were obtained with a 3.0T MRI scanner (Ingenia CX, Philips Healthcare, Best, Netherlands) equipped with a 32-channel phased-array head coil, using a single-shot echo-planar imaging (SS-EPI) sequence. The parameters were as follows: 64 non-collinear spatial directions at b value = 1,000 s/mm2, one baseline image at b = 0 s/mm2, TR/TE = 6,000 ms / 92 ms, voxel size = 2 mm × 2 mm × 2 mm, matrix size = 128 × 128, field of view = 256 mm × 256 mm, slice thickness = 2 mm, without a slice gap. A total of 68 axial slices were collected, covering the whole brain, and the duration of the DTI scan was 6 min and 46 s.



Diffusion Tensor Imaging Data Preprocessing

Diffusion tensor imaging data were processed using the Functional MRI of the Brain (FMRIB) Software Library (FSL) version 5.0.91 (Smith et al., 2004). Eddy current-induced distortions and motion artifacts were corrected by registering each diffusion-weighted image to the non-diffusion weighted volume (b0 image) using the affine alignment (Andersson and Sotiropoulos, 2016). All images were visually inspected before and after corrections. “Brain Extraction Tool (BET)” inside the FSL package was used to extract a brain mask from the eddy corrected image to remove the skull and non-brain tissue (Smith, 2002). Diffusion tensor at each voxel was fitted using the DTIFIT tool to generate FA, MD, and eigenvalue (λ1, λ2, λ3) maps. Axial (AD = λ1) and radial [RD = (λ2 + λ3)/2] diffusivity maps were then calculated from these eigenvalues.



Tract-Based Spatial Statistics Analysis

Voxel-wise statistical analysis of the FA maps was performed using the TBSS toolbox in FSL (Smith et al., 2004, 2006). All FA maps were spatially aligned to a 1 mm × 1 mm × 1 mm FMRIB58 FA standard space using a non-linear registration algorithm. The aligned FA maps were averaged to create a mean FA image and then skeletonized to generate a mean FA skeleton, which represents the center of all WM fiber tracts common to all participants. The FA threshold for the skeletonization was 0.20 to exclude gray matter and cerebrospinal fluid interference and also intersubject variability. Aligned FA maps for all subjects were then projected onto this skeleton. The same FA transformation was then also applied to MD, AD, and RD images for statistical analysis.

To estimate the voxel-wise FA, MD, AD, and RD differences among the three groups, individual skeleton images were inputted to the general linear model (GLM) analysis, adjusting for age, sex, years of education, and BMI as covariates. Non-parametric permutation-based testing was performed using randomize in FSL (Winkler et al., 2014). One-way analysis of covariance (ANOVA) was performed with one F-test for the overall group effect on diffusion parameters (FA, AD, RD, and MD) and six contrasts for the individual comparisons of voxel-wise diffusion parameters between the groups. Results are reported at the p < 0.05 level after 5,000 permutations using permutation-based non-parametric inference, with threshold-free cluster enhancement (TFCE) and family-wise error (FWE) rate correction for multiple comparisons (Smith and Nichols, 2009).

The FSL’s cluster was used to identify statistically significant (p < 0.05) clusters followed by an atlas query to describe the localization of all the anatomical clusters using the John Hopkins University (JHU)—International Consortium of Brain Mapping DTI-81 WM labels and JHU white matter tractography atlas template. DTI parameters in each significant cluster were then extracted from the skeletonized TBSS image of each participant.




Statistical Analysis

Statistical analysis was carried out using IBM SPSS software, version 22.0. One-way ANOVA was used to compare the ages and BMI of the participants among the three groups. A Kruskal–Wallis test was used to compare the years of education. Data without normal distributions were analyzed using non-parametric tests. Categorical variable analyses were analyzed by chi-squared test. The clinical features between the ESRD and CKD groups were performed using the independent sample t-tests.

For normally distributed data, the partial correlation was used to assess the association between the extracted DTI parameters and clinical data, adjusting for the same covariates as above. Non-normally distributed data were analyzed using Spearman’s correlation coefficient. Statistical significance was defined as two-tailed p < 0.05. Bonferroni’s correction was applied for multiple testing.




RESULTS


Demographic and Clinical Characteristics

The demographic and clinical characteristics of the subjects from the ESRD, NES-CKD, and HC groups are presented in Table 1. There was no significant difference in gender, age, BMI, and years of education (p > 0.05). The ESRD group showed a significantly increased Cys C, Urea, Cre, K, Na, P, and PTH compared with the NES-CKD group (p < 0.01).


TABLE 1. Demographic and clinical characteristics.
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Tract-Based Spatial Statistics Results Between Groups


ANCOVA

An ANCOVA revealed a statistically significant effect for FA, MD, AD, and RD across ESRD, NES-CKD, and HC groups (p < 0.05, TFCE-corrected, Supplementary Figure 1).



ESRD vs. NES-CKD

We identified three independent clusters with statistically significant differences in FA and AD values and one independent cluster with a significant difference in MD and RD values between ESRD and NES-CKD groups. When compared to patients with NES-CKD, these clusters showed decreased FA or increased MD, AD, or RD in the ESRD group. Additionally, in these clusters, the average diffusion index values in the NES-CKD and HC groups were roughly similar (Figure 1).


[image: image]

FIGURE 1. Voxel clusters in which patients with ESRD exhibited decreased FA or increased AD, MD, or RD than NES-CKD. (A) Three independent clusters (red for Cluster 1; green for Cluster 2; blue for Cluster 3) with lower FA values in ESRD vs. NES-CKD. (B) Three independent clusters (red for Cluster 2; green for Cluster 3; blue for Cluster 4) with higher AD values in ESRD vs. NES-CKD. (C) One independent cluster (pink) with higher MD values in ESRD vs. NES-CKD. (D) One independent cluster (light blue) with higher RD values in ESRD vs. NES-CKD. The bar plots represent the corresponding mean diffusion metrics for each group. The triangle symbols indicate the data points of each participant in each group. ESRD, end-stage renal disease; NES-CKD, non-end-stage chronic kidney disease; HC, healthy control; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity.


Figure 2 showed the more detailed locations of post hoc analyses between ESRD and NES-CKD groups. We found significantly reduced FA values in the ESRD group compared to the NES-CKD group, mainly in bilateral ATR, the genu, and body of CC, bilateral anterior corona radiata (ACR), bilateral superior corona radiata, bilateral IFOF, and left superior longitudinal fasciculus (SLF) (p < 0.05, TFCE-corrected, Table 2). Besides, significantly increased AD values in patients with ESRD were confined to genu and body of CC, right ACR, bilateral ATR, right internal capsule, bilateral external capsule, bilateral corticospinal tract, bilateral corona radiata, left SLF, left IFOF, and left IFOF (p < 0.05, TFCE-corrected, Table 3). In addition, we observed extensive and symmetrical deep WM damage in patients with ESRD, accompanied by increased MD and RD values, including CC, bilateral corona radiata, bilateral ATR, bilateral IFOF, bilateral SLF, bilateral internal capsule, and bilateral external capsule (Supplementary Tables 1, 2).


[image: image]

FIGURE 2. Post hoc analyses result between patients with ESRD and NES-CKD. Green represents the mean FA skeleton of all subjects. Red–yellow represent regions with significant statistical values (p < 0.05, TFCE-corrected). ESRD, end-stage renal disease; NES-CKD, non-end-stage chronic kidney disease; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity.



TABLE 2. Cluster sizes and locations for voxels with significantly reduced FA in ESRD vs. NES-CKD groups.
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TABLE 3. Cluster sizes and locations for voxels with significantly increased AD in ESRD vs. NES-CKD groups.
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NES-CKD vs. HC

We identified two independent clusters with statistically significant differences in FA values between the NES-CKD and HC groups. When compared to HC patients, all of these clusters showed decreased FA in the NES-CKD group (Figure 3).


[image: image]

FIGURE 3. Post hoc analyses result between patients with NES-CKD and HCs. Green represents the mean FA skeleton of all subjects. Red–yellow represent regions with significant statistical values (p < 0.05, TFCE-corrected). NES-CKD, non-end-stage chronic kidney disease; HC, healthy control; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity.


Figure 4 showed the detailed locations of post hoc analyses between NES-CKD and HC groups. We found lower FA and higher MD, AD, and RD values in patients with NES-CKD compared with HCs. FA decreased mainly in forceps major, middle cerebellar peduncle, right corticospinal tract, right SLF, left ATR, bilateral IFOF, left ACR, left anterior limb of the internal capsule, left posterior thalamic radiation, left external capsule, splenium of CC, and right posterior corona radiata. Refer to Supplementary Table 3 for detailed information. Increased AD values are mainly located in the bilateral corona radiata, the body of CC, and bilateral corticospinal tracts (Supplementary Table 4). In addition, MD and RD values showed extensive and symmetrical increases in the deep WM. Detailed results were listed in Supplementary Tables 5, 6.


[image: image]

FIGURE 4. (A) Biochemical tests relevant clusters with statistically significant FA differences obtained from the NES-CKD and HCs. Cluster 2 is marked in red and Cluster 4 in green. (B) Relationship between mean cluster FA and TG (left) and LDL (right). (C) The bar plots represent the corresponding mean FA for each group. NES-CKD, non-end-stage chronic kidney disease; HC, healthy control; FA, fractional anisotropy. * indicates a statistical difference between the two groups, p < 0.05.





Correlation Analysis

In the NES-CKD group, partial correlation analysis was conducted between the clusters (with statistically significant differences between the NES-CKD and HC groups) and biochemical tests, and we only found mean FA values in two independent clusters (Cluster 2 and Cluster 4) negatively correlated with TG (r = −0.469, p = 0.049) and LDL (r = −0.476, p = 0.046), respectively (Figure 3). Obviously, they did not survive Bonferroni’s correction.

In the ESRD group, partial correlation analysis and multiple linear regression analysis revealed that UA level may serve as an independent predictor of mean FA changes in two clusters and mean AD changes in one cluster. Besides, LDL, P, and Urea levels may also be used as independent predictors of WM abnormalities in specific clusters with statistical differences in DTI parameters between ESRD and NES-CKD groups (Table 4). Figure 5 showed the above-mentioned results of the partial correlation analysis. Detailed correlations were displayed in Supplementary Figure 2. We did not find any relationship between mean diffusion metrics clusters and MoCA (p > 0.05).


TABLE 4. Multiple linear regression analysis.

[image: Table 4]

[image: image]

FIGURE 5. Relationship between mean cluster diffusion metrics and biochemical tests. UA, uric acid; LDH, low-density lipoprotein; P, serum phosphorus; Urea, serum urea. ESRD, end-stage renal disease; NES-CKD, non-end-stage chronic kidney disease; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity.





DISCUSSION

In this study, we applied the TBSS method to investigate the difference in WM microstructure changes between patients with ESRD and NES-CKD and also NES-CKD and HCs. The relationship between DTI parameters and biochemical tests was also explored. The main findings of this work were as follows: (1) compared with HCs, FA values reduced, and MD, AD, and RD values increased significantly in patients with NES-CKD and ESRD, indicating the microstructural damage in patients with both ESRD and NES-CKD; (2) In comparison with patients with NES-CKD, patients with ESRD also showed a significant decrease in FA values and an increase in MD, AD, and RD values, which suggests that patients with ESRD have more serious WM microstructure abnormalities; (3) DTI parameters in some clusters were significantly correlated with biochemical tests, such as UA, Urea, and P, showing that these indicators may induce the fragility of WM microstructure in patients with ESRD.

At present, the research on the WM microstructure changes of NES-CKD by TBSS is very minimal, and only one study involving patients with stages 3 and 4 has been consulted (Liu et al., 2020). Similar to the results by Liu (Liu et al., 2020), our study also found decreased FA and increased MD values in multiple regions of patients with NES-CKD, especially in bilateral SLF, bilateral ILF, bilateral IFOF, CC, and bilateral corona radiata, in comparison with those of HCs.

Compared with the previous analyses based only on the FA and MD values, our study incorporated four diffusion metrics (FA, MD, AD, and RD), and thus the results can be more comprehensive. AD and RD indicate the degree of diffusion parallel to and perpendicular to the fiber orientation, respectively, and are sensitive to axon integrity and myelin damage. Our research showed that compared to healthy subjects, patients with NES-CKD have a broad and symmetrical increase in the RD value of WM microstructures, while the WM regions with increased AD values were relatively small. We speculate that in the progression of CKD, the reduction of FA is dominated by demyelination, and axonal injury only plays a small role. In addition, this study found that in regions where the MD values of patients with NES-CKD increased, the RD values also increased significantly. This finding has only been previously reported in ESRD (Chou et al., 2013). It is speculated that WM demyelination is the main neuropathy in patients with ESRD on long-term hemodialysis. But at present, changes in demyelination can also be observed in the progression of CKD. This also confirmed our above speculation.

In addition, in this study, reduced FA was observed in the middle cerebellar peduncle, which has not been mentioned previously. WM abnormalities in the infratentorial regions only have been reported in the study of ESRD after hemodialysis and were believed to be the results of transient edema and demyelination after hemodialysis (Tarhan et al., 2004; Lakadamyali and Ergün, 2011; Chou et al., 2013). However, the results of our study showed that there may also be changes in the microstructure of the subtentorial WM in patients with progressing CKD without dialysis, but the reason is still unclear and needs to be confirmed by larger samples or animal experiments.

Notably, in this study, we have found differences in WM characteristics between patients with ESRD and NES-CKD. To our knowledge, this is the first study applying TBSS to analyze the difference in WM microstructure between NES-CKDs and ESRDs.

In the ESRD group, although three independent clusters were identified with reduced FA values, and more than 96% voxels were located in Cluster 3, indicating that from non-end-stages to the end-stage, WM in patients with CKD has occurred large-scale alterations. Cluster 3 included voxels in the bilateral ATR, the genu and body of CC, bilateral ACR, bilateral superior corona radiata, bilateral IFOF, and left SLF. We found that most regions of this cluster were not shown in the different clusters between NES-CKD and HC groups, especially for genu and its extension radiating fibers (forceps minor) and body of CC and bilateral superior corona radiata, suggesting that the changes in WM characteristics in these regions only appear in the ESRD. As the largest WM tract, CC connects the bilateral hemispheres to realize their communication. Post hoc analysis showed decreased FA in the splenium of CC in patients with NES-CKD, while WM abnormalities in the genu and body of CC appeared in patients with ESRD, indicating that with the progress of CKD, the abnormality in WM microstructure of the CC is gradually developing. We also identified that WM damages appear mainly in superior brain portions of the ESRD group. Corona radiata includes the ascending and descending fibers of the thalamus and cerebral cortex and participates in various functions such as emotion, execution, and cognition (Drevets et al., 2008; Cui et al., 2020). Studies have confirmed that the incidence of depressive symptoms in patients with CKD is significantly higher than that of ordinary people (Fischer et al., 2012; Al-Ali et al., 2021). Therefore, we suspect that the WM damage of CR may be related to a certain degree of depressive symptoms in the enrolled patients. However, it is a pity that the depression has not been evaluated due to patients’ compliance, and follow-up studies are still needed.

Multiple regression analysis was conducted within the significant clusters and biochemical tests in the whole patients with ESRD to determine the impacts of biochemical indicators on WM microstructure. Excitingly, we identified the relationships between UA and mean FA or AD in three clusters demonstrating differences between ESRDs and NES-CKDs. Additionally, we also observed that these three clusters mainly include the region of ATR. ATR connects the mediodorsal and anterior thalamic nucleus with the frontal cortex and the anterior cingulate cortex and can also process information from the hippocampus (Setiadi et al., 2021), thus affecting cognitive function. Although there were literature supporting that UA can be beneficial to the pathological process of neurodegenerative diseases by reducing oxidative stress and free radicals (Kim et al., 2006; Lee et al., 2021), more and more studies have investigated the relationship between UA and cognitive impairment and found evidence about UA in exacerbating the deterioration of cognitive function (Beydoun et al., 2016; Li et al., 2021). Therefore, we speculate that UA may affect cognitive function through its effect on ATR. But this may be limited by the small sample size and the lack of correlation between UA and cognitive scores. Compared with the NES-CKD group, the phosphate and PTH levels in patients with ESRD were significantly higher, and the correlations observed in Table 4 indicated that the serum phosphate level may serve as an independent influencing factor of diffusion parameters in some significant clusters. This suggests an association between phosphate and WM abnormalities; however, little is known about the mechanism. When renal function is impaired, an increase in phosphate will cause the secretion of PTH but reduce the active form of vitamin D, which will induce secondary hyperparathyroidism (Tsuchiya and Akihisa, 2021). However, high PTH can affect the neurotransmission of the central nervous system and induce neurotoxicity (Wilmskoetter et al., 2019).

Several limitations of this study should be noted. First, the small sample size in this study may limit the generality of the results. Second, the enrolled patients with ESRD were all undergoing regular hemodialysis, and the effect of hemodialysis on WM abnormalities cannot be ruled out. Third, due to patient compliance issues, most patients have not completed the cognitive tests, which also has a certain impact on our results regarding cognitive function in patients. Fourth, patients with CKD at stages 1–4 were combined into one group for analysis. In the future, dynamic research on CKD can be considered to further reveal the changes in WM at different stages.



CONCLUSION

In conclusion, the results of this study indicate that compared with patients in the progression of CKD, patients with ESRD have more severe WM microstructural abnormalities, and this progressive deterioration is related to uric acid and phosphate levels.
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Objectives: To evaluate the microstructural damage in the heterogeneity of different white matter areas in relapsing-remitting multiple sclerosis (RRMS) patients by using diffusion kurtosis imaging (DKI) and its correlation with clinical and cognitive status.

Materials and Methods: Kurtosis fractional anisotropy (KFA), fractional anisotropy (FA), mean kurtosis (MK), and mean diffusivity (MD) in T1-hypointense lesions (T1Ls), pure T2-hyperintense lesions (pure-T2Ls), normal-appearing white matter (NAWM), and white matter in healthy controls (WM in HCs) were measured in 48 RRMS patients and 26 sex- and age-matched HCs. All the participants were assessed with the Mini-Mental State Examination (MMSE), the Montreal Cognitive Assessment (MoCA), and the Symbol Digit Modalities Test (SDMT) scores as the cognitive status. The Kurtzke Expanded Disability Status Scale (EDSS) scores were used to evaluate the clinical status in RRMS patients.

Results: The lowest KFA, FA, and MK values and the highest MD values were found in T1Ls, followed by pure-T2Ls, NAWM, and WM in HCs. The T1Ls and pure-T2Ls were significantly different in FA (p = 0.002) and MK (p = 0.013), while the NAWM and WM in HCs were significantly different in KFA, FA, and MK (p < 0.001; p < 0.001; p = 0.001). The KFA, FA, MK, and MD values in NAWM (r = 0.360, p = 0.014; r = 0.415, p = 0.004; r = 0.369, p = 0.012; r = −0.531, p < 0.001) were correlated with the MMSE scores and the FA, MK, and MD values in NAWM (r = 0.423, p = 0.003; r = 0.427, p = 0.003; r = −0.359, p = 0.014) were correlated with the SDMT scores.

Conclusion: Applying DKI to the imaging-based white matter classification has the potential to reflect the white matter damage and is correlated with cognitive impairment.

Keywords: multiple scleorsis (MS), magnetic resonance imaging (MRI), diffusion kurtosis imaging (DKI), normal-appearing white matter (NAWM), white matter lesions (WMLs), disease severity, cognitive impairment


INTRODUCTION

Multiple sclerosis (MS) is one of the most prevalent chronic inflammatory demyelinated diseases, which is characterized by edema, inflammation, demyelination, and axonal loss in the central nervous system (Evangelou et al., 2000; Reich et al., 2018). To better diagnose and evaluate MS in clinical practice, magnetic resonance imaging (MRI), as a highly sensitive tool, can provide disease information and monitor the disease progression (Polman et al., 2011). White matter lesions (WMLs) can be detected as areas of hyperintensity on T2-weighted images (T2WI) or fluid-attenuated inversion recovery (FLAIR) images. Those T2-hyperintense lesions (T2Ls) correspond to a broad spectrum of pathological changes, including edema, inflammation, demyelination, remyelination, gliosis, liquid necrosis, and axonal loss (MacKay et al., 2006). Compared to T2Ls, however, non-enhancing T1-hypointense lesions (T1Ls) indicate more severe damage reflecting demyelination, axonal loss, gliosis, and loss of intracellular matrix and are thought to provide a more accurate classification of the microstructural damage in MS patients (Barkhof et al., 2009; Wolinsky et al., 2013). Therefore, we hypothesize that those differences in intensities of WMLs on T1-weighted images (T1WI) and T2WI/FLAIR represent the different pathological changes in the white matter, which contribute differently to the progression of the disease.

The conventional MRI can be used to evaluate the number, volume, and distribution of lesions in MS patients but lack the specific information of microstructural damage (Filippi et al., 2018). Diffusion tensor imaging (DTI) is widely used to evaluate the microstructural changes in the WMLs and normal-appearing white matter (NAWM) either in clinical practice or research, which provides more sensitive measures for clinically related brain abnormalities. However, the diffusion of water molecules in brain tissue often follows non-Gaussian distribution, which is not entirely characterized by DTI (Tuch et al., 2003). To better evaluate such microstructure, diffusion kurtosis imaging (DKI) has been proposed as an extension of DTI, which can quantify the non-Gaussian diffusion characteristics of water molecules in tissues, and provides more real and accurate tissue microstructure information than DTI (Jensen et al., 2005). DKI provides both diffusivity and kurtosis parameters. The diffusivity parameters, such as fractional anisotropy (FA) and mean diffusivity (MD), are used to assess white matter integrity, and the kurtosis parameters mainly include kurtosis fractional anisotropy (KFA) and mean kurtosis (MK). The KFA value summarizes the directional change of kurtosis, reflecting the anisotropy of kurtosis that can be used to describe a more complex environment of the brain tissue (Glenn et al., 2015). The MK value can reflect the microstructural complexity and the density of the axons and myelin, which has shown the better potential value to detect the tissue microstructure alterations in neurological disorders (Steven et al., 2014). The decreased MK values were found in the chronic demyelinated lesions, which is believed to be linked to a loss of microstructure (Falangola et al., 2014) while the increased MK values were found in the early acute inflammatory demyelinating phase of the lesions, which was associated with microgliosis (Guglielmetti et al., 2016). Thus, DKI sequence has the potential to reflect the microstructural damages or pathological changes in the white matter tissues (whether WMLs or NAWM).

Previous studies have paid much attention on the heterogeneity of MS lesions and made the classifications based on imaging (Thaler et al., 2015; Lipp et al., 2019; Ye et al., 2020). Some researchers have applied the advanced MRI techniques, including diffusion MRI (dMRI), to evaluate the heterogeneity of MS lesions or tissue states of white matter (Thaler et al., 2021). Furthermore, seeking for the correlation between disease severity and imaging metrics would make the classification of lesions or white matter tissues meaningful. When combining the dMRI-derived parameters with clinical or cognitive status, researchers applied DTI and DKI based on the different brain regions analysis and found the correlation between the white matter integrity and the cognitive status (de Kouchkovsky et al., 2016; Margoni et al., 2019; Schiavi et al., 2021). Despite all that, few studies evaluated the correlation between the different heterogeneous white matter and clinical or cognitive status based on the severity of the microstructural damage of white matter. We therefore hypothesize that the sensitive DKI-derived parameters would reveal some correlations with the disease severity when evaluating the different types of white matter tissue, which could be served for clinical practice.

Hence, the aims of this study were to (i) apply DKI to quantitatively evaluate the degree of microstructural damage in different white matter tissue types in a cohort of relapsing-remitting multiple sclerosis (RRMS) patients and healthy controls (HCs) and (ii) combine the results of the DKI-derived parameters with the clinical and cognitive status to explore the potential imaging biomarker and (iii) its correlation with severity of the disease.



MATERIALS AND METHODS


Standard Protocol Approvals, Registrations, and Patient Consents

This retrospective study was approved by the Institutional Review Board of the First Affiliated Hospital of Chongqing Medical University, Chongqing, China, and written informed consent was obtained from each participant before MRI scans.



Subjects

Forty-eight RRMS patients and 26 sex- and age-matched HCs were enrolled from the Department of Radiology, the First Affiliated Hospital of Chongqing Medical University. All the participants were recruited between July 2019 and December 2020. Inclusion criteria for MS patients were as follows: (1) a confirmed diagnosis of RRMS according to the 2017 revised McDonald’s diagnostic criteria (Thompson et al., 2018), (2) age 18–60 years, and (3) absence of neurological conditions other than MS. The exclusion criteria were as follows: (1) patients with contraindications for MRI scans, (2) history of intravenous corticosteroid treatment within 2 months before the imaging examinations, (3) image artifacts or incomplete clinical information, and (4) contrast-enhanced T1-MPRAGE hyperintense lesions. Among the 48 RRMS patients, only 10 of them were on the disease-modifying therapy (9 with teriflunomide and 1 with rituximab). The Mini-Mental State Examination (MMSE), the Montreal Cognitive Assessment (MoCA), and the Symbol Digit Modalities Test (SDMT) scores were used to assess the cognitive performance of all participants. The Kurtzke Expanded Disability Status Scale (EDSS) scores were used to assess the clinical status of the RRMS patients.



Magnetic Resonance Imaging Data Acquisitions

All MR scans were performed on a 3-T MR scanner (Magnetom Skyra, Siemens Healthcare GmbH, Erlangen, Germany) using a 32-channel head coil. A standard protocol for MS studies included a sagittal 3-dimensional T1-weighted magnetization prepared rapid gradient echo (MPRAGE) sequence [echo-time (TE) = 2.26 ms, repetition time (TR) = 2,300 ms, inversion time (TI) = 900 ms, 192 slices, field of view (FOV) = 256 mm, voxel size = 1.0 × 1.0 × 1.0 mm, acquisition time (TA) = 5:21 min] and a sagittal 3-dimensional FLAIR (TE = 388 ms, TR = 5,000 ms, TI = 1,800 ms, 192 slices, FOV = 256 mm, voxel size = 0.5 × 0.5 × 1.0 mm, TA = 7:07 min). DKI data were acquired using the following parameters: TE = 97 ms, TR = 5,000 ms, 25 slices, FOV = 220 mm, voxel size = 1.7 × 1.7 × 4.0 mm, TA = 6:04 min, integrated Parallel Acquisition Techniques (iPAT) acceleration factor = 2 (GRAPPA), Partial-Fourier = 6/8, and three b values (0, 1,000, and 2,000 s/mm2) with diffusion encoding in 30 directions.



Imaging Analysis

In each RRMS patient, we purposely divided the white matter into three different areas, including T1-weighted hypointense lesions with corresponding T2-weighted hyperintensity defined as T1Ls, T2-weighted/FLAIR hyperintense lesions without T1-weighted hypointensity defined as pure-T2Ls, and normal-appearing white matter defined as NAWM (Figures 1, 2). The total T2-hyperintense lesions volume (T2LV), T1Ls volume (T1LV), and pure-T2Ls volume (pure-T2LV) were calculated in each patient.


[image: image]

FIGURE 1. Example of MR scans and lesion masks of a 53-year-old patient diagnosed with relapsing-remitting multiple sclerosis. (A) Selected axial MPRAGE image with hypointense lesions. (B) Selected axial FLAIR image with hyperintense lesions. (C) T1-hypointense lesions (T1Ls) mask (yellow). (D) T2-hyperintense lesions (T2Ls) mask (red). (E) Pure T2-hyperintense lesions (pure-T2Ls) mask (blue) was obtained by subtracting (C) from (D).
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FIGURE 2. Selected partial axial images of MPRAGE and FLAIR sequences. (A–D) Partial axial FLAIR/MPRAGE images of four different RRMS patients in our cohort. ① Outlined T1-hypointense lesions (T1Ls) on MPRAGE images; ② Outlined T2-hyperintese (T2Ls) lesions on FLAIR images; ③ Outlined both T2-hyperintense lesions (T1Ls) and T1-hypointense lesions (T2Ls) on MPRAGE images.


T1Ls were defined as areas with hypointense on T1-weighted images and hyperintense on a T2-weighted/FLAIR image. Thus, two independent raters (XC and DL) manually outlined the hypointense lesions according to the definition above on T1-weighted MPRAGE images using the ITK-SNAP 3.8.0 (accessed on June of 2019)1 (Yushkevich et al., 2006). The resulting T1L masks of both raters were binarized and patient-wise multiplied to obtain a consensus mask.

As mentioned above, pure-T2Ls were defined as areas with only hyperintense on T2-weighted/FLAIR images and without hypointensity on T1-weighted images. The FLAIR image of each RRMS patient was registered to the T1-MPRAGE image. All the T2-hyperintense lesions were semi-automatically segmented on FLAIR images. Both the two steps mentioned above were using the Lesion Segmentation Tool (Schmidt et al., 2012). For accuracy, the semi-automatically segmented T2-hyperintense lesion masks were manually controlled and corrected to obtain the T2L masks. Since all T1Ls were shown as T2 hyperintense lesions in each patient, the T1L mask was subtracted from the T2L mask to obtain only the pure-T2L mask.

For the NAWM mask, we subtracted the T2L mask from the whole brain white matter mask, leaving those areas that are isointense both on T1-weighted and FLAIR/T2-weighted images. The whole-brain white matter mask was obtained from T1-weighted MPRAGE imaging by using Voxel-based morphometry (VBM) (Ashburner and Friston, 2000) in SPM8 software.2

Additionally, in the HCs cohort, we extracted the whole brain white matter (WM) mask in each subject. All the image binary subtraction steps mentioned above used the MATLAB R2013b software.



Diffusion Kurtosis Imaging Processing

DKI data were pre-processed, including denoising (Veraart et al., 2016), removal of Gibbs ringing artifacts (Kellner et al., 2016), correction of subject motion (Leemans and Jones, 2009) using the MRtrix3 package (Tournier et al., 2019), eddy-currents (Andersson et al., 2017), and susceptibility-induced distortions (Andersson et al., 2003) in FMRIB Software Library (FSL)3 (Jenkinson et al., 2012). All the T1 images were registered to DKI b0 space individually using FSL. The diffusion kurtosis parametric maps, including the kurtosis fractional anisotropy (KFA), fractional anisotropy (FA), mean kurtosis (MK), and mean diffusivity (MD) (Figure 3), were calculated by the diffusion kurtosis estimator software (DKE),4 using constrained linear least-squares quadratic programming (CLLS-QP) algorithm and applying standard parameters (spatial smoothing and strong median filtering) (Tabesh et al., 2011). The details of parameters used with DKE were as follows: the full width at half maximum (FWHM) of the Gaussian kernel was 3.375 mm; Kmin = 0, NKmax = 3 and D > 0 for constraint on directional kurtosis; 0 < K < 3 for thresholds on output kurtosis maps. DKI tensor fitting was performed with constrained linear weighted fitting and DTI tensor fitting was performed with linear weighted fitting to, respectively, obtain the DKI- and DTI-based parametric maps. Finally, the binarized masks were multiplied with the corresponding KFA, FA, MK, and MD maps to obtain mean KFA, FA, MK, and MD values for each white matter tissue type of masks.
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FIGURE 3. Example of DKI-derived parametric maps of a 53-year-old patient diagnosed with Relapsing-remitting multiple sclerosis. (A) b = 0 mm2/s image acquired with DKI sequence. (B) Kurtosis fractional anisotropy (KFA) parametric map acquired with DKI sequence. (C) Fractional anisotropy (FA) parametric map acquired with DKI sequence. (D) Mean kurtosis (MK) parametric map acquired with DKI sequence. (E) Mean diffusivity (MD) parametric map acquired with DKI sequence.




Statistical Analysis

Statistical analysis was performed using SPSS version 26.0 (IBM Corp., Armonk, NY, United States) and GraphPad Prism V5. Kolmogorov–Smirnov tests were applied to assess the normality of data distribution. Between RRMS patients and HCs, independent samples t-tests were used for age, MMSE, MoCA, and SDMT scores analysis and the Chi-square test was used for gender analysis. One-way ANOVA with the Bonferroni correction for multiple comparisons was used to compare the DKI parameter values in the four types of different white matter areas (T1Ls, pure-T2Ls, NAWM, and WM in HCs). p-values < 0.05 were considered statistically significant. Partial correlation analysis using age and education years as covariates was used to evaluate the relationship between T1LV, T2LV, pure-T2LV, and DKI parameter values with EDSS scores and the neuropsychological scores (MMSE, MoCA, and SDMT scores). To make the EDSS scores and the neuropsychological scores comparable with the imaging parameters, the z-scores of the four scores were calculated for each RRMS patient before the partial correlation analysis.




RESULTS


Demographic and Clinical Data

Demographic data and clinical characteristics of the participants are shown in Table 1. There were no significant differences in gender (p = 0.945) and age (p = 0.075) between RRMS patients and HCs. There were significant differences in MMSE (p = 0.013), MoCA (p = 0.016), and SDMT (p < 0.001) between RRMS patients and HCs.


TABLE 1. Demographic and clinical characteristics of the participants.
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Diffusion Kurtosis Imaging Parameter Analysis

The distribution of DKI parameter values in four tissue types is displayed in Figure 4. The four DKI parameter values were significantly different among the four tissue types, which are reported in Table 2. The post hoc analysis results are reported in Table 3. The lowest FA and MK values were shown in T1Ls, followed by pure-T2Ls, NAWM, and WM in HCs, and they were significant between each type of tissue (p < 0.05). Like the results of MK values, the lowest KFA and highest MD values were obtained in the T1Ls, followed by pure-T2Ls, NAWM, and WM in HCs. Except between T1Ls and pure-T2Ls in KFA (p = 0.388) and MD (p = 1.000) and between NAWM and WM in HCs in MD (p = 0.671), significant differences of KFA and MD values were found between every other two white matter tissue types (p < 0.001).


[image: image]

FIGURE 4. Distribution of DKI parameters values in different white matter tissue types. T1Ls, T1-hypointense lesions; pure-T2Ls, pure T2-hyperintense lesions; NAWM, normal-appearing white matter; KFA, kurtosis fractional anisotropy; FA, fractional anisotropy; MK, mean kurtosis; MD, mean diffusivity.



TABLE 2. The DKI parameter values analysis within the four white matter tissue types.
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TABLE 3. Post hoc analysis between the DKI parameter values among the four white matter tissue types.
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Correlations Between Imaging Parameters and Neuropsychological Scores

The MK values of pure-T2Ls (r = 0.331, p = 0.024) and the KFA, FA, MK, and MD values of NAWM (r = 0.360, p = 0.014; r = 0.415, p = 0.004; r = 0.369, p = 0.012; r = −0.531, p < 0.001) were correlated with the MMSE scores. The FA values of pure-T2Ls (r = 0.309, p = 0.036) were correlated with the MoCA scores. The FA and MK values of T1Ls (r = 0.322, p = 0.029; r = 0.371, p = 0.011), the FA and MK values of pure-T2Ls (r = 0.355, p = 0.015; r = 0.400, p = 0.006), and the FA, MK, and MD values of NAWM (r = 0.423, p = 0.003; r = 0.427, p = 0.003; r = −0.359, p = 0.014) were correlated with the SDMT scores. The T1LV (r = −0.409, p = 0.005) and T2LV (r = −0.360, p = 0.014) were correlated with the SDMT scores. There was no correlation between the DKI-derived parameters and the EDSS scores (Table 4).


TABLE 4. Correlation between imaging parameters and clinical or cognitive assessment.
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DISCUSSION

In this study, we applied DKI to characterize the microstructural damage in the heterogeneity of different white matter areas and examine the correlations between the various degrees of DKI-derived parameter changes in different white matter types and the clinical or cognitive status. We found the lowest KFA, FA, and MK values, respectively, in T1Ls, followed by pure-T2Ls, NAWM, and WM in HCs. The highest MD values were found in T1Ls on the contrary, followed by pure-T2Ls, NAWM, and WM in HCs. We observed that the MK could be well-distinguished T1Ls and pure-T2Ls, as well as NAWM and WM in HCs. The results above indicated that the most severe microstructural damage occurred in T1Ls, which presented a different pathological state from pure-T2Ls. At the same time, NAWM was significantly different from WM in HCs, even if it had minor histopathological damage compared to focal lesions. Nevertheless, the damage degree reflected by DKI parameters in WMLs (T1Ls and pure-T2Ls) had little correlation with the clinical disability or cognitive impairment. Instead, DKI parameters in the NAWM were correlated with the cognitive status.

Previous studies have largely focused on the heterogeneity of different lesion types or tissue types in the white matter by using advanced MRI techniques. Faizy et al. (2016) have observed that different types of MS lesions showed significant differences by measuring myelin water fraction (MWF) values, presumably related to differences in the degree of tissue destruction. Lipp et al. (2019) quantified white matter damage in vivo by measuring fractional anisotropy (FA), radial diffusivity (RD), MWF, and magnetization transfer ratio (MTR) to differentiate the white matter tissue states in MS patients. Schiavi et al. (2021) used DBSI and DTI sequences of a 7-T scanner to investigate the pathology of different white matter tissue. Our present study was similar in lesion or white matter classifications with the previous studies above. However, the application of DKI based on ROI analysis in the different lesion or white matter categories is still rare.

DKI can characterize the non-Gaussian distribution of water molecules (Wu and Cheung, 2010). The diffusion kurtosis can reflect the deviation of water molecules from Gaussian distribution (Hui et al., 2008). The higher the diffusion kurtosis, the more the water molecule diffusion deviates from Gaussian distribution, indicating a more restricted diffusion and complex environment. KFA, one of the DKI-derived parameters, is similar to FA to some extent. However, KFA can better describe complex diffusion profiles due to the lesser non-isotropic diffusion effect and the high b-values of the DKI model (Lee et al., 2018; Li et al., 2021). Furthermore, it can also provide an essential complement for the poor performance of FA when the packing density of fiber bundles and axons increases (Karlsen et al., 2019). Notwithstanding, most studies did not use KFA values to evaluate white matter microstructure changes. Here, we utilized KFA values to investigate the varying degrees of microstructural damage in white matter and found that KFA values were the lowest in the most severe areas (T1Ls), just as FA values. However, FKA values are less sensitive in distinguishing the four types of white matter tissues than FA values in our results. The difference in KFA values between T1Ls and pure-T2Ls did not reach significance. That may explain why only a few studies have used KFA values in detecting the white matter microstructure, even if KFA values can better describe the real biological tissue than FA values (Karlsen et al., 2019; Li et al., 2021). While the DKI-derived FA values in our study are in line with the previous studies (Yoshida et al., 2013; Lipp et al., 2019), the FA values were significantly different in each two types, respectively, between the four white matter tissue types.

Thaler et al. (2021) have emphasized the MK and MD values when applying DKI to the heterogeneity of MS lesions. Consistent with their findings, we found that the MK values offered a better discriminative effect than the MD values and might become a potential image biomarker in distinguishing the different lesion types. There was a significant difference in MK values between each two white matter tissue types, including between T1Ls and pure-T2Ls and between NAWM and WM in HCs. However, they did not observe a significant difference between NAWM and WM in HCs, which may be because they used a manually drawn ROIs-based approach to select eight regions of NAWM while we extracted the whole brain NAWM. Nevertheless, the MD values did not show good performance neither in distinguishing the two WMLs types nor in distinguishing NAWM and WM in HCs. Just as its name implies, MK values are the average kurtosis value in all directions, which can reflect the microstructure complexity and integrity (Grinberg et al., 2017). The decreased MK values indicated a shift of a diffusion kurtosis toward free water and compromised microstructure complexity (Coutu et al., 2014), which may be caused by axonal loss, myelin sheath damage, and the destruction of cellular components. Hence, the result of the lowest MK values in T1Ls showed the place where the most destructive white matter damage occurred. These findings demonstrated that DKI-derived parameters, especially the MK values, were closely linked to structural and intensity abnormalities seen on conventional MRI and were able to show abnormalities in NAWM that conventional MRI could not image for MS patients.

It is worth noting that most of the WMLs consist of T1Ls and pure-T2Ls in this work. T1Ls are in the center of these lesions, while pure-T2Ls are in the lesions’ border. As previously mentioned, all the DKI-derived parameters were more altered in T1Ls, whether significantly or not, which means that the severe tissue damage and axon loss occurred in the center of the lesions while the white matter structure was more complex at the lesion’s border. That relatively microstructure complexity in pure-T2Ls (WMLs’ border) might result from activated microglia and macrophages at the rim of chronic active lesions (Dal-Bianco et al., 2017). This assumption was in line with the previous studies (Gillen et al., 2018; Schiavi et al., 2021) and could better explain the fact that the white matter areas of pure-T2Ls were presented differently on the two different sequences.

Furthermore, we sought to determine whether the DKI parameter values in the most severe areas (T1Ls) were related to the clinical or cognitive status. We used EDSS scores to reflect the clinical disability and neuropsychological scores such as MMSE, MoCA, and SDMT scores to reflect the cognitive functions. Disappointingly, the DKI parameter values were barely correlated with the clinical or cognitive status neither in T1Ls nor pure-T2Ls. These results might be explained by the experimental design. In this cross-sectional study, we only selected the image data at a certain time to draw the ROIs of WMLs instead of grouping newly arising lesions or persistent lesions since these two kinds of lesions contribute to clinical disability and cognitive impairment differently (Masek et al., 2008; Louapre et al., 2017). In our RRMS cohort, newly arising lesions, considered to be more related to the progression in clinical disability and cognitive impairment (Summers et al., 2008; Rovira et al., 2013; Eijlers et al., 2018), may only account for an extremely small proportion of all the inclusive WMLs. The EDSS scores reflect several domains including vision, speech, sensorimotor, and bladder function, lacking specificity, which may cause the poor correlation with the imaging parameters. However, most DKI parameter values in NAWM were related to the cognitive decline, mainly manifested by MMSE and SDMT scores. Previous studies have applied quantitative MRI to detect the injury of NAWM when exploring the cognitive impairment in patients with MS. At the same time, our results are consistent with previous myelin water imaging (MTI) and DTI studies. MTI has proved the efficacy in evaluating the relationship between NAWM myelin heterogeneity and cognitive processing speed performance by calculating the MWF (Abel et al., 2020). The loss of NAWM integrity has demonstrated the correlation with the cognitive impairment in a cohort of pediatric MS patients by measuring the DTI parameters (Bethune et al., 2011). Since NAWM is diffusely abnormal in patients with MS (Elliott et al., 2021) and has a more pronounced correlation with clinical progression (Filippi et al., 2012), DKI could become an effective tool to not only characterize widespread microstructural damage in the NAWM but also reflect the severity of the disease by imaging.

Moreover, among the four DKI-derived parameters, only MK values in T1Ls, pure-T2Ls, and NAWM (p = 0.011, r = 0.371; p = 0.006, r = 0.400; p = 0.003, r = 0.427) were correlated with the SDMT scores. To our knowledge, although de Kouchkovsky et al. (2016) reported that DKI-based white matter tract integrity (WMTI) in NAWM significantly correlated with SDMT scores, and DKI-based axonal water fraction (AWF) in NAWM associated with EDSS scores, while Nygaard et al. (2021) found that the DKI-derived parameters in cortex were associated with walking and cognitive performance, this is the first study to demonstrate that the widespread white matter damage (including WMLs and NAWM) in RRMS patients reflected by MK values is correlated with the cognitive status reflected by SDMT scores. Combined with the good performance of MK values in distinguishing the four tissue types mentioned above, therefore, MK values could be a potential biomarker to evaluate the white matter damage and its correlation with the cognitive impairment.

There are several limitations in our study. First, as previously mentioned, this is a cross-sectional study, and we could not detect the newly arising lesions and calculate the increase of the accumulation of lesions volume longitudinally. Further studies will be needed to longitudinally compare the newly arising lesion microstructure changes with other white matter tissue types and investigate its relationship with the clinical progression. Second, we must admit the difficulty of obtaining pathological data. Since the pathological correlation was not available for our research group, we aimed to provide insights into clinico-radiological features avoiding pathology to evaluate the disease severity by the imaging parameters and find the potential biomarker of clinically relevant white matter injury. Last, in this work, we only used the DKI sequence to quantitatively evaluate the white matter microstructural damage. Other advanced MRI techniques such as T1 mapping, quantitative susceptibility mapping (QSM), ultra-short echo time (UTE), and MTR will be necessarily selected for further investigation.



CONCLUSION

In conclusion, our findings demonstrated the heterogeneity of white matter microstructure changes, which could be well-distinguished by DKI parameters. The damage in NAWM reflected by DKI parameters correlated to the cognitive impairment, and the MK value could be a potential biomarker to evaluate the white matter damage and its correlation with the cognitive impairment. This imaging-based classification in white matter may help evaluate the disease severity and progression.
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Since 1995, more than 100 transgenic (Tg) mouse models of Alzheimer’s disease (AD) have been generated in which mutant amyloid precursor protein (APP) or APP/presenilin 1 (PS1) cDNA is overexpressed (1st generation models). Although many of these models successfully recapitulate major pathological hallmarks of the disease such as amyloid β peptide (Aβ) deposition and neuroinflammation, they have suffered from artificial phenotypes in the form of overproduced or mislocalized APP/PS1 and their functional fragments, as well as calpastatin deficiency-induced early lethality, calpain activation, neuronal cell death without tau pathology, endoplasmic reticulum stresses, and inflammasome involvement. Such artifacts bring two important uncertainties into play, these being (1) why the artifacts arise, and (2) how they affect the interpretation of experimental results. In addition, destruction of endogenous gene loci in some Tg lines by transgenes has been reported. To overcome these concerns, single App knock-in mouse models harboring the Swedish and Beyreuther/Iberian mutations with or without the Arctic mutation (AppNL–G–F and AppNL–F mice) were developed (2nd generation models). While these models are interesting given that they exhibit Aβ pathology, neuroinflammation, and cognitive impairment in an age-dependent manner, the model with the Artic mutation, which exhibits an extensive pathology as early as 6 months of age, is not suitable for investigating Aβ metabolism and clearance because the Aβ in this model is resistant to proteolytic degradation and is therefore prone to aggregation. Moreover, it cannot be used for preclinical immunotherapy studies owing to the discrete affinity it shows for anti-Aβ antibodies. The weakness of the latter model (without the Arctic mutation) is that the pathology may require up to 18 months before it becomes sufficiently apparent for experimental investigation. Nevertheless, this model was successfully applied to modulating Aβ pathology by genome editing, to revealing the differential roles of neprilysin and insulin-degrading enzyme in Aβ metabolism, and to identifying somatostatin receptor subtypes involved in Aβ degradation by neprilysin. In addition to discussing these issues, we also provide here a technical guide for the application of App knock-in mice to AD research. Subsequently, a new double knock-in line carrying the AppNL–F and Psen1P117L/WT mutations was generated, the pathogenic effect of which was found to be synergistic. A characteristic of this 3rd generation model is that it exhibits more cored plaque pathology and neuroinflammation than the AppNL–G–F line, and thus is more suitable for preclinical studies of disease-modifying medications targeting Aβ. Furthermore, a derivative AppG–F line devoid of Swedish mutations which can be utilized for preclinical studies of β-secretase modifier(s) was recently created. In addition, we introduce a new model of cerebral amyloid angiopathy that may be useful for analyzing amyloid-related imaging abnormalities that can be caused by anti-Aβ immunotherapy. Use of the App knock-in mice also led to identification of the α-endosulfine-KATP channel pathway as components of the somatostatin-evoked physiological mechanisms that reduce Aβ deposition via the activation of neprilysin. Such advances have provided new insights for the prevention and treatment of preclinical AD. Because tau pathology plays an essential role in AD pathogenesis, knock-in mice with human tau wherein the entire murine Mapt gene has been humanized were generated. Using these mice, the carboxy-terminal PDZ ligand of neuronal nitric oxide synthase (CAPON) was discovered as a mediator linking tau pathology to neurodegeneration and showed that tau humanization promoted pathological tau propagation. Finally, we describe and discuss the current status of mutant human tau knock-in mice and a non-human primate model of AD that we have successfully created.

Keywords: Alzheimer’s disease, amyloid – beta, amyloidosis, tau propagation, somatostatin, mouse model, non-human primate (NHP)


1st, 2nd, AND 3rd GENERATION MOUSE MODELS OF ALZHEIMER’S DISEASE

The deposition of amyloid β peptide (Aβ) in the brain is the major pathological hallmark of Alzheimer’s disease (AD), which is considered the most common type of dementia in the world (Karran and De Strooper, 2016; Selkoe and Hardy, 2016). To date, disease-associated mutations in the presenilin 1 (PSEN1) and presenilin 2 (PSEN2) genes number more than 300, while more than 50 mutations have been reported in the amyloid precursor protein (APP) gene (Alzforum1). In response to these findings, many transgenic mouse models overexpressing mutant APP or APP/PSEN1 cDNAs have been developed (1st generation models) (Sasaguri et al., 2017), however they often suffer from experimental limitations resulting from the mislocalization of APP (Figure 1) and by the overproduction of APP fragments such as the C-terminal fragment of APP generated by β-secretase (CTF-β) and APP intracellular domain (AICD). Neither of these fragments appears to accumulate in AD brains, meaning that artificial endosomal abnormalities (Kwart et al., 2019) and transcriptional malfunctions (Nalivaeva et al., 2014), respectively, may be induced. Other overexpression artifacts include calpain activation (Saito et al., 2016), calpastatin deficiency-induced early lethality (Higuchi et al., 2012), and endoplasmic reticulum stresses (Hashimoto et al., 2018). Furthermore, it was demonstrated that the random insertion of transgene(s) resulted in the destruction of unexpectedly large regions of endogenous gene loci in the host animal (Gamache et al., 2019). We suggest that all transgenic mouse models being used in research in which APP or APP/PSEN1 are overexpressed should undergo whole genome sequencing (WGS) so that destroyed loci that possibly affect their phenotypes can be identified (Sasaguri et al., 2017).
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FIGURE 1. Mislocalization of APP in APP-overexpressing mice. App KO mice, WT mice, APP23 (APP-overexpressing mice) and App KI mice (AppNL–F/NL–F) were subjected to immunohistochemistry using antibodies to APP, 22C11 (upper panels) and synaptophysin, a synaptic vesicle marker (lower panels) as indicated. App KO mice were used as negative controls for APP staining. While APP is selectively expressed in the axons of WT and KI mice, APP23 expresses unphysiologically high levels of APP not only in the axons but also in the soma and dendrites. The scale bar indicates 2 mm.


To overcome these drawbacks, single App knock-in mice, i.e., AppNL–G–F/NLG–F knock-in (AppNL–G–F) and AppNL–F/NL–F knock-in (AppNL–F) lines, were generated that harbor the Swedish (KM670/671NL) (Citron et al., 1992; Mullan et al., 1992) and Beyreuther/Iberian (I716F) (Lichtenthaler et al., 1999) mutations with or without the Arctic (E693G) (Nilsberth et al., 2001) mutation (2nd generation models) (Figure 2) (Saito et al., 2014; Sasaguri et al., 2017). These mice, which exhibit typical Aβ pathology, neuroinflammation and memory impairment (Saito et al., 2014; Masuda et al., 2016), are being used in more than 500 research laboratories world-wide. At present, the AppNL–G–F line is being used more frequently than the AppNL–F line given that it develops Aβ pathology approximately three times faster (Saito et al., 2014) and can be used to analyze downstream events such as neuroinflammation (Shirotani et al., 2019; Chen et al., 2020; Sobue et al., 2021), pericyte signaling (Nortley et al., 2019), oxidative stress (Hashimoto et al., 2019; Hongo et al., 2020; Uruno et al., 2020), tau propagation (Saito et al., 2019), and spatial memory impairment (Masuda et al., 2016; Jun et al., 2020; Sutoko et al., 2021; Table 1). Human Arctic mutation carriers are indistinguishable from other familial and sporadic AD patients in pathological and neurological terms except for low retention of 11C-labeled Pittsburgh compound B (PiB) in PET study (Basun et al., 2008), indicating that the mutant mice are relevant models for studying AD in general.
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FIGURE 2. Second generation mouse models of Alzheimer’s disease. See text for detailed explanation.



TABLE 1. Successful application of the 2nd generation mouse models.
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In addition to AppNL–F and AppNL–G–F models, App knock-in mice devoid of the Swedish mutations (AppG–F mice) have been recently developed, in which the Swedish mutations (NL) were replaced by a wild-type sequence (KM) (Figure 3 and Table 2). The AppG–F mice are more suitable for preclinical studies of β-secretase inhibition given that the Swedish mutation affects the reactivity of APP to β-site amyloid precursor protein cleaving enzyme 1 (BACE1) and most AD patients do not carry Swedish mutations (Watamura et al., 2021b).
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FIGURE 3. AppG–F mice suitable for studies of BACE1 inhibitors. The AppG–F line is devoid of the Swedish mutation that influences the β-secretase activity and elevates the quantity of CTFβ. (The AppG–F line instead carries a wild-type sequence: KM.) The AppG–F model would be appropriate for use in preclinical studies of β-secretase inhibitors without the interference of the Swedish mutation.



TABLE 2. List of mutant mice that are and will be made available to the research community.
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Despite the advantages mentioned above, the AppNL–G–F line is not suitable for investigating the metabolism, clearance or deposition of Aβ because the Arctic mutation present in the middle of the Aβ sequence results in an Aβ that is resistant to proteolytic degradation (Tsubuki et al., 2003) and susceptible to aggregation (Nilsberth et al., 2001). Moreover, this model is not suitable for use in preclinical immunotherapy studies due to its affinity for anti-Aβ antibodies, even in the presence of guanidine hydrochloride (GuHCl) (Saito et al., 2014). The Arctic mutation may also directly or indirectly interfere with interactions between Aβ deposition and the apolipoprotein E genotype (Morishima-Kawashima et al., 2000), although there is no experimental evidence for this. In contrast, the AppNL–F line accumulates wild-type human Aβ, but it may take up to 18 months for the pathology to become sufficiently evident for investigational studies to be carried out (Saito et al., 2014), which is too long for researchers to wait in a practical sense. Therefore, a new mouse model that accumulates wild-type human Aβ as quickly as the AppNL–G–F model, but did not depend on the presence of the Arctic mutation was desired.

To achieve this, the heterozygous Psen1P117L/WT mutant line (Psen1P117L) which, of the several Psen1 mutants, exhibits the largest increase in Aβ42/Aβ40 ratio in the brain (Sasaguri et al., 2018) was utilized. The Psen1P117L line was generated by base editing technology (Komor et al., 2016). The AppNL–F mice were crossed with Psen1P117L mice, despite it being unclear whether their pathogenic effects, both of which act on the γ-cleavage of CTF-β, would be additive or not in vivo (Figure 4). The pathological phenotypes of AppNL–F mice were markedly enhanced in a synergistic manner with the Psen1P117L mutation (Sato et al., 2021), with AppNL–F X Psen1P117L/WT mice showing a more aggressive cored plaque pathology and neuroinflammation than the AppNL–G–F mice (Figure 5). These double mutant mice (3rd generation model) will likely become highly relevant tools for examining the pathologic mechanisms upstream of Aβ deposition. Moreover, these mice can be highly useful for the preclinical screening of disease-modifying therapy candidates promoting Aβ degradation or disaggregation, without the added concern associated with artificial effects caused by the Arctic mutation. We expect the double homozygous line, AppNL–F X Psen1P117L/P117L, to exhibit an even more-aggressive pathology. In any case, the AppNL–F X Psen1P117L mice are superior to the AppNL–G–F mice or the AppNL–G–I mice (Xia et al., 2021) for universal and unbiased drug screening particularly because the Aβ-degrading enzyme, neprilysin (NEP: Neutral endopeptidase), has become a therapeutic target. The AppNL–G–I mice are similarly designed as the AppNL–G–F mice, in which the Beyreuther/Iberian mutation was replaced by the Austrian mutation (Kumar-Singh et al., 2000). The characteristics of the App knock-in mouse lines are listed in Table 3.
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FIGURE 4. Scheme of AppNL–F × Psen1P117L double-mutant mice. For the generation of the double-mutant mice, the AppNL–F line was crossbred with the Psen1P117L line whose mutation was introduced in the endogenous Psen1 gene utilizing base editing technology. The synergistic effects of the pathogenic mutations in the App and Psen1 genes strongly accelerates the deposition of wild-type human Aβ in mouse brains.
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FIGURE 5. AD pathology in the hippocampus of a 3rd generation model mouse. A 12-month-old AppNL–F X Psen1P117L/WT mouse was analyzed by immunohistochemistry. Blue: Aβ plaques; red: microglia; green: astrocytes. The bar indicates 25 μm.



TABLE 3. Characteristics of the App knock-in mouse lines.
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PRECAUTIONS REGARDING THE UTILITY OF App KNOCK-IN MICE

There are several precautions to be aware of to make the best use of the App knock-in mice.


Nomenclature

A number of the App knock-in mouse users use incorrect nomenclature such as APP-NLF, APPNLF and APPNL–F instead of the AppNL–F mice, which accords with international rules of standard genomic nomenclature. Genetic names always need to be italicized.



Line-Ups and Biochemical Analyses

Approximately 20 lines of mutant mice, published or unpublished, can currently or in the very near future be provided to academic and not-for-profit researchers for non-commercial research in a timely fashion with minimum restrictions (Table 2; Saito et al., 2014; Sasaguri et al., 2018). It is also recommended that scientists use optimized protocols for isolating Aβ from animal brain as previously described (Iwata et al., 2005; Figure 6). The method allows the most sensitive quantification of both soluble and insoluble Aβ with the smallest protocol deviations.
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FIGURE 6. Outlined protocols for extraction and quantification of Aβ from tissues. See text for detailed explanation.




Maintaining Mouse Lines on a Clean C57BL6/J Background

In most cases, the knock-in mice are used in a homozygous state to accelerate the generation of pathological and behavioral phenotypes. However, the number of recessive mutations increases over time if the breeding of mice is maintained in this way. It is necessary therefore to back-cross heterozygous mutant mice with the wild-type C57B6/J mice to remove these extraneous mutations, preferentially for 5–10 generations at an interval of 5–10 generations. Those groups dealing with poor reproductive output of mice due to their extremely inbred nature can contact RIKEN BioResource Research Center (email: animal.brc@riken.jp), a national mouse repository of Japan (Mizuno-Iijima et al., 2021), to renew their strains.



Choosing Appropriate Anti-Aβ Antibodies

It was previously indicated that some anti-Aβ antibodies are inappropriate for biochemically and pathologically detecting the Arctic Aβ produced by AppNL–G–F mice (Saito et al., 2014; Figure 7). Note that the AppNL–G–F is the most frequently used model because it recapitulates Aβ pathology and neuroinflammation much faster than other lines. This applies to all other transgenic and knock-in mice that carry intra-Aβ mutations, including the Arctic and Dutch mutations (Van Broeckhoven et al., 1990; Li et al., 2014). In contrast, there is no restriction regarding use of antibodies for the AppNL–F X Psen1P117L mice.
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FIGURE 7. Reactivity of different antibodies to Arctic Aβ in AppNL–G–F mice. (A) Epitope map of anti-Aβ antibodies. (B,C) Quantification of Arctic Aβ species using BNT77 as a capture antibody. BNT77 binds to the mid-portion of Aβ [see epitope map (A)]. A sandwich ELISA kit (Wako, Japan) was used to quantify Aβx-40 (C) and Aβx-42 (D), respectively. (D,E) Quantification of Arctic Aβ species using BAN50 as a capture antibody. BAN50 binds to the N-terminal region of Aβ [see epitope map (A)]. A sandwich ELISA kit (Wako, Japan) was used to quantify Aβx-40 (D) and Aβx-42 (E), respectively. BNT77 and BAN50 captured Arctic Aβ more weakly than wild-type Aβ. (F) Immunohistochemistry using various anti-Aβ antibodies. Brain sections derived from AppNL–F mice (24 months old) were immunostained using antibodies with different epitopes after antigen retrieval as indicated (upper panels); those of AppNL–G–F mice (9 months old) were similarly immunostained (lower panels). Scale bars represent 500 μm.




Preclinical Nature of Behaviors

In our experience, the most sensitive and reproducible test involves contextual fear conditioning, although its irreversible nature can be problematic. In a more complex sense, the application of a multi-task paradigm such as IntelliCage (NewBehavior AG, Zurich, Switzerland) would be more informative (Codita et al., 2010; Masuda et al., 2016). We recently showed that the mouse genotypes can be predicted from their behavioral parameters by machine learning (Sutoko et al., 2021). It should be emphasized that the App knock-in mice are models of preclinical AD because the App knock-in mice, like all the APP and APP/PS1 transgenic mice, do not recapitulate tau pathology alone (Sasaguri et al., 2017). Consistently, we observe only mild cognitive decline in these mice. In contrast, the App knock-in mice crossbred with mutant MAPT knock-in mice exhibited accelerated tau pathology (Table 2).




A NEW MODEL OF CEREBRAL AMYLOID ANGIOPATHY

Most AD patients exhibit parenchymal and vascular Aβ deposition in the brains, and both pathologies seem to be driven by impaired Aβ clearance within the interstitial fluid and perivascular drainage pathways (Greenberg et al., 2020). Iliff et al. (2012) injected fluorescent tracers into Tie2-GFP:NG2-DsRed double reporter mice, which express GFP in all cerebral blood vessels and DsRed in perivascular cells, and successfully observed glymphatic pathway; subarachnoid CSF influx into the brain parenchyma and bulk ISF solute clearance from the parenchyma within the perivascular spaces. Importantly, in AD model mice, glymphatic CSF influx is reduced and the clearance of Aβ is severely impaired (Peng et al., 2016). Impaired glymphatic pathway may contribute to the deposition of Aβ in the blood vessels of the brain, cerebral amyloid angiopathy (CAA). Although CAA is profoundly observed in most AD patients (Brenowitz et al., 2015), limited model mice, such as those with Dutch/Iowa mutation, exhibit apparent CAA, thus making it difficult to determine how CAA contributes to the pathogenesis of sporadic AD. Notably, human vascular endothelial cells express significant level of APP770 and human plasma contains ∼100 ng/ml of sAPP770 (Kitazume et al., 2010). Since peripheral blood cells other than platelet do not express APP, and platelets release sAPP770 upon their activation (Miura et al., 2020), it is considered that plasma sAPP770 is mostly derived from endothelial APP770. Because in rodents plasma sAPP is a markedly lower (∼100 pg/ml) than that of humans (Kitazume et al., 2012), it’s possible that low level of endothelial APP expression in mice could be one of the reasons that App knock-in mice exhibit mild CAA pathology. To overcome this, a mouse line that specifically expresses human APP770 in endothelial cells has just been generated (unpublished). In brief, floxed hAPP770NL mice under the CMV early enhancer/chicken β-actin promoter were first generated. These mice were then crossed with Tie2-Cre mice, in which the Tie2 promoter directs the expression of Cre recombinase in the endothelial cells to obtain double transgenic (Tg) mice.

App knock-in mouse models were previously produced by Li et al. (2014) who used multiple pathogenic mutations. These mice carry the Swedish (K670N/M671L), Dutch (E693Q), and London (V717I) mutations with the humanized Aβ sequence. The Dutch mutation results in an intensive CAA pathology in humans, thereby causing brain hemorrhage and early mortality (Levy et al., 1990; Van Broeckhoven et al., 1990). This mutation is therefore not specifically responsible for causing FAD. These mice did not develop prominent Aβ deposits over their lifespan, but when they were crossbred with Psen1M146V knock-in mice, an age-dependent deposition of Aβ was seen in the resultant double knock-in mice. The deposition of Aβ was detected not only in the parenchyma of the cerebral cortex but also in the cerebral vasculature, similar to that seen in CAA in humans. Double knock-in mice that did not have the Dutch mutation exhibited virtually no vascular pathology. In this way, if the authors had used the Beyreuther/Iberian or Austrian mutation instead of the London mutation in the mouse App gene then they probably would not have had to introduce the Psen1 knock-in mice. Knock-in mice harboring the Dutch mutation can still serve as relevant models for CAA; however they may not be appropriate for examining the effect of immunotherapy on CAA because the Dutch mutation is present in the middle of the Aβ sequence.



NEPRILYSIN-SENSITIVE AMYLOIDOGENIC Aβ AS A PROBABLE CAUSE FOR SPORADIC ALZHEIMER’S DISEASE

NEP and insulin-degrading enzyme (IDE) are considered the two major catabolic enzymes that degrade Aβ (Qiu et al., 1998; Iwata et al., 2000, 2001; Farris et al., 2003; Leissring et al., 2003). NEP is capable of degrading both soluble and insoluble Aβ (Iwata et al., 2000, 2001; Huang et al., 2006), but it is not clearly shown whether endogenous IDE could degrade insoluble Aβ in the mouse brains (Farris et al., 2003), rather IDE appears to be involved in metabolism of AICD. Unfortunately, their roles in Aβ metabolism in vivo have never been compared in an impartial and side-by-side manner. Once double mutants crossbred single App knock-in mice with NEP (Mme) KO mice and with IDE (Ide) KO mice were analyzed in detail for their biochemical properties and Aβ pathology properties, it would be clear their distinct roles in APP metabolism and the AD pathogenesis.

Further to the above, a deficiency of NEP had no significant impact on the levels of various neuropeptides (Sasaguri et al., 2018) as well as enkephalins (Saria et al., 1997) that are well known to be in vitro substrates for NEP (Turner et al., 1996, 2000, 2001; Turner and Nalivaeva, 2006) in the cerebral cortex and hippocampal formation of mice, presumably because NEP is mainly expressed in secretory vesicles and on the presynaptic membranes of excitatory neurons (Iwata et al., 2002, 2004, 2013), while most if not all neuropeptides are secreted from inhibitory neurons. This argues against the concern that NEP up-regulation for the treatment of preclinical AD would reduce the levels of these neuropeptides. These findings also indicate that NEP relatively selectively degrades Aβ in the brain. Whereas familial AD (FAD) is unambiguously caused by an increased anabolism of Aβ, and of Aβ42 and Aβ43 in particular (Selkoe and Hardy, 2016), the anabolism of Aβ appears unaffected prior to its deposition in the brain that subsequently leads to the onset of sporadic AD (SAD). These observations suggest that NEP-sensitive amyloidogenic Aβ likely plays a primary pathogenic role in the etiology of SAD. Our findings are consistent with the aging-dependent decline of NEP expression in the human brain and with recent genome-wide association studies (GWAS) indicating that variants of the gene encoding NEP (MME) are associated with the risk of SAD development (Bellenguez et al., 2020). Taken together, our results imply that the aging-associated decrease in NEP expression is a primary cause of SAD and could thus be a target for the treatment of preclinical AD once other factors such as apolipoprotein E genotypes have also been considered.



REGULATION OF Aβ METABOLISM VIA SOMATOSTATIN RECEPTOR SUBTYPES THROUGH MODULATION OF NEP ACTIVITY

Since NEP is a major Aβ-degrading enzyme and it is downregulated upon aging, its decreased levels in the brain will most likely lead to increased Aβ levels (Yasojima et al., 2001; Carpentier et al., 2002; Iwata et al., 2002; Maruyama et al., 2005; Hellström-Lindahl et al., 2008). NEP is regulated by the neuropeptide somatostatin (Saito et al., 2005). Somatostatin, which binds to somatostatin receptors, is also decreased upon aging and in AD possibly due to loss of somatostatin-positive interneurons (Davies et al., 1980; Beal et al., 1985; Bergström et al., 1991; Hayashi et al., 1997; van de Nes et al., 2002; Lu et al., 2004; Gahete et al., 2010). Somatostatin, which was first identified to regulate secretion of growth hormone from pituitary, has been traditionally abbreviated as SRIF (somatotropin release-inhibiting factor) (Møller et al., 2003), so we will keep to this nomenclature in this review. SST1, SST2, SST3, SST4, and SST5 are used to express somatostatin receptor subtypes 1–5. Interestingly, mutations in SRIF are linked to AD (Vepsäläinen et al., 2007). By using a combination of in vitro and in vivo approaches to identify the subtype specificity of the five SSTs expressed in the brain and considered to be involved in the regulation of NEP. We would like to emphasize that it is necessary to use a co-culture system of primary neurons from the cortex, hippocampus, and striatum for in vitro experiments (Kakiya et al., 2012; Nilsson et al., 2020; Watamura et al., 2021a).

Using a battery of Sst double knockout (dKO) mice, we found that NEP is regulated by SST1 and SST4 in a redundant manner. Sst1 and Sst4 dKO mice exhibit a specific decrease of presynaptic NEP in the Lacunosum molecular layer. Moreover, a genetic deficiency of Sst1 and Sst4 in the App knock-in mice aggravated the Aβ pathology in the hippocampus. As a first proof of concept towards an Aβ-lowering strategy involving NEP, a treatment with an agonist selective for SST1 and SST4 could ameliorates the Aβ pathology and improves cognitive outcomes in the App knock-in AD mouse model as schematized in Figure 8 (Nilsson et al., 2020). These results indicate that a combination of SST1 and SST4 homodimers or the SST1 and SST4 heterodimer may become a target for pharmaceutical intervention to treat preclinical AD. Of note, the expression of SRIF in human brain declines with aging and in AD (Davies et al., 1980; Lu et al., 2004) and may causally contribute to AD pathogenesis via reduction of NEP activity/expression.
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FIGURE 8. Somatostatin receptor subtypes 1 and 4 (SST1/4) regulate the Aβ-degrading enzyme NEP. The neuropeptide somatostatin (SRIF) was identified as a regulator of NEP activity through in vitro screening. Subsequent analysis of the effect of genetic deletion of somatostatin receptor (SST) subtypes in mice revealed that SST1 and SST4 regulate NEP in a redundant manner. This was further confirmed by concurrently deleting SST1 and SST4 in App KI mice, which aggravated the Aβ pathology. SST1/4 can be either a combination of SST1 and SST4 homodimers or an SST1/SST4 heterodimer.




SRIF-EVOKED Aβ CATABOLISM IN THE BRAIN: MECHANISTIC INVOLVEMENT OF THE α-ENDOSULFINE-KATP CHANNEL PATHWAY

Although SRIF is known to regulate Aβ catabolism by enhancing NEP-catalyzed proteolytic degradation, the mechanism by which SRIF actually regulates NEP activity is yet to be fully elucidated. Proteomic analyses enabled α-endosulfine (ENSA), an endogenous ligand of the ATP-sensitive potassium (KATP) channel, to be identified as a negative regulator of NEP downstream of SRIF signaling (Watamura et al., 2021a). The expression of ENSA is significantly increased in AD mouse models and in patients with AD. In addition, NEP directly contributes to the degradation of ENSA, suggesting a substrate-dependent feedback loop regulating NEP activity.

It was also discovered the specific KATP channel subtype [sulfonylurea receptor subunit 1 (SUR1) and inwardly rectifying K+ channel 6.2 (Kir6.2)] that modulates NEP activity, resulting in altered Aβ levels in the brain. Pharmacological intervention targeting this particular KATP channel by diazoxide attenuated Aβ deposition, with impaired memory function rescued via the NEP activation in our AD mouse model. These findings provide a mechanism explaining the molecular link between KATP channels and NEP activation. They also provide new insights into how ENSA and the KATP channel could profile as a new therapeutic target for lowering Aβ and thus provide an alternative strategy to prevent AD. Figure 9 summarizes the NEP activation mechanism that involves SRIF receptor subtypes, ENSA and KATP channel involvement.
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FIGURE 9. Role of ENSA in the regulation of NEP activity. Schematic illustration of the mechanism describing NEP activity in the brain. ENSA, a downstream protein of SST-SST1/4 signaling, plays a role as a ligand of the KATP channel composed of sulfonylurea receptor subunit 1 (SUR1) and inwardly rectifying K+ channel 6.2 (Kir6.2), resulting in the activation of NEP. SST1/4 can be either a combination of SST1 and SST4 homodimers or an SST1/SST4 heterodimer.




HUMANIZATION OF THE ENTIRE MURINE Mapt GENE TO GENERATE hMAPT KNOCK-IN MICE

To date, most if not all, mouse models of tauopathy have been unable to recapitulate the tau pathology without overexpressing mutant human tau protein. As a novel in vivo platform for studying human tauopathy, human MAPT knock-in mice have been developed in which the entire Mapt gene including all exons and introns are humanized (Hashimoto et al., 2019). In each strain, the MAPT and Mapt genes encoded human and murine tau proteins, respectively. This was done by crossing MAPT knock-in mice with single App knock-in mice in order to study the role of the Aβ-tau axis in the etiology of AD. The double knock-in mice exhibited a more pronounced tau phosphorylation status than single MAPT knock-in mice but lacked evidence of tau pathology and neurodegeneration (in a manner similar to that of single App knock-in mice) even after waiting until the mice were 24 months old.

In both the absence and presence of Aβ amyloidosis, the tau humanization has been found to significantly accelerate the propagation of AD brain-derived pathological tau (Figure 10; Saito et al., 2019). Tau accumulation was intensified in the latter case and closely associated with dystrophic neurites, consistently showing that Aβ amyloidosis affects tau pathology. These results indicated that pathological human tau interacted better with human tau than with murine tau, and suggest the presence of a species-defined preference between the pathogenic proteins. The MAPT knock-in mice also facilitate the investigation of behavioral properties and of human tau characteristics in living animal models. In addition, mutant MAPT knock-in mice carrying various pathogenic mutations have been generated (Table 2). These mice exhibit aging-dependent tau aggregation and cognitive impairment in a manner accelerated by Aβ pathology and are being provided to the research community upon request.
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FIGURE 10. Propagation of AD-tau in mouse brains. Propagation of tau in each mouse line was observed 3 months after AD-tau injection. Brain sections were immunostained with AT8 (red). Humanization of the host animal tau affects the transmission of the pathogenic agents. AppNL–G–F/MAPT dKI mice exhibited greater pathological propagation than AppNL–G–F KI mice.




THE ROLE OF CAPON IN TAU PATHOLOGY-MEDIATED TOXICITY

Pathological tau causes synaptic dysfunction and loss of synapses. One of promising molecules that mediates tau pathology-induced neurotoxicity is N-methyl-D-aspartate receptor (NMDAR). For example, tau accumulation disturbs synaptic plasticity through JAK2/STAT1-mediated suppression of NMDAR (Li et al., 2019). Phosphorylation of tau at Tyr18, which is mediated by the tyrosine kinase Fyn, enhances NMDAR-dependent excitotoxicity (Guo et al., 2020). Several reports indicated that glutamate-induced excitotoxicity was prevented by downmodulation of tau (Roberson et al., 2007) (Ittner et al., 2010). We also previously identified a NMDAR-related molecule as a tau binding protein which is involved in tau pathology- induced neurodegeneration.

To elucidate key molecules underlying tau accumulation-induced neurodegeneration, a comprehensive screening of tau-interacting proteins (tau interactome) was constructed. Tau-binding proteins were isolated by immunoprecipitation-LC-MS/MS (IP-MS) using a Flag-tag antibody and wild-type tau Tg (wtau-Tg) mice, which is expressing human tau tagged with a flag epitope (Kimura et al., 2007). Considering that tau is a microtubule-binding protein, we validated the methods used to generate the tau interactome by identifying the tubulin beta-4A chain as one of the tau-binding proteins.

Of the many proteins identified in the tau interactome, we focused on carboxy-terminal PDZ ligand of neuronal nitric oxide synthase (CAPON) (Hashimoto et al., 2019), which is an adaptor protein of neuronal nitric oxide synthase (nNOS). CAPON acts as an enzyme for the production of nitric oxide (NO) and is involved in NMDAR-mediated excitotoxicity (Jaffrey et al., 1998). It is thought to recruit substrates to nNOS and facilitate their NO-mediated modification through protein-protein interactions (Jaffrey et al., 1998). The presence of CAPON polymorphisms associated with schizophrenia and other psychiatric disorders has been reported in several studies (Brzustowicz, 2008; Freudenberg et al., 2015). Moreover, CAPON was shown to positively regulate spine density (Richier et al., 2010) and to regulate neuronal cell death downstream of the NMDAR (Li et al., 2013). These findings suggest that CAPON contributes to neurotransmission and neuronal excitotoxicity. In addition, one report showed that CAPON is upregulated in CA1 pyramidal cells in the AD brain (Hashimoto et al., 2012), implying that CAPON may play an important role in the pathogenesis of AD. The mechanism(s) underlying these effects nevertheless remain(s) unknown.

To further elucidate the effects of CAPON on AD pathology, we introduced CAPON cDNA into the brains of AppNL–G–F and AppNL–G–F X MAPT (hTau) double-KI mice using a newly developed adeno-associated virus (AAV)-mediated approach. We analyzed the effects of human tau protein as it is known that the hTau-KI mouse expresses an endogenous level of WT human tau. These experiments revealed that CAPON expression facilitates hippocampal atrophy in conjunction with neuronal cell death, and that a deficiency of CAPON in the P301S-Tau-Tg tauopathy mouse model suppressed tau pathology and neurodegeneration (Figure 11). From our results, an intervention in the interaction between CAPON-tau or CAPON-nNOS could be a new approach for the treatment of AD.
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FIGURE 11. Functions of CAPON in neurodegeneration. (A) Brain sections from WT, P301S-Tau-Tg or nos1ap-/-/P301S-Tau-Tg mice stained by the conventional method using hematoxylin and eosin (H&E). A CAPON (Nos1ap) deficiency restores AD-related pathological phenotypes in P301S-Tau-Tg mice. (B) Scheme of CAPON action. Aβ pathology elevates the level and localization of CAPON in hippocampal pyramidal cells. CAPON-induced neuronal cell death is closely associated with the pathological tau protein, although there appears to be a tau-independent mechanism in play as well.




GENERATION OF NON-HUMAN PRIMATE MODELS OF FAMILIAL ALZHEIMER’S DISEASE

Common marmosets (marmosets, Callithrix jacchus) are small non-human primates that belong to the New World Primates (Figure 12; Mansfield, 2003). They have been increasingly utilized in neuroscience because of advantages that were observed over other research primates (Okano, 2021; Park and Sasaki, 2021). Marmosets possess physiological functions, brain structures and complex cognitive/social behaviors similar to those of humans; they communicate mainly via visual and auditory measures. In association with AD research, the amino acid sequence of Aβ in marmosets is identical to that of humans, with aged wild-type marmosets starting to accumulate Aβ from 7 years of age or even earlier (Geula et al., 2002; Rodriguez-Callejas et al., 2016). In addition, adolescent marmosets exhibit tau hyperphosphorylation, but not neurofibrillary tangle formation, in the brain that increases with aging (Rodriguez-Callejas et al., 2016). Their life spans in captivity are as long as 10–15 years, making them suitable for age-related research (Tardif et al., 2011). Their immune systems and metabolic functions resemble those of humans (t Hart and Massacesi, 2009; Tardif et al., 2011) and thus may affect the pathogenic processes related to AD (Ennerfelt and Lukens, 2020; Kellar and Craft, 2020; Rosario et al., 2020). Because sleep disorder is an early clinical symptom of AD (Pyun et al., 2019), it is noteworthy that marmosets share with humans the sleep phases composed of rapid eye movement (REM) and non-REM cycles (Crofts et al., 2001). Among various non-human primate species, the marmoset seems most applicable to genetic manipulation, i.e., generation of designed mutants, for which their high reproductive efficacy is advantageous (Sasaki et al., 2009; Sato et al., 2016; Park and Sasaki, 2021). Furthermore, fecundity characteristics of marmosets, such as a short period of sexual maturity, multiple births, and short gestation interval, are suitable for producing genetically modified disease models (Tardif et al., 2003).
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FIGURE 12. Photograph of common marmosets (Callithrix jacchus). The photo shows members of captive common marmoset family. Their small body size, fecundity, and high cognitive functions are a suitable model for neuroscience. The photograph of marmosets was taken by WK at CIEA.


Majority of FAD-causing mutations reside in the PSEN1 gene (Scearce-Levie et al., 2020). Typically, deletion mutations in exon 9 (Crook et al., 1998; Prihar et al., 1999; Smith et al., 2001; Dumanchin et al., 2006; Le Guennec et al., 2017) or point mutations at the 3′ splice site (acceptor site) of exon 9 in the PSEN1 gene cause dominantly inherited FAD. The point mutations instigate exon 9 elimination and S290C modification in the corresponding mRNA at the junction sites of exons 8 and 10 via the conversion of alternative splicing (Hutton et al., 1996; Kwok et al., 1997; Steiner et al., 1999; Brooks et al., 2003; Blauwendraat et al., 2016). Thus, generation of a marmoset model of AD is set out in which exon 9 of the PSEN1 gene product is deleted using gene-editing technologies to produce AD marmoset models. Since TALEN exhibited high genome-editing efficacy, generates few off-target effects, and produces little mosaicism, the TALEN would be a suitable tool for producing exon 9 deletion in the PSEN1 gene (Sato et al., 2016; Zhang et al., 2019). Although it is a non-peer review data, the exon 9 deletion in the PSEN1 gene that is an AD causing mutation has been successfully introduced into non-human primates by TALEN (Sato et al., 2020).
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Background: Previous studies on voxel-based morphometry (VBM) have found that there were gray matter alterations in patients with hepatic encephalopathy (HE). However, the reported results were inconsistent and lack a quantitative review. Therefore, this study aims for a quantitative meta-analysis of VBM analysis on patients with HE.

Methods: The studies in our meta-analysis were collected from Pubmed, Web of Science, and Embase, which were published from January 1947 to October 2021. The seed-based d mapping (SDM) method was applied to quantitatively estimate the regional gray matter abnormalities in patients with HE. A meta-regression analysis was applied to evaluate the relationship between plasma ammonia and gray matter alteration.

Results: There were nine studies, with sixteen datasets consisting of 333 participants with HE and 429 healthy controls. The pooled and subgroup meta-analyses showed an increase in gray matter volume (GMV) in the bilateral thalamus and the calcarine fissure but a decrease in the GMV in the bilateral insula, the basal ganglia, the anterior cingulate gyrus, and the cerebellum. The meta-regression showed that plasma ammonia was positively associated with the GMV in the left thalamus but was negatively associated with the GMV in the cerebellum and the bilateral striatum.

Conclusion: Gray matter volume in patients with HE largely varied and could be affected by plasma ammonia. The findings of this study could help us to better understand the pathophysiology of cognitive dysfunction in patients with HE.

Keywords: seed-based d mapping, voxel-based morphometry, meta-analysis, hepatic encephalopathy, gray matter, plasma ammonia


INTRODUCTION

Hepatic encephalopathy (HE) is a neuropsychiatric syndrome, which is featured by a range of clinical manifestations, such as psychometric changes, numbness, and coma. Minimal HE (MHE) is a subset of HE in which symptoms are undetectable by routine examination and can only be diagnosed by neuropsychological measurements and neurophysiological tests (Tao et al., 2013). As reported, MHE can reduce the quality of life and the working ability (Bajaj et al., 2009), and MHE is prone to progress to overt HE (OHE) without proper treatment. Patients with cirrhosis with OHE usually develop poor prognosis and a loss of learning ability (Umapathy et al., 2014). Thus, even patients recovering from the disease can still have abnormal neuropsychiatric function and high recurrence rates (Sharma et al., 2010).

The voxel-based morphometry (VBM) method has many advantages over the region of interest (ROI) analysis ability (Pereira et al., 2010), such as automation, assumption-free, operator independence, and whole-brain gray matter abnormalities. With VBM, MRI morphometry studies have focused on structural abnormalities of gray matter and white matter. However, the structures to be evaluated need to be determined in advance, because of the major limitations of ROI-based brain morphological change measurement techniques (Busatto et al., 2008). Because of the different sample sizes of participants and different research methods, the results of these studies were contradicted (Costafreda et al., 2009). In comparison, VBM is a more accurate method than the manual volume approach and can overcome the limitations of the ROI approach. It is important to confirm unanimous results of VBM studies on gray matter volume (GMV) in those with HE based on a meta-analysis (Wang et al., 2015).

At present, several VBM studies of GMV in HE have been published. However, the results are diverse. For instance, one study found that regional gray matter atrophy was mostly confined in bilateral frontal regions, the bilateral temporal pole, and the cerebellum (García-García et al., 2017), while another study suggested that the loss of gray matter was observed in the precuneus, the bilateral insular cortex, and the caudate nucleus (Chen et al., 2012).

Seed-based d mapping (SDM) is a statistical software for meta-analysis, using neuroimaging technology to detect differences in brain activity. The SDM, combining positive and negative differences, has proven to be better than methods such as the activation likelihood estimation and the multilevel kernel density analysis (Radua et al., 2012). In addition, to assess the robustness and heterogeneity of the results, SDM enables several complementary analyses, such as jack-knife and subgroup analysis (Radua et al., 2012). However, SDM has not been applied to a meta-analysis comparing patients with HE with normal controls. In this study, we have used SDM to evaluate the published VBM studies on patients with HE and the control group for identifying consistent regional gray matter abnormalities.



METHODS


Search Strategy

Our study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Liberati et al., 2009). The studies in our meta-analysis were collected from Pubmed, Web of Science, and Embase, which were published from January 1947 to October 2021. The last search was run on October 25, 2021. The keywords we used were “hepatopathy” or “cirrhosis” or “hepatic fibrosis” or “HE” plus “VBM” or “voxel-based morphometry” or “gray matter” or “voxel-wise” or “voxel-based.” In addition, we also manually checked the reference lists of the included studies.

At the same time, manual retrieval was performed on the bibliography of the included literature. The inclusion criteria were as follows: (1) the studies that reported a VBM (GM volume) comparison between patients with HE and controls; (2) the results of the stereotactic changes of the whole brain’s three-dimensional coordinates (X, Y, and Z) were reported; and (3) the significance threshold was corrected by multiple comparisons based on voxels or the threshold corrected without a spatial range. We found that some studies had many independent patient samples, which were considered separate studies in our meta-analysis. The exclusion criteria are as follows: (1) not enough data could be obtained even if the corresponding author has been asked for more information; (2) there are less than 10 cases in the HE group and the control group; (3) overlapping with data from other publications; (4) uncorrected results and spatial thresholds were not reported; (5) no control group was present; (6) the analysis was limited to a specific ROI; and (7) the coordinates were not in Talairach or the Montreal Neurological Institute (MNI) space.



Data Extraction

Two investigators (LCZ and WHZ) independently examined abstracts from the initial search, and disagreements were discussed with a third author to reach a consensus. Authors were blinded to the articles’ authors, their institutions, and the source of funding to minimize potential bias. The full texts of studies thought to fulfill the inclusion criteria were assessed in detail to confirm eligibility. Furthermore, we found that some studies had multiple independent patient samples who were compared with the same healthy control groups, which were considered in this study as separate studies in our meta-analysis. Coordinates were extracted independently by two authors using anisotropic effect size-SDM.



Voxel-Wise Meta-Analysis

We used the SDM to analyze the gray matter difference. First, we had a pooled meta-analysis of these selected studies. Then, we conducted 3 subgroup meta-analyses, namely, non-HE (NHE), MHE, and OHE, which were three different types of HE. The SDM method has been described clearly in other articles (Radua and Mataix-Cols, 2009; Radua et al., 2011, 2012). All the reported peak coordinates were selected. To avoid potential bias, all studies used the same statistical threshold. Second, the standard MNI plots of gray matter differences for each study were reconstructed. The peak t-value of Hedges’ effect size was the basis of the peak coordinates’ reconstruction. The zero findings in the study were reconstructed with the same effect size, and the only difference was that all the voxels in the effect size graph were estimated to be zero. Third, an analysis was carried out by studying the average value of maps. Thus, a study that had a larger sample size would have a larger contribution. Finally, after determining the statistical significance, a zero distribution was created and the P-value was obtained directly. The default SDM kernel sizes and thresholds were used (full width at half-maximum D 20 mm, voxel p D 0.005, peak height Z D 1, and cluster extent D 10 voxels) (Radua et al., 2012). In addition, the robustness of the findings was assessed by using jack-knife sensitivity. For instance, data were repeatedly analyzed fifteen times in polled meta-analyses, and whenever one study was removed, a repeat analysis was performed. If a previously important brain region remained important in most of the study combinations, the finding was supposed to be highly repetitive.



Meta-Regression Analysis

The main output of each variable was a regression slope graph. A simple linear regression can be used to assess the impact of sociodemographic and clinical variables (Radua et al., 2012). According to the previous analyses, the detection of reduced spurious associations, with a probability threshold of 0.00005, required anomalies to be found in the slope and one extreme of explanatory variables, with discarded results found in other areas of the analysis. Finally, we examined the regression graph to exclude fitting driven by too few studies (Radua and Mataix-Cols, 2009).




RESULTS


Included Studies and Sample Characteristics

Figure 1 shows the flowchart of inclusion and identification in this meta-analysis. In total, 1,416 documents were identified by the search strategy, and 9 (Chen et al., 2012; Iwasa et al., 2012; Zhang et al., 2012; Qi et al., 2013c; Tao et al., 2013; García-García et al., 2017; Wang et al., 2017, 2019; Liu et al., 2019) VBM studies met the inclusion criterion of comparison of GMV alterations. In five studies, the analysis was based on two or three different HE subgroups and was compared with the same healthy control group. As a result, a total of 16 groups of data were included for meta-analysis. Table 1 shows the clinical and demographical data. Table 2 shows the technical details of the included studies. All the studies included in the meta-analysis were prospective. There were 333 patients and 429 healthy controls included. No statistical difference was found in age and gender in each study.
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FIGURE 1. A flowchart of the inclusion and identification in the current meta-analysis.



TABLE 1. Demographic and clinical characteristics of studies included in the current meta-analysis.
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TABLE 2. Technique details of VBM studies for GMV on HE in meta-analysis.
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Pooled Meta-Analysis of All the Studies

The GMV reduction in patients with HE was mainly found in four clusters (Table 3 and Figure 2). The largest cluster is located in the bilateral insula, which extended into the bilateral basal ganglia. The second largest cluster is located in the left cerebellar hemisphere and the cerebellar vermis. GMV also decreased in the bilateral anterior cingulate gyrus and the right inferior frontal gyrus. Meanwhile, GMV increment was observed in the bilateral thalamus, the lingual gyrus, and the calcarine fissure and its surrounding cortex in patients with HE.


TABLE 3. Altered gray matter volume for pooled meta-analysis of all the included studies.
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FIGURE 2. The regions of decreased (blue) and increased (red) gray matter volumes (GMVs) in patients with HE compared with healthy controls in a pooled meta-analysis and three subgroup meta-analyses. The results are displayed on a 2D axial rendered brain. HE, hepatic encephalopathy; NHE, non-hepatic encephalopathy; MHE, minimal hepatic encephalopathy; OHE, overt hepatic encephalopathy; L, left; R, right.




Subgroup Meta-Analysis of Studies Including Patients With Non-hepatic Encephalopathy

A total of seven studies, including patients with NHE, as a subgroup were analyzed, including seven sets of data, 153 patients with NHE, and 167 healthy controls (Table 1). Subgroup analysis showed GMV reduced in the cerebellar, the bilateral basal ganglia, and the insula compared with the control group. Furthermore, the volume of gray matter in the bilateral thalamus and the calcarine fissure and its surrounding cortex increased compared with the control group (Table 4 and Figure 2).


TABLE 4. Altered gray matter volume for subgroup meta-analyses between patients with NHE and healthy controls.
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Subgroup Meta-Analysis of Studies Including Patients With Minimal Hepatic Encephalopathy

All the patients with MHE were analyzed, including four sets of data, 79 patients, and 122 healthy controls (Table 1). The study showed GMV reduced in five brain regions, namely, the bilateral basal ganglia, the insula, the cerebellar hemisphere and the cerebellar vermis, the bilateral anterior cingulate gyrus extended to the right inferior frontal gyrus, and the superior temporal gyrus. GMV of patients with MHE increased in the bilateral thalamus, the right lingual gyrus, and the right calcarine fissure (Table 5 and Figure 2).


TABLE 5. Altered gray matter volume for subgroup meta-analyses between patients with MHE and healthy controls.
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Subgroup Meta-Analysis of Studies Including Patients With Overt Hepatic Encephalopathy

A total of four studies with patients with OHE were analyzed, including five sets of data comparing 101 patients and 140 healthy controls (Table 1). The subgroup analysis identified GMV reduction in the bilateral insula, the bilateral basal ganglia, the bilateral cingulate gyrus, and the cerebellum. GMV increased in the bilateral thalamus, the lingual gyrus, and the calcaneal fissure (Table 6 and Figure 2).


TABLE 6. Altered gray matter volume for subgroup meta-analyses between patients with OHE and healthy controls.
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Sensitivity Analysis

According to Table 3, the GMV alteration of the right thalamus, the right calcarine fissure and its surrounding cortex, the left insula, the cerebellum, and the right anterior cingulate gyri were highly replicable for the reason that they were kept throughout all of the 16 combinations of studies. The sensitivity analysis showed that theGMV decrease in the right inferior frontal gyrus were also significant in all but two combinations of the datasets.

Whole-brain jack-knife sensitivity analyses of the subgroup meta-analysis of studies involving patients with NHE show that the left thalamus, the left calcarine fissure and its surrounding cortex, the bilateral striatum, and the cerebellum were highly replicable, being preserved through all of the 7 combinations of studies (Table 4). In patients with MHE, the altered GMV in the left thalamus, the right lingual gyrus, the cerebellum, the right striatum, the left insula, and the right anterior cingulate were highly replicable, as they were kept throughout all of the 4 combinations of studies (Table 5). As for OHE, altered GMV in the left thalamus, left calcareous clef and peripheral cortex, left insula, cerebellum, and right anterior cingulate were highly reproducible because these findings were kept in all the five dataset combinations (Table 6).



Meta-Regression

A meta-regression analysis was used to analyze the association between plasma ammonia and GMV alteration in patients with HE. These variables were available for all the 228 participants in the 11 datasets. The plasma ammonia level positively correlated with the GMV in the left thalamic infract and negatively correlated with the GMV in the cerebellum and the bilateral striatum (Figure 3).
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FIGURE 3. Results of meta-regression analysis of studies of patients with HE compared with healthy controls. (A,B) The regions of decreased (blue) and increased (red) gray matter with changes in plasma ammonia concentration. (C) The plasma ammonia concentration of patients with HE was positively associated with gray matter volume (GMV) in the left thalamus. The plasma ammonia of patients with HE was negatively associated with GMV in the cerebellum (D), the right striatum (E), and the left striatum (F). In the figure, the effect size required to create this plot has been extracted from the peak with the maximum slope significance, and each study is represented by a point whose size reflects the sample size; L, left; R, right.





DISCUSSION

To the best of our knowledge, this is the first study to analyze the changes in brain GMV of patients with HE with SDM software and three subgroup analyses. Both the comprehensive analysis and the subgroup analysis have confirmed that patients with HE had extensive symmetry changes in gray matter. Our research may help to understand the potential neurodegenerative process of HE. An important finding of subgroup analysis is that, in patients with different degrees of HE, the changing area of brain GMV is similar, and the range of symptoms increases with the aggravation.

The current voxel meta-analysis mainly showed that GMV increased in the bilateral thalamus, the bilateral hippocampus, and the bilateral lingual gyrus extending to the calcarine fissure and the precuneus. In addition, the GMV decreased in the bilateral insula, the basal ganglia, the anterior cingulate gyrus extending to the superior frontal gyrus, and the cerebellum. The results of the sensitivity analysis remained largely unchanged and the results were robust and highly reproducible.

Several neuroimaging findings suggested that changes in the cortico-striato-thalamic pathway could play a crucial role in HE (Qi et al., 2012, 2013b,2015). As information from the cortex is returned to the thalamus indirectly or directly through the striatum—white matter system, the thalamus may act as a filter for sensory input (Nakajima et al., 2019). The basal ganglia are considered to be playing an important role in the pathophysiology of HE (Qi et al., 2013a). In previous studies, basal ganglia indicated functional disconnection with other brain regions and abnormalities in metabolism (Sharma et al., 2010; Chen et al., 2012), which resulted in the disinhibition of the thalamic activity and inputs more inhibitory information into the cortex, leading to neurocognitive dysfunction (Grillner and Robertson, 2015; He et al., 2020). In addition, manganese is known to deposit within intracranial structures, mainly the globus pallidus and the pituitary gland (Dietemann et al., 1998; Rovira et al., 2008). Previous studies have shown that manganese deposition is also one of the reasons for the loss of basal ganglia neurons (Kano and Morishima, 2021). Moreover, manganese can colocalize in such intracranial structures with other elements, such as iron or gadolinium. These elements showed cellular toxicity in neurons, which may also be the reason for the reduction of GMV in basal ganglia (Mallio et al., 2020). An increase in thalamic volume may indicate hypertrophy or hyperplasia of neurons or glia. It is speculated that the increase of thalamic volume is a compensatory effect of basal ganglia dysfunction, but the increase of thalamic volume cannot completely improve brain function (He et al., 2020).

The results showed that patients with HE also suffered from obvious increase in some brain regions, namely, the bilateral precuneus, the lingual gyrus, and the calcarine fissure and its surrounding cortex. Notably, these areas were linked to the visual functions (Rao et al., 2007; Rita Machado et al., 2017), which are relative to impaired visual information processing in patients with cirrhosis. The increase in the cortical thickness observed in patients with cirrhosis seems to contradict previous works of research (Montoliu et al., 2012; Wernberg et al., 2019). The reason for such inconsistency remains unclear. However, a previous study’s results were similar to ours, which speculated that the increase of cortical thickness was related to mild brain edema in patients with HE (Wu et al., 2015). With the progression of the disease, the scope of the increase in the volume of related brain regions is reduced. We speculated that the progressive atrophy of the cortex caused by dysfunction weakens the increase in the GMV. The related neuropathological mechanism is not clear and is worthy of further study.

Our study found that, in comparison with the healthy control group, patients with HE had wider GMV reduction areas with the progress of the disease. These findings have been shown in previous studies (Garcia-Martinez et al., 2011; Lin et al., 2019). The bilateral insula is the most significant area of GMV reduction, the decreased insula volume has been revealed in HE, which correlates with cognitive alterations (Chen et al., 2017; García-García et al., 2017). It is found that the resting-state neuronal activity represents abnormal regional uniformity in the insula of patients with HE (Ni et al., 2012; Chen et al., 2016). The insula integrates internal and external stimuli and plays an important role in episodic memory processing. The anterior cingulate cortex is a significant region for attentional control, response suppression, and error detection (Kerns et al., 2004). The anterior cingulate cortex and the insula participate in the detection and the location of external stimuli and internal events (Flook et al., 2020) and is also a key brain region of the default mode network (DMN; Zhang et al., 2013; Wertz et al., 2020). Studies have shown that DMN has high metabolic activity at rest. Therefore, decreased gray matter voxel of the anterior cingulate cortex may be the neurobiological basis of cognitive impairment. In addition, we also noted that, without HE, the volume of the anterior cingulate cortex region did not change in patients with cirrhosis, which maybe because of the early stage of the disease.

The cerebellum is a regulator of motor function, but a link between cerebellum changes and impaired executive function has been established (Kühn et al., 2012). Our results showed that the area of reduced cerebellar volume increased significantly with the progression of the disease. Studies have shown that the cerebellum was more susceptible to the harmful effects of hyperammonemia than the cerebral cortex (Rodrigo et al., 2010). Our study also found that the volume of the bilateral striatum and the thalamus changed with the increase of plasma ammonia, which could be caused by an increased blood flow of related brain regions in patients with cirrhosis (Felipo et al., 2014). Cerebral blood flow in patients with HE has regionally selective changes, such as decreased blood flow to cortical regions but significantly increased blood flow to the basal ganglia, the cerebellum, and the thalamic structures (Butterworth, 2019). These regions are more susceptible to plasma ammonia. New animal models using ammonia as a precipitation factor also confirmed cerebellar neuron loss (García-Lezana et al., 2017). Gray matter loss reflects ammonia-related neurological changes.

The discovery and measurement of HE are challenging in clinical practice. Nowadays, artificial intelligence and machine learning have been increasingly applied to disease diagnosis, especially medical image recognition (Supekar et al., 2022). We reviewed previous articles and obtained a relatively unified result of GMV change in patients with HE, which provides a basis for delineating ROIs in machine learning. EEG is a common tool for monitoring HE (Amodio and Montagnese, 2015). However, EEG signals may be damaged by background noise, which leads to inconsistent diagnostic accuracy (Mutanen et al., 2018). Machine learning algorithms can analyze records containing a large number of variables and can find complex linear or non-linear relationships between variables (Gazda et al., 2021). Machine learning and deep learning methods have been used to analyze EEG to predict various chronic psychiatric illnesses (Natu et al., 2022; Paul et al., 2022). Using artificial intelligence and machine learning to comprehensively analyze MRI and EEG to diagnose HE more accurately may be the direction of future research.

This study still has some limitations. First, due to the sample size, the power of the results of this study may be limited, which is similar to the early voxel-based meta-analysis. Second, there are still some deviations in the VBM method, especially in areas with large anatomical variation; it may excessively show population differences, which is due to its relative insensitivity to more spatial changes (Bookstein, 2001; Tisserand et al., 2002). Another issue is that the meta-analysis is related to coordinates in published studies, leading to less accurate results (Zhou et al., 2014). Moreover, only 9 studies met the inclusion criteria for the quantitative analysis in our research. A small number of studies would reduce the credibility of the results, especially the subgroup analysis should be interpreted with caution as they were driven by less than 10 studies. In addition, the lack of a protocol with a priori methods, the inclusion of English language papers only, the absence of searches for gray literature, and the use of a non-validated quality assessment checklist may have introduced a range of biases.



CONCLUSION

Based on the available imaging works of literature, this meta-analysis revealed widespread and significant changes in GMV in patients with HE. The subgroup analysis suggested that, in patients with different degrees of HE, the changing area of GMV was similar and the range of symptoms increased with aggravation. The change of GMV in patients with HE was significantly related to plasma ammonia.
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Gluten ataxia is a rare immune-mediated neurological disorder caused by the ingestion of gluten. The diagnosis is not straightforward as antibodies are present in only up to 38% of patients, but often at lower titers. The symptoms of ataxia may be mild at the onset but lead to permanent damage if remain untreated. It is characterized by damage to the cerebellum however, the pathophysiology of the disease is not clearly understood. The present study investigated the neurochemical profile of vermis and right cerebellum and structural changes in various brain regions of patients with gluten ataxia (n = 6, age range 40–65 years) and compared it with healthy controls (n = 10, 40–55 years). Volumetric 3-D T1 and T1-weighted magnetic resonance imaging (MRI) in the three planes (axial, coronal, and sagittal) of the whole brain and single-voxel 1H- magnetic resonance spectroscopy (MRS) of the vermis and right cerebellum were acquired on 3 T human MR scanner. The metabolite concentrations were estimated using LC Model (6.1–4A) while brain volumes were estimated using the online tool volBrain pipeline and CERES and corrected for partial volumes. The levels of neuro-metabolites (N-acetyl aspartate + N-acetyl aspartate glutamate, glycerophosphocholine + phosphocholine, and total creatine) were found to be significantly lower in vermis, while N-acetyl aspartate + N-acetyl aspartate glutamate and glycerophosphocholine + phosphocholine was lower in cerebellum regions in the patients with gluten ataxia compared to healthy controls. A significant reduction in the white matter of (total brain, cerebellum, and cerebrum); reduction in the volumes of cerebellum lobe (X) and thalamus while lateral ventricles were increased in the patients with gluten ataxia compared to healthy controls. The reduced neuronal metabolites along with structural changes in the brain suggested neuronal degeneration in the patients with gluten ataxia. Our preliminary findings may be useful in understanding the gluten-induced cerebral damage and indicated that MRI and MRS may serve as a non-invasive useful tool in the early diagnosis, thereby enabling better management of these patients.

Keywords: gluten ataxia, cerebellar abnormalities, MR spectroscopy, magnetic resonance imaging, celiac disease, cerebellum, cerebrum


INTRODUCTION

Gluten sensitivity-related disorders have many immune-mediated clinical manifestations such as enteropathy, dermatopathology, and neurological abnormalities (Marsh, 1995). Gluten ataxia (GA) is the most typical neurological disorder with serological evidence of gluten sensitivity, i.e., the presence of anti-gliadin antibodies (AGA IgA and AGA IgG) (Hadjivassiliou et al., 2018). It accounts for up to 40% of the cases of idiopathic sporadic ataxia and 20 % of all ataxias, with the prevalence of <0.001 in the Asia-pacific region (Hadjivassiliou et al., 1998; Ashtari et al., 2019). A strict gluten-free diet provides an improvement in the symptoms of GA (Hadjivassiliou et al., 2017). GA is characterized by damage to the cerebellum due to the widespread deposition of transglutaminase antibodies around the brain vessels. The pathophysiology of neurodegeneration in GA is not clearly understood. However, it has been reported that gluten-mediated neurological pathogenesis may occur due to deposition of immune-complex, cross-reaction of antibodies, and direct neurotoxicity, leading to an inflammatory response in the nervous system (Zelnik et al., 2004; Bushara, 2005; Abenavoli, 2010; Parisi et al., 2015). It has been reported that the antibodies generated against gliadin make the gut leaky and also cross-react with Purkinje cells in the cerebellum causing their irreversible depletion (Hadjivassiliou et al., 2016). Lymphocytic infiltration of the dorsal columns and even peripheral nerves has also been documented (Fitzsimmons et al., 2010).

The diagnosis of GA is not straightforward as antibodies are present in only up to 38% of the GA patients. In the rest of the patients, low titers (undetectable levels) make the diagnosis difficult (Benson et al., 2013). Furthermore, it has also been reported that gluten sensitivity can also be manifested without enteropathy (Aziz et al., 2012), rendering the diagnosis of such GA patients difficult. The symptoms of GA include gait ataxia, dysarthria, upper limb/lower limb ataxia, and ocular signs (Hernandez-Castillo et al., 2016). However, the onset of GA is usually not apparent, but it can rapidly progress, mimicking paraneoplastic cerebellar degeneration (Zis and Hadjivassiliou, 2019). Moreover, the symptoms may be mild at the outset, but they may lead to permanent damage if they remain untreated. Hence, there is a need to understand the pathophysiology of GA and identify non-invasive biomarker/s that may provide an early indication of gluten-induced cerebral damage and treatment management.

Magnetic resonance (MR) based techniques like magnetic resonance imaging (MRI) and MR spectroscopy (MRS) are non-invasive. They play an important role in elucidating the pathophysiology of various brain pathologies (Sharma and Jagannathan, 2004; Symms et al., 2004; Oz et al., 2014; Baldarçara et al., 2015). Of these, MRI provides anatomical images in multiple planes enabling tissue characterization and volumetric measurements. Several structural MRI studies have shown the potential for assessing atrophy patterns in different brain regions in hereditary and spinocerebellar ataxia (Vavla et al., 2018; Deelchand et al., 2019; Hernandez-Castillo et al., 2019; Cocozza et al., 2020). It has been suggested that volumetric measurements can evaluate the disease progression better than the clinical scores (Baldarçara et al., 2015; Vavla et al., 2018; Deelchand et al., 2019; Hernandez-Castillo et al., 2019; Cocozza et al., 2020). Hadjivassiliou et al. (2019) have investigated the correlation between antibodies to Transglutaminase 6 (TG6) and neurological deficits in patients with celiac disease using volumetric MRI. They suggested a link between brain atrophy and autoimmunity to TG6 in these patients (Hadjivassiliou et al., 2019). A review of MRI studies of GA patients recently reported that these patients usually have cerebral atrophy with particular involvement of the cerebellar vermis (Currie et al., 2013a,b). However, in addition to the cerebellum, 40% of the patients with GA have sensory (cerebrum) ataxia rather than cerebellar ataxia and showed no cerebellum atrophy on MRI (Bürk et al., 2001).

In-vivo proton magnetic resonance spectroscopy (1H MRS) is a valuable technique for assessing the neurochemical abnormalities associated with cerebral damage. The MRS has been widely used to investigate the pathophysiology of various neurological conditions such as Parkinson's disease, dementia, and ataxia (Hadjivassiliou et al., 1998; Firbank et al., 2002; Graff-Radford et al., 2014; Ashizawa et al., 2018). The potential use of MRS in assessing surveillance of patients with paraneoplastic cerebellar degeneration by measuring temporal changes in the level of N-acetyl aspartate (NAA) was also reported (Hadjivassiliou et al., 2013). However, only a few MRS studies in the literature characterize neurochemical abnormalities in patients with GA by a single research group (Wilkinson et al., 2005; Hadjivassiliou et al., 2017). In-vivo MRS study by Wilkinson et al. has reported significant differences in the neurochemical profile of NAA and NAA/choline ratios in the cerebellum of patients with GA compared to healthy controls. The authors have concluded that cerebellar neuronal physiology is altered in GA patients even in the absence of cerebellar structural deficit (Wilkinson et al., 2005). Recently, Hadjivassiliou et al. (2017) evaluated the effect of a gluten-free diet on MRS of the cerebellum in patients with GA and found an increase in NAA/creatine ratio after gluten-free diet compared to baseline. These studies have reported relative ratios of neurochemicals. However, there is a lack of data on the absolute measures of neurochemicals in patients with GA. Though a single research group has reported few brain MRI and MRS studies in the Caucasian population in the literature, there is a lack of such a study understanding the neurochemical changes and volumetric brain changes in the patients with GA in the Indian population.

It has been reported that MRS findings can be dependent on population characteristics, ethnicity or race and can change according to the changing environment and racial characteristics (Isamah et al., 2010; Chee et al., 2011). Furthermore, the difference in brain size has been reported between the Indian and Caucasian populations (Sivaswamy et al., 2019). Therefore, the present study investigated the structural changes in the brain using MRI and absolute concentration of neurochemicals (cerebellum and vermis) in GA patients and healthy controls using in-vivo MRS to get an insight into the pathophysiology and to identify the putative non-invasive biomarker/s for early indication of gluten-induced cerebral damage in Indian population.



PATIENTS AND METHODS


Patients

The study was conducted in well established Ataxia Clinic, Department of Neurology in collaboration with Celiac Disease (CeD) Clinic, Department of Gastroenterology, All India Institute of Medical Sciences (AIIMS), New Delhi, India. Ataxia patients (both sporadic and familial) positive for serological assays forms part of this study group. We enrolled six right-handed (five males and one female) patients (mean age 50.16 ± 9.28 years) and age range 40–65 years. They were clinically and genetically diagnosed with cerebellar ataxia (CA). As a part of the routine genetic testing, they were tested using standard laboratories protocols for the ataxia-causing known genes in India—SCA1, SCA2, SCA3, SCA7, and SCA12. Two were found to be genetically positive, 2 had a positive family history of ataxias, one had idiopathic sporadic ataxia and one did not undergo genetic testing. Ten healthy, age and ethnically matched controls were also included in the study (mean age 42.7 ± 9.12 years) and age range 30–55 years. At the time of their recruitment, none of the healthy controls had any neurological and genetic illness, nor they were on any treatment with medications active on the central nervous system. The study was approved by Institute Ethics Committee, AIIMS, New Delhi, and written informed consent was obtained from all patients and controls.



Screening of Patients for Gluten Sensitivity

Four milliliters of blood were drawn from each participant for serological assays. For measuring concentration following commercially available ELISA kits were used: IgA anti tTG ab by QUANTA Lite® h-tTG IgA kits. The AGA IgA and AGA IgG by QUANTA Lite®Gliadin IgA II and QUANTA Lite® Gliadin IgG II kits respectively and TG6 by kits procured from ZEDIRA GmbH, Darmstadt, Germany. The ELISA was done in duplicate in all the sera samples as per the manufacturer's instructions. Positive and negative controls were used. For the study serum titer of >4 U/ml, >20 U/ml, and >41 U/ml were considered positives for IgA anti-TG2 Ab, AGA (IgA and IgG), and anti-TG6 Ab, respectively. Patients were considered gluten sensitive if their serum was found with circulating antibodies.



Magnetic Resonance Imaging

All sixteen subjects included in the study underwent MR Imaging, on a 3T whole-body MR system (Philips, Ingenia) with a 32-channel head coil. Subjects were positioned supine with their heads supported and immobilized within the head coil using foam pads to minimize head movement and gradient noise. After localization, T1−weighted images were obtained in three planes using Magnetization-Prepared Rapid Gradient Echo (MPRAGE) sequence with the following parameters: matrix size = 320 × 318, slice thickness = 0.9 mm, field of view (FOV) = 240 × 240 mm, TR = 10 ms, TE = 4.7 ms, voxel size = 0.75 × 0.75 × 0.75. T2 weighted images were obtained with 30 interleaved 5-mm thick slices without any interslice gap (TE) = 80 ms, TR = 2,676 ms, matrix size = 436 × 357, FOV = 240 × 240 mm, flip angle = 90 degrees, voxel size = 0.55 × 0.65 × 5 mm3. The T1 weighted images provide a better contrast-to-noise ratio in white matter regions and are used for the segmentation. The T2-weighted images are good for demonstrating pathology, discriminating structural differences in fluid-filled regions, and important for tracking long-term disease progression (Braga et al., 2012). No contrast agent was administered either for T1 or T2 imaging.


Structural MRI Data Processing

3D T1 imaging was done and the digital imaging and communications in medicine (DICOM) images were converted into neuroimaging informatics technology initiative (NIfTI) file format. In all 16 subjects the segmental volumetric calculation of the whole brain and cerebellar structures was performed by uploading the file in NIfTI format to VolBrain and CERES pipeline (Manjón and Coup, 2016). volBrain (http://volbrain.upv.es), and CERES are open-access pipeline, in which pre-processing of the images is based on spatially adaptive non-local means denoising, rough inhomogeneity correction, affine registration to MNI space, fine SPM based inhomogeneity correction and intensity normalization. Here the quality of input images is improved and the images are set into a specific geometry and intensity space. After pre-processing, the images are segmented according to tissues of interest. Segmentation includes non-local intracranial cavity extraction (NICE), tissue classification, non-local hemisphere segmentation (NABS) and non-local subcortical structure segmentation. CERES is mainly used for the segmentation of sub cerebellar structures.




In-vivo MRS

For volume-localized 1H-MR spectroscopy first the scout images, T1 weighted images, and multislice T2-weighted images in the axial, coronal and sagittal planes of the whole brain were acquired using a standard spin-echo pulse sequence. Using the reference MR images, single-voxel proton MR spectra were acquired using the point-resolved spin-echo pulse sequence (PRESS) with the following parameters: TR = 2000 ms; TE = 30 ms; TA = 9 minutes 8 s; the number of averages (NA) = 256. We have used short TE for MRS as it offers a higher signal-to-noise ratio (SNR), improved detection and quantification of molecules with short T2 such as myoinositol (mI), glutamine/glutamate (Glx), due to less relaxation-induced signal loss (Cianfoni et al., 2011). The disadvantage associated with short TE is incorrect baseline determination which may lead to an artifactual elevation in the determination of concentration (Brief et al., 2005). On the contrary, it is easier to correct the baseline in the spectrum acquired with long TE, however, it provides information on a lesser number of metabolites (Brief et al., 2005). Further, Cr has a significantly shorter T2 relaxation time compared to metabolites like NAA and Cho, which leads to incorrect estimation of relative (metabolite/Cr) and absolute metabolite concentrations in a long TE MRS without applying T2 correction (Brief et al., 2005).

In order to optimize the magnetic field both global and voxel shims were carried out. Automated global shimming minimizes the B0 inhomogeneities while localized voxel shimming further minimizes the B0 field variations over the voxel of interest. The spectra were acquired from right cerebellum and vermis with voxel size of 15 mm × 15 mm × 15 mm and care was taken to minimize the inclusion of cerebrospinal fluid within the prescribed spectroscopic volume for methodological consistency. The cerebellar vermis has a serpentine or wormlike shape and it varies slightly according to the individual. The MRS studies reported in the literature on patients with ataxia and GA have used the varied voxel size of vermis in the range of 20 mm × 20 mm × 20 mm (Lirng et al., 2012), 25 mm × 10 mm × 25 mm (Adanyeguh et al., 2015), 20 mm × 10 mm × 20 mm (Currie et al., 2013b), 15 mm × 15 mm × 15 mm (Guerrini et al., 2009). A width of 15 mm of the voxel in vermis may have minor contributions from the surrounding areas of the vermis in our study.

The line-width after voxel shim ranged from 5 to 14 Hz depending on the region studied. Additionally, a spectrum of the same voxel without water suppression was also acquired and the unsuppressed water signal was used as an internal reference to estimate the metabolite concentrations. The absolute concentration of metabolites was determined using an (LC Model) user-independent, frequency domain fitting program, version 6.1-4A, with a basis set of model metabolites. An eddy-current correction was also carried out. The errors in the determined metabolite concentration are expressed in the percent standard deviation (%SD) of the concentration and represent the 95% confidence interval of the estimated concentration. In the present study, we have considered the absolute metabolites values when the Cramer-Rao lower bound or the LC model concentrations were below 20%, indicating that these metabolites could be reliably estimated. The concentration of metabolites was expressed as institutional units related to millimoles per kg (mM/kg).



Segmentation

3D T1-weighted images acquired with magnetization-prepared rapid gradient echo (MPRAGE) sequence were used to carry out segmentation of tissue subtypes in the SVS voxel using the segment-editor module of an open-source neuroimaging package 3D-Slicer (Fedorov et al., 2012). Screenshots of the exact position of the SVS voxel on MR images in all the axial, sagittal, and coronal slices were captured on the MR scanner and were used as voxel prescription images. A mask representing the 3D SVS voxel was then created manually using these screenshots as a reference. The mask was then co-registered to the DICOM image at the exact position as the actual 3D SVS voxel in the voxel prescription images and fractions of white matter (WM), gray matter (GM), and cerebrospinal fluid (CSF) were determined using the segmentation module.



Partial Volume Correction for Metabolite Concentration

The concentration of metabolites was then corrected for the amount of CSF using the following equation given by (Quadrelli et al., 2016).

[image: image]

where,

C = corrected metabolite concentration;

C0 = metabolite concentration obtained through LC Model;

VCSF = volume fraction of CSF contained within the SVS voxel;

We have also calculated the weighted measures (Wc) of the concentration of metabolites according to the relative proportion of gray matter (GM) and white matter (WM) following the procedure given in the literature (Mato Abad et al., 2014) for white matter changes in patients with GA and for their better discrimination. The equation used for the determination of Wc is given below (Mato Abad et al., 2014):

[image: image]

Where, Wc = Weighted measure; LCc = Concentration of metabolite from LC Model; P(Mc) = Theoretical distribution of metabolites in a particular voxel according to the relative proportions of GM, WM, and CSF.

P(Mc) was determined as follows:

[image: image]

Where,

P(GM), P(WM), and P(CSF) are, respectively, the proportion of GM, WM, and CSF inside the voxel.

P(Mc|GM), P(Mc|WM) and P(Mc|CSF) are the probabilities of the metabolite concentration given this volume of GM, WM, and CSF (Mato Abad et al., 2014).

Thus, Wc is a measure of the concentration of metabolite which was corrected for the theoretically expected ratio of metabolite and the atrophy of volume within a voxel (Mato Abad et al., 2014). The concentrations of metabolites published in the literature (Tal et al., 2012; Bustillo et al., 2017) were used to obtain the contribution of GM and WM to the quantity of metabolites. The contribution of CSF to metabolite concentration was considered negligible (Hetherington et al., 2001).



Statistical Analysis

The percentage of different brain volumes and the concentration of different neurochemicals were calculated for GA patient and HC group and presented as mean ± standard deviation. A student t-test was used to evaluate the difference between patients and controls for 1H MRS and volumetric data using the SPSS 20.0 software (SPSS Inc. Chicago, IL, USA). The level of significance was set at p < 0.05. The Pearson correlation was used to calculate the correlation of the concentration neurochemicals and the volumetric changes in the brain of GA patients.




RESULTS

The demographic characteristics of GA patient group are presented in Table 1. GA patient group consisted of 6 patients (five men, one woman; aged between 40 and 65 years). Of these, four patients had mild (mobilizing independently or with one walking aid), one patient had moderate (mobilizing with two walking aids) while one had severe (wheelchair dependant) ataxia. Control group consisted of 10 healthy volunteers (5 men, 5 women; age range (30–55 years) with no neurological/psychiatric disease/no medical or family history of ataxia.


Table 1. Demographic characteristics, clinical manifestations, and serology of patients with Gluten Ataxia.

[image: Table 1]


Comparison of Whole Brain Volume and Brain Parts Between GA Patients and HCs

Figures 1A,B show the representative volBrain images of brain and sub-parts obtained from a 44 years old male healthy control and a patient with gluten ataxia (male, 55 years old), respectively. Figures 2A,B show the representative CERES images showing segmentation of lobules of the cerebellum from a healthy control (male, 44 years old) and a patient with gluten ataxia (male, 55 years old), respectively. The result of the volumetric analysis is reported as % of total intracranial volume (Tables 2, 3). GA patients showed a significant reduction in total brain white matter (WM) (p < 0.03), the white matter of the cerebrum (p < 0.04), the volume of lateral ventricles (p < 0.04) and thalamus (p < 0.01) compared to healthy controls (Table 2). GA patients also showed significantly reduced total cerebellar WM (p < 0.02) significantly affecting the lobule X (p < 0.03) (Table 3). The volume of caudate, hippocampus, putamen, accumbens, globus pallidus, and amygdala were not significantly different between the two groups (Table 2).


[image: Figure 1]
FIGURE 1. Representative volBrain images of brain and sub-parts obtained from a healthy control (male, 44 years old) (A) and a patient with gluten ataxia (male, 55 years old) (B).



[image: Figure 2]
FIGURE 2. Representative CERES images of cerebellum and lobules taken from a healthy control (male, 44 years old) (A) and a patient with gluten ataxia (male, 55 years old) (B).



Table 2. Volumetric analysis of individual brain regions of patients with Gluten Ataxia (GA) and Healthy Controls (HC).
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Table 3. Volumetric analysis of individual cerebellar regions of patients with gluten ataxia (GA, n = 6) and healthy controls (HC, n = 10).

[image: Table 3]



Comparison of Neurochemical Profile Between Patients With GA and HCs

Figures 3A–D show the T1-weighted MR images of healthy control (female, 44 years old) and a patient with gluten ataxia (female, 50 years old) in axial, coronal, and sagittal planes and representative LCModel fitted 1H-magnetic resonance spectroscopy spectra for vermis acquired from these subjects. The T1-weighted images of the brain in all the three planes and the representative LCModel fitted 1H-magnetic resonance spectroscopy spectra for the right cerebellum acquired from the same healthy control and the patient with gluten ataxia are shown in Figures 4A–D. The concentrations (corrected for CSF) of neurochemicals determined using 1H-MRS are summarized in Table 4. The patients with GA had statistically significantly reduced concentration of total N-acetyl aspartate (tNAA: N-acetyl aspartate+ N-acetyl aspartate glutamate) (p < 0.008) and total choline (tCho: glycerophosphocholine+phosphocholine) (p < 0.05) in the vermis. In the right cerebellum, GA patient group showed a statistically significant reduction in the concentration of tNAA (p < 0.02). The proportions of gray matter P(GM), white matter P(WM), and cerebrospinal fluid P(CSF) in the MRS voxel for vermis and right cerebellum of GA patients and HCs were not significantly different (Table 5).


[image: Figure 3]
FIGURE 3. (A) T1-weighted images of a healthy control (female, 44 years old) in axial, coronal, and sagittal plane. (B) Representative LC Model fitted 1H-magnetic resonance spectroscopy spectrum obtained from the vermis of the same healthy control from the voxel highlighted in (A). (C) T1-weighted image of a patient with gluten ataxia (female, 50 years old) in axial, coronal and sagittal plane. (D) Representative LC Model fitted 1H-magnetic resonance spectroscopy spectrum acquired from the vermis of the same patient with gluten ataxia from the voxel highlighted in (C).



[image: Figure 4]
FIGURE 4. (A) T1-weighted images of a healthy control (female, 44 years old) in axial, coronal and sagittal plane. (B) Representative LC Model fitted 1H-magnetic resonance spectroscopy spectrum obtained from the right cerebellum region from the same healthy control from the voxel highlighted in (A). (C) T1-weighted image of patient with gluten ataxia (female, 50 years old) in axial, coronal and sagittal plane. (D) Representative LC Model fitted 1H-magnetic resonance spectroscopy spectrum acquired from the right cerebellum region of the same patient with gluten ataxia from the voxel highlighted in (C).



Table 4. Comparison of the concentrations of neurochemicals (corrected for CSF) and their weighted measures in the vermis and right cerebellum of patients with Gluten Ataxia (GA) (n = 6) and Healthy Controls (HC) (n = 10).
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Table 5. The proportions (mean ± SD) of gray matter P(GM), white matter P(WM), and cerebrospinal fluid in P(CSF) in the voxel placed during MRS in the vermis and right cerebellum of patients with gluten ataxia (GA) and healthy controls (HC).

[image: Table 5]

We have also calculated the Wc of the concentration of metabolites according to the relative proportion of gray matter (GM) and white matter (WM) following the procedure given in the literature (Mato Abad et al., 2014) and presented in Table 4. The Wc of the tNAA, tCho and tCr in vermis, while tNAA and tCho were found to be significantly lower in the patients with GA compared to HC (Table 4).



Correlation of the Concentration of the Neurochemicals and Brain Volumetric Changes

A significant correlation (r = 0.9, p = <0.05) was observed between the concentration of tNAA (both cerebellum and vermis) and tCho (vermis) with lobule X of the cerebellum.




DISCUSSION

In recent years, the developments in neuroimaging techniques such as MRI and MRS have enabled the characterization of the structural and neurochemical changes, elucidating the pathophysiology of various brain diseases (Symms et al., 2004; Oz et al., 2014). Among many types of ataxias, GA is an auto-immune disease caused by the ingestion of gluten in the genetically susceptible individuals (Hadjivassiliou et al., 2014). The non-invasive nature, versatility and possibility of evaluation of multiple parameters in a short time makes the MRI and MRS as an important tool for understanding the disease pathophysiology and identifying disease biomarkers. Additionally, the possibility of repetitive measurements using these techniques can play an important role in the management of diseases like GA that require long term follow-up for assessment of neurological abnormalities. It is critical to understand the pathophysiology of the GA for the early diagnosis and treatment management strategies, however, till date, it was not investigated at many sites using MRI and MRS. To the best of our knowledge there are only two in-vivo MRS study and one study using combined MRI and MRS approach in GA patient in Caucasian population by a single research group (Wilkinson et al., 2005; Hadjivassiliou et al., 2019; Zis and Hadjivassiliou, 2019). The present study has evaluated the volumetric and neurochemical changes in the brain in GA patients compared to HCs using MRI and MRS in Indian population. Several interesting observations emerged from our study.

Our results revealed significantly reduced volume of white matter in the total brain, cerebellum and cerebrum of the patients with GA compared to HC. It is known that white matter is an essential component of neural networks and acts as a connecting link between various gray areas in the brain. White matter contains myelin sheathed axons that relay the information between different brain areas. The reduction in the myelin sheathed cells can cause delay both in passing and processing of the information. Delayed or staggered processing of information may result in clumsy and uncontrolled movements which are generally seen in the patients with GA (Vinagre-Aragón et al., 2018). The loss of white matter has been reported in several neurodegenerative diseases. The alterations in the volume of white matter have been found to affect the cognition (Filley and Fields, 2016). Kang et al. (2014) have reported that disruption of white matter integrity was related to the clinical severity of the disease in the patients suffering with SCA3. Correlation of white matter degeneration and severity of ataxia was also found in the patients with SCA type 7 (Kang et al., 2014). In a volumetric MRI study of patients with celiac disease having TG6 autoantibodies, significant atrophy of subcortical brain regions was reported in 40% of the patients. The white matter abnormalities were also reported in these celiac disease patients, which is in agreement with our findings (Hadjivassiliou et al., 2019). Croall et al. (2020) have recently shown white matter damage in patients with celiac disease having indications of worsened mental health and cognitive deficit, compared to the healthy controls.

The significantly reduced volume of white matter in our study might be due to the damage caused by inflammatory response by gluten-sensitive antibodies. It has been reported that the etiology of neurological manifestation of gluten sensitivity has an immunological manifestation (Hernandez-Lahoz et al., 2011). The patients with gluten ataxia have been shown to have positive oligoclonal bands on examination of CSF. Furthermore, the pathological data suggested an inflammatory pathogenesis with evidence of perivascular inflammation with predilection of brainstem, cerebellum and peripheral nerves (Hadjivassiliou and Croall, 2021). Patients with GA have evidence of IgA deposits against tissue transglutaminase on vessels within cerebellum and brainstem. Transglutaminase leads to vascular based inflammation that may results in breakdown of blood brain barrier thus allowing the entry of gluten-sensitive antibodies in brain (Hadjivassiliou et al., 2006), the same antibodies can cross-react with Purkinje cells in the cerebellum causing their irreversible depletion (Hadjivassiliou et al., 2016).

Another interesting observation of our study was significantly reduced volume of lobule X of the cerebellum in the patients with GA compared to HC. The lobule X is also known as flocculonodular lobe and it plays an important role in regulating and orienting the eye movement through vestibulo-ocular reflex (Stoodley and Schmahmann, 2009; Stoodley et al., 2012). It also affects the body equilibrium during stance and gait along with lobule IX (Han et al., 2018). Thus, any change in the volume of lobule X may directly affect movement of eyes which is usually seen in ataxias (nystagmus). This finding is in agreement with the Hadjivassiliou et al. (2019) wherein they have also identified neurological deficit in terms of reduced volume of cerebellum and its IX and X lobes in the patients with celiac disease and positive for TG6 autoantibodies (Hadjivassiliou et al., 2019).

In the present study, we also observed significantly reduced volume of the thalamus in the patients with GA patients compared to healthy controls. The thalamus plays an important role in motor control and acts as a relay center between the cerebellum and the motor cortex (Sommer, 2003). The volume loss in the thalamic subnuclei has also been reported in patients with SCA type 7 (Magon et al., 2020). The patients with CeD with TG6 autoantibodies also showed a reduced volume of the thalamus which is in agreement with our findings. The significant reduction in the volume of the thalamus in GA might be attributed to loss or impairment of TG6+ neurons, potentially affecting GABA-ergic inhibitory pathways, which is supported by brain hyperexcitability reported in the patients with celiac disease (Sarrigiannis et al., 2014).

Our results also showed significantly reduced white matter of cerebrum in the patients with GA in comparison to healthy controls. This is the first report showing the atrophy of the cerebrum in GA patients. It has been reported that 40% of the patients with GA have sensory (cerebrum) ataxia rather than cerebellar ataxia and showed no atrophy of cerebellum on MRI (Bürk et al., 2001). The role of the cerebrum is to initiate and coordinate movement, thus, any change in the volume of the cerebrum can directly affect the senses and movement. Thus, it remains to be elucidated whether any change in volume of the cerebrum in GA patient is contributing to difficulty in movement. The cerebrum is also thought to regulate the sensory function of the body and is also responsible for memory, speech and emotional response (Abhang et al., 2016). Atrophy in this region may be asymptomatic and could cause memory loss or gait abnormalities (Deutsch and Deangelis, 2014). Thus, the results of the present study depicted significant changes in the volume of the white matter of the cerebrum as well as of the cerebellum in the GA patients. Due to the low sample size in the present study, it further needs to be validated whether GA is pure cerebellar or sensory in nature.

Further, our results showed a significant increase in the volume of lateral ventricles in the patients with GA in comparison to healthy controls. Lateral ventricles are a “C” shaped cavity located one on each side of the cerebral hemisphere. Continuous enlargement in the lateral ventricles has been observed due to cerebral involution through the lifespan (Dima et al., 2021), as the age increases, or due to cell death in the adjacent brain structures (Gupta, 2017). Thus, enlargement of ventricles in the patients with GA in our study might also be indicative of gluten-mediated neurodegeneration.

Further, our MRS data revealed significant neurochemical changes in the patients with GA supporting the neurodegeneration in them compared to healthy controls. Our data showed a significantly lower level of tNAA in the right cerebellum as well as in the vermis of GA patients as compared to HCs. NAA is a neuronal health marker (Wilkinson et al., 2005), which is mainly confined to neuronal cell bodies and axons. NAA has also been implicated to serve as an osmolyte and also acts as a precursor for the synthesis of the myelin sheath of oligodendrocytes by providing acetate (Machová et al., 2009). Thus, a reduced level of tNAA in the cerebellum of GA patients might be attributed to cell dysfunction as well as neuronal loss. These findings are in agreement with an earlier MRS study on GA patients, wherein they reported lower levels of NAA/Cr and NAA/Cho in them in comparison to healthy controls (Wilkinson et al., 2005). It has also been shown that a strict gluten-free diet can lead to improvement in NAA/Cr ratio in patients with GA (Hadjivassiliou et al., 2002).

Our results also indicated a significantly lower concentration of membrane precursors GPC and PC in the vermis of GA patients, which is consistent with another recent study on ataxias of SCA1, 2, and 3 patients (Krahe et al., 2020). Choline readily gets transferred through the blood-brain barrier through three different types of choline transporters (CTLs). Expression of these CTLs was seen to be increased at the time of nerve regeneration suggesting the role of choline and CTLs in proliferation and repair (Che et al., 2002). A decrease in the concentration of these metabolites may be attributed to the decreased membrane synthesis in the cerebellar region or it can be due to the mutations in choline transporters (CTLs) (Che et al., 2002).

We have also determined the weighted measures of the metabolite concentrations for relative proportions of GM and WM in the MRS voxel. The analysis improved the statistical results. Accordingly, the weighted measures of tCr were found to be lower in the vermis of GA patients as compared to HC. Creatine (methyl guanidino-acetic acid) is an amino acid, essential for the energy metabolism of cells and neurons (Adriano et al., 2010). The function of creatine and its phosphorylated form (phosphocreatine) is to move the ATP from the site of synthesis (mitochondrion) to the sites where it is utilized. It provides rapid energy to replenish the depleting energy reserves (Beard and Braissant, 2010). Creatine also has antioxidant properties which are beneficial in degenerative diseases (e. g., ataxia) through protection against energy depletion and oxidant species (Curt et al., 2015). Our results showed that tCr was significantly decreased in the vermis of GA patients which may probably be related to the atrophy and may also indicate that the neurons are susceptible to rapid energy depletion in these patients.

We have also worked out a correlation between neurochemicals in the cerebellum and vermis with the volumetric changes in the brain of GA patients. Interestingly, we found a significant correlation between the concentration of tNAA in both vermis and cerebellum and tCho (vermis) with the volume changes in the lobule X of the cerebellum. Thus, the present study has provided a comprehensive structural characterization of cerebral degeneration in patients with GA, which has been also demonstrated by cerebral neurochemical abnormalities. The lower levels of tNAA have suggested neurodegeneration while lower tCho levels may probably be indicative of the impairment of regeneration and repair activities in the GA patients.

To the best of our knowledge, this is the first MRI and MRS-based study in the same cohort of GA patients in the Indian population. In the present study, both MRI and MRS confirmed the presence of cerebellar as well as cerebrum-related volume loss and significantly altered concentrations of different neurochemicals. The neurochemicals tNAA and tCho may have the potential to serve as early indicators of neuronal damage. Further, our findings suggested that knowledge of voxel composition of GM, WM, and CSF may help in avoiding partial volume variations in MRS, particularly in neurodegenerative diseases (Mato Abad et al., 2014). Our study has a few limitations. One of the limitations of this study is the low sample size. A similar study with a large number of patients is still warranted that may provide a better insight into the pathophysiology of GA, accurate and early diagnosis and may also help in better clinical management. Further, our study has examined the neurochemical abnormalities in the deep white matter, which may reflect the downstream effects of the cortical abnormalities.



CONCLUSIONS

The present study revealed the neurochemical profile of vermis and right cerebellum and structural changes in various brain regions of patients with GA compared with healthy controls. The concentration of neurometabolites, tNAA, tCho and tCr were significantly lower in vermis and concentration of tCho was significantly reduced in the cerebellum regions in the patients with gluten ataxia compared to healthy controls. The patients with GA also had a significant reduction in the white matter of various brain regions and they also showed a significant reduction in the volume of lateral ventricles and thalamus compared to healthy controls. Thus, the present study has elucidated cerebral degeneration in patients with GA, which has been also demonstrated by cerebral neurochemical abnormalities. The neurochemicals (tNAA, tCho) and structural changes may serve as an indicator of cerebral damage in GA. Though our preliminary study has demonstrated several significant observations related to the pathophysiology of GA in the Indian population, however, study needs to be carried out in a greater number of patients. Further, our study showed that the weighted measures of the metabolite concentrations for relative proportions of GM and WM in the MRS voxel improved the statistical results.
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Patient information

Healthy controls

Study Types No Female (%) Meanage Child-Pugh Comorbidity Plasmaammonia No Female (%) Mean age
(year) A/B/C (wmol/L) (year)
Zhang et al. (2012) NHE 31 26.7 49.7 NA Negative 58.9 40 35.0 49.8
MHE 18 26.7 49.7 NA Negative 58.9 40 35.0 49.8
OHE 11 26.7 49.7 NA Negative 58.9 40 35.0 49.8
lwasa et al. (2012) NHE 18 72.2 65.7 11/4/3 Negative 65.8 16 56.3 68.7
Tao et al., 2013 NHE 24 33.3 47.7 10/8/6 Negative 48.5 33 33.3 452
MHE 23 26.1 44.7 4/6/13 Negative 56.5 33 33.3 452
OHE 24 29.2 471 0/2/22 Negative 75.4 33 33.3 452
Wang et al. (2019) NHE 20 45.0 56.0 4/4/7 Negative 51.6 20 30.0 51.0
? OHE 23 8.7 45.9 10/10/3 Negative NA 23 13.0 51.8
OHE 23 8.7 50.4 4/16/3 HM NA 23 13.0 51.8
Garcia-Garcia et al. (2017) NHE 26 23.1 63.0 23/3/0 Negative NA 24 33.3 61.0
MHE 13 7.7 64.0 8/5/0 Negative NA 24 33.3 61.0
Wang et al. (2017) NHE 17 29.4 53.4 15/1/1 Negative 39.0 17 2904 54.4
NHE 17 29.4 54.8 15/1/1 Diabetes 54.5 17 2904 54.4
Chen et al. (2012) OHE 20 14.2 51.9 NA Negative NA 21 15.0 51.2
Qi et al. (2013c) MHE 25 28.0 56.2 12/12/1 Negative 70.1 25 28.0 53.7

NHE, non hepatic encephalopathy; MHE, minimal hepatic encephalopathy, OHE, overt hepatic encephalopathy; NA, not available, HM, Hepatic myelopathy.
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Maximum Cluster
Brain regions MNI coordinates, SDM value P-value No. of voxels Breakdown (no. of voxels) Jackknife sensitivity analysis
XY,z (combination of studies detecting
the differences)
NHE > control
L thalamus —4,-24,8 2.920 <0.001 830 L thalamus (431) 7 outof 7
R thalamus (399)
L calcarine fissure / —4, -64,8 1.461 <0.001 457 L calcarine fissure / surrounding 7 out of 7
surrounding cortex cortex, BA 17 (176)
L lingual gyrus, BA 17 (131)
R lingual gyrus, BA 17 (75)
L precuneus, BA 23 (48)
R calcarine fissure / surrounding
cortex, BA 17 (27)
NHE < control
R striatum 18, 10,0 —2.435 0.001 1225 R striatum (498) 7 outof 7
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R amygdala, BA 34 (158)
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MNI, montreal neurological institute; SDM, seed-based d mapping; NHE, non-hepatic encephalopathy; BA, Brodmann area; R, right; L, left.
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MAPT**
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KM670/671NL (Swedish), I716F
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I Knock-in of APP sequence (from intron 15 to intron 17) including a humanized Ap region.

*2The mutation was introduced into the murine Psen1 gene by using Base Editor (BE) or Target-AlD.

“3The mutation was introduced into the murine Psen1 gene by using VQR-BE.
*4 Replaced the entire genomic sequence of the murine Mapt gene (from exon 1 to exon 14) with the human MAPT gene from the ATG codon of exon 1 to the 3-UTR.

5 As of September 30, 2021.

*6RIKEN BioResource Research Center (https://web.brc.riken.jp/en/).
7 All strains are available through TCS (takaomi.saido@riken.jp).
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Demographic characteristics

Number of patients

Mean age & SD; (range)
Age of onset (mean  SD)
Gender

Clinical manifestations
Symptoms

Severity of atexia

Serology

IgA anti-AGA
Mean % SD
Cut off value
Anti-TG 6
Concentration
Cut off value
ANtHTG
Concentration
Cut off value

n=6
50.2 + 9.3; (40-65) years
462 % 7.1 years

Meale (n = 5), female (2 = 1)

Loss of balance, diarrhea,
constipation, weakness

Mid (0 = 4), moderate (0 = 1),
severe (1 = 1)

Positive (n = 4); Negative (n = 2)
31.76 + 2056 (1= 4)

>20

Positive (n = 1); Negative (n = 5)
624 (n=1)

>41

Positive (n = 1); Negative (n = 5)
946(=1)

>4

IgA, immunoglobulin A; anti-AGA, antibodies to gliadin; anti-tTG, antibodes to tissue
transglutaminase 2; anti-TG 6, antibodies to tissue transglutaminase 6.
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Regions of Volume percentage (mean  SD) p value
interest

GA(n=6) HC (n = 10)
Total brain

WM + GM 78.64 £ 7.68 84.38 553 0.12
wM 31.89 + 6,65 38.97 £4.26 0.03
GM 46.75+3.73 45.41 886 074
CsF 2135+ 7.68 15,62+ 553 0.12
Cerebrum

WM +GM 6057 % 6.43 733521 024
GM 4029 +2.45 3838 £852 060
WM 2927 £5.71 34.92:+4.03 0.04
Cerebellum

WM + GM 7.65+2.39 9.33:+£0.65 0.07
GM 604193 669 0.70 038
wm 1.61:+089 2912096 0.02
Other regions

Caudate 051007 0550.12 058
Hippocampus 056 = 0.04 0510.12 0.40
Amygdala 012002 010005 034
Lateral 201+ 132 088 =052 0.04
ventricles

Putamen 055 = 0.07 062 0,06 0.06
Thalamus 0.74+0.08 085 = 0.06 0.01
Accumbens 004+ 001 0.04 001 095
Globus 0.14£0.02 0.150.03 042
palldus

VUM, white matter; GM, gray matter; CSF, cerebrospinal flid. Bold values indicate
significant p value.
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Region of Volume percentage (mean & SD) p-value
interest

GA HC

Cerebellum and lobules

Cerebellum 7.82 %+ 1.80 866+ 031 022
Lobule i-ii 0.004 + 0.004 £ 0.002 0.55
0.002
Lobule iii 0.07 £0.019 0.08 £ 0.02 0.42
Lobule iv 0.26 £ 0.05 0.20£0.03 0.13
Lobule v 0.48 £0.11 0.49 £ 0.06 0.96
Lobule vi 1.09 £0.29 1.09 £ 0.14 0.99
Lobule crus i 1.69 +0.43 176+ 022 0.72
Lobule crus ii 1.06 £0.23 1.11£0.16 0.59
Lobule vii-b 054 £0.15 0.62 £ 0.07 0.20
Lobule viii-a 0.69 0.189 0.77 £0.09 033
Lobule viii-b 0.48 £0.15 0.54 £0.06 0.36
Lobule ix 0.49 £0.13 0.50 £ 0.08 0.88
Lobule x 0.06 + 0.02 0.09 £ 0.02 0.03

Bold values indicate significant p value.
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Maximum

Cluster

Brain regions MNI coordinates, SDM value P-value No. of voxels Breakdown (no. of voxels) Jackknife sensitivity analysis
XY, Z (combination of studies
detecting the differences)
MHE > control
L thalamus —14, -28, 10 3.521 <0.001 885 L thalamus (406) 4 out of 4
R thalamus (423)
L hippocampus, BA 27 (48)
R hippocampus (8)
R lingual gyrus 8, —62, -2 1.081 <0.001 282 R lingual gyrus, BA 18 (237) 4 out of 4
R calcarine fissure / surrounding cortex, BA
17 (45)
MHE < control
L cerebellum, —10, —60, —22 —2.676 <0.001 1703 L cerebellum, hemispheric lobule (877) 4 out of 4
hemispheric lobule
Cerebellum, vermic lobule (576)
R cerebellum, hemispheric lobule, BA 19
(250)
R striatum 20,2, -4 —3.120 <0.001 1494 R lenticular nucleus, putamen, BA 48 (447) 4 out of 4
R striatum (384)
R amygdala, BA 34 (160)
R caudate nucleus (192)
R parahippocampal gyrus, BA 28 (158)
R temporal pole, superior temporal gyrus,
BA 38 (109)
R insula, BA 48 (44)
L insula -30, 10, 10 —2.676 <0.001 1465 L insula, BA 48 (596) 4 out of 4
L striatum (286)
L lenticular nucleus, putamen, BA 48 (334)
L amygdala, BA 34 (189)
L parahippocampal gyrus, BA 28 (60)
R anterior cingulate 8,32, 22 —2.701 <0.001 947 R anterior cingulate / paracingulate gyri, BA 4 out of 4
/ paracingulate gyri 32 (361)
L anterior cingulate / paracingulate gyri, BA
24 (398)
L superior frontal gyrus, medial, BA 32 (188)
R inferior frontal 46, 44,0 —2.937 0.001 499 R inferior frontal gyrus, BA 45 (499) 3outof 4
gyrus
R superior temporal 52, -16, 4 —2.467 0.001 327 R superior temporal gyrus, BA 48 (247) 3out of 4

gyrus

R heschl gyrus, BA 48 (80)

MNI, montreal neurological institute; SDM, seed-based d mapping; MHE, minimal hepatic encephalopathy,; BA, brodmann area; R, right; L, left.
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Brain regions

Maximum

Cluster

MNI coordinates,
x! y7 z

SDM value P-value

No. of voxels

Jackknife sensitivity analysis
(combination of studies detecting
the differences)

Breakdown (no. of voxels)

OHE > control
L thalamus

L calcarine fissure /
surrounding cortex

OHE < control
L insula, BA 48

L cerebellum,
hemispheric lobule

R anterior cingulate
/ paracingulate gyri

-8, 24,4

14, —74,0

-28,12,6

-10, —60, —22

0, 40, 28

8.224

1.192

—3.764

—2.676

—5.181

<0.001

0.001

<0.001

<0.001

0.003

950

262

3058

2008

1141

R thalamus (433) 5outof 5

L thalamus (424)
R lingual gyrus, BA 27 (93)
L calcarine fissure / surrounding
cortex, BA 17 (76)
L lingual gyrus, BA 18 (66)
R lingual gyrus, BA 18 (60)

R calcarine fissure / surrounding
cortex, BA 17 (50)

5outof 5

L insula, BA 48 (679) 5outof 5
L striatum (490)
R striatum (422)

Rinsula, BA 48 (388)

L lenticular nucleus, putamen, BA
48 (335)

R lenticular nucleus, putamen, BA
48 (309)
R amygdala, BA 34 (216)
L caudate nucleus (97)
R caudate nucleus (66)
L amygdala, BA 34 (56)
L cerebellum, hemispheric lobule
(967)

R cerebellum, hemispheric lobule,
BA 19 (787)
Cerebellum, vermic lobule (254)
R anterior cingulate / paracingulate
gyri, BA 32 (508)

L anterior cingulate / paracingulate
gyri, BA 24 (398)

L superior frontal gyrus, BA 32
(390)

R median cingulate / paracingulate
gyri, BA 32 (145)

5outof 5

5out of 5

MNI, montreal neurological institute; SDM, seed-based d mapping; OHE, overt hepatic encephalopathy,; BA, brodmann area; R, right; L, left.
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HCs (n = 13) PD (n =37) P-value
Mean + SD Mean + SD
Age (years) 62.46 + 9.59 61.46 £9.47 0.762
Sex (male/female) 6/7 17/20 0.99°
MoCA score 28.77 £1.09 2414 +£4.58 <0.001@*
HAMA score 0.39 + 0.51 6.43 +£3.93 <0.001*
HAMD score 0.69 4+ 0.85 6.49+4.13 <0.001@*
PDQ-39 score NA 45.32+13.44 -
MMSE score
Three days before DBS 28.08 £ 1.75 26.78+2.88 0.142
One day after DBS - 25.51+3.97
One month after DBS - 26.62 +2.98 0.004°*
UPDRS-IIl score
Three days before DBS NA 38.19+14.85 -
One day after DBS NA 27.78 £11.31 =
One month after DBS NA 38.89+12.73 <0.001°*

HCs, healthy controls; PD, Parkinson’s disease; MMSE, Mini-Mental State
Examination; MoCA, Montreal Cognitive Assessment; HAMA, Hamilton Anxiety
Scale; HAMD, Hamilton Depression Scale; UPDRS-IIl, the Unified Parkinson’s
Disease Rating Scale part-lll; PDQ-39,
Questionnaire; NA, not applicable; PD-Pre-DBS, three days before DBS, PD-
Post-DBS, one day after DBS, each time in the off medication and absence of

neurostimulation; DBS, deep brain stimulation.

the 89-item Parkinson’s Disease

ap-value was obtained by a two-sample t-test between PD and HCs groups.
PP_value was obtained by a chi-square test between PD and HCs groups.
°P-value was obtained by a repeated measures ANOVA test in three sessions.

*P < 0.05.
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PD-Pre-DBS group vs HCs group
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KFA FA MK MD
t p t p t p t p

TiLs vs. pure-T2Ls —1.861 0.388 —3.620 0.002* —3.112 0.013* 1.350 1

T1Ls vs. NAWM -9.307 <0.001%* -8.194 <0.001** —-13.345 <0.001** 15.306 <0.001**
T1Ls vs. WM in HCs —13.384 <0.001%* —12.386 <0.001** —14.946 <0.001** 14.432 <0.001**
Pure-T2Ls vs. NAWM —7.448 <0.001%* —4.575 <0.001** -10.232 <0.001** 13.955 <0.001**
Pure-T2Ls vs. WM in HCs —11.825 <0.001%* -9.352 <0.001** ~12.338 <0.001** 13.300 <0.001**
NAWM vs. WM in HCs —5.582 <0.001%* —5.517 <0.001** -3.763 <0.001** 1.599 0.671

Statistical differences are *p < 0.05, *p < 0.01, **p < 0.001.
T1Ls, T1-hypointense lesions; pure-T2Ls, pure T2-hyperintense lesions; NAWM, normal-appearing white matter; WM in HCs, white matter in healthy controls; KFA,
kurtosis fractional anisotropy; FA, fractional anisotropy; MK, mean kurtosis; MD, mean diffusivity.
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EDSS(2) MMSE(z) MoCA(2) SDMT(2)
r P r P F P r P

TV 0.166 0.270 —-0.178 0.238 —0.013 0.931 —0.360 0.014*
T2LV 0.185 0.21 —-0.174 0.247 0.012 0.939 —0.409 0.005™
Pure-T2LV 0.119 0.433 —0.159 0.290 —0.046 0.761 —0.246 0.099
T1Ls_KFA -0.115 0.445 0.056 0.712 0.093 0.538 0.000 1.000
Tils_FA —-0.167 0.266 0.148 0.325 0.076 0.617 0.322 0.029*
Ti1ls_MK —-0.197 0.190 0.270 0.069 —0.070 0.643 0.371 0.011*
Ti1ls_MD —0.275 0.065 —0.237 0.113 0.124 0.411 —0.199 0.185
Pure-T2Ls_KFA —0.062 0.680 0.097 0.522 0.278 0.061 0.740 0.627
Pure-T2Ls_FA -0.112 0.458 0.218 0.146 0.309 0.036* 0.355 0.015*
Pure-T2Ls_MK —0.099 0.513 0.331 0.024* 0.142 0.345 0.400 0.006™
Pure-T2Ls_MD —0.150 0.321 —0.255 0.087 —0.086 0.570 —0.146 0.331
NAWM_KFA —0.142 0.347 0.360 0.014~ 0.267 0.073 0.261 0.080
NAWM_FA —0.259 0.082 0.415 0.004** 0.176 0.241 0.423 0.003*
NAWM_MK —-0.157 0.296 0.369 0.012~ 0.079 0.602 0.427 0.003*
NAWM_MD —0.198 0.188 —0.5631 <0.001*** —0.209 0.162 —0.359 0.014*

Statistical differences are *p < 0.05, *p < 0.01, **p < 0.001.

T1LV, T1-hypointense lesions volume; T2LV, T2-hyperintense lesions volume; pure-T2LV, pure T2-hypointense lesions volume; T1Ls, T1-hypointense lesions; pure-T2Ls,
pure T2-hyperintense lesions; NAWM, normal-appearing white matter; KFA, kurtosis fractional anisotropy; FA, fractional anisotropy; MK, mean kurtosis; MD, mean
diffusivity; EDSS, Expanded Disability Status Scale; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; SDMT, Symbol Digit Modalities Test.
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Brain region Cluster size Peak MNI Peak intensity
(AAL) coordinate
XY, 2)

PD-Pre-DBS > HCs

Clustert  Temporal_Mid_R 32 57 3 —21 5.4002

HCs > PD-Pre-DBS

Cluster1 Temporal_Mid_L 63 —45 —60 24 —4.8854
Angular_L

Cluster2 Precuneus_R 122 3 —66 30 —5.0823

Precuneus_L
PD-Pre-DBS > PD-Post-DBS

Cluster!  Temporal_Mid_L 1863 —63 —57 6 14.9574
SupraMarginal_L

Cluster2 Insula_L 37 -39 —-15 6 6.6421

Cluster3 Precuneus_R 200 3 42 24 7.1653
Cingulum_Post_R

Cluster4 Angular_R a4 36 -78 48 5.6689

Cluster5 Frontal_Mid_L 382 -39 15 57 10.5341
Frontal_Sup_L

Cluster6 Frontal_Sup_R 157 27 36 48 6.5654
Frontal_Mid_R

PD-Post-DBS > PD-Pre-DBS

Cluster1 Putamen_R 223 27 0 9 —6.1208

Cluster2 Frontal_Inf_Tri_R 46 60 27 12 —4.9739
Frontal_Inf_OperR

Cluster3 Precentral_R 72 42 -3 48 —6.768

Cluster4  Frontal_Mid_L 48 24 24 a8 —5.4787

Cluster5 Precentral_R 191 36 27 66 —5.7233

Postcentral_R

HCs, healthy controls; PD, Parkinson’s disease; ALFF, amplitude of low-frequency
fluctuation; FWE, the family-wise error; PD-Pre-DBS, three days before DBS,
PD-Post-DBS, one day after DBS, one month after DBS, each time in the off
medication and absence of neurostimulation; AAL, anatomical automatic labeling;
MNI, Montreal Neurological Institute; DBS, deep brain stimulation.
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Seed Brain region  Cluster size Peak MNI Peak intensity

area (AAL) coordinate

XY, 2)
PD-Pre-DBS > PD-Post-DBS
Left MTG
Cluster 1 Temporal_Mid_L 82 —51-42 -6 5.8543
Cluster 2 Temporal_Mid_L 268 —-60 -57 21 8.7876
Cluster 3 Temporal_Sup_R 10 63 —45 21 3.9255
Right precuneus
Cluster 1 Precuneus_R 51 6 —45 12 5.0775
Cluster 2 Angular_L 153 —48 —63 36 5:5852
Cluster 3 Frontal_Mid_R 25 33 21 42 4.6804
Cluster 4 Frontal_Mid_L 46 —-30 24 48 4.4671
Right angular gyrus
Cluster 1 Occipital_Mid_L 161 -33-75 39 6.703
Cluster 2 Frontal_Mid_R 165 36 24 48 71617
Cluster 3 Frontal_Mid_L 51 —27 30 51 7.2077
Cluster 4 Precuneus_R 37 12 —60 48 5.0676
Left MFG
Cluster 1 Precuneus_L 282 0 54 24 5.2609
Cluster 2 Angular_L 217 —48 —66 36 5.8502
Cluster 3 Angular_R 130 42 —69 42 6.4341
Right DLPFC
Cluster 1 Cerebelum_Crus1/2_L57 -39 -72 -36 5.3958
Cluster 2 Temporal_Mid_L 45 —63 -54 -9 4.4681
Cluster 3 Angular_R 118 45 —69 39 5.0381
Cluster 4 Precuneus_L/R 22 3 —69 45 3.9463
PD-Post-DBS > PD-Pre-DBS
Left MFG
Cluster 1 Temporal_Pole_Sup_R41 33 9 —-33 —4.7855
Cluster 2 SupraMarginal_L 222 —-60-39 24 —6.9765
Cluster 3 SupraMarginal_R 36 54 —24 36 —4.2578
Right DLPFC
Cluster 1 Frontal_Mid_R 49 42 48 15 —6.2616
Cluster 2 Temporal_Sup_L 20 -57 =27 18 —4.995
Cluster 3 Parietal_Inf_L 17 —60 -39 39 —4.2406
Right IFG
Cluster 1 Frontal_Sup_R 23 21 48 36 —4.362

PD-Pre-DBS, three days before DBS, PD-Post-DBS, one day after DBS, each
time in the off medication and absence of neurostimulation; MTG, middle
temporal gyrus;, MFG, middle frontal gyrus; DLPFC, dorsolateral prefrontal cortex;
IFG, inferior frontal gyrus; AAL, anatomical automatic labeling; MNI, Montreal
Neurological Institute; PD, Parkinson’s disease; DBS, deep brain stimulation.
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No. of participants
Age (years)

Sex (male/female)
DD (years)
Education (years)
EDSS scores
MMSE scores
MoCA scores
SDMT scores
T1LV (mm?3)
T2LV (mm?3)
Pure-T2LV (mm?3)

RRMS patients

48
33.1+9.2
17/31
54 +562
141+£29
22403
28.6+1.6
25,5+ 35
42.6 £17.3

14,6156.5 &+ 11,939.4
22,9989 + 19,421.2

8,383.4 +8,5671.3

Healthy controls

26
37.0+£83
917

143 +£45
29.3+0.8
274 +24
532+ 9.7

0.0752
0.945°

0.857
0.0132

0.016%
0.0014

ap obtained using independent samples t-tests.

Pp obtained using the Chi-square test.
The data were shown as the mean values + standard deviation.
DD, disease duration; EDSS, Expanded Disability Status Scale; MMSE, Mini-Mental
State Examination; MoCA, Montreal Cognitive Assessment; SDMT, Symbol Digit

Modalities Test.
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KFA FA MK MD

TiLs (48) 0.295 + 0.040 0.271 £ 0.039 0.727 + 0.093 1.286 £ 0.142
Pure-T2Ls (48) 0.308 + 0.036 0.295 + 0.039 0.776 + 0.090 1.256 £ 0.132
NAWM (48) 0.361 + 0.030 0.327 +£ 0.029 0.938 + 0.064 0.949 £ 0.057
WM in HCs (26) 0.408 + 0.027 0.372 £ 0.014 1.009 + 0.029 0.907 £ 0.017
F 78.161 58.459 111.594 137.334
P <0.001 <0.001 <0.001 <0.001

T1Ls, T1-hypointense lesions; pure-T2Ls, pure T2-hyperintense lesions; NAWM, normal-appearing white matter; WM in HCs, white matter in healthy controls; KFA,
kurtosis fractional anisotropy; FA, fractional anisotropy; MK, mean kurtosis; MD, mean diffusivity.
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1) Behavioral analysis using IntelliCage (Masuda et al., 2016; Sutoko et al., 2021).

2) Three-dimensional visualization of amyloid pathology by transparency (Hama et al., 2015; Susaki et al., 2020).

3) Impairment of gamma oscillations in medial entorhinal cortex (Nakazono et al., 2017).

4) Additional genetic manipulation of the 2nd generation models through genome editing (Nagata et al., 2018; Watamura et al., 2021b).

)
)
)
)
5) Generation of the double knock-in mouse models (Hashimoto et al., 2019; Saito et al., 2019; Sato et al., 2021).
©6) Assessment of vascular dysfunction in the 2nd generation models (Nortley et al., 2019; Tachida et al., 2020).

7) Assessment of sleep dysfunction in the 2nd generation models (Maezono et al., 2020).

8) Assessment of place cell dysfunction in the 2nd generation models (Jun et al., 2020; Takamura et al., 2021).

)

9) Analyses of various aspects of neuroinflammation (Shirotani et al., 2019; Chiasseu et al., 2020; Salobrar-Garcia et al., 2020; Barrett et al., 2021; Sobue et al., 2021).

(
(
(
(
(
(
(
(
(
(

10) Application of spatial transcriptomics (Chen et al., 2020).
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Extraction of AR from tissues

Homogenize with a teflon-glass homogenizer (Wheaton 1mL tapered tissue grinder) (30 strokes)
in 50mM Tris-buffered saline (TBS) containing protease inhibitor cocktail (pH 7.6).
200K xg (70K rpm, Beckman TLA100.4 or TLA110 rotor), 20 min, 4 °C

Measure the vol. to calculate amount of AB per g tissue.
Add 6M GuHCI solution containing protease inhibitor cocktail (pH 7.6) into TBS
fraction to be 0.5 M GuHCI at a final concentration, and apply to ELISA.

Add TBS to wash the pellet, and loose the pellet with a motor-driven plastic pestle.

200K xg (70K rpm, Beckman TLA100.4 or TLA110 rotor), 20 min, 4 °C

Discard the supernatant.

Add 1 vol. of 6M GuHCI containing protease inhibitor cocktail (pH 7.6)

and loosen the pellet with a plastic pestle.

30 sec.

Vortex for 5 min and incubate for 60 min at 25 °C.
200K xg (70K rpm, Beckman TLA100.4 or TLA110 rotor), 20 min, 25 °C

Measure vol. using a microman (Gilson) and dilute 12-fold with a GuHCI
diluent containing protease inhibitor cocktail, and apply to ELISA.

Add 0.5 M GuHCI solution to wash the pellet, and loose the pellet with a motor-driven plastic
pestle in 0.05 mL of TBS, and then add 0.8 mL of TBS.

200K xg (70K rpm, Beckman TLA100.4 or TLA110 rotor), 20 min, 4 °C

Discard the supernatant.

Add 1 vol. of 90% formic acid, loosen the pellet with a plastic pestle, and incubate for 60 min at 25 °C.

200K xg (70K rpm, Beckman TLA100.4 or TLA110 rotor), 20 min, 4 °C

Add 0.5 M GuHCI solution, and apply to ELISA.
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(Metabolites) Posterior parietal cortex (PP) Control Hyperthyroidism Hyperthyroidism (n = 19) p-value p-value CRLB

(n=30) (n =30)
(Mean +SD)  (Mean  SD) Pre-therapy Post-therapy
(Mean = SD) (Mean = SD)
Givter 14954083  1.354+0.38 1.452 4 0.399 1.107 +0.346 0162 0020° =20%
Glu/tCr 1.156£029 0897 + 021 0.940 + 0.227 1.021 £0.177 00018 0225 =<20%
GSH/Cr 0257£005 02870074 02780071 0.333 £ 0.087 0033* 0058 =<20%
miACr 1439£027 13644032 1.334 £ 0.262 1.193 & 0.467 0303 0149 =11%
NAA/CY 1431+£020 14844020 1.480 +0.168 1.469 % 0.202 00772 0831 =10%
GPC+PCHVICY 0283+£004 0249003 0.258 +0.043 0.302 +0.038 0004  0006° <8%
NAA+NAAGACK 1.652+£0.16  1.664%0.17 1.700 £ 0.194 1.762 £ 0.195 0441 0111  <5%
Glu+GIn/tCr 25854046  2.225+045 2.356 + 0.499 1.866 + 0477 00112 003" <12%
Dorsolateral prefrontal cortex (DLPFC)
Gin/tCr 1.259+£0235 117140355 1.877 £ 0.404 1.324 % 0.340 0174 0610 =20%
GlutCr 093040222 0992 +0.251 0.985 + 0.232 1.076 £ 0.198 0124 0185 <20%
GSH/Cr 031240058 0303+0082  0.300+0.074 0.329 + 0.086 0580 0323 =20%
miACr 138140260  1.311+0310 1.245 +0.249 1.211 0414 0266 0661 <10%
NAA/CY 134640220 13050242 1.323 £0.213 1.329 + 0,255 0973 0914 <10%
GPC+PCH/ICr 0290+0047  0249+£0036  0.251+0.033 0.309 + 0.039 0005°  0001° <7%
NAA+NAAG/Cr 151940127 1574+0.176 1.553 % 0.176 1.561 £ 0.187 0028" 0943 <5%
Glu+GIn/tCr 2138+£0302 2118+£0444 22000447 2.006 + 0520 0730  0037° <14%
Spectral Quality Measures
Posterior parietal cortex (PP)
FWHM (in ppm) 0059+002  0.062+0.02 0.063 + 0.025 0,057 +0.02 0.48 052
SNR 1243+243 1177119 122,09 12,53+ 2.48 052 036
GM 0376+0.11  0.416+0.14 0.438+0.15 0.377 £0.13 021 020
WM 0598+0.13  0553+0.17 0531 £0.19 0594 £0.15 0.21 025
CsF 0031+£005 0031004 0.033+0.04 0.030 +0.02 05 081
DLPFC
FWHM (in ppm) 0064002  0.065+0.026 0059 +0.027 0.069 0,02 096 0.183
SNR 1256+£1.95  12.41+208 12.80 & 2.07 11.79 + 2.46 0.79 0074
aM 0385+0.12  0.416+0.14 0.394 +£0.16 0.371£0.13 0.37 061
WM 0501+£013 0558017 0.583+0.20 0595 +0.15 034 082
CSF 0024+002  0.031+0.04 0.024 +0.04 0,030 + 0.02 0.42 055

Aindicates p < 0.05 (Bonferroni correction for multiple comparison between control and hyperthyroid patients); ®indicates p < 0.05 (paired t-test in hyperthyroid patients
at baseline and at follow-up). SD, standard deviation; CRLB, Cramer-Rao lower bound; FWHM, full width at half maximum; SNR, signal to noise ratio; GM, gray matter;
WM, white matter; CSF; cerebrospinal fluid.
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Characteristics

Gender (Male/Female)
Age (Years)

Education (Years)

BMI (Kg/m?)

TSH (wil/mi)

1T4 (pmoViter)

T3 (pmoViter)

Memory scale

Long term episodic memory

Recent episodic memory

Mental balance

Working memory span (forward and backward)
Delayed Recall

Immediate Recall

Immediate recall of semantically related word pairs
Immediate recall of arbitrariy related word pairs
Visual retention

Recognition of objects

Performance Tests of intelligence
Performance quotient

P/K x 100

Nahor-Benson Test

Bender Visual-Motor Gestal Test

MMSE

Controls (N = 30)

9721
31.70 + 824
13.17 £3.30
22.60 +3.39

2.41+£0.73
15.78 + 4.93
5.83+201

50
5+0
4.48 £+ 0.69
4.72 £0.45
4.76 £0.44
4.83+0.38
4.93+0.26
4.69 +0.66
4.76 £0.44
4.90 £0.31

115.86 % 20.02
133.92 + 85.67

0.66 £ 1.01
1.31+£1.97
28.50 + 1.68

Hyperthyroid (N = 30)

8/22
3428 +7.12
12.37 £3.90
22.51+£3.95
0.014 £ 0.017
44.28 + 19.92
15.83 £ 6.63

4.72 £0.65
4.93+0.26
3.86+1.33
417 £1.20
4.55 +£0.95
4.62 +£0.82
4.594+0.82
4.38+1.05
421 +£1.21
417 £1.10

104.34 + 21.12
151.51 £ 104.69
1.71£2.05
7.75 £ 8,61
26.62 +2.87

Hyperthyroid (n = 19)

Pre-therapy

21.29+£2.79
0.010 £ 0.006
46.95 + 19.88
17.66 + 6.80

474 £0.73
5.00 £ 0.00
3.84+1.34
416 £ 1.34
4.53 £0.96
4.63+0.76
468 £0.75
4.00 £ 1.29
4.00 £ 1.29
416£1.21

100.78 £ 17.23
171.54 £ 122.02
1.95 +£2.07
8.84 £9.22
26.58 +£2.76

Post-therapy

2258 £2.45
193+1.75
16.44 £ 4.70
4.60 +1.98

4.89 £0.32
4.95£0.23
4.05 +£1.31
4.84 £0.69
4.68 £0.75
4.84 £0.37
4.95£0.23
4.95£0.23
4.95 +£0.23
4.74 £0.45

121.21 £17.49
149.78 £ 67.70
0.53 +0.90
4.53 £ 3.64
27.11£2.16

p- value

0.197
0.12
0.396
0.925
0.000%
0.002
0.000%

0.10
0.042%
0.05%
0.0292
0.30
0.13
0.097
0.16
0.036%
0.0172

0.038%
0.528
0.022
0.0042
0.0022

value

0.004>
0.000°
0.000°

0.47
0.12
061
0.06
037
0.36
022
0.020
0.009°
0.04°

0.001®
0.36
0.002°
0.048°
0.44

Mean and standard deviation (SD) of demographic, thyroid hormone levels, neuropsychological tests scores. ®Independent sample t-test between hyperthyroid and
controls (p < 0.05).° Paired t-test between pre-therapy vs. post-therapy in 19 hyperthyroid patients (p < 0.05). BMI, body mass index; TSH, thyroid stimulating hormone;
fT4, free thyroxine; fT3, free tri-iodothyronine; P/K, ratio of Pass-a-long and Koh's test; MMSE, Mini Mental State Examination.
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Gene Genomic mutation Mutation rate cDNA Protein Gene function
RE TLE

CD1A chr1(hg19):9.1568224904C > T 0.87 0.3 NM_001763.2:c.89C > T p.Thr30lle Antigen presentation
HLA-DRB chr6(hg19):9.32487390A > C 0.87 0.3 NM_002125.3:c.409A > C p.Thr137Pro Antigen presentation
HLA-DQAT chrb(hg19):9.32610495A > G 1.0 0.6 NM_002122.4:¢c.722A > G p.GIn241Arg Antigen presentation
HLA-DQB1 chr6(hg19):9.32629137T > G 1.0 0.6 NM_002123.4:c.759A > C p.GIn253His Antigen presentation

chr6(hg19):9.32629141C > T 1.0 0.6 NM_002123.4:¢.755G > A p.Arg252His

chrb(hg19):9.32629764C > T 1.0 0.4 NM_002123.3:c.514G > A p.Ala172Thr

chrb(hg19):9.32629891C > T 1.0 0.4 NM_002123.3:c.514G > A p.Ala172Thr

chr6(hg19):9.32629935C > G 1.0 0.6 NM_002123.3:¢.470G > C p.Gly157Ala

chr6(hg19):9.32632592C > G 0.93 0.4 NM_0021283.2:¢.362G > C p.Gly121Ala

chr6(hg19):9.32632605C > A 0.93 0.4 NM_002123.2:¢.349G > T p.Valt17Leu

chr6(hg19):9.32632694C > G 0.93 0.4 NM_0021283.2:¢.260G > C p.Arg87Pro

chr6(hg19):9.32632700T > A 1.0 0.6 NM_002123.2:c.254A > T p.GIn85Leu

chrb(hg19):9.32634306A > T 0.93 0.3 NM_002123.1:¢.79T > A p.Ser27Thr

chr6(hg19):9.32634350T > C 0.93 0.3 NM_002123.1:¢c.35A > G p.Asp12Gly

chr1(hg19):9.158225019C > G 0.87 0.3 NM_001763.2:¢.204C > G p.Cys68Trp

TRIMA41 chr5(hg19):9.180651231G > A 0.8 0.2 NM_201627.1:¢.232G > A p.Ala78Thr Antiviral infection
ADGRV1 chr5(hg19):9.90052289G > A 1.0 0.6 NM_032119.56:c.11599G > A p.Glu3867Lys Epilepsy
CMYA5 chr5(hg19):9.79028472C > T 1.0 015 NM_1563610.2:¢.3884C > T p.Ala1295Val Schizophrenia
TNR chr1(hg19):9.175375469C > A 1.0 0.5 NM_003285.3:¢.382G > T p.Ala128Ser Nerve cell regeneration
OR13C5 chr9(hg19):9.107361346C > T 1.0 0.6 NM_001004482.1:¢.349G > A p.Val117Met No obvious connection
MuUCc2 chr11(hg19):9.1093610C > G 1.0 0.3 NM_002457.31:¢.5429C > G p.Thr1810Ser No obvious connection

chr11(hg19):9.1093612C > A 1.0 0.4 NM_002457.31:c.5431C > A p.Pro1811Thr
CPA4 chr7(hg19):9.129950740G > T 0.93 0.3 NM_016352.9:¢.907G > T p.Gly303Cys No obvious connection
ARMCX4 chr2x(hg19):9.100749038C > T 0.87 0.3 NM_001256155.2:¢.5462C > T p.Ala1821Val Unknown
TBC1D3K chr17(hg19):9.36339584G > T 1.0 0.6 NM_001291464.13:¢c.1073C > A p.Pro358GIn Unknown
EFCAB13 chr17(hg19):9.45451894G > A 1.0 0.6 NM_152347.12:c.934G > A p.val312lle Unknown
RFPL4AL1 chr19(hg19):9.56284507T > G 1.0 0.6 NM_001277397.2:¢.826T > G p.Ser276Ala Unknown

chr19(hg19):9.56284511C > G 1.0 60. NM_001277397.2:¢.830C > G: p.Thr277Ser

chr19(hg19):9.56284529C > A 1.0 0.6 NM_001277397.2:¢.848C > A p.Ser283Tyr

chr19(hg19):9.56284535A > G 1.0 0.6 NM_001277397.2:¢c.854A > G p.Glu285Gly
KRTAP10-6 chr21(hg19):9.46011468G > A 1.0 0.6 NM_198688.1:¢.898C > T p.Pro300Ser Unknown

RE, Rasmussen’s encephalitis; TLE, temporal lobe epilepsy; cDNA, complementary DNA.
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ESRD (n = 18) NES-CKD (n = 22) HC (n =19) t/Z/F/x2

Gender (M/F) 10/8 11/11 8/ 11 0.679
Age, years 57.28 +£12.22 54.68 + 13.62 56.05 + 11.65 0.212
BMI, Kg/m? 23634278 25.57 £ 427 24958 +242 1.799
Education, years, M (IQR) 13(9.75, 15) 12 (9, 15) 12.(12,15) 0.275
MoCA, M (IQR) 26 (25, 28) - 23.5 (22, 24.25) —2.894
Stage, n (%) Stages 5, 18 (100) Stages 1, 6 (27.27) -

Stages 2, 4 (18.18)

Stages 3, 6 (27.27)

Stages 4, 6 (27.27)
Basic admissions
Hypertension, n (%) 13(72.2) 13 (69.1) - 6.599
Diabetes Mellitus, n (%) 13(72.2) 13 (69.1) - 0.750
History of smoking, n (%) 4(22.2) 7(31.8) - 0.457
History of drinking, n (%) 3(16.7) 2(22.0) - 0.519
SBP, mmHg, M (IQR) 145 (130, 153.75) 130 (120, 140) - —1.468
DBP, mmHg, M (IQR) 80 (80, 80) 80 (76.25, 90) — —0.302
Biochemical parameters
Glu, mmol/L, M (IQR) 4.58 (4.42, 5.54) 5.22 (4.76, 5.66) - —-1.115
Cys C, mg/L, M (IQR) 7.15(6.73, 7.81) 1.81(1.16, 2.40) - —5.356
CHOL, mmol/L, M (IQR) 4.75(4.38,5.02) 5.2 (4.71,6.08) - —-1.718
TG, mmol/L, M (IQR) 1.48(1.17,1.91) 1.59 (1.14, 2.51) - —0.381
HDL, mmol/L 1.14+0.28 1.05 £ 0.40 — —0.856
LDL, mmol/L 2.62 £ 0.65 3.05 + 0.81 - 1.785
Urea, mmol/L 24.67 £5.68 11.35 £6.22 - —7.065
UA, pmol/L 403.33 + 104.41 412.91 + 120.26 - 0.266
K, mmol/L 4.95 + 0.66 410+ 0.53 - —4.523
HCY, mmol/L, M (IQR) 23.41 (19.12, 27.47) 19.43 (13.25, 22.54) —1.821
Cre, pmol/L, M (IQR) 1,008.5 (829.75, 1,121.5) 107.5 (79, 186.25) —5.383
Na, mmol/L, M (IQR) 138 (136.25, 139) 141 (139.25, 141) —3.520
Ca, mmol/L, M (IQR) 2.25(2.21,2.28) 2.22(2.10, 2.26) —1.415
P, mmol/L, M (IQR) 1.76 (1.29, 2.04) 1.28 (1.37) —2.746
PTH, mmol/L, M (IQR) 191.75 (75.27, 478.18) 54.63 (32.33, 108.1) —2.528

p-value

0.712
0.810
0.175
0.871

0.004"

0.298
0.298
0.377
0.402
0.155
0.798

0.274
0.000"
0.089
0.717
0.397
0.082
0.000"
0.792
0.000"
0.070
0.000"
0.000"
0.163
0.005"
0.011*

ESRD, end-stage renal disease; NES-CKD, non-end-stage chronic kidney disease; HC, health controls; n, number; BMI, body mass index; MoCA, Montreal Cognitive
Assessment; SBR, systolic blood pressure; DBR, diastolic blood pressure; Glu, glucose; Cys C, cystatin C; CHOL, cholesterol; TG, triglyceride; HDL, high-density
lipoprotein; LDH, low-density lipoprotein; Urea, serum urea; UA, uric acid; K, kalium; HCY, homocysteine; Cre, serum creatinine; Na, serum natrium,; Ca, serum calcium;

B, serum phosphorus; PTH, parathyroid hormone.
M, median; IQR, interquartile range; Values are presented as the mean + standard deviation (SD), n (%), or M (IQR).
* and bold values indicates a statistical difference between groups, p < 0.05.
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Cluster Number JHU WM JHU ICBM-DTI-81 WM labels Voxel coordinates of Local Voxels Z-score p-value

tractography atlas maxima (MNI coordinates)
X Y z
1 Anterior thalamic radiation Fornix (cres) / Stria terminalis R:7.01754 18 —-32 10 57 —1.69 0.046
R:4.38596
2 Anterior thalamic radiation
L:2.08997
Fornix (column and body of fornix):25.2595 1 -1 16 289 —-1.80 0.036
Anterior thalamic radiation
R:3.62976
3 Anterior thalamic radiation Genuiof CC:11.5581
L:2.06252
Anterior thalamic radiation R:1.746  Body of CC:22.6704
Forceps minor:13.8569 Anterior corona radiata R:9.6662
Inferior fronto-occipital fasciculus Anterior corona radiata L:11.7756 10 30 7 9,197 -3.10 0.001
:2.35653
Inferior fronto-occipital fasciculus Superior corona radiata R:3.84908
R:2.15581
Superior longitudinal fasciculus Superior corona radiata L:3.32717
L:1.18321
Uncinate fasciculus L:1.42014 Superior longitudinal fasciculus L:1.90279

MNI, Montreal Neurological Institute; L, abbreviation for the left hemisphere, R, abbreviation for the right hemisphere; JHU-WM tractography atlas, John Hopkins University
white matter tractography atlas; JHU-ICBM-DTI-81 WM labels, John Hopkins University International Consortium of Brain Mapping DTI-81 WM labels; ESRD, end-stage
renal disease; NES-CKD, non-end-stage chronic kidney disease; FA, fractional anisotropy.

The value after each region indicates the percentage probability of the cluster belonging to the given atlas label.

Any cluster with low voxels (<50) or region with low (<1%) probability has been excluded.
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Cluster JHU WM tractography atlas

JHU ICBM-DTI-81 WM labels

Voxel coordinates of Local  Voxels Z-score p-value

Number
maxima (MNI coordinates)
X Y z
2 Forceps minor:15.1661 Genu of CC:28.9902 g 28 -5 307 —1.75  0.040
Inferior fronto-occipital fasciculus R:15.5505 Anterior corona radiata R:19.544
Uncinate fasciculus R:8.3127 External capsule R:31.5961
3 Anterior thalamic radiation R:5.10322 Anterior limb of internal capsule R:10.9053 25 —18 13 2916 —-2.41 0.008
Corticospinal tract R:3.94753 Posterior limb of internal capsule R:7.13306
Inferior fronto-occipital fasciculus R:6.52092 Retrolenticular part of internal capsule
R:10.3567
Anterior corona radiata R:11.2483
Superior corona radiata R:20.0274
Posterior corona radiata R:4.59534
Posterior thalamic radiation (include optic
radiation) R:1.09739
External capsule R:10.8711
4 Anterior thalamic radiation L:3.55331 Genu of CC:8.5528 —27 =30 16 7,822 =310  0.001

Corticospinal tract L:2.61826

Forceps minor:4.45513

Inferior fronto-occipital fasciculus L:3.18499
Inferior longitudinal fasciculus L:1.10892
Superior longitudinal fasciculus L:6.35093

Superior longitudinal fasciculus (temporal part)
:2.93659

Body of CC:4.75582

Fornix (column and body of fornix):1.38072
Anterior limb of internal capsule L:4.57683
Posterior limb of internal capsule L:6.0854

Retrolenticular part of internal capsule
L:3.15776

Anterior corona radiata L:6.28995

Superior corona radiata L:11.4804
External capsule L:8.09256
Superior longitudinal fasciculus L:7.60675

MNI, Montreal Neurological Institute; L, abbreviation for the left hemisphere, R, abbreviation for the right hemisphere; JHU-WM tractography atlas, John Hopkins University
white matter tractography atlas; JHU-ICBM-DTI-81 WM labels, John Hopkins University International Consortium of Brain Mapping DTI-81 WM labels; ESRD, end-stage
renal disease; NES-CKD, non-end-stage chronic kidney disease; AD, axial diffusivity.
The value after each region indicates the percentage probability of the cluster belonging to the given atlas label.
Any cluster with low voxels (<50) or region with low (<1%) probability has been excluded.
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Clusters

ESRD < NES-CKD Cluster 1
UA
ESRD < NES-CKD Cluster 2
UA
ESRD < NES-CKD Cluster 3
LDL
P
ESRD > NES-CKD Cluster 1
Urea
ESRD > NES-CKD Cluster 4
UA
ESRD > NES-CKD Cluster 1
P

—0.622

—0.568

—0.529
—0.480

0.679

0.766

0.536

0.006

0.014

0.007
0.013

0.002

<0.001

0.022

UA, uric acid; LDH, low-density lipoprotein;, B, serum phosphorus; Urea, serum
urea. ESRD, end-stage renal disease; NES-CKD, non-end-stage chronic kidney
disease; FA, fractional anisotropy; MD, mean diffusivity; AD, axial diffusivity; RD,
radiial diffusivity.
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Neurochemicals Vermis

GA

Concentrations [nM/Kg, (Mean  SD)]

tNAA 516+1.25
tCho 1.88 £ 0.46
tcr 753258
Gix 11.73+£1.37
ml 697£2.19
Weighted measures (Mean & SD)

tNAA 214091
tCho 0.75+0.24
cr 299+1.18
Gix 4724151
ml 2,65+ 0.52

HC

7.11£081
22940.19
891 +£0.95
11.61£2.08
6.74 £0.91

317 £0.37
0.96 + 0.05
415 £0.42
562 +£1.04
3.03+£0.26

p-value

0.008
0.05
0.22
091
0.80

0.02
0.03
0.03
0.26
0.12

Right Cerebellum

6.76+0.95
197 £0.41
712+£1.86
1056 +2.04
6.79 £2.59

250 +0.89
0.83 +0.07
3.02 £ 1.09
3.60 £2.49
274 £0.83

HC

7.04+0.67
1914013
722+1.62
1058 £ 1.77
5.87 £0.69

330033
0.91 +£0.05
334 £0.53
4.85+0.78
274 £0.27

p-value

0.02
073
091
098
0.38

0.05
0.05
0.52
0.23
0.98

NAA, total NAA (N-acetyl aspartate+ N-acetyl aspartate glutamate); mi, myoinositol; {Cho, total choline (glycerophosphocholine-+phosphocholine); (Cr, total creatine
(creatine-+phosphocreatine); Gix, glutamate-+glutamine. Bold values indicate significant p value.
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Number of patients with symptoms of acute ischemic stroke within 3 days from onset to MR examination (n=344)
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Exclude patients (n=154)

Reasons:

Bilateral cerebral infarction of anterior circulation or combined with
posterior circulation cerebral infarction(n=77)

neurological dysfunction left by previous history of AlS (n=21)
complicated with other diseases causing neurological dysfunction, such
as brain tumor, hemorrhagic stroke, demyelinating disease, brain trauma
(n=15)

incomplete imaging and clinical data or poor image quality(n=13)

The maximum diameter of DWI high signal is < 1cm (n=28)

Number of included patients (n=190)

Training set
(n=110)

Validation set
(n=80)
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All indicates all factors, including clinical and conventional MRI factors and
radiomics features. AUC, area under the curves; ADC, apparent diffusion coeffi-
cient; Clin, clinical variables; Con MRI, conventional MRI factors; FLAIR, fluid-
attenuated inversion recovery. *P < 0.05.
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Characteristics Training Validation p-value

(n=110) (n =80)

Age (years), median 62 (50.75, 58 (50, 68) 0.586
(IQR) 70.25)

Male sex, n (%) 78 (70.9%) 61 (76.3%) 0.412
Risk factors, n (%)

Hypertension 69 (62.7%) 52 (65.0%) 0.748
Diabetes mellitus 28 (25.5%) 15 (18.8%) 0.276
Hyperlipidemia 6 (5.5%) 6 (7.5%) 0.567
Coronary heart disease 9 (8.2%) 7 (8.8%) 0.889
Smoking 35 (31.8%) 28 (35.0%) 0.646
Alcohol consumption 29 (26.4%) 14 (17.5%) 0.149
Previous stroke attack, 16 (14.5%) 11 (13.8%) 0.877
n (%)

Interval from ictus to 26.50 + 15.77 28.69 + 14.36 0.627
MR (hours)

Orthogonal diameter of 2.47 (1.14, 3.82 (1.51, 0.107
the lesion, median (IQR) 6.66) 8.73)

Admission NIHSS, 3(2,6.25) 42,8 0.077
median (IQR)

Fazekas scores, 2.5(1,4) 2(1,3) 0.305
median (IQR)

Admission 98,9 8(7,9 0.105
DWI-ASPECTS,

median (IQR)

mRS at 90 days, 2(1,3 1(1,9 0.200
median (QR)

mRS > 2, n (%) 30 (27.27%) 21 (26.25%) 0.875

DWI-ASPECTS, diffusion-weighted imaging-Alberta Stroke Program Early CT
Score; mRS, modified Rankin score; n, number; NIHSS, National Institute of
Health Stroke Scale.
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Characteristics Favorable Unfavorable p-value

(n =139) (n =51)
Age (years), median 56 (48, 65.5) 69(59, 75) <0.001*
(IQR)
Male sex, n (%) 110 (79.1%) 29 (56.9%) 0.002*
Risk factors, n (%)
Hypertension 91 (65.5%) 30 (58.8%) 0.399
Diabetes mellitus 31 (22.3%) 12 (23.5%) 0.858
Hyperlipidemia 1(7.9%) 1(2%) 0.153
Coronary heart disease ( .5%) 7 (13.7%) 0.111
Smoking 45 (32.4%) 18 (35.3%) 0.705
Alcohol consumption 33 (23.7%) 10 (19.6%) 0.546
Previous stroke ictus, n 7 (12.2%) 10 (19.6%) 0.197
(%)
Interval from ictus to 26.85 + 13.65 29.26 + 15.75 0.268
MR (hours)
Orthogonal diameter of 2.32(1.12, 7.99 (15.05, <0.001*
the lesion, median (IQR) 5.28) 2.67)
Admission NIHSS, 3(2,5) 7 (5,10.5) <0.001*
median (IQR)
Fazekas scores, 2(1,3) 2(1,4) 0.369
median (IQR)
Admission 98,9 8(6,9) <0.001*
DWI-ASPECTS,
median (IQR)
mRS at 90 days, 10,2 33, 4) <0.001*
median (QR)

DWI-ASPECTS, diffusion-weighted imaging-Alberta Stroke Program Early CT
Score; mRS, modified Rankin score; n, number; NIHSS, National Institute of
Health Stroke Scale. *, with signifcant difference.
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Characteristics

Univariate analysis

Multivariate analysis

OR (95% CI) p-value OR (95% CI) p-value
Age 1.067 (1.035, <0.001 1.070 (1.034, <0.001
(>60.5 years) 1.099) 1.107)
Sex (male) 0.348 (0.175, 0.003 0.336 (0.147, 0.010

0.692) 0.770)

Admission 1.244 (1.142, <0.001 1.270 (1.156, <0.001
NIHSS 1.356) 1.394)
Admission 0.627 (0.493, <0.001
DWI-ASPECTS 0.789)
OD values of 1.037 (1.011, 0.006
the lesion 1.065)

Cl, confidence interval; DWI-ASPECTS, diffusion-weighted imaging-Alberta Stroke
Program Early CT Score; NIHSS, National Institute of Health Stroke Scale; OD,
orthogonal diameter; OR, odds ratio.
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Models

Training (n = 110) ADC
FLAIR
ADC + FLAIR
Clin
Clin + Con MR
Combined all
Validation (n = 80) ADC
FLAIR
ADC + FLAIR
Clin
Clin + Con MR
Combined all

AUC

0.772
0.731
0.815
0.791
0.782
0.926
0.795
0.707
0.825
0.763
0.751
0.864

95% ClI

(0.681-0.864)
(0.629, 0.834)
(0.734, 0.895)
(0.687, 0.894)
(0.684, 0.881)
(0.878, 0.974)
(0.687, 0.903)
(0.583, 0.831)
(0.726, 0.923)
(0.632, 0.894)
(0.619, 0.883)
(0.773, 0.954)

Sensitivity

0.833
0.700
0.767
0.733
0.800
0.867
0.810
0.857
0.857
0.667
0.762
0.810

Specificity

0.662
0.637
0.725
0.787
0.637
0.875
0.525
0.576
0.644
0.763
0.729
0.746

Accuracy

0.709
0.655
0.736
0.773
0.682
0.873
0.600
0.650
0.700
0.738
0.738
0.762

PPV

0.481
0.420
0.511
0.564
0.453
0.722
0.378
0.419
0.462
0.500
0.500
0.531

NPV

0.914
0.850
0.892
0.887
0.895
0.946
0.886
0.919
0.927
0.896
0.896
0.917

Combined all indicates all factors, including clinical and conventional MRI factors and radiomics features. AUC, area under the curves; ADC, apparent diffusion coefficient;
Clin, clinical variables; Con MRI, conventional MRl factors; Cl, confidence interval; FLAIR, fluid-attenuated inversion recovery; PPV, positive predictive value; NPV, negative

predictive value.
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