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Editorial on the Research Topic
 Quantitative Susceptibility Mapping in Neurodegeneration



Magnetic resonance imaging offers a wide variety of contrast mechanisms to study soft tissue in the body. Some common methods include: T1 weighted (T1W) imaging, T2 weighted (T2W) imaging, spin density imaging, diffusion weighted imaging (DTI), flow imaging, and susceptibility weighted imaging (SWI). Using the complex data from the SWI scans, it is possible to produce magnetic source images using a novel reconstruction method that takes the phase data and reconstructs what is referred to as a quantitative susceptibility map (QSM). The phase images represent local frequency changes caused by local changes in the magnetic field which in turn are introduced because of the presence of a magnetic source. Some of the familiar paramagnetic materials include deoxygenated blood, hemosiderin and ferritin while some of the more familiar diamagnetic materials include calcium deposits (in the pineal gland, choroid plexus, basal ganglia, and in vessel wall), calcium in bone, and myelinated tissue. A number of diseases cause local changes in iron content including: Parkinson's disease (PD), Huntington's disease, Friedrich's Ataxia and keratopathies in the brain and hemochromatosis in the liver. The ability to measure iron has clear implications if iron is involved in the pathophysiology or correlates with disease state, but it must be remembered that iron also changes as a function of age (Li Y. et al.). Also, measuring oxygen saturation would be key in stroke and potentially in dementia and other neurodegenerative diseases as well. Although QSM has been studied for more than 15 years (Haacke et al., 2015), it has taken some time to find its way into clinical studies. The goal of this special issue was to point towards future clinical applications of QSM. In this issue, iron was studied in patients with: Parkinson's disease, Alzheimer's disease, mild cognitive impairment, diabetes mellitus, occlusion of the middle cerebral artery, and Wilson's disease.

A systematic overview of the role of iron in various neurodegenerative diseases is given by Ravanfar et al. They reviewed 80 records by searching MEDLINE, Embase, Scopus, and PsycInfo databases to determine which diseases had at least one structure that demonstrated increased iron content. They found that different parts of the deep grey matter were affected for different diseases (including Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, Wilson's disease, Huntington's disease, Friedreich's ataxia, etc.). In some disorders, the increased magnetic susceptibility correlated with disease duration and severity of clinical features. They conclude that QSM is a promising tool to study changes in brain iron.

More specifically, Song et al. investigated iron deposition in PD patients associated with levodopa-induced dyskinesia (LID). They evaluated the ability of substantia nigra (SN) iron content to discriminate PD with and without LID. Interestingly, they found that the susceptibility of the SN for PD patients with LID was higher than that in PD patients without LID. Liu X. et al. evaluated data for both QSM and DTI in an Alzheimer disease cohort. They studied iron in the basal ganglia and found that the susceptibility of the right caudate nucleus in patients with AD correlated with cognitive scores. Several other diffusion measures also correlated positively with the magnetic susceptibility of the right caudate nucleus in patients with Alzhiemer's disease. Their findings revealed that the magnetic susceptibility of the caudate nucleus may be an MRI-based biomarker of the cognitive dysfunction of AD and abnormal excessive iron distribution in the basal ganglia had adverse effects on the diffusion properties of the white matter. Jin et al. studied iron in the mammillary body for a group of mild cognitively impaired (MCI) patients. They did not find significant correlations with the patient's cognitive status but they were able to establish a normative range of iron in the mammillary bodies. They did find that susceptibility was elevated in the right mammillary body in MCI patients compared to healthy controls and that there was a small but significant reduction in volume with age for the MCI group. Li J. et al. studied the brain iron changes in patients with diabetes mellitus. They evaluated brain iron accumulation in type 2 diabetes mellitus (T2DM) patients with executive function decline using a voxel-based quantitative susceptibility. They found patients with T2DM had higher iron than healthy controls in the basal ganglia and frontal lobe. There appeared to be some correlation with cognitive testing and iron in the thalamus. Du et al. studied patients with middle cerebral artery occlusion. They found changes of iron in the basal ganglia and evaluated the ability of iron content to predict the presence of middle cerebral artery occlusion. Yuan et al. studied paramagnetic metal accumulation in the deep grey matter in patients with Wilson's Disease. Not only did they find increases in susceptibility throughout the deep grey matter, but they also found a reduction in their volumes. Of clinical interest, the Unified Wilson's Disease Rating (UWDRS) neurological subscores were positively correlated with the susceptibility values of all examined deep grey matter structures. An area of great interest is measuring oxygen saturation, particularly for stroke patients. Liu Y. et al. evaluated many of the veins associated with specific structures and found that there was a significant negative correlation with a number of cognitive measures in patients with AD. This decreasing cerebral venous oxygen level suggests that there is a reduced flow but still high cerebral metabolic rate of oxygen utilisation.

On a more technical front, Gharabaghi et al. presented a new approach for multi-echo QSM using a method referred to as Strategically Acquired Gradient Echo (STAGE) Imaging using a structural constrained approach. They evaluated both simulated data and human data and showed high accuracy relative to other methods. This approach helps take advantage of the benefits of both short echoes and long echoes without constraining one to the other. Finally, a key issue for more broad use of QSM is its reliability across sites and across manufacturers with different resolutions. Li Y. et al. studied a large population of over 600 healthy adults, ranging from 20 to 90 years old, across 3 sites, 3 manufacturers and two field strengths. Generally, they found that the iron growth as a function of age was well-replicated across all the variables although smaller structures tended to have the largest errors. They also found that volume was generally negatively correlated with age. As usual they found that most structures significantly increased their iron content with age and that this was even more evident when the local high iron content regions were assessed. This iron dependence with age is critical to catalogue when studying any neurodegenerative disease with suspected increases in iron content since the data needs to be age corrected.

In summary, there has been great progress in using QSM to study neurodegenerative diseases. Despite the different QSM methods that are available today, as long as the same approach is used for a given study and as long as the age-related iron effect is removed, this method offers a new means to study the pathophysiology of neurodegenerative diseases that complements and generally improves upon the use of [image: image] measures of iron content (Ghassaban et al., 2018; Yan et al., 2018). The papers presented in this special issue show the potential of QSM to enhance diagnosis of patients with neurodegenerative disease. As QSM becomes more broadly accepted, no doubt other clinical applications of measuring susceptibility will emerge.
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Purpose: To investigate the baseline values and differences for susceptibility and volume of the mammillary bodies between mild cognitively impaired (MCI) patients and healthy controls (HCs), and further explore their differences in relation to gender, MCI subtypes and apolipoprotein E (APOE) genotypes.

Methods: T1-weighted and multi-echo gradient echo imaging sequences were acquired on a 3T MR scanner to evaluate the T1W based volume and susceptibility differences in the mammillary body for 47 MCI and 47 HCs. T-tests were performed to compare volume and susceptibility between groups, and right and left hemispheres. Correlation analysis was used to relate the volume and mean susceptibility as a function of age in MCI and HC groups separately, and to investigate the relationship of susceptibility with the neuro-psychological scales in the MCI group.

Results: Susceptibility was found to be elevated within the right mammillary body in MCI patients compared to HCs (p < 0.05). There were no differences for the mammillary body volumes between the MCI and HC groups, although there was a reduction in volume with age for the MCI group (p = 0.007). Women showed decreased mammillary body volume compared to men in the HC group (p = 0.004). No significant differences were found in relation to MCI subtypes and APOE genotypes. No significant correlations were observed between mammillary body susceptibility with neuro-psychological scales.

Conclusion: This work provides a quantitative baseline for both the volume and susceptibility of the mammillary body which can be used for future studies of cognitive impairment patients underlying the pathology of the Papez circuit.

Keywords: mammillary body, quantitative susceptibility mapping, mild cognitive impairment, brain iron, volume


INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia which leads to cognitive impairment and memory loss. Mild cognitive impairment (MCI) was initially conceptualized as a symptomatic predementia phase of AD. The manifestation of MCI is the gradually progressive cognitive decline not yet meeting the criteria for dementia (Albert et al., 2011). Since MCI is a heterogeneous condition with different aetiologies, many studies today further classify MCI into amnestic MCI (aMCI) and non-amnestic MCI (naMCI) depending on whether memory is impaired or not (Petersen and Morris, 2005; Hughes et al., 2011). It is reported that aMCI patients have an annualized conversion rate of 12 to 28% and have 8.6-fold higher odds of developing AD (Petersen et al., 1999; Lehrner et al., 2005; Schmidtke and Hermeneit, 2008). While aMCI is highly associated with progression to AD, other subtypes of MCI patients might remain stable or even revert to normal cognition (Barnes et al., 2014; Roberts et al., 2014). Therefore, there is an increasing interest on investigating the non-invasive biomarkers underlying MCI which could potentially supplement clinical approaches for future studies.

Histopathologic hallmarks of AD include both intracellular pathological neurofibrils as well as extracellular accumulation of amyloid beta (Aβ) plaques (Selkoe, 2001; Hardy and Selkoe, 2002). Early AD has a predilection to involve the limbic system including the entorhinal cortex, hippocampus and the mammillary bodies before spreading to other brain regions (Braak et al., 1993; Xu et al., 2000; Baloyannis et al., 2016). The mammillary bodies are an essential component in Papez’ circuit, which is a network of related structures that support memory and cognition (Papez, 1995). The mammillary bodies are directly linked with brain regions that are thought to be vital for episodic memory and spatial memory (the hippocampus, anterior thalamic nuclei and tegmental regions) (Neave et al., 1997; Hildebrandt et al., 2001; Metzler-Baddeley et al., 2012). The mammillary bodies receive a dense input from the hippocampus via the fornix. Interestingly, the right and left fornical fibers convey different functional information. The left fornix primarily conveys verbal memory while the right conveys visuospatial memory (Tucker et al., 1988; Hodges and Carpenter, 1991; McMackin et al., 1995; Saunders and Aggleton, 2007). This connection continues from the mammillary bodies to the anterior thalamic nuclei by way of the mammillothalamic tract (Cruce, 1975; Vann et al., 2007, 2011). Earlier hypotheses only considered the mammillary bodies as a hippocampal relay, which underestimates their independent role in memory. Actually, except for this circuit, it has been assumed that the reciprocal connections between the mammillary bodies and tegmental regions (Bassett and Taube, 2001) are independent of the hippocampus but are critical for sustaining the mammillary bodies’ function in memory (Vann, 2009). Damage to the mammillary bodies and their connection fibers can lead to an inability to lay down new episodic memories (Tsivilis et al., 2008; Metzler-Baddeley et al., 2012). However, few imaging studies have focused on the functionality of the mammillary bodies in humans due to their location and small size.

In addition to Aβ plaques and neurofibrillary degeneration, elevated brain iron and CSF ferritin are increasingly reported as a hallmark of AD that could perhaps predict MCI conversion to AD (Ayton et al., 2015, 2017; Kim et al., 2017). The specific underlying mechanisms of iron accumulation in AD remain unclear. Nevertheless, the close link between iron and the pathogenesis of AD is supported by a variety of evidence. For example, it has been observed that iron accumulates in the same brain regions that exhibit Aβ accumulation, such as the hippocampus, frontal cortex and parietal cortex, and most amyloid plaques are found to contain iron (Good et al., 1992; Liu et al., 2011). Iron accumulation is also associated with neuro-fibrillary tangle (NFT) formation, and the binding of ferric iron and tau protein is found to precede the accumulation of hyperphosphorylated tau and the subsequent formation of NFTs (Smith et al., 1997; Yamamoto et al., 2002; Li et al., 2015). The redox-active iron combined with the Aβ and NFT aggregation in AD generate increasing oxidative stress. Under such circumstances, the visualization and reliable quantitative evaluation of excess iron accumulation suggests the potential theraputic benefit of lowering brain iron in AD patients.

Several studies using T2∗ mapping and susceptibility weighted imaging (SWI) found increased iron content in brain gray matter including the hippocampus, frontal and parietal regions in AD patients (Wang et al., 2013; van Rooden et al., 2014). However, conventional gradient echo (GRE) imaging approaches are affected by blooming artifacts and cannot be easily quantified. Phase images do not directly measure local tissue susceptibility due to the non-local relationship between phase and the underlying magnetic susceptibility distribution (Schweser et al., 2011; Li et al., 2012). Quantitative susceptibility mapping (QSM) has made it possible to directly map tissue magnetic susceptibility which has been shown to correlate well with iron content in brain tissue (Liu et al., 2009; Langkammer et al., 2012; Lim et al., 2013).

Therefore, the goal of this study was to generate susceptibility and volume baseline values as a function of age for the mammillary bodies to ascertain if there is an iron content increase and to investigate the susceptibility and volume differences of the mammillary bodies between healthy controls (HCs) and MCI patients. In addition, we also investigated the susceptibility and volume differences of the mammillary bodies between genders, aMCI, naMCI and MCI patients with and without apolipoprotein E (APOE) ε4.



MATERIALS AND METHODS


Participants

This study was approved by the local ethics committee and all subjects signed a consent form. Forty-seven (47) MCI subjects (mean age: 63.8 ± 6.9 years, range: 51–78 years; 33 females) were recruited from the memory clinic of the Neurology Department in Ruijin Hospital. Forty-seven (47) age- and gender-matched HCs (mean age: 63.5 ± 6.6 years, range: 51–75 years, 33 females) were recruited from the local community by advertisement. All participants were of unrelated Chinese Han descent with >6 years of education (MCI: 12.3 ± 2.5 years, HC: 11.2 ± 3.8 years). According to the diagnostic guidelines of the United States National Institute on Aging-Alzheimer’s Association (NIA-AA) (Albert et al., 2011) for MCI due to AD, our diagnosis was based on a detailed medical history interview, neurologic examinations and cognition tests. All MCI patients were screened using the Mini Mental State Examination (MMSE, 24 ≤ MMSE ≤ 28) (Katzman et al., 1988), the Hamilton Depression Rating Scale (HAMD score ≤ 10) (Hamilton, 1960) and the global score of Clinical Dementia Rating Scale (global score = 0.5) (Morris, 1997). Neuro-psychological assessment for the episodic memory and visuospatial memory using the Auditory Verbal Learning Test (AVLT)-Huashan version (Zhao et al., 2012) and the Rey–Osterrieth Complex Figure Test (CFT) (Shin et al., 2006) was performed by two neurologists with 3 years of experience each. Patients with MCI were further classified into two subtypes: aMCI, if the number of words answered correctly in the 20-min delayed recall of the AVLT (AVL-LR) was less than 4, or naMCI, if the AVL-LR number was greater than 4 (Zhao et al., 2012). The APOE genotype of 45 MCI patients was measured from peripheral blood samples, with 2 of the MCI patients missing the blood sample collection. None of the HCs had memory complaints or indications of cognitive deficits. The exclusion criteria for both the MCI and HC groups included the following: (a) structural abnormalities that could impair cognitive function, such as tumor, subdural hematoma, or contusion from a previous head trauma; (b) a history of stroke, addiction, neurologic or psychiatric disease, or treatment that would affect cognitive function; and (c) large-vessel disease and/or diseases with large volume white matter lesions (i.e., Fazekas grade III).



Image Acquisition

All subjects were imaged with gradient echo and T1-weighted (T1W) imaging sequences on a 3T Ingenia scanner (Philips Medical Systems, Best, The Netherlands) with a fifteen-channel phased array head coil. The three-dimensional (3D) multi-echo GRE data were acquired with the following imaging parameters: TR = 59.3 ms, number of echoes = 16, TE1 = 2.7 ms, TE spacing = 2.9 ms, bandwidth = 488 Hz/pixel, flip angle = 12°, field of view (FOV) = 22 cm, matrix size (Nx × Ny) = 256 × 256, resolution = 0.86 × 0.86 × 1.0 mm3, acceleration factor = 2 (approximately 70% of k-space was sampled), slices = 136 and total acquisition time = 10 min 42 s. The sagittal 3D T1W images were acquired with a magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence with the following parameters: TR = 8.1 ms, TE = 3.7 ms, flip angle = 8°, FOV = 236 mm × 236 mm, and an acquisition voxel size = 1 mmł isotropic. Conventional MR images, including 2D T2-weighted fluid-attenuated inversion recovery (FLAIR) and 2D diffusion weighted imaging (DWI), were acquired in the transverse plane for screening of cerebrovascular diseases, white matter hyperintensity and space-occupying lesions in the brain. The whole brain was covered for all MR scans, including the multi-echo GRE sequence. All transverse oriented scans were collected along the anterior commissure–posterior commissure (AC-PC) line.



Image Reconstruction and Post-processing

A custom algorithm was used to generate QSM using data from all 16 echoes (Li et al., 2011). All QSM and T1W data were traced on an interpolated zoomed image (8X magnification) using SPIN Software (SpinTech, Inc., Bingham Farms, Michigan, United States). A semi-automated dynamic programming method was used to demarcate the right and left mammillary bodies (Jiang et al., 2007). An intra-class correlation coefficient (ICC) statistic for absolute agreement (Shrout and Fleiss, 1979) was calculated between two raters who traced the mammillary bodies on the QSM and T1W images for 30 randomized cases (15 HC and 15 MCI). An example of the boundary delineation on the QSM data is illustrated in Figure 1. The mammillary bodies were visible on 3–4 consecutive slices on the QSM and T1W images.


[image: image]

FIGURE 1. Quantitative susceptibility maps (QSM) showing example tracings of the mammillary bodies for a subject with mild cognitive impairment (MCI). The first row: original QSM images, arrows pointing to the mammillary bodies. The second row: 8X zoom of images corresponding with the first row images showing the traced mammillary bodies.




Statistical Analysis

An independent two-sample t-test was performed to compare age and education between the MCI and HC groups. A chi-square test was performed to assess the inter-group gender heterogeneity between these groups. Independent-sample t-tests were performed to compare volume and susceptibility in the mammillary body between patients with MCI and HCs, patients with aMCI and naMCI, APOE ε4 carriers and non-carriers, and female and male. To observe whether bilateral differences of volume and susceptibility exist within the mammillary bodies in MCI and HC subjects, paired-sample t-tests were performed. For the t-tests, a value of p < 0.05 was considered significant. Pearson correlation analyses were used with age as an independent variable using volume and mean susceptibility as dependent variables in MCI and HC groups. To investigate the correlation of mean susceptibility in the mammillary bodies with the AVLT and CFT scores, a partial correlation analysis was performed with age as a covariate. A conservative statistical significance of p value < 0.01 was used in the multiple correlation analysis to control for the inflation of type I error. All statistical analyses were run on the data using SPSS (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).




RESULTS


Demographic and Clinical Characteristics Analyses

There was no significant difference of age, gender or education between the MCI and HC groups. The MMSE score for MCI patients was 27.5 ± 0.7. For the episodic memory and visuospatial memory assessments, the AVLT scores were 15.6 ± 4.7 for immediate recall, 4.6 ± 2.3 for 5-min recall, 4.6 ± 2.4 for 20-min recall and 19.9 ± 2.7 for 20-min recognition. The CFT scores were 35.3 ± 1.6 for copy and 16.9 ± 7.7 for recall. According to the 20-min delayed recall of the AVLT, 22/47 MCI patients were classified into the aMCI group and 25/47 were put in the naMCI group. Further, 45 MCI patients with the APOE genotype were also broken up into a high-risk group with APOE ε4 (n = 15) and a low-risk group without APOE ε4 (n = 30).



Susceptibility Analysis

When tracing the mammillary bodies on QSM using the semi-automated method, the ICCs for the right and the left sides were 0.91 and 0.92, respectively. A breakdown of the mean susceptibility, maximum susceptibility, and statistics for paired t-tests between right and left sides is shown in Supplementary Table S1. No differences were observed between sides for any of the groups (all p values > 0.05). As shown in Figure 2, mean susceptibility and maximum susceptibility increased in the right mammillary body in the MCI group as compared to HC group, but no significant susceptibility difference was found in the left mammillary body. There was no significant change of mean susceptibility as a function of age in the right or left mammillary bodies in either the MCI group, or the HC group as shown in Figure 3. No significant susceptibility differences in the mammillary body were found in relation to gender, MCI subtypes or APOE genotypes (Supplementary Table S2). No significant correlations (p > 0.01) were observed between mean susceptibility of the mammillary body and 5-min delayed AVLT score, 20-min delayed AVLT score, or the CFT recall score in the MCI group.
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FIGURE 2. Group analyses for the mean susceptibility and maximum susceptibility in the mammillary body between the MCI and HC groups. Significant differences between MCI and HC subjects are represented as: *p < 0.05. MCI: mild cognitive impairment, HC: healthy control.
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FIGURE 3. Scatter plots and regression lines for mean susceptibility vs. age for 47 MCI patients and 47 HC subjects. Solid circles: MCI, Open circles: HC. Dotted line: HC, Solid line: MCI. The right and left mammillary bodies are plotted separately. There is no significant change in mean susceptibility with age in either group.




T1W Based Volume Analysis

The ICC between the two raters for tracing the mammillary body volumes on T1W was 0.85. No volume differences were observed between MCI and HC groups in either sides of the mammillary body (p > 0.05). Women showed significant decreased mammillary body volume when compared to men in the HC group, but not in the MCI group (Supplementary Table S2). No significant volume differences were found in the mammillary body between aMCI and naMCI, or APOE ε4 carriers and non-carriers (Supplementary Table S2). There was no volume significance between right and left sides of the mammillary body in MCI and HC groups (p > 0.05), thus we used the average volume of both sides for correlation analysis. A negative correlation between volume and age (Figure 4) was observed in the MCI group (R2 = 0.152, p = 0.007), while in the HC group, no significant correlation was found (p > 0.01).
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FIGURE 4. Scatter plots and regression lines for the average mammillary body volume vs. age for 47 MCI patients and 47 HC subjects. Solid circles: MCI, Open circles: HC. Dotted line: HC, Solid line: MCI. There is a significant reduction in volume with age for MCI patients but not the HCs.





DISCUSSION

The mammillary bodies and their main projections play a substantial role in spatial memory and delayed memory recall. This is the motivation to investigate the baseline values and differences for susceptibility and volume of the mammillary bodies between MCI and HC subjects. To our knowledge, this is the first study using QSM to quantify iron deposition in the mammillary bodies in MCI. The results showed a susceptibility roughly equal to that of gray matter, around 50ppb, with an increased iron level in the right mammillary body in MCI patients compared with HCs. The susceptibility values for the mammillary bodies presented herein could be used as a baseline for future studies of brain iron change in cognitively impaired patients including patients with AD, behavioral variant frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) which affect the Papez circuit.

In vivo studies of the iron accumulation in the mammillary bodies are limited (De Reuck et al., 2014). A previous magnetic resonance imaging study at 7.0 T of iron deposition in post-mortem brains of patients with neurodegenerative and cerebrovascular diseases observed no iron accumulation in the mammillary bodies (De Reuck et al., 2014). However, in that study, the severity of the iron load was evaluated semi-quantitatively using a ranking approach based on the intensity and distribution of hypo-intensity signal on T2∗-weighted imaging. Generally, T2∗ is not as sensitive to iron changes as QSM and is also a noisier measurement. Both post-mortem experiments (Langkammer et al., 2012; Sun et al., 2015) and in vivo (Schweser et al., 2011; Bilgic et al., 2012) experiments have demonstrated that magnetic susceptibility assessed by QSM is highly correlated with known iron concentrations of various structures in the brain. The iron levels measured here of roughly 50 ppb are similar to those seen between gray matter and white matter and are sufficiently higher than the noise level to be clearly visible on the QSM data. Therefore, our approach using QSM to quantify the iron level is a reasonable approach to detect iron changes of the mammillary bodies in the progression of cognitive decline. We also explored the mean susceptibility of the mammillary body as a function of age in both the MCI group and the HC group. However, no significant correlations between susceptibility and age were discovered.

In this study, a significant reduction in volume as a function of age was found in MCI patients but there was no statistical difference in volumes between MCI patients and HCs. The latter finding is consistent with previous research (Copenhaver et al., 2006) showing no significant volume differences between HC and MCI groups. Nevertheless, they found significant volume reductions in the mammillary bodies in patients with AD as compared with HC and MCI participants, which suggested that atrophy of the mammillary bodies became obvious at the point of conversion from MCI to AD (Copenhaver et al., 2006). Our findings confirmed the relative preservation of the mammillary bodies volume in early disease stages.

In addition, a decreased mammillary body volume in women compared to men in the HC group was found in this study. Interestingly, Falcon et al. found a greater atrophy in medial temporal areas (Papez circuit) associated to CSF p-tau and glial biomarkers in cognitively unimpaired women compared to men (Falcon et al., 2020). A greater atrophy of the structures in the Papez circuit associated with baseline CSF p-tau may partially explain women’s greater susceptibility to memory complaints and AD pathology. Although a lot of evidence suggests a higher incidence of AD in women, it is still not clear whether the greater prevalence is due to their longer life expectancy or other underlying factors (Beam et al., 2018; Medeiros and Silva, 2019). In this study, we did not find volume or susceptibility differences in the mammillary body between women and men in the MCI patients, although some studies found greater medial temporal atrophy in early stages of AD in women (Apostolova et al., 2006; Hua et al., 2010; Ardekani et al., 2016). The inability of detecting the gender differences in the mammillary body in our study could be partly due to the heterogeneous conditions of MCI with different aetiologies and the relatively small sample size. Further classification of the MCI cohort showed no susceptibility or volume differences in the mammillary body between aMCI and naMCI groups. It may be interesting to further investigate the gender differences of the mammillary body in aMCI patients with a larger sample size in the future.

The APOE ε4 allele is recognized as the main genetic risk factor for AD and MCI as well (Kryscio et al., 2006). Previous studies showed inconsistent results of volumetric analyses of APOE ε4 carriers focused on medial temporal lobe with some reported reduced hippocampal volumes (O’Dwyer et al., 2012), and others not (Adamson et al., 2010; Li et al., 2014). Our exploration of APOE genotypes found no susceptibility or volume differences in the mammillary body between APOE ε4 carriers and non-carriers. In addition to the volume studies, functional connectivity analyses of the Papez circuit with the hippocampus as a ‘seed’ found that APOE ε4 carriers had significantly decreased functional connectivity in brain areas such as the thalamus, caudate nucleus, and cingulate cortices involved in the Papez circuit (Li et al., 2014). They also found that the decreased hippocampal functional connectivity in these regions were positively correlated with the episodic memory performance (Li et al., 2014). These findings illustrate the importance of the integrity of the Papez circuit on episodic memory.

Damage to the integrity of gray matter and their connection fibers in the Papez circuit can lead to cognition impairment in various neurodegenerative diseases including AD, behavioral variant FTD and ALS (Thomas et al., 2011). Both in vivo and postmortem studies suggest that subregions of the Papez circuit are differentially affected in behavioral variant FTD and AD (Hornberger et al., 2012; Bertoux et al., 2014), with behavioral variant FTD patients having more severe neural degeneration of the fornix, anterior thalamus and anterior cingulate cortex and AD patients having more significant atrophy of the posterior cingulate cortex. Clinically mild psychiatric and cognitive impairment of patients with ALS before the onset of motor symptoms can cause a concomitant diagnose of behavioral variant FTD due to their overlap of clinical, pathological and genetic characteristics (Salameh et al., 2015). Therefore, more studies have focused on the investigation of the non-invasive biomarkers for the differentital diagnosis. It has been found that the entorhinal cortex and mammillary body atrophy may help to distinguish behavioral variant FTD from ALS with behavioral variant FTD patients showing more atrophy than patients with ALS (Bueno et al., 2020). In addition, Bueno et al. (2018) showed widespread structural and functional connectivity abnormalities across the structures composed of the Papez circuit, while the thalamus, mammillary bodies and fornix were preserved in ALS patients. The post-mortem study also found substantial atrophy of the mammillary bodies and anterior thalamus in behavioral variant FTD (Hornberger et al., 2012). All in all, the integrity of the Papez circuit and its entire subregions should be taken into consideration when establishing whether the memory loss observed in a patient is likely to be due to AD or other neurodegenerative diseases such as behavioral variant FTD and ALS.

Drawing strong conclusions about the iron and volume changes of the mammillary bodies in MCI subjects will require evaluating a much larger population. It would be particularly interesting to follow longitudinal changes for a given individual. As with all in vivo MRI studies of MCI, our study is limited by the lack of pathological confirmation of the disease state. Nevertheless, at our institute all MCI patients will eventually undergo longitudinal clinical evaluation with reassessment of their diagnosis over time. Longitudinal assessments of the volumetric reduction may be useful in determining the conversion point from MCI to AD.



CONCLUSION

MCI paitents showed increased susceptibility in the right mammillary body compared to HCs. The structural volume of the mammillary bodies decreased with age in MCI patients. Women showed decreased mammillary body volume than men in the HCs. This work provides an important baseline for studying the mammillary bodies in cognitive impairment patients not only in AD but also for other neurodegenerative diseases such as FTD and ALS which affect the Papez circuit.
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Background: Neuropathological studies have revealed copper and iron accumulation in the deep gray matter (DGM) nuclei of patients with Wilson’s disease (WD). However, the association between metal accumulation and neurodegeneration in WD has not been well studied in vivo. The study was aimed to investigate whether metal accumulation in the DGM was associated with the structural and functional changes of DGM in neurological WD patients.

Methods: Seventeen neurological WD patients and 20 healthy controls were recruited for the study. Mean bulk susceptibility values and volumes of DGM were obtained from quantitative susceptibility mapping (QSM). Regions of interest including the head of the caudate nucleus, globus pallidus, putamen, thalamus, substantia nigra, red nucleus, and dentate nucleus were manually segmented. The susceptibility values and volumes of DGM in different groups were compared using a linear regression model. Correlations between susceptibility values and volumes of DGM and Unified Wilson’s Disease Rating Scale (UWDRS) neurological subscores were investigated.

Results: The susceptibility values of all examined DGM in WD patients were higher than those in healthy controls (P < 0.05). Volume reductions were observed in the head of the caudate nucleus, globus pallidus, putamen, thalamus, and substantia nigra of WD patients (P < 0.001). Susceptibility values were negatively correlated with the volumes of the head of the caudate nucleus (rp = −0.657, P = 0.037), putamen (rp = −0.667, P = 0.037), and thalamus (rp = −0.613, P = 0.046) in WD patients. UWDRS neurological subscores were positively correlated with the susceptibility values of all examined DGM. The susceptibility values of putamen, head of the caudate nucleus, and dentate nucleus could well predict UWDRS neurological subscores.

Conclusion: Our study provided in vivo evidence that paramagnetic metal accumulation in the DGM was associated with DGM atrophy and neurological impairment. The susceptibility of DGM could be used as a biomarker to assess the severity of neurodegeneration in WD.

Keywords: Wilson’s disease, quantitative susceptibility mapping, iron, copper, neurodegeneration


INTRODUCTION

Wilson’s disease (WD), also known as hepatolenticular degeneration, is a copper-overload inherited disease caused by ATP7B mutations on chromosome 13. ATP7B encodes a copper-transporting P-type ATPase ATP7B, which plays a critical role in maintaining copper homeostasis (Czlonkowska et al., 2018). The dysfunction of ATP7B causes excessive copper accumulation in the liver, and then large amount of non-ceruloplasmin-bound copper is released into the circulation, leading to secondary copper accumulation in the brain, kidney, and other organs (Bandmann et al., 2015). Liver disease and neurological symptoms are the most common clinical features of WD. Copper chelators can effectively improve the hepatic symptoms of WD patients, but they are less effective in improving neurological symptoms and even cause neurological deterioration in initial treatment (Li et al., 2016; Czlonkowska and Litwin, 2017). The pathogenesis of neurological impairment in WD is still not clear. In addition to the toxic effects of copper on the central nervous system, iron accumulation may also aggravate neural damage (Dusek et al., 2015, 2017).

Magnetic resonance imaging (MRI) is the most sensitive imaging tool in the diagnosis of WD. Abnormal signals were observed in more than 90% of the neurological WD patients (Litwin et al., 2013a). The most common brain MRI findings are symmetrical or asymmetric hyperintensities in T2-weighted images in the deep gray matter (DGM) nuclei and brain stem. Hyperintensities in T2-weighted images in the brain may reflect neuropathological changes such as edema, demyelination, and gliosis, which are largely reversible after effective anti-copper treatment (King et al., 1996; Czlonkowska et al., 2018). Brain atrophy is another common imaging feature of neurological WD patients, and both DGM and white matter are affected. Recent studies suggested that total brain volume and the volumes of white matter and gray matter were associated with the severity of neurological impairment in WD patients (Smolinski et al., 2019; Dusek et al., 2020). However, it is not clear whether this correlation still exists in single DGM nuclei. Although WD is a copper-overload disease, the correlation between copper accumulation and neuropathological changes is still controversial (Poujois et al., 2017). An increasing number of studies indicate that iron accumulation in the DGM is involved in the neuropathological changes of WD. Dusek et al. (2017) reported that increased iron content was detected in the basal ganglia of WD patients, and severe putamen (Put) pathological changes were associated with an increased number of iron-containing macrophages. In addition, hypointensities in T2/T2∗-weighted images and susceptibility-weighted images (SWI) in the DGM are frequently present in WD patients, also reflecting paramagnetic metal (mainly iron) accumulation in these regions (Skowronska et al., 2013; Dusek et al., 2017). A recent MRI- histopathological study demonstrated that R2∗ values correlated with iron concentration in the DGM of WD patients (Dusek et al., 2017). However, R2∗ mapping cannot distinguish between iron and diamagnetic substances. R2∗ mapping also depends on factors such as field strength, homogeneity of iron distribution, and suffers from blooming artifacts (Bilgic et al., 2012).

Quantitative susceptibility mapping (QSM) is a recently developed MRI post-processing technique, which can quantitatively measure tissue susceptibility and reflect the concentrations of paramagnetic metal in vivo (Wang et al., 2017; Li et al., 2018). Using QSM, several recent studies found significantly increased susceptibility in the DGM of neurological WD patients, suggesting paramagnetic metal accumulation in the DGM is a character of neuropathology (Fritzsch et al., 2014; Doganay et al., 2018; Dezortova et al., 2019). In addition, QSM performed better than R2∗ in distinguishing WD from healthy individuals and showed excellent diagnostic accuracy in the diagnosis of WD (Li et al., 2020).

Intracellular ferritin and hemosiderin are considered as the main source of the DGM susceptibility, which has been confirmed in recent MRI-histopathology studies (Langkammer et al., 2012; Hametner et al., 2018). In vitro evidences indicate that the Cu2+ compounds are slightly paramagnetic and the Cu+ compounds are diamagnetic, but the magnetic features of copper in vivo are still unclear (Valdes Hernandez Mdel et al., 2012). Considering that a large amount of copper accumulates in the brains of WD patients, increased susceptibility in the DGM may be explained by copper and iron accumulation.

Several case reports reported that metal accumulation in the DGM changed with the progression or improvement of neurological symptoms (Dusek et al., 2018; Zaino et al., 2019). It is speculated that metal accumulation in the DGM is a surrogate indicator of oxidative stress and neuronal loss (Yan et al., 2018). However, the relationship between metal accumulation and neurodegeneration in WD has not been quantitatively studied in vivo. Moreover, a quantitative biomarker for the evaluation of neurodegeneration in WD is still lacking. Validated neuroimaging biomarker will be very helpful in treatment monitoring and outcome prediction.

In this study, we hypothesized that metal accumulation in the DGM was associated with the structural and functional changes of DGM in neurological WD patients. Using the recently developed MRI technique QSM, we quantitatively measured the susceptibility values of DGM, and investigated the association between metal accumulation and DGM volume changes. Furthermore, the association between metal accumulation and the severity of neurological impairment in WD was also assessed.



MATERIALS AND METHODS


Subjects

Twenty neurological WD patients were recruited from the Department of Neurology, Tongren Hospital, Shanghai Jiao Tong University School of Medicine, between December 2018 and December 2019. WD was confirmed according to the Leipzig diagnostic criteria, including low serum ceruloplasmin, presence of Kayser-Fleischer rings on slit-lamp examination, high 24-hour urine copper excretion, and genetic confirmation (Ferenci et al., 2003). All WD patients were on anti-copper treatment with D-penicillamine or dimercaptosuccinic acid (DMSA). Before MRI scans, the severity of neurological impairment in WD patients was assessed by two neurologists with consensus using Unified Wilson’s Disease Rating Scale (UWDRS) neurological subscale (27 items, 208 points) (Leinweber et al., 2008; Volpert et al., 2017). Neurological WD was defined as the presence of neurological symptoms at the time of onset or anytime during the course of the disease. Neurological WD patients aged 18 years or older were included in this study. Exclusion criteria included severe neurological impairment or severe liver decompensation, history of other neuropsychiatric disorders or liver disease, and hepatic encephalopathy. T1 hyperintensities in the lentiform nucleus of WD patients are associated with portosystemic shunting and hepatic encephalopathy (Kozic et al., 2003), which may affect regional susceptibility duo to manganese accumulation and the evaluation of neurological symptoms (Lee et al., 2018). Therefore, WD patients with T1 hyperintensities in the lentiform nucleus were excluded from the study. Twenty age and gender matched healthy controls (HC) were recruited for the study. This study was approved by the Medical Ethics Committee of Tongren Hospital, Shanghai Jiao Tong University School of Medicine. All subjects were informed about the study and signed written consent before participation.



Imaging Data Acquisition and Procession

Magnetic resonance imaging scans were carried out on a clinical 3T MRI system (Magnetom Prisma Fit, Siemens Healthcare, Erlangen, Germany) equipped with a 20-channel head coil. The susceptibility maps were acquired from a 3D spoiled multi-echo gradient-echo (GRE) sequence with the following imaging parameters: repetition time (TR) = 31 ms, the first echo time (TE1) = 4.07 ms, echo spacing (ΔTE) = 4.35 ms, numbers of echoes = 6, flip angle = 12°, field of view (FOV) = 240 mm× 200 mm, in-plane resolution = 0.83 mm× 0.83 mm, slice thickness = 0.8 mm, number of slices = 192, acquisition time = 7.22 min. A generalized auto-calibrating partially parallel acquisition (GRAPPA) with an acceleration factor of two in the right-left direction and elliptical sampling were used to reduce the acquisition time. T1-weighted, T2-weighted, and T2-weighted fluid-attenuated inversion recovery (FLAIR) images were also obtained from all subjects. T1-weighted images were acquired using a magnetization prepared rapid gradient echo (MPRAGE) sequence with TR = 2530 ms, inversion time (TI) = 1100 ms, TE = 2.98 ms, FOV = 256 mm× 256 mm, matrix = 256 × 256, slice thickness = 1 mm, slice number = 192, acquisition time = 6.03 min. T2-weighted images were acquired using a fast spin echo sequence with TR = 5400 ms, TE = 105 ms, FOV = 220 mm× 220 mm, matrix = 448 × 448, slice thickness = 3 mm, slice number = 35, acquisition time = 1.44 min. T2-weighted FLAIR were obtained with TR = 5500 ms, TI = 1920 ms, TE = 83 ms, FOV = 220 mm× 220 mm, matrix = 320 × 320, slice thickness = 3 mm, slice number = 35, acquisition time = 2.47 min.

T1-weighted, T2-weighted, and FLAIR images were visually assessed by two neurologists (X-ZY and X-PW). Abnormalities in the corpus striatum, thalamus (Th), midbrain, pons, and cerebellum were recorded. Abnormal signal was defined as deviation from the conventionally accepted signal intensity of a given structure. Cortical and cerebellar atrophy was assessed according to the global cortical atrophy (GCA) score (Pasquier et al., 1996). Central atrophy was assessed by measuring the width of the third ventricle. WD patients were considered to have brain atrophy if the GCA score >1 and/or the width of the third ventricle >6 mm (Dusek et al., 2020). When disagreements arose, consensus was reached through discussion.

The susceptibility maps were reconstructed using the Morphology Enabled Dipole Inversion with automatic uniform cerebrospinal fluid (CSF) zero reference (MEDI + 0) algorithm (Liu et al., 2018). The reconstruction procedure involved the following steps: The field map was first estimated by performing a one-dimensional temporal unwrapping of the phase on each voxel followed by a weighted least squares fit of the temporally unwrapped phases in each voxel over TE (Liu et al., 2013). Then, a magnitude image guided spatial unwrapping algorithm was used to account for frequency aliasing on the field map (Cusack and Papadakis, 2002). Thirdly, the background field was removed using the projection onto dipole fields (PDF) method (Liu et al., 2011). Finally, the remaining tissue field was inverted to generate a susceptibility map using MEDI (Liu et al., 2012), and the susceptibility of ventricular CSF was used as zero reference (Straub et al., 2017). The ventricular CSF mask MCSF was determined from the brain ROI mask M and the R2∗ map by taking advantage of the low R2∗ values of CSF and by imposing connectivity (Supplementary Figure S1). The parameters for MEDI + 0 used the default settings in the MEDI toolbox, λ1 and λ2 were 1000 and 100, respectively. The threshold of R2∗ was 5 s−1 (Liu et al., 2018).

The 3D regions of interest (ROIs) including the bilateral head of the caudate nucleus (CN), globus pallidus (GP), Put, Th, substantia nigra (SN), red nucleus (RN), and dentate nucleus (DN), were manually segmented on the susceptibility maps by a rater who was blinded to subject information using ITK-SNAP1. ROIs were drawn according to their anatomical boundaries on all sections where the DGM was visible (Figure 1). The most inferior or most superior slice of ROIs were excluded to minimize partial volume effects, and voxels at the boundaries were also excluded. ROIs were confirmed by a senior neurologist (X-PW) with more than 30 years of neuroimaging experience. To account for the effect of head size variability across individuals, the volume of each ROI was normalized with the skull-scaling factor, which was obtained from T1-weighted images using FSL’s SIENAX tool (Smith et al., 2002). Susceptibility values of each ROI in the left and right hemispheres were averaged for further analysis.
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FIGURE 1. Example images showing segmentation of regions of interest from a healthy control (28 years old, male). The QSM image (A) and example segmentations (D) include the head of the caudate nucleus (CN), globus pallidus (GP), putamen (Put) and thalamus (Th). The QSM image (B) and example segmentations (E) include the red nucleus (RN) and substantia nigra (SN). The QSM image (C) and example segmentation (F) include the dentate nucleus (DN).




Statistical Analyses

Mann-Whitney U test was used to compare the age distribution between WD patients and HC. Susceptibility values and volumes of ROIs in each group were compared using a linear regression model, and age and gender were used as covariates to correct for their potential influence on susceptibility. Correlation analysis was performed between the susceptibility values and volumes of ROIs and UWDRS neurological subscores. Since the data could not completely pass the normality test (Kolmogorov-Smirnov test), Spearman rank correlation coefficients (r) were calculated to quantify correlation strength. To control for the effects of age, gender, and disease duration, partial Spearman correlation coefficients (rp) were calculated. The P-values of multiple comparisons and correlation analysis were corrected by controlling the false discovery rate (FDR) at a level of 0.05 (Benjamini and Hochberg, 1995). To test whether susceptibility values of DGM could predict the severity of neurological impairment, a multiple regression model with UWDRS neurological subscores as the dependent variable and susceptibility values of DGM as predictor variables was performed. The multiple regression model was performed using a stepwise method, which continuously increased the number of predictor variables until the best predictive model was obtained. Collinearity diagnosis was also performed by checking tolerance and variance inflation factor (VIF). Statistical analyses were conducted using SPSS Statistics 22 (SPSS Inc., Chicago, IL, United States).




RESULTS


Subjects Characteristics

Three WD patients with T1 hyperintensities in the lentiform nucleus were excluded. A total of 17 neurological WD patients (10 males and 7 females) and 20 age-matched HC (12 males and 8 females) were included for further analysis. The mean age of WD patients and HC was 32.23 ± 7.55 (range 20–48) years and 30.4 ± 7.59 (range 18–43) years, respectively. There were no statistically differences in age distribution between the two groups (P = 0.478). The mean disease duration (from symptom onset to the time of MRI scans) was 10.83 ± 6.74 (range 0.5–21) years, and the mean treatment duration was 8.15 ± 6.07 (range 0.5–20) years. Four WD patients were treated with D-penicillamine and 13 WD patients were treated with DMSA.

T2/FLAIR hyperintensities in lentiform nucleus, Th, midbrain, and tegmentum of pons were the most common findings and were observed in 15 of 17 (88%) WD patients (Supplementary Figure S2). Brain atrophy was observed in 11 of 17 (65%) WD patients. Demographic and clinical characteristics of all participants are summarized in Table 1.


TABLE 1. Demographic and clinical characteristics of all subjects.
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Susceptibility and Volume Analysis

In visual observation, high signals (increased susceptibility) could be observed in the DGM of WD patients. GP, Put, and SN had the most significant susceptibility changes in WD patients compared to HC. In addition, DGM atrophy was a common imaging feature of WD patients (Figure 2). The mean susceptibility values of all examined DGM in WD patients were higher than those in HC. Significantly increased susceptibility values were found in CN, GP, Put, Th, SN, and RN in WD patients (P < 0.001). The susceptibility value of DN was slightly higher in WD patients than in HC (P = 0.031) (Figure 3). Volume reductions were found in CN, GP, Put, Th, and SN in WD patients (P < 0.001), but the volumes of RN (P = 0.114) and DN (P = 0.614) were not significantly changed (Figure 4). More information about the susceptibility and volumes of DGM can be found in Supplementary Table S1.
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FIGURE 2. Comparison of QSM images from a WD patient (36 years old, male, A–C) and a healthy control (38 years old, male, D–F). The QSM images (A,D) include head of the caudate nucleus, globus pallidus, putamen and thalamus. The QSM images (B,E) include the red nucleus and substantia nigra. The QSM images (C,F) include the dentate nucleus. Significantly increased susceptibility was observed in the deep gray matter nuclei of the WD patient.
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FIGURE 3. Comparison of mean susceptibility values of DGM between WD patients and HC. Susceptibility values of all examined DGM were higher in WD patients than in HC. *P < 0.05, and **P < 0.01. Error bars indicate standard deviation. CN, head of the caudate nucleus; DN, dentate nucleus; GP, globus pallidus; Put, putamen; RN, red nucleus; SN, substantia nigra; Th, thalamus.
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FIGURE 4. Comparison of mean volumes of DGM between WD patients and HC. Volume reductions were observed in CN, GP, Put, Th, and SN in WD patients. **P < 0.01. Error bars indicate standard deviation. CN, head of the caudate nucleus; DN, dentate nucleus; GP, globus pallidus; Put, putamen; RN, red nucleus; SN, substantia nigra; Th, thalamus.




Correlation Between Susceptibility Values and Volumes of DGM

In WD patients, susceptibility values and volumes of DGM were negatively correlated in CN (r = −0.757, P = 0.003), GP (r = −0.534, P = 0.038), Put (r = −0.706, P = 0.005), Th (r = −0.613, P = 0.021), and RN (r = −0.539, P = 0.038). No such correlation was found in SN (r = 0.093, P = 0.722) and DN (r = 0.235, P = 0.424) (Figure 5). After controlling for age, gender, and disease duration, susceptibility values and volumes of DGM were still negatively correlated in CN (rp = −0.657, P = 0.037), Put (rp = −0.667, P = 0.037), and Th (rp = −0.613, P = 0.046). No correlation was found between susceptibility values and volumes of DGM in GP (rp = −0.502, P = 0.118), SN (rp = 0.063, P = 0.829), RN (rp = −0.457, P = 0.141), and DN (rp = 0.239, P = 0.478).
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FIGURE 5. Correlation between susceptibility values and volumes of DGM in WD patients. Susceptibility values and volumes of DGM were negatively correlated in CN (A), Put (B), GP (C), Th (D), and RN (F). No such correlation was found in SN (E) and DN (G). CN, head of the caudate nucleus; DN, dentate nucleus; GP, globus pallidus; Put, putamen; RN, red nucleus; SN, substantia nigra; Th, thalamus.


In the group of HC, there was no correlation between susceptibility values and volumes of DGM in CN (r = −0.302, P = 0.308), GP (r = −0.287, P = 0.308), Put (r = −0.577, P = 0.056), Th (r = −0.005, P = 0.985), SN (r = −0.477, P = 0.119), RN (r = −0.006, P = 0.985), and DN (r = 0.414, P = 0.163). Similar results were obtained after controlling for age and gender: CN (rp = −0.313, P = 0.288), GP (rp = −0.275, P = 0.315), Put (rp = −0.313, P = 0.288), Th (rp = −0.018, P = 0.945), SN (rp = −0.381, P = 0.278), RN (rp = −0.464, P = 0.256), and DN (rp = 0.433, P = 0.256).



Correlation Between Susceptibility Values of DGM and Neurological Impairment

Unified Wilson’s Disease Rating Scale neurological subscale was used to assess the severity of neurological impairment in WD patients, with a higher score indicating a more severe condition. The susceptibility values of DGM were positively correlated with UWDRS neurological subscores in CN (r = 0.701, P = 0.006), GP (r = 0.632, P = 0.011), Put (r = 0.727, P = 0.006), Th (r = 0.656, P = 0.01), and RN (r = 0.608, P = 0.014) in WD patients. No such correlation was found in SN (r = 0.432, P = 0.097) and DN (r = 0.374, P = 0.139) (Figure 6). After controlling for age, gender, and disease duration, susceptibility values of DGM were positively correlated with UWDRS neurological subscores in all examined DGM: CN (rp = 0.669, P = 0.016), GP (rp = 0.616, P = 0.026), Put (rp = 0.76, P = 0.006), Th (rp = 0.72, P = 0.009), SN (rp = 0.588, P = 0.03), RN (rp = 0.766, P = 0.006), and DN (rp = 0.58, P = 0.03).
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FIGURE 6. Correlation between susceptibility values of DGM and UWDRS neurological subscores. Susceptibility values were positively correlated with UWDRS neurological subscores in CN (A), GP (B), Put (C), Th (D), and RN (F). No such correlation was found in SN (E) and DN (G). CN, head of the caudate nucleus; DN, dentate nucleus; GP, globus pallidus; Put, putamen; RN, red nucleus; SN, substantia nigra; Th, thalamus.


The multiple regression model revealed that the susceptibility values of Put, CN, and DN could well predict UWDRS neurological subscores. The susceptibility value of Put was superior to that of other DGM nuclei in predicting the UWDRS neurological subscores. In the model with only the susceptibility value of Put as a predictor variable, UWDRS neurological subscores increased by 1 point for every 6 ppb increase in Put (P = 0.005; R2 = 0.415). The model using the susceptibility values of CN and DN as predictor variables had the best ability in predicting the UWDRS neurological subscores. UWDRS neurological subscores increased by 1 point for every 6 ppb increase in CN (P < 0.001) or every 8 ppb increase in DN (P = 0.001; R2 = 0.745). Details about the multiple regression model can be found in Supplementary Table S2.



Correlation Between Volumes of DGM and Neurological Impairment

There was no correlation between volumes of DGM and UWDRS neurological subscores in CN (r = −0.432, P = 0.146), GP (r = −0.625, P = 0.051), Put (r = −0.311, P = 0.262), Th (r = −0.513, P = 0.082), SN (r = −0.549, P = 0.079), RN (r = −0.367, P = 0.206), and DN (r = 0.205, P = 0.43). After controlling for age, gender, and disease duration, a negative correlation was found between the volume of Th and UWDRS neurological subscores (rp = −0.689, P = 0.045). No such correlation was found in CN (rp = −0.331, P = 0.289), GP (rp = −0.575, P = 0.11), Put (rp = −0.335, P = 0.289), SN (rp = −0.502, P = 0.118), RN (rp = −0.503, P = 0.118), and DN (rp = 0.234, P = 0.42).




DISCUSSION

In this cross-sectional study, we found that the group average susceptibility values of all examined DGM in neurological WD patients were significantly higher than those in HC. Volume reductions were observed in CN, GP, Put, Th, and SN of WD patients, but RN in the midbrain and DN in the cerebellum were not affected. Susceptibility values and volumes of DGM were negatively correlated in CN, Put, and Th. In addition, increased DGM susceptibility was associated with high UWDRS neurological subscores in all examined DGM. There was only a weak correlation between volumes of DGM and UWDRS neurological subscores in Th. The results of our study were consistent with the theory that iron and copper accumulation in DGM was a character of neuropathology in neurological WD patients. To our knowledge, our study provided the first in vivo evidence that metal accumulation in the DGM was associated with DGM atrophy and neurological impairment in neurological WD patients.

Studies using traditional GRE MRI sequences such as T2∗-weighted images and SWI had identified iron accumulation in the brains of WD patients (Yang et al., 2015; Dusek et al., 2017). However, traditional GRE MRI sequences always suffer from blooming artifacts and the non-local effect (Li et al., 2012). Most importantly, traditional GRE MRI sequences cannot quantify susceptibility source without deconvolution, and phase changes cannot reflect the actual tissue susceptibility (Wang et al., 2017). QSM is a recently developed GRE MRI post-processing technique, which can quantitatively measure tissue susceptibility and is less affected by the external magnetic field (de Rochefort et al., 2010; Wang et al., 2017). Given iron content is about 3-fold higher than copper content in the DGM of neurological WD patients and the strong paramagnetism of iron species (Dusek et al., 2017; Dezortova et al., 2019), we attribute the increased susceptibility of DGM primarily to iron accumulation. However, we cannot exclude the influence of copper accumulation on susceptibility changes. In our study, significantly increased susceptibility was detected in all examined DGM nuclei, indicating metal accumulation in the DGM is common neuropathological feature of neurological WD patients. The highest susceptibilities values were observed in GP and SN, which was consistent with the distribution of iron species in neurological WD patients (Dusek et al., 2017). Whether iron species accumulate in the dentate nucleus in WD patients is controversial. Several postmortem studies analyzed the iron content in DN in WD patients, but the results were quite different (Litwin et al., 2013b; Dusek et al., 2017). We found that the mean susceptibility value of DN in WD patients was slightly higher than that in HC. The results of our study suggested that iron species tended to accumulate in the basal ganglia and brain stem of WD patients, while DN in the cerebellum was less affected.

Interestingly, increased susceptibility was also observed in Th, which contains large amount of white matter fiber tracts. Myelin in white matter is diamagnetic, and the increased susceptibility in Th may be caused by demyelination besides metal accumulation (Hametner et al., 2018; Dezortova et al., 2019). Demyelination is a common pathological feature of white matter in WD patients. Recent studies also revealed microstructure changes in Th and white matter of WD patients using diffusion tensor imaging (DTI) (Li et al., 2014; Dong et al., 2019). However, we cannot determine whether metal accumulation or demyelination is the main factor leading to increased susceptibility in Th. In addition, an increase in the mean bulk susceptibility of DGM may be induced by DGM atrophy. Metal concentration increases with tissue atrophy, but it is unclear whether the total metal content increases (Hernandez-Torres et al., 2019). Increased susceptibility was also observed in the DGM without atrophy (RN and DN) in WD patients. Therefore, we speculate that paramagnetic metal accumulation occurs in the DGM of WD patients. Histopathological studies are needed to confirm whether there is paramagnetic metal accumulation in the DGM of WD patients.

Brain atrophy is a common MRI feature of neurological WD patients and is associated with the severity of the neurological impairment (Smolinski et al., 2019; Dusek et al., 2020). Brain atrophy seems to be an irreversible process, but the neurological symptoms of WD patients are partly reversible after anti-copper treatment. Therefore, brain volume may be more appropriate as an assessment for chronic treated WD patients than as a marker for treatment monitoring. In WD patients, basal ganglia and brainstem are the most vulnerable regions, especially Put, which is a softening, brownish, atrophic nuclei with cavitations at macroscopic examination (Poujois et al., 2017). In this study, we found significant DGM atrophy in CN, GP, Put, Th, and SN, but RN and DN were not affected. Furthermore, we found that susceptibility values and volumes of DGM were negatively correlated in CN, Put, and Th, suggesting that metal accumulation in the DGM was associated with neuronal loss. The results of our study were consistent with the study of Dusek et al. (2017) which found Put atrophy was accompanied with increased iron content and iron-containing macrophages. However, it is not clear whether iron accumulation was merely a biomarker of neurodegeneration or a cause or contributor to the neurodegeneration itself (Yan et al., 2018). The advantage of QSM in measuring DGM volumes is that it can show the boundaries of DGM more clearly than traditional MRI sequences, which can ensure the accuracy of segmentation (Liu et al., 2013). To our knowledge, this study is the first one to investigate the DGM volume changes in WD using QSM.

Brain atrophy and iron accumulation is a common feature of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease (Lane et al., 2018; Jiang et al., 2019). Increased iron accumulation in the DGM may be explained by the influx of iron-containing phagocytic cells (macrophages), mitochondria damage and energy production failure, or decreased iron efflux due to ceruloplasmin dysfunction (Dusek et al., 2017, 2018). Ceruloplasmin is a ferroxidase that plays a critical role in maintaining iron homeostasis and preventing the formation of free radicals (Wang and Wang, 2019). Decreased serum ceruloplasmin may aggravate iron accumulation in WD, which is similar to the pathogenesis of aceruloplasminemia (Piperno and Alessio, 2018). As mentioned above, iron accumulation may be caused by neurodegeneration in WD, and iron accumulation also exacerbates neurodegeneration due to its redox properties.

We assessed the severity of neurological impairment of WD patients using UWDRS neurological subscale, and found that the susceptibility values of DGM were positively correlated with the severity of neurological impairment in all examined DGM. The correlation between iron accumulation and neuropathological changes of Put has been confirmed by a histopathological study (Dusek et al., 2017). Brain atrophy and brain MRI abnormalities reflecting iron accumulation, such as T2∗ and SWI hypointensities, were proposed as a part of imaging scale to assess the severity of MRI changes in WD. These chronic brain abnormalities were considered irreversible overtime, and showed positive correlation with the severity of neurological impairment (Dusek et al., 2020). Our study provided in vivo evidence that metal accumulation in the DGM was associated with DGM atrophy and neurological impairment in neurological WD patients. In addition, we found the susceptibility values of Put, CN, and DN could well predict the severity of neurological impairment. The susceptibility value of Put was superior to that of other DGM nuclei in predicting the UWDRS neurological subscores. The model using the susceptibility values of CN and DN as predictor variables had the best ability in predicting the UWDRS neurological subscores.

Few studies focused on the correlations between DGM atrophy and severity of neurological impairment in WD. Zou et al. (2019) reported that the volumes of bilateral Put and left GP were associated with the severity of neurological impairment in WD, which was assessed using modified Young scale. However, in this study, we only found a weak correlation between the volumes of DGM and the UWDRS neurological subscores in Th. The method of DGM volume assessment (manual or automatic segmentation), the selection of neurological scales, the small number of WD patients, and the high heterogeneity of WD patients may be the reasons for different results of the two studies. More studies are needed to determine the relationship between DGM atrophy and the severity of neurological impairment in WD. Compared with the volumes of DGM, the susceptibility values of DGM showed better correlations with UWDRS neurological subscores. The results of our study suggested that the susceptibility values of DGM could be used as a biomarker to assess the severity of neurodegeneration, which would be helpful in the diagnosis of WD, treatment monitoring, and as a surrogate outcome for clinical trials.

Several limitations in this study have to be mentioned. In some WD patients, DGM atrophy and local high susceptibility make the boundaries of DGM unclear, which may affect the accuracy of DGM segmentation. WD patients included in this study were treated patients with mild or moderate neurological symptoms. Patients with severe neurological impairment were excluded because they could not cooperate or remain still during MRI scans. It is unclear whether the susceptibility of DGM is still associated with neurological impairment in patients with severe neurological symptoms or in untreated patients. Due to limited sample size, the results of our study need to be confirmed in a larger cohort. In addition, a longitudinal study is required to determine whether the susceptibility of DGM changes with disease progression or symptom improvement.

In conclusion, our study found paramagnetic metal accumulation in the DGM of neurological WD patients, and provided in vivo evidence that metal accumulation in the DGM was associated with DGM atrophy and neurological impairment. The susceptibility of DGM could be used as a biomarker to assess the severity of neurodegeneration in WD.
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Purpose: To develop a method to reconstruct quantitative susceptibility mapping (QSM) from multi-echo, multi-flip angle data collected using strategically acquired gradient echo (STAGE) imaging.

Methods: The proposed QSM reconstruction algorithm, referred to as “structurally constrained Susceptibility Weighted Imaging and Mapping” scSWIM, performs an ℓ1 and ℓ2 regularization-based reconstruction in a single step. The unique contrast of the T1 weighted enhanced (T1WE) image derived from STAGE imaging was used to extract reliable geometry constraints to protect the basal ganglia from over-smoothing. The multi-echo multi-flip angle data were used for improving the contrast-to-noise ratio in QSM through a weighted averaging scheme. The measured susceptibility values from scSWIM for both simulated and in vivo data were compared to the: original susceptibility model (for simulated data only), the multi orientation COSMOS (for in vivo data only), truncated k-space division (TKD), iterative susceptibility weighted imaging and mapping (iSWIM), and morphology enabled dipole inversion (MEDI) algorithms. Goodness of fit was quantified by measuring the root mean squared error (RMSE) and structural similarity index (SSIM). Additionally, scSWIM was assessed in ten healthy subjects.

Results: The unique contrast and tissue boundaries from T1WE and iSWIM enable the accurate definition of edges of high susceptibility regions. For the simulated brain model without the addition of microbleeds and calcium, the RMSE was best at 5.21ppb for scSWIM and 8.74ppb for MEDI thanks to the reduced streaking artifacts. However, by adding the microbleeds and calcium, MEDI’s performance dropped to 47.53ppb while scSWIM performance remained the same. The SSIM was highest for scSWIM (0.90) and then MEDI (0.80). The deviation from the expected susceptibility in deep gray matter structures for simulated data relative to the model (and for the in vivo data relative to COSMOS) as measured by the slope was lowest for scSWIM + 1%(−1%); MEDI + 2%(−11%) and then iSWIM −5%(−10%). Finally, scSWIM measurements in the basal ganglia of healthy subjects were in agreement with literature.

Conclusion: This study shows that using a data fidelity term and structural constraints results in reduced noise and streaking artifacts while preserving structural details. Furthermore, the use of STAGE imaging with multi-echo and multi-flip data helps to improve the signal-to-noise ratio in QSM data and yields less artifacts.

Keywords: quantitative susceptibility mapping (QSM), constrained image reconstruction, gradient recalled echo (GRE) phase data, ill-posed inverse problem, strategically acquired gradient echo (STAGE) imaging


INTRODUCTION

Magnetic resonance imaging (MRI) offers many different contrast mechanisms. Today, it is possible to obtain magnetic susceptibility maps, [image: image], of the human brain (and other parts of the body) that show the underlying tissue susceptibility distribution. Quantitative susceptibility mapping (QSM) data are reconstructed from phase information, which represents the magnetic field variations caused by the magnetization of an object in the presence of an external magnetic field (Haacke et al., 2015). The resulting susceptibility maps can be used to assess bleeding (Bilgic et al., 2012), calcium deposits (Deistung et al., 2013; Chen et al., 2014) and oxygen saturation (Haacke et al., 2010). The knowledge of the susceptibility source and the quantity of either iron or calcium can help improve the diagnosis of neurodegenerative diseases such as multiple sclerosis, Parkinson’s disease, stroke, Sturge-Weber syndrome and traumatic brain injury (Haacke et al., 2015) to name a few.

Extracting the susceptibility, χ, from Gradient Recalled Echo (GRE) phase data is an ill-posed problem because the dipole kernel has zeroes along a conical surface and, therefore, under-samples k-space (Haacke et al., 2015). Many studies have attempted to solve this problem. A fast and direct method to reconstruct χ is the Thresholded K-space Division (TKD) approach (Wharton et al., 2010) that uses a threshold to ignore the smaller values near the zeroes in the inversion process. However, the TKD reconstructed susceptibility map suffers from streaking artifacts and underestimates χ. An alternative approach referred to as iterative Susceptibility Weighted Imaging and mapping (iSWIM) has been used to fill in the missing parts of k-space to overcome these artifacts (Tang et al., 2013). This was accomplished by constraining the susceptibility values in regions with high susceptibility. However, the final images are still noisy in regions of uniform susceptibility. A better approach, in theory, but one that requires multiple scans, is the Calculation Of Susceptibility through Multiple Orientation Sampling (COSMOS) (Liu et al., 2009). This method utilizes the phase images from multiple orientations to stabilize the inversion process and remove the singularities by weighted linear least squares. This method is usually used as a gold standard in the evaluation of any QSM reconstruction method.

A number of other approaches use regularization techniques with different a priori information to reconstruct the susceptibility. Although, these methods are computationally more expensive than TKD approaches, the reconstruction times are still reasonable, and they are designed to smooth over regions that have homogeneous susceptibilities. For example, morphology enabled dipole inversion (MEDI) exploits the structural consistency between χ and the magnitude image in the form of an ℓ1-norm (Liu et al., 2012). However, this constraint can cause errors in regions where there are inconsistencies between the magnitude images and the susceptibility maps. Homogeneity Enabled Incremental Dipole Inversion (HEIDI) (Schweser et al., 2012) is another method that uses structural information from both magnitude and phase images to correct this issue. An alternative approach, structural feature based collaborative reconstruction (SFCR) (Bao et al., 2016), argues that the edge information from either magnitude or phase images does not reflect all the structural features in χ and the reconstructed image suffers from over-smoothed edges. The key steps in this approach are to include a structural feature-based ℓ1-norm constraint and a voxel fidelity-based ℓ2-norm constraint. This allows both edges and small objects to be recovered while still minimizing artifacts. Furthermore, most of these methods find the total field through a linear fitting of multi-echo phase data. However, the inclusion of long echo times can lead to blooming artifact, an increase in signal loss at the edges of the object and, potentially, an underestimation of χ.

Strategically acquired gradient echo imaging (STAGE) is a rapid multi-contrast multi-parametric imaging approach that employs two fully flow compensated double-echo GRE scans using low and high flip angles (FAs) relative to the Ernst angle of white matter. It provides not only a variety of qualitative images such as the T1weighted enhanced (T1WE) image, but also provides multiple quantitative information such as [image: image], T1, and susceptibility maps (Chen et al., 2018b; Wang et al., 2018; Haacke et al., 2020). The T1WE image is generated from the combination of two GRE scans with low and high FAs (Chen et al., 2018b) where the radiofrequency (RF) transmit field variation is corrected (Wang et al., 2018). When compared with conventional T1W or T2∗W images, the T1WE images derived from STAGE have improved contrast between cortical gray matter and white matter, and between deep gray matter and white matter (Chen et al., 2018b). The improved contrast in the T1WE image benefits structural segmentation. STAGE has also become more broadly tested for a number of neurodegenerative diseases (Haacke et al., 2020). Therefore, in this study, we propose a “structurally constrained Susceptibility Weighted Imaging and Mapping” (scSWIM) method that reconstructs the susceptibility using multiple echo, multiple flip angle STAGE data. Similar to SFCR, scSWIM utilizes the structural information from both magnitude data and the susceptibility maps but in a single step. The scSWIM approach specifically uses the enhanced contrast available in STAGE imaging to define prior information about the edges of the white matter and gray matter. In this paper, we introduce scSWIM, evaluate it on simulated data and test it on in vivo brain data.



MATERIALS AND METHODS


Calculating the Susceptibility From an L1 and L2 Norm Cost Function

Based on Maxwell’s equations, the relationship between the phase image φ(r) (obtained from a 3D GRE imaging approach) and susceptibility χ(r) in ppm (parts per million) can be written as (Haacke and Reichenbach, 2011):

[image: image]

where r, Bo and TE are the voxel position vector in image domain, the main magnetic field strength (in T) and the echo time, respectively; γ = 2.675×108rad/s/T is the gyromagnetic ratio; F and F−1 denote the Fourier and inverse Fourier transform operators, respectively; and D(k) is the Fourier transform of the unit dipole kernel at the position k = [kx, ky, kz] in k-space and is defined as:
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The objective function of scSWIM is similar to the S-step of SFCR (Bao et al., 2016) with changes in constraint definitions and is given as:

[image: image]

and the final solution for the susceptibility is given by:
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where δB(r) = φ(r)/(γB0TE) and W in the data fidelity term is a weighting matrix proportional to the image magnitude that defines the reliability of the magnetic field shift for each voxel and G denotes the gradient operator.

In the S-step of the SFCR method, the edge matrix, P, is a binary mask that is derived from the initial susceptibility, [image: image] (where for convenience we have now dropped the dependence on r). This initial [image: image] (which is reconstructed from the first regularized minimization step of the SFCR, called the M-step) is based on an objective function that is similar to Eq. [3] but its constraints are based on the magnitude image. Also, R in the S-step of the SFCR method is a fidelity mask where voxels with high signal-to-noise ratio (SNR) are mapped to zero, low SNR to one and voxels corresponding to susceptibility artifact to two. However, the choice of R, P and the starting input are different for scSWIM as described below.

In scSWIM, we replaced the SFCR first regularized minimization (M-step) with iSWIM (Tang et al., 2013) since it has no smoothing, provides an initial susceptibility map with sharp vessels and the reconstruction times are short. Then, in the l1 regularization term of Eq. [3], we used the edge matrix, P, which is the binary mask that is derived from the product of the thresholded gradients of the T1WE image, PT1WE, and the initial susceptibility map,[image: image]:

[image: image]

where Gi denotes the gradient operator, i is an indicator to the x, y or z directions, and ρ denotes the T1WE image. Both μ1 and μ2 are threshold values chosen to be 2.5 times the noise level of the derivatives of ρ and [image: image], respectively, in order to maintain the edges of the gray/white matter, veins and other structures in the brain. Essentially, PT1WE excludes the edges of the white matter and gray matter and [image: image] excludes the edges of the vessels and basal ganglia including the globus pallidus (GP), caudate nucleus (CN), putamen (PT), thalamus (THA), substantia nigra (SN), and red nucleus (RN) and P = PT1WE × [image: image].

In the l2 regularization term, we have used a structural matrix R to protect voxels in the regions of high susceptibility, such as veins and basal ganglia structures, from being over-smoothed while still smoothing other regions. The matrix R is generated from the normalized T1WE image excluding the regions detected in the RDGM (where DGM stands for “deep gray matter”) and [image: image] masks defined next. The RDGM mask is calculated using an atlas-based segmentation method developed in-house (Wang et al., 2019). This method segments the deep gray matter structures from the high flip angle magnitude image (T1W), initial susceptibility map [image: image] and STAGE T1 weighted data and T1 maps. The [image: image] mask is generated from the method used in Tang et al. (2013) by applying a threshold to the homodyne filtered [image: image] map. Finally, the constants λ1 and λ2 are found using the L-curve approach (Hansen and O’Leary, 1992).

The single-echo scSWIM approach just described was then adopted to handle the multiple echo, multiple flip angle STAGE data. For this purpose, iSWIM was used as the initial input into scSWIM for the low flip angle, short echo data (FALTE1). Then for the other three echoes (FAHTE1, FALTE2, and FAHTE2), the reconstructed scSWIM from the previous echo was used as the initial guess for processing the scSWIM of the next echo. Finally, an averaged scSWIM was generated by an [image: image]-based weighted average of the individual echo scSWIMs (χi):

[image: image]

where [image: image] and [image: image] is from the STAGE data and is created from averaging the [image: image] maps from each of the flip angle images (Chen et al., 2018b; Wang et al., 2018):

[image: image]

where ρ1 and ρ2 are the magnitudes of the first (TE1) and second (TE2) echoes, respectively.

This multi-echo approach has three advantages: first, each echo can be reviewed; second, the weighted scSWIM will have a better SNR; and third, loss of tissues associated with the use of a phase quality control map (especially at longer echoes) will be, to a large degree, replaced with the shorter echo scSWIM value. This weighting automatically ensures that wherever there is a measured susceptibility from one echo it will contribute to the final QSM result (while echoes with zeroes will not make a contribution). Figure 1 shows the block diagram of the proposed multi-echo, multi-flip angle scSWIM processing steps for STAGE.
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FIGURE 1. Block diagram of multi-echo, multi-flip angle scSWIM for STAGE imaging. Here, φ, [image: image] denote the phase and initial estimate of the susceptibility map from the multi-echo R2∗ weighted iSWIM, respectively. FAL and FAH denote the double-echo low and high flip angles scans of STAGE imaging, respectively.




Simulated Data

The 3D isotropic susceptibility model developed in this laboratory (Buch et al., 2012) was used to test the algorithm. This model includes the general structures of the human brain such as gray matter (GM), white matter (WM), basal ganglia and midbrain structures [PT, GP, CN, THA, RN, SN, and crus cerebri (CC)], cerebrospinal fluid (CSF) and the major veins. The susceptibility values for these structures are summarized in the first row of Table 1.


TABLE 1. Susceptibility, T1 relaxation time, and relative proton density (ρ0) values for different structures in the simulated brain model.

[image: Table 1]
To test the performance of the reconstruction in the presence of cerebral microbleeds (CMB) or calcium deposits (CaD), two spherical objects with susceptibility values (radius) of 1000 ppb (5 mm) and 3000 ppb (3 mm), respectively, were added to the frontal white matter and two spherical objects with susceptibility values of −1000 ppb (5 mm) and −3000 ppb (3 mm) were added to the posterior white matter. Additionally, one spherical object with a radius of 3 mm with a susceptibility of −3000 ppb was added to the model to mimic the pineal gland (PG). The values for CMBs were taken from our experience in the field of traumatic brain injury and stroke where we usually see CMBs with susceptibilities as large as 1000 ppb but on occasion higher values up to 2000 ppb and 3000 ppb have been seen so we used both 1000 ppb and 3000 ppb to test the metal of the method. For the CaD, the values are around −3000 ppb but can range lower and slightly higher than this as the calcium is highly diamagnetic (Buch et al., 2015).

This final susceptibility model, χideal, was used to generate the magnitude and phase images using the STAGE imaging parameters: FA = 6o/24o, TE1 = 7.5/8.75ms, TE2 = 17.5/18.75ms, and TR = 25ms. The phase images were simulated from the forward model in Equations [1] and [2] at B0 = 3T. To create the magnitude images, first an R2∗ map was generated from χideal using the relationship R2∗ = 20/s + 0.125χ (Ghassaban et al., 2019b) assuming R2∗ = 40/s for CMB, PG, and CaD objects. Then, the magnitude image was calculated using the Ernst equation (Brown et al., 2014). The proton density and T1 relaxation times for different brain structures are summarized in Table 1 while they are assumed to be zero for CMB, PG, and CaD objects. These values were adopted from the literature (Lee et al., 2006; Brown et al., 2014) or manually measured from the in vivo STAGE PD-map and T1-map.

Finally, Gaussian noise was added to the complex signal to produce an SNR of 10:1. The reconstructed susceptibility map using the proposed method was compared with the TKD, iSWIM, and MEDI methods. The original simulated susceptibility model (χideal) was used as the gold standard to measure the performance of each method using RMSE and SSIM as measures of goodness of fit (Wang et al., 2004) where SSIM = 1 corresponds to the perfect structural similarity while SSIM = 0 indicates no similarity between the two images.



In vivo Data

The proposed scSWIM method was tested on two sets of in vivo datasets that are discussed below. All subjects involved in this study signed a consent form to be part of this IRB approved research.


Single Test Case Including COSMOS

The in vivo MRI data for this single test case was acquired from a 29-year old male volunteer on a 3T Siemens scanner (Siemens Healthcare, Erlangen, Germany) at Wayne State University. The imaging parameters were: 6° and 24° for the low and high flip angle scans with TR = 25 ms, TE1 = 6.5/7.5 ms, TE2 = 17.5/18.5 ms, bandwidth: 277 Hz/pixel, and GRAPPA = 2. The matrix size, voxel resolution, and FOV were 384 × 288 × 104, 0.67 × 0.67 × 1.33 mm3, and 256 × 192 × 139mm3, respectively. The total scan time for the high-resolution STAGE is about 10 min. For the purpose of generating COSMOS, two additional orientations with the same imaging parameters were collected for this subject. The reconstructed susceptibility map using the proposed scSWIM method was compared with those from the TKD, iSWIM and MEDI methods and compared to COSMOS as the reference image.



Evaluation on a Set of Healthy Human Subjects

Additionally, we tested scSWIM for ten healthy subjects acquired using a Siemens 3T Prisma scanner with lower resolution compared to the above-mentioned in vivo case. The imaging parameters were the same for the sample used above in the simulated data except the matrix size, voxel resolution, and FOV were 384 × 144 × 64, 0.67 × 1.33 × 2 mm3 (interpolated to 0.67 × 0.67 × 2 mm3) and 256 × 192 × 128 mm3, respectively, TE1 = 7.5/8.5 ms, and a bandwidth of 240 Hz/pixel. The total scan time for this resolution is about 5 min.




Data Pre-processing

The entire processing pipeline was implemented in MATLAB (The Mathworks, Inc., Natick, MA, United States) on a workstation with Windows 10, Intel CPU i7-3770 with 4 cores and 16GB RAM. The phase image was first unwrapped using the bootstrapping (Chen et al., 2018a) and quality guided 3D phase unwrapping (Abdul-Rahman et al., 2007) methods in the simulated and in vivo data, respectively.

For the in vivo data, the induced background field from the air/tissue interfaces was removed from the unwrapped phase using the Sophisticated Harmonic Artifact Reduction for Phase data (SHARP) algorithm (Schweser et al., 2011) with a kernel size of 6 pixels. Next, the brain mask for the in vivo data was extracted from the magnitude images using BET (Brain Extraction Tool) (Smith, 2002). Finally, the resulting phase was zero-padded symmetrically in the spatial domain to a matrix size of 256 × 256 × 256 or 512 × 512 × 512 for simulated and in vivo datasets, respectively.



Susceptibility Map Reconstruction

In Eq. [3], the parameters λ1 and λ2 were determined by plotting the measured residual errors of the data fidelity and the two regularization terms for each of the individual STAGE scans using the L-curve method (Hansen and O’Leary, 1992). In theory, λ1 controls the spatial smoothness and λ2 helps to preserve the high susceptibility regions and small objects such as vessels from being over-smoothed. As mentioned in section “Calculating the Susceptibility From an L1 and L2 Norm Cost Function,” an atlas-based segmentation method developed in-house (Wang et al., 2019) was used to generate the RDGM mask. This method provided the labeled mask segmenting the right and left subcortical deep gray matter structures from the T1W, STAGE T1WE, T1 map, and [image: image]. This labeled mask was carefully reviewed and if needed fine-tuned manually (this was done on 3 cases for the GP and SN structures which sometimes were smaller than what would have been drawn manually). If these regions had not been corrected, the algorithm would have smoothed that part of the GP not protected. Finally, the RDGM mask is generated from binarizing the labeled mask.

Several algorithms were chosen to compare with scSWIM, including TKD, iSWIM, and MEDI. In generating the MEDI results, a regularization parameter of 250 (350) was used for the simulated (in vivo) data. For TKD processing, a threshold of 0.1 was used and iSWIM was performed with 4 iterations. All of these parameters were adjusted to give the lowest RMSE. Additionally, COSMOS was used as the gold standard for the in vivo data. Multi orientation images for the COSMOS data were co-registered using ANTs (Avants et al., 2009, 2012). In the TKD, iSWIM, and scSWIM methods, the final multiple echo, multiple flip angle QSM data were generated using a multi-echo R2∗-based weighted averaging of the individual QSM images from each echo and each flip angle data. In MEDI, the final QSM was generated by averaging the reconstructed QSM images from the fitted phases in each of the multi-echo low and high flip angle scans.



Quantitative Analysis for Susceptibility Map

For the quantitative analysis of the data, the susceptibility mean and standard deviation were found from the entire 3D structure of interest. In the simulated model, all the structures of interest were measured automatically (since we know the location of each structure). For the in vivo data, the susceptibility of the midbrain structures were also automatically measured since they have been determined in creating the RDGM masks for the boundaries of these structures as described earlier. On the other hand, the susceptibility of the CSF, WM, and major veins [SSV and internal cerebral vein (ICV)] were measured manually by tracing the ROIs on the QSM data using SPIN (SpinTech, Inc., Bingham Farms, MI. United States). The manual tracing was performed in the axial view for CSF and WM, but veins were traced in the sagittal view for easier localization. A linear regression model was used to compare the measured susceptibility values from each reconstruction method with those from the susceptibility model and COSMOS to assess the accuracy of midbrain structures in the simulated and in vivo data, respectively.




RESULTS


Simulated Data

By comparing the P and R masks for the simulated data (discussed in Section “Simulated Data”) and also the first and second regularization terms, and for the purpose of bringing the two terms to the same order, we set λ1 = 0.005λ2. This is further reviewed in the Discussion section. Based on this assumption and simulations in the human brain model, λ2 = {6.81,1.47,3.16,1.00}×10−3 provided the best results in terms of residual errors for the four different scans (FALTE1, FAHTE1, FALTE2, and FAHTE2), respectively (see Figures 2A–C for FAHTE1). A comparison of scSWIM with TKD, iSWIM, and MEDI along with their absolute errors and structural similarity maps relative to the simulation model are shown in Figure 3. In the simulated data (Figures 3A–C), we have used the exact known edge and structural matrices from χideal to create Pideal (Figure 3D) and Rideal (Figure 3E). The TKD results (Figures 3F–J) show severe streaking artifacts while the iSWIM results have much less streaking (Figures 3K–O). MEDI does an excellent job (Figures 3P–T) as does scSWIM (Figures 3U–Y) in reproducing the model with minimal artifacts and noise. In both these last two reconstructions, the streaking artifact is highly reduced compared to both TKD and iSWIM and the images look much better in terms of SNR. However, MEDI does not resolve the streaking artifact from the CMB, pineal gland, or calcified objects with higher susceptibility values.
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FIGURE 2. Determination of the scSWIM regularization parameter λ2 in the simulated (A–C) and in vivo (D–F) data for the higher flip angle, short echo (FAHTE1) scan using L-curve method. The curves in the first column show the log-log L-curve. The curvature and RMSE/residual error plot vs λ2 values are displayed in the third column. The optimal values (shown by the red circle) for the scSWIM at FAHTE1 scan were determined to be λ2 = 1.47×10−3 andλ2 = 1.47×10−4 for the simulated and in vivo data, respectively, where λ1 was set equal to 0.005λ2. This process is repeated for the other scans (FALTE1, FALTE2, and FAHTE2) and the optimal parameters were selected.



[image: image]

FIGURE 3. Depiction of multi-echo, multi-flip angle QSM images using different methods for the simulated data. This figure shows the orthogonal views of the susceptibility model (A–C), and reconstructed QSM images from TKD (F–H), iSWIM (K–M), MEDI (P–R) and scSWIM (U–W) along with the scSWIM constraints Pideal (D) and Rideal (E). The cerebral microbleeds (CMB), pineal gland (PG) and calcium deposits (CaD) are labeled on the model (A). Streaking artifacts are indicated by the arrows. The last two columns show the corresponding susceptibility absolute error map (I,N,S,X) and structural similarity map (J,O,T,Y) for the different methods. In this simulated data, scSWIM provides better reconstruction with less artifacts, less error and higher similarity relative to the numerical model. Please note the complements of the P and R mask are shown in this figure (D,E) for better visualization.


In the simulated data with (or without) CMBs, PG and CaDs, the RMSE for TKD, iSWIM, MEDI, and scSWIM were 32.91 (22.09), 24.61 (18.21), 47.53 (8.74) and 5.01 (5.21) ppb, respectively. Also, the SSIM index was measured as 0.52 (0.59), 0.62 (0.63), 0.80 (0.86) and 0.90 (0.91) for TKD, iSWIM, MEDI, and scSWIM, respectively, for these two conditions. Based on these results, scSWIM has the lowest error and the highest similarity to the model compared to the other methods. The measured susceptibility values in different structures are summarized in Table 2 showing that the measured susceptibilities in the midbrain structures for both MEDI and scSWIM are closer to the expected susceptibilities in the model while scSWIM has smaller standard deviations. The measured susceptibilities of the straight sinus vein, calcium deposition and CMB objects show that scSWIM provides the most accurate results in these structures as well.


TABLE 2. Measured susceptibility values (mean ± standard deviation) in ppb for different structures in the reconstructed QSM images using TKD, iSWIM, MEDI, and scSWIM methods for the simulated human dataset along with the reference values.

[image: Table 2]


In vivo Data

Based on the L-curve analysis using the single high resolution human in vivo data (discussed in Section “Single Test Case Including COSMOS”) and by assuming λ1 = 0.005λ2 for the purpose of bringing two regularization terms to the same scale, λ2 = {1, 1.47, 1.00, 1.00}×10−4 provided the best results in terms of residual errors for FALTE1, FAHTE1, FALTE2, and FAHTE2, respectively (see Figures 2D–F). The structural terms used in the scSWIM cost function are illustrated in Figure 4. Specifically, Figures 4A–D show the edge and structural matrices P (includes Px, Py, and Pz) and R. The binary matrix P, excludes the extracted edges from the enhanced T1-weighted and initial susceptibility while the binary mask R excludes the deep gray matter structures, vessels and other high susceptibility regions (the complement of P and R masks are shown in the figure for better visualization). Figures 4E–H show the conventional T1-weighted (Figure 4E) and T1WE (Figure 4H) from STAGE and their corresponding extracted edges (final P representation of extracted edges in three directions). It can be seen visually that the contrast between gray matter and white matter of the T1WE is higher than the conventional T1W image and its corresponding edge matrix, PT1WE, provides more information about the edge.
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FIGURE 4. Illustration of scSWIM constraints and comparison of constraints extracted from conventional T1W and STAGE T1WE for the single high-resolution in vivo data. The first row shows the scSWIM structural constraints for the single high-resolution in vivo data: edge matrix, P, in the x, y, and z directions (A–C), and the structural matrix, R (D). The second row shows the advantage of extracting the constraints from STAGE versus conventional GRE data: conventional T1W (G), STAGE T1WE (H), and the extracted edges (product of three directions) from conventional T1W (F) and STAGE T1WE (G). As seen, (G) provides more information about the white and gray matter edges (white arrow) and is less noisy than (F). Please note the complement of the P and R mask is shown in this figure for better visualization.


Figure 5 shows three orthogonal views of the reconstructed multi-echo, multi-flip angle susceptibility images for this high-resolution human data set using the TKD (Figures 5A–C), iSWIM (Figures 5D–F), MEDI (Figures 5G–I), scSWIM (Figures 5J–L), and COSMOS (Figures 5M–O) methods. It can be seen in these images that scSWIM has less noise while the sharpness of the vessels and other brain structures are well-preserved. MEDI also provides a smooth reconstruction but in the regions that are close to the veins there are still some remaining artifacts. The measured susceptibility values in different structures are summarized in Table 3.
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FIGURE 5. Depiction of multi-echo, multi-flip angle QSM images using different methods for the single high-resolution in vivo data. This figure shows three orthogonal views of the reconstructed multi-echo, multi-flip angle susceptibility maps from TKD (A–C), iSWIM (D–F), MEDI (G–I), scSWIM (J–L), and COSMOS (M–O) for the single high-resolution in vivo data. All of the images are displayed with the same window/level settings. White arrows show streaking artifacts. The SNR and image quality are best in the scSWIM images while the sharpness of the vessels and other brain structures are preserved.



TABLE 3. Measured susceptibility values (mean ± standard deviation) in ppb for different structures in the reconstructed QSM images using TKD, iSWIM, MEDI, scSWIM, and COSMOS methods for the multi-echo, multi-flip angle in the single high-resolution in vivo data.
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The structural terms used in the scSWIM cost function for two selected healthy subjects with lower resolution data (discussed in Section “Evaluation on a Set of Healthy Human Subjects”) are illustrated in Figure 6. Here it can be seen that the edges are still well preserved with this in vivo STAGE approach. Figure 7 shows the reconstructed multi-echo, multi-flip angle susceptibility images using TKD (Figures 7A,E), iSWIM (Figures 7B,F), MEDI (Figures 7C,G) and scSWIM (Figures 7D,H) methods for two examples of this data. There are artifacts around the basal ganglia structures and larger veins in the TKD, iSWIM and MEDI (shown with white arrows). Furthermore, in the second slice (Figures 7E–H), the PG looks dilated in MEDI compared to the other methods (marked by a red arrow). Table 4 summarizes the averaged measured susceptibility values (mean ± standard deviation) in the reconstructed QSM images from the four different methods for the ten healthy subjects.
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FIGURE 6. Illustration of scSWIM structural constraints for the two healthy subjects from the low-resolution dataset. The scSWIM structural constraints, edge matrix, P, in the x, y, and z, and structural matrix, R, are shown for the low- resolution in vivo data from a 62-year old healthy subject (A–D) and a 54-year old healthy subject (E–H). Please note the complement of the P and R mask is shown in this figure for better visualization.
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FIGURE 7. Depiction of multi-echo, multi-flip angle QSM images using different methods for the two healthy subjects from the low-resolution dataset. Multi-echo, multi-flip angle susceptibility maps from TKD (A,E), iSWIM (B,F), MEDI (λ = 350) (C,G), and scSWIM (D,H) are shown for the two healthy subjects from Figure 6. The artifacts around the basal ganglia and larger veins in the TKD, iSWIM, and MEDI are shown by the white arrows. In the second row (E–H), the pineal gland looks dilated in MEDI compared to other methods (red arrow).



TABLE 4. Averaged susceptibility values (mean ± standard deviation) in ppb for midbrain structures in the reconstructed QSM images using TKD, iSWIM, MEDI, and scSWIM for ten healthy subjects from the low-resolution in vivo dataset from a Siemens 3T PRISMA scanner.
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Figure 8 shows the correlation between the zero-referenced estimated susceptibility for deep gray matter structures from different reconstruction methods with the actual susceptibility from the numerical model for the simulated data and reconstructed COSMOS for the in vivo data. The measured CSF susceptibility for each method is used to zero-reference the measurements. Among these methods, scSWIM (in blue color) has the closest values to the reference image in both datasets. The slope of scSWIM is 1.01(0.99) while TKD, iSWIM and MEDI are 0.89(0.78), 0.95(0.90), and 1.02(0.89) for simulated (and in vivo) data, respectively. The correlation coefficients in all methods are close to one and p-values to zero.
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FIGURE 8. This figure shows the correlation of the susceptibilities of different basal ganglia structures (bilateral, that is the average of left and right) in the reference image with the ones in the reconstructed images using different methods in the simulated data (A) and in vivo data (B) [TKD (black), iSWIM (green), MEDI (red), and scSWIM (blue)]. All methods correlated well with iron content but scSWIM provided the best result relative to the correct absolute susceptibility. The dashed pink line corresponds to the line of identity between the individual reconstruction method and the reference susceptibility model and COSMOS for simulated and in vivo data, respectively.


The current implementation of scSWIM for a single echo, converges in less than 3 and 5 iterations for the simulated and in vivo data, respectively. Each iteration consists of a minimization process that uses a preconditioned conjugate gradient solver. For the zero-padded in vivo data with a matrix size of 512×512×128, the total processing time for each single-echo scSWIM is currently 2∼5 minutes depending on the number of iterations using a Windows 10, Intel CPU i7-3770 with 4 cores and 16GB RAM.




DISCUSSION

The quantitative and qualitative analysis on both simulated data and human in vivo data showed that the reconstructed TKD suffers from streaking artifacts and underestimates the susceptibility values of deep gray matter and veins. The streaking artifact is reduced in iSWIM by using constraints from high susceptibility structures, but the final image is still noisy in the homogeneous regions. Thanks to the use of an ℓ1-norm regularization MEDI creates high SNR results. However, some streaking artifacts remain in regions where magnitude data is inconsistent with the susceptibility map. On the other hand, scSWIM uses both ℓ1 and ℓ2regularization terms to protect edges and structures while also allowing smoothing to increase SNR in regions without structure and it successfully reduces streaking artifacts leading to less noise and faithful estimates of the susceptibility. Furthermore, scSWIM outperforms other methods in reconstructing the susceptibility map in the presence of CMBs and CaDs with high susceptibilities. In simulated data, both microbleeds with susceptibilities of 1000 ppb and 3000 ppb and calcium objects with susceptibilities of −1000 ppb and −3000 ppb were reconstructed accurately using scSWIM compared to other methods. Also, in scSWIM, the standard deviation of the measured susceptibilities (Table 2) in all structures even in the CMB or CaD with the highest susceptibility values are much lower than other methods showing the strengths of this multi-echo approach. Although, MEDI provides a smooth QSM image under normal circumstances it appears to have trouble in reconstructing the data in the presence of high susceptibilities such as seen with the CMB and CaD in the simulated model and for the pineal gland in the in vivo data (which appeared dilated compared to that in scSWIM). This could be due to the fact that MEDI uses phase fitting across multiple echoes and high susceptibilities can cause both signal loss at the edge of the object and severe aliasing at longer echoes. Furthermore, in the in vivo data, one could observe slight streaking with MEDI around the large veins that could be due to the inconsistency between the magnitude and susceptibility data.

The in vivo results for scSWIM showed average susceptibilities for the ten healthy subjects very close to the reported values in the literature (Ghassaban et al., 2019a). Also, the measured susceptibilities in the reconstructed COSMOS (Table 3) were not as close to scSWIM and MEDI as one would have hoped because it can contained errors due to registration of the different orientation data and noise in the data. The registration error is higher and more noticeable in the regions near the surface of the brain. Luckily most of the regions of interest (the deep gray matter) in this paper are near the core of the brain where the registration error is smaller therefore this central region can still be used as a baseline to compare different methods.


Structural Constraints in scSWIM

The cost function of scSWIM includes two regularization terms. The ℓ1-norm regularization term is based on a P mask to penalize the noisy non-edge pixels and the ℓ2-norm regularization term is based on the R mask that prevents smoothing in the excluded high susceptibility regions. If the pre-processing fails to extract the edges of a true structure, then the P mask will penalize and smooth them. On the other hand, if R fails to exclude a high susceptibility structure, the streaking artifacts from this structure will remain and its mean susceptibility will be reduced due to smoothing. This is because the R mask protects the structures of high susceptibility from being over smoothed by the ℓ1-norm regularization term. The overall performance of the cost function works well when the edges and structures are best defined.



Optimal Parameter Selection for scSWIM

In the regularization-based approaches, there is always a trade-off between obtaining accurate susceptibility values, reducing streaking artifacts, and increasing SNR. In scSWIM, the λ1 parameter controls the spatial smoothness by applying the sparsity constraint on the gradient of the susceptibility map. The larger the λ1, the smoother the non-edge regions will be for both the background and basal ganglia (basically increasing the SNR). On the other hand, λ2 also controls smoothing the background but protects the objects defined by the R mask. Smaller λ2 reduces the effect of the regularization term and increases the effect of the data fidelity term and the streaking artifact will not be handled as well. On the other hand, larger λ2 will increase the effect of the regularization term and reduce the effect of the data fidelity term and will result in an over-smoothed image where the background such as WM and GM and smaller objects would be washed out.

Therefore, the challenging part of scSWIM is to find the optimal parameters to keep sharp edges, smooth where appropriate, and satisfy the data fidelity condition. However, finding optimal values for more than one parameter in regularization problems is still a difficult problem. With the admission of sub-optimality, we assumed that the ratio of λ1 and λ2 is fixed. For this purpose, we compared the P and R masks and also the first and second regularization terms and observed that λ1 = 0.005λ2 will bring the two terms to the same order. The final step was to determine the optimal value for λ2. This was accomplished using the L-curve approach that plots the residual data fidelity versus the regularization for different regularization parameters and selecting the value that results in the maximum curvature. For multi-echo, multi-flip angle scSWIM, the L-curves were analyzed for each individual scan separately and the optimal λ2 values selected accordingly.



Multi-Echo, Multi-Flip Angle scSWIM

As mentioned before, STAGE imaging uses double-flip angle, double-echo GRE scans. The multi-echo, multi-flip angle scSWIM, or STAGE scSWIM is generated by an [image: image]-based weighted averaging of the individual echo scSWIM data sets. Besides having higher SNR in the STAGE scSWIM results, each individual scSWIM dataset can be reviewed separately if desired. It would be of interest to compare the QSM results with those from the R2∗ maps or even the T1maps given that iron can affect the T1 of tissue. Recently, there has been more interest in multi-contrast quantitative mapping in diseases such as Parkinson’s disease and dementia where a more systemic quantitative approach is being taken with 3D data. Iron has played a key role in these studies not just in the basal ganglia but also in the hippocampus, motor cortex and cortical gray matter in general.

More importantly, the final STAGE scSWIM will keep regions that have been removed by the phase quality control map at longer echo times. An alternate approach would be reconstructing QSM from the linear fit to the phase as done in MEDI. However, regions of high susceptibility phase aliasing can be severe and phase fitting may not be successful. Furthermore, severe loss of signal in and around the object (blooming artifacts) will occur for high susceptibilities that will result in a significantly under-estimated susceptibility. The use of shorter echo times and the weighting factors can favor the short echo data replacing the long echo data when the susceptibilities are very high as in the case of the CMBs and CaD as shown in the results section.

STAGE uses the conventional SWI with two flip angles and is effectively available at any site that can run 3D GRE imaging. It is a 5 min scan (2.5 min for each flip angle) that provides eight qualitative and seven quantitative clinically useful images such as T1maps, spin density maps, QSM, R2∗, B1 field corrections and etc. Although, the high resolution STAGE scan time may take longer (∼10 min), using a compressed sense factor of 3 to 4 the scan times can be brought back to a time frame of 5 to 7 min. The proposed scSWIM method achieved the best results when processing double-echo, double-flip angle STAGE data by using the derived T1WE images to extract reliable geometry constraints, but it can also be performed on a single-echo T1W SWI dataset.




CONCLUSION

In this paper, we have proposed a constraint based QSM reconstruction algorithm scSWIM which uses STAGE and iSWIM inputs to reconstruct the susceptibility map from multiple flip angle, multiple echo data. The results show for both simulated and in vivo human brain data that streaking artifacts are suppressed, and SNR is increased. Further, the measured susceptibilities are accurate relative to the brain model used and scSWIM works well even for regions with high susceptibility such as microbleeds and calcifications.
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Purpose: To evaluate the effect of resolution on iron content using quantitative susceptibility mapping (QSM); to verify the consistency of QSM across field strengths and manufacturers in evaluating the iron content of deep gray matter (DGM) of the human brain using subjects from multiple sites; and to establish a susceptibility baseline as a function of age for each DGM structure using both a global and regional iron analysis.

Methods: Data from 623 healthy adults, ranging from 20 to 90 years old, were collected across 3 sites using gradient echo imaging on one 1.5 Tesla and two 3.0 Tesla MR scanners. Eight subcortical gray matter nuclei were semi-automatically segmented using a full-width half maximum threshold-based analysis of the QSM data. Mean susceptibility, volume and total iron content with age correlations were evaluated for each measured structure for both the whole-region and RII (high iron content regions) analysis. For the purpose of studying the effect of resolution on QSM, a digitized model of the brain was applied.

Results: The mean susceptibilities of the caudate nucleus (CN), globus pallidus (GP) and putamen (PUT) were not significantly affected by changing the slice thickness from 0.5 to 3 mm. But for small structures, the susceptibility was reduced by 10% for 2 mm thick slices. For global analysis, the mean susceptibility correlated positively with age for the CN, PUT, red nucleus (RN), substantia nigra (SN), and dentate nucleus (DN). There was a negative correlation with age in the thalamus (THA). The volumes of most nuclei were negatively correlated with age. Apart from the GP, THA, and pulvinar thalamus (PT), all the other structures showed an increasing total iron content despite the reductions in volume with age. For the RII regional high iron content analysis, mean susceptibility in most of the structures was moderately to strongly correlated with age. Similar to the global analysis, apart from the GP, THA, and PT, all structures showed an increasing total iron content.

Conclusion: A reasonable estimate for age-related iron behavior can be obtained from a large cross site, cross manufacturer set of data when high enough resolutions are used. These estimates can be used for correcting for age related iron changes when studying diseases like Parkinson’s disease, Alzheimer’s disease, and other iron related neurodegenerative diseases.

Keywords: magnetic resonance imaging, quantitative susceptibility mapping, age-related brain iron, deep gray matter, multicenter study


INTRODUCTION

Iron is ubiquitous in numerous biological processes in normal aging as well as in neurodegeneration. It is distributed throughout the brain in the form of ferritin and its concentration is highest in the deep gray matter (DGM) (Haacke et al., 2005). Iron plays an important role in many brain cellular processes, including oxygen transport, electron transfer, neurotransmitter synthesis, myelination, and mitochondrial function (Drayer, 1986; Connor et al., 1990). Despite this positive role for iron utilization, it is toxic in the form of free iron. In that case, iron can react with oxygen to produce neurotoxic free radicals, which could lead to membrane lipid peroxidation and accumulation of lipofuscin in neurons (Koeppen, 2003). Excessive iron accumulation has been associated with various neuro-degenerative diseases, such as Parkinson’s disease (Ghassaban et al., 2019), atypical parkinsonian disorders (Lee and Lee, 2019), Alzheimer’s disease (Nikseresht et al., 2019), pantothenate kinase-associated neurodegeneration (Álvarez-Córdoba et al., 2019), aceruloplasminemia (Zhou et al., 2020), and different types of hereditary cerebellar ataxias (Deistung et al., 2016). Brain iron deposition is also linked with cognitive severity in Parkinson’s disease (Thomas et al., 2020). For these reasons, probing and quantifying the presence of iron in the brain is very important.

With the common use of 3D multi-echo gradient echo (GRE) imaging methods, the ability to collect whole brain R2∗ and quantitative susceptibility mapping (QSM) data has become feasible clinically. QSM is an emerging MRI technique that is sensitive to magnetic susceptibility differences between tissues. The signal phase of GRE sequences can be used to detect the local variations in iron content (Schwarz et al., 2014; Langkammer et al., 2016). R2∗ depends on water content as well as iron content and field strength, while QSM is, in principle, independent of water content, echo time, and field strength. QSM has become a complementary method to R2∗ for measuring iron content (Liu et al., 2017; Santin et al., 2017). Kofi (2015) assessed the reproducibility of brain QSM in healthy controls (HC) and patients with multiple sclerosis (MS) on both 1.5T and 3T scanners. Brain QSM measurements have good inter-scanner and same-scanner reproducibility for HC and patients, respectively. Ippoliti et al. (2018) also evaluated the reproducibility and consistency of QSM across 1.5T and 3.0T field strengths and optimized the contrast-to-noise ratio (CNR) at 1.5T through bandwidth tuning. Feng et al. (2018) evaluated the repeatability of QSM on a 3.0T scanner using 8 subjects and found that QSM results were highly reproducible across the four time scans. Although the reliability and stability of QSM have been verified in these papers with a small number of cases, a standard from which to calculate the age dependency of iron across manufacturers that also includes the effect of resolution has not been presented or evaluated.

In addition, most current clinical applications of QSM look for differences between patients and HCs in specific brain regions or nuclei (Mostile et al., 2017). Therefore, it is important to be able to correct for age to make a diagnosis relative to patients with a specific neurodegenerative disease. An increase in age-related iron deposition has been reported in many studies. In Hallgren’s landmark work studying brain iron (Hallgren, 1958), histochemical methods were used to show the non-heme iron concentration as a function of age in the brain. Acosta-Cabronero et al. (2016) used QSM to provide insight into iron accumulation in the brain across the adult lifespan (20–79 years old). Whole-brain and ROI analyses confirmed that the propensity of brain cells to accumulate excessive iron as a function of age largely depends on their exact anatomical location. Whereas only patchy signs of iron scavenging were observed in white matter (WM), strong, bilateral, and confluent QSM-age associations were identified in several deep-brain nuclei, chiefly the striatum and midbrain- as well as across motor, premotor, posterior insular, superior prefrontal, and cerebellar cortices. The validity of QSM as a suitable in vivo imaging technique with which to monitor iron dysregulation in the human brain was demonstrated by confirming age-related increases in several subcortical nuclei that are known to accumulate iron with age. Their study indicated that, in addition to these structures, there is a predilection for iron accumulation in the frontal lobes, which, when combined with the subcortical findings, suggests that iron accumulation with age predominantly affects brain regions related to motor/cognition/output functions. Keuken et al. (2017) included 30 young, 14 middle-age, and 10 elderly healthy subjects scanned at 7.0T. They investigated volumetric, spatial, and quantitative MRI parameter (T1, T2∗, and QSM) changes associated with healthy aging in subcortical nuclei (basal ganglia, red nucleus, and the periaqueductal gray matter). They concluded that aging has a heterogeneous effect across regions. Numerous papers have recently shown a similar relationship with age and iron content using QSM (Aquino et al., 2009; Haacke et al., 2010; Daugherty and Raz, 2013; Hare et al., 2013; Liu et al., 2016; Ghassaban et al., 2018; Yan et al., 2018). However, the number of subjects in these studies was generally small with the largest being 174 (Liu et al., 2016).

Hence, in the present work, our goal was to evaluate the effect of resolution on the QSM quantification; verify the consistency of QSM across field strengths and manufacturers in evaluating the DGM of the human brain using 623 subjects from multiple imaging sites; and establish an iron content baseline (using QSM) as a function of age for each DGM structure using both a global and a regional iron analysis (Liu et al., 2016). Using a normative database of iron content related to age may be useful in categorizing and predicting neurological diseases especially movement and cognition disorder diseases, or conditions which affect motor or cognitive function.



MATERIALS AND METHODS


Data Acquisition

A total of 623 healthy adults were included from 3 sites: The First Affiliated Hospital of Dalian Medical University (Site 1: Dalian), Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (Site 2: Ruijin), and The First Affiliated Hospital of Zhengzhou University (Site 3: Zhengzhou), equipped with a GE HDX 1.5T scanner (173 cases, 85 females, 88 males; age, 45.1 ± 14.2 years; range, 20–69 years), a Philips Ingenia 3.0T scanner (336 cases, 219 females, 117 males; age, 62.3 ± 6.5 years; range, 40–79 years), and a Siemens Prisma 3.0T scanner (114 cases, 61 females, 53 males; age, 60.3 ± 9.3 years; range, 40–90 years), respectively. All the participants provided written informed consent to participate in this study. Data were acquired using the following parameters: TR = 53/25/25 ms, TE = 40/17.5/17.5 ms, and voxel size = 0.6 mm × 0.75 mm × 3 mm = 1.35 mm; 0.67 mm × 1.34 mm × 2 mm = 1.80 mm, and 0.67 mm × 1.34 mm × 2 mm = 1.80 mm for each scanner, respectively.



Simulation Model

For the purpose of studying the effect of resolution on the QSM data, a digitized model of the brain was used (Buch, 2012). This 3D isotropic model included the general structures of the human brain including the gray/white matter, basal ganglia, and midbrain structures as well as the major veins. The matrix size, voxel resolution and field-of-view (FOV) for this model were: 504 mm × 504 mm × 504 mm, 0.5 mm × 0.5 mm × 0.5 mm, and 252 mm × 252 mm × 252 mm, respectively.

The phase images, [image: image], were simulated from the susceptibility model, [image: image], using the expression (Haacke et al., 2010):

[image: image]

where γ = 2.675×108 rad/s/T is the gyromagnetic ratio and B0 = 3T is the main magnetic field strength along the z-direction (the slice select direction in this case); [image: image] and TE are the voxel position vector and the echo time, respectively. Also, ⊗ denotes the convolution operation between [image: image], the unit dipole kernel, and the susceptibility model.

Magnitude images were generated from the Ernst equation (Brown, 2014) assuming that R2∗ [image: image] = 20/s + 0.125 [image: image] (Ghassaban et al., 2019). Then, the complex signal was generated from the simulated magnitude and phase images, and Gaussian noise was added to each of the real and imaginary components to produce a signal-to-noise ratio (SNR) of 10:1 at a TE = 7.5 ms. The resulting complex data were then truncated in the slice direction to produce images with the following resolutions: 0.5 mm × 0.5 mm × 0.5 mm, 0.5 mm × 0.5 mm × 1 mm, 0.5 mm × 0.5 mm × 2 mm, and 0.5 mm × 0.5 mm × 3 mm. Figure 1 shows the simulated model in three different views with labels for the main DGM analyzed and Table 1 summarizes the susceptibility values, proton density, T1 relaxation times, and the size of the different brain structures in the model.


[image: image]

FIGURE 1. Illustration of the simulated brain model and its structures in three different views. This figure shows different deep gray matter structures such as the: GP, globus pallidus; PUT, putamen; THA, thalamus; CN, caudate nucleus; SN, substantia nigra; RN, red nucleus; and CC, crus cerebri; in the axial (A,B), coronal (C), and sagittal (D) views.



TABLE 1. The susceptibility (ppb), T1 relaxation time, relative proton density (ρ0), and the size (mm3) of different structures for the simulated brain model.

[image: Table 1]


Resampling of the Data to Create a Single Resolution Common to All Sites

In order to create a comparison with the same resolution, the original data in Site 1 was k-space cropped in-plane to create a resolution of 0.67 mm × 1.34 mm × 3 mm to mimic the in-plane resolution of the other two sites. Likewise, to make the slice thicknesses the same for all sites, the data from the other two sites were k-space cropped through-plane to increase the slice thickness to 3 mm and therefore create an image with the same resolution of 0.67 mm × 1.34 mm × 3 mm.



Quantitative Analysis

Quantitative susceptibility mapping data were reconstructed using our in-house MATLAB-based toolbox SMART 2.0 (MRI Institute for Biomedical Research, Detroit, MI, United States). The brain extraction tool (BET) (Smith, 2002) was used to isolate the brain tissue (threshold = 0.2, erode = 4, and island = 2000) using the first echo where the signal intensity is highest; a 3D phase unwrapping algorithm (3DSRNCP) (Abdul-Rahman et al., 2007) to unwrap the original phase data; and the sophisticated harmonic artifact reduction (SHARP) (Schweser et al., 2011) to remove unwanted background fields (threshold = 0.05 and deconvolution kernel size = 6). Both BET and SHARP steps were skipped for the simulated data. Finally, a truncated k-space division (TKD) based inverse filtering technique (threshold = 0.1) with an iterative approach (iteration threshold = 0.1, and number of iterations = 4) was used to reconstruct the susceptibility maps (Tang et al., 2013).

Eight subcortical gray matter nuclei, inclusive of caudate nucleus (CN), globus pallidus (GP), putamen (PUT), thalamus (THA), pulvinar thalamus (PT), red nucleus (RN), substantia nigra (SN), and dentate nucleus (DN) were semi-automatically segmented using a full-width half maximum (FWHM) threshold based analysis of the susceptibility maps using Signal Processing in Nmr (SPIN) software (SpinTech, Inc., Bingham Farms, MI, United States). The mean susceptibility values and volumes of the regions of interest (ROIs) were then assessed. Representative images from each site and segmentation outlines are shown in Figure 2. The raters had an intraclass coefficient of >0.9 for the susceptibility measurement of all structures, and these averages are reported in this study. The product of the mean susceptibility and the volume of each GM nuclei was used to represent the total iron deposition in the structure. During the ROI drawing, the readers were blinded to the subject type and age to reduce the impact of ROI selection on evaluating the susceptibility-age relationship. The 3D whole-structural measurements (global) were used to determine age-related thresholds, which were applied to calculate the local iron deposition [RII: portion of the structure that contains high iron concentrations, that is, those regions with iron content higher than two standard deviations above the mean as a function of age as taken from the paper of Liu et al. (2016)]. Age-susceptibility, age-volume and age-total iron correlations were determined for each measured structure for both the whole-region and the high iron content region RII.


[image: image]

FIGURE 2. Representative images from each site and segmentation outlines of 8 ROIs. (A) Site 1, (B) Site 2, and (C) Site 3.




Statistical Analysis

The statistical analyses were performed using MATLAB R2019a (MathWorks, Natick, MA, United States) and SPSS 22.0. Participant demographics were compared between groups with an analysis of variance (ANOVA) or Welch’s ANOVA in the case of nonparametric variables as determined by Levene’s test. Distribution of sex was compared using a χ2 test. The mean susceptibility/nuclei volume/total iron content (volume × mean susceptibility) data were fitted using linear regression models (Liu et al., 2016) and Pearson correlation analysis was applied to investigate the relationship between each measure and age in each structure. Strength of the Pearson correlation coefficient (r) was determined using the following guide for the absolute value: 0.00–0.19 “very weak,” 0.20–0.39 “weak,” 0.40–0.59 “moderate,” 0.60–0.79 “strong,” and 0.80–1.0 “very strong.” p-values less than 0.05 were considered statistically significant.




RESULTS


Participant Characteristics

Group subject demographics are shown in Table 2. Sex distribution (χ2 = 13.6, p < 0.05) and age (Welch’s F = 190, p < 0.05) differed significantly across the three sites. The average age of the subjects in Site 1 was smaller than that of Site 2 or Site 3, and the distribution of each age group was relatively uniform. The subjects in both sites 2 and 3 were mainly between 55 and 65 years old, as shown in Figure 3.


TABLE 2. Demographic data of the subjects and the scanning parameters in three sites.

[image: Table 2]

[image: image]

FIGURE 3. Distribution of subjects’ age from the three sites. Sites 2 and 3 provide needed complimentary data for the higher age range compared to site 1.




Effect of Resolution on QSM in the Simulated Data

Figure 4 shows the plots of the measured susceptibility values in the various structures of interest in the simulated model for different resolutions. The measured susceptibility values in these plots are zero-referenced with respect to the measured susceptibility in the THA. As seen in these plots, the mean susceptibilities of CN, GP, and PUT are not significantly affected by changing the slice thickness from 0.5 to 3 mm, but for the small structures, such as the SN and RN, the susceptibility is reduced about 10% for 2 mm thick slices and nearly 25% for 3 mm thick slices.
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FIGURE 4. Susceptibility as a function of slice thickness. Comparison of the measured susceptibility values (ppb) of different structures for both left (L) and right (R) sides in the reconstructed QSM data from the simulated noisy phase with different resolutions. The plot in red is the true susceptibility in the original high-resolution model and the other plots show the reconstructed QSM data with different resolutions. As seen in this figure, as the resolution reduces, the measured susceptibility values in smaller structures such as the RN, SN, and CC are negatively affected.


The iron content for the k-space cropped lower resolutions were compared to the original iron content measurements (Figure 5). Three representative structures were chosen to highlight in the Figure: the putamen because it is a large structure and the red nucleus and substantia nigra because they are small structures where we expect to see the biggest effect. We found that the R2 values of the correlations were very high, on the order of 0.9 or higher indicating the closeness of the measurements. The values of all the slopes and correlation measures are given in Supplementary Table 1. For those data that were originally cropped to lower resolution and retraced, the R values were in the range of 0.7 to 0.9 for site 1, 0.8 to 0.9 for site 2 and 0.7 to 0.9 for site 3 for most structures. However, despite not having as high R values as the original data, all the data points in the remeasured lower resolution still fell within the 95% confidence intervals determined by the higher resolution data.
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FIGURE 5. Comparisons between the iron content of the PUT, RN, and SN in the k-space cropped lower resolution images and the original images. These correlations are very high because the same ROIs were used in the cropped and re-interpolated data. When the boundaries are redrawn on the lower resolution data (see Supplementary Figure S5), the correlations are not as good as those shown here, but the data still lies within the 95% confidence intervals as noted in the results section.




Relationship Between Mean Susceptibility and Age


Global Analysis

For the global mean susceptibility analysis of iron content, the slopes (ppb/year) and intercepts (ppb) across the sites overlapped for all structures as shown in Figures 6A,B. Further, as shown in Supplementary Table 2, the mean values in the dominant age range (55–65 years) of sites 02 and 03 agree very well with those from site 1 suggesting that the 95% CI projections of site 1 to higher ages should match sites 2 and 3 well. With these two facts in mind, we have merged the data from all 3 sites into a single large dataset to assess the relationship between the mean magnetic susceptibility and age. As shown in Supplementary Table 3 and Figure 7, the mean susceptibility correlated with age (with a positive slope) for the CN, PUT, RN, SN, and DN, all p < 0.001. For the THA, there was a strong negative correlation with age (p < 0.001). The mean susceptibility in the GP had a negative slope but it was not significantly different from zero (p = 0.49) while the PT had a small negative slope that was significant (p < 0.01).
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FIGURE 6. Slopes (A,C) and intercepts (B,D) 95% confidence intervals of the 8 gray matter nuclei from the 3 sites for the global and RII analysis. CN, caudate nucleus; GP, globus pallidus; PUT, putamen; THA, thalamus; PT, pulvinar thalamus; RN, red nucleus; SN, substantia nigra; DN, dentate nucleus.
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FIGURE 7. Mean susceptibilities for the global analysis. The mean susceptibility and 95% confidence intervals and 95% prediction intervals are shown for each structure as a function of age. CN, caudate nucleus; GP, globus pallidus; PUT, putamen; THA, thalamus; PT, pulvinar thalamus; RN, red nucleus; SN, substantia nigra; DN, dentate nucleus.




RII Analysis

For the RII regional high iron content analysis, the slopes ranges (ppb/year) and intercepts (ppb) across the sites also overlapped for all structures (except for the PUT and RN) and are shown in Figures 6C,D. Further, as shown in Supplementary Table 2, the mean values in the dominant age range (55–65 years) of sites 2 and 3 agree very well with those from site 1 suggesting that the 95% CI projections of site 1 to higher ages should match sites 2 and 3 well. This allows for the data from the 3 sites to be merged into a single dataset to assess the relationship between the mean magnetic susceptibility and age for RII. For the RII analysis, as shown in Table 3 and Figure 8, mean susceptibility in all the structures was moderately to strongly correlated with age (all p < 0.001) except for the THA. For the THA, there was a slight negative slope with age (p < 0.001).


TABLE 3. Linear fitting equations for mean susceptibility (χ) (ppb) versus age for the RII analysis.
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FIGURE 8. Mean susceptibilities for the RII analysis. The mean susceptibility and 95% confidence intervals and 95% prediction intervals are shown for each structure as a function of age. CN, caudate nucleus; GP, globus pallidus; PUT, putamen; THA, thalamus; PT, pulvinar thalamus; RN, red nucleus; SN, substantia nigra; DN, dentate nucleus.





Relationship Between Nuclei Volume and Age


Global Analysis

The parameters of the linear fitting equations for the global nuclei volumes versus age are given in Supplementary Table 4. The volumes of most nuclei, including the CN, GP, PUT, THA, PT, and RN were negatively correlated with age (all p < 0.001). Of interest is the fact that volumes for the SN and DN both increase with age. Volumes for the global analysis are shown in Supplementary Figure 1.



RII Analysis

There was a negative correlation between the volume of the RII region for the THA with age (p < 0.001) as shown in Supplementary Table 5. RII volumes of SN and DN increased with age significantly, but correlation between RII volume of RN and age was not significantly different from zero (p = 0.14). All the volumes for the RII analysis are shown in Supplementary Figure 2.




Relationship Between Total Iron Content (Volume × Mean Susceptibility) and Age


Global Analysis

The parameters of the linear fitting equations for total iron content globally versus age is given in Supplementary Table 6 and Supplementary Figure 3. Apart from the GP, THA, and PT all the other structures showed an increasing total iron content despite the reductions in volume with age.



RII Analysis

The parameters of the linear fitting equations for RII analysis total iron versus age is given in Supplementary Table 7 and Supplementary Figure 4. Like the global analysis, apart from the GP, THA, and PT all structures showed an increasing total iron content (despite the reductions in RII volume with age) as well as a much tighter distribution than the global iron dependence with age.





DISCUSSION

In this study, the effect of image resolution on the QSM quantification was evaluated based on a simulation model, as well as resampled original data. The consistency of QSM across field strengths and manufacturers in evaluating the DGM of the human brain was verified using a total of 623 subjects from multiple imaging sites, and a QSM baseline as a function of age for each DGM structure for both global and regional iron analysis was determined. The RII analysis showed a much tighter correlation with age and a higher slope than the global analysis for all structures, providing an additional source of information outside whole structure mean iron or total iron for a reliable and sensitive reference for age-related changes. The age related data generated for each structure including susceptibility, volume, or total iron content for both the global and regional analysis can be used to correct for age dependence of each of these measures for monitoring abnormal global and regional iron deposition. The literature and data for RII is scant as it is a relatively new technique for measuring iron on QSM (Habib et al., 2012; Ghassaban et al., 2019; Sethi et al., 2019).

As for the RII analysis findings, the correlations of iron with age are moderate to strong in almost all structures other than the THA, which is consistent with the work of Liu et al. (2016). Even in the GP, which usually shows no iron content change over the lifespan after the age of 20 years (Hallgren, 1958; Xu et al., 2008; Li et al., 2014), we found the Pearson correlation coefficient for age and RII susceptibility greater than 0.40. Data from all major DGM nuclei fell well within the calculated 95% confidence intervals derived from the merged data except for some outliers in the GP. These are likely due to high levels of mineralization in the caudal part of the structure. An added advantage to the RII analysis is that it is less dependent on an accurate drawing of the structure since much of the higher iron content regions are inside the boundaries of these structures. Finally, the slopes and intercepts found by merging the RII data from all three sites agrees with the iron trends with age in other studies (Liu et al., 2010, 2016; Ghassaban et al., 2019).


Iron Changes With Age

When considering the global analysis for all structures, susceptibility values for the subjects aged 55–65 years are accordance with values recorded by Acosta-Cabronero et al. (2016) on subjects aged 59–79 years. They delineated ROIs of the deep gray matter automatically (CN, PUT, and GP) and manually (RN, SN, and DN) on QSM. When comparing the regression slope and intercepts, there were differences between our study and theirs. One reason may be due to a 3D erosion function being performed to remove spurious pixels whereas our study used a FWHM boundary for our global analysis. But the more likely reason is too narrow an age range without subjects in the 20 to 30 year decade to anchor the data properly. Their team did not report volumetric measurements. The susceptibility versus age plot for the thalamus was flat and similar to our plot, but with a shift in the intercept. Several of the structures have iron content in agreement with recent work by Zhang et al. (2018), who collected data across the human lifespan. The age-related increases in iron affect the morphology and contrast of the structure with the surrounding tissue which is particularly true for the DN. This may have applications to iron rich structures like the SN and GP. Further, we report similar global susceptibility changes with age to a recent work by Ghassaban et al. (2019), who recently used 0.86 mm × 0.86 mm × 1 mm resolution at 3T.

Hallgren and Sourander (Hallgren, 1958) stated that in younger and middle-aged brains, advanced age was associated with greater iron concentrations in the basal ganglia than in subcortical WM, but noted that the association between age and iron content was attenuated after middle age. Much of the recent MR data actually show that there is a continued slow increase in age and the quantity and quality of the published data now by far supersedes the limited results in Hallgren and Sourander.

Of note in these results are the following observations. At any given age, there is a wide range of “normal” iron content. This makes it very hard to give a narrow range of age if one were to be given the iron content. This is less of a problem for the RII analysis because the results are more tightly bound. One might ask what causes this large variation of iron content and if it is related to some disease state like hypertension or vascular disease. This, in itself, would be an intriguing finding to ascertain why some elderly people have the same low iron content as younger people. Furthermore, there is strong neuropathologic evidence that iron overload is a hallmark of many neurodegenerative processes. Outcomes relating to progression of cognitive impairment are of particular interest (Belaidi and Bush, 2016; Moon et al., 2016; Lane et al., 2018; Chang, 2019). Many central nervous system disorders have also been associated with an excessive deposition of iron in specific brain locales as reported in Huntington’s disease (Chen et al., 2013) (caudate, putamen), Parkinson’s disease and multisystem atrophy (Lee et al., 2013; Péran et al., 2018; Seki et al., 2019) (putamen, globus pallidus), multiple sclerosis (Haacke et al., 2009; Mahad et al., 2015; Ropele et al., 2017; Zivadinov et al., 2018) (associated with the MS plaques), and intracerebral hematoma periphery (Garton et al., 2016). An understanding of the normal brain-iron distribution may also help interpret the pathophysiology of the brain damage that occurs in association with neurodegenerative, demyelinating, and vascular disorders.

Another interesting finding is the negative slope of the thalamus. To understand this effect, one has to look back at what QSM actually provides; it provides only changes in susceptibility. The positive and negative values represent more or less magnetic susceptibility relative to the reference region, respectively (Doring et al., 2016). So, if the WM remains the zero mark of QSM then the negative slope of the THA really represents an increasing iron content of the WM with age. Now WM is diamagnetic relative to GM because it is myelinated. However, it has been shown that demyelinated WM has effectively the same susceptibility as GM (about 50 ppb) which makes sense because its overall iron content is about the same as that of gray matter (Haacke et al., 2005; Langkammer et al., 2012). Therefore, an increasing susceptibility of WM with age could represent a general demyelination over time. Since the THA susceptibility changes from roughly 10 ppb to −20 ppb over the age range of 20 years to 90 years, this suggests an increase of WM susceptibility of 30 ppb or a little over half of the difference between healthy WM and GM.

Another consideration is determining the total iron content from susceptibility by estimating the iron concentration from the age equations provided in Hallgren and Sourander’s work as done in other studies (Aquino et al., 2009; Liu et al., 2016). On the assumption that the gray matter density (GMD) remains constant with age, the total iron content is proportional to gray matter volume (GMV). In fact, GMD changes with age, sex, and is not easily quantified (Gennatas et al., 2017). There are a variety of methods that can be used in the future to determine absolute water content and thereby solving this problem; one such method is STrategically Acquired Gradient Echo (STAGE) imaging (Haacke et al., 2020).



Volume Changes With Age

Our volumetric results for the subjects in the 55-year age range and up are in accordance with recent work by He et al. (2017). Also, Ghassaban et al. (2019) showed volumes decreased with age for all structures (except for SN and DN), suggesting brain atrophy occurs with age. Fjell et al. (2013) measured segmented brain volumes over time for adults 18–94 years of age; while they fit the volumes with an exponential function for age, they noted corresponding decreases in GM volume with age. In another study assessing volumes at 1.5T, Raz et al. (2003) also noted decreases in GM volume in the CN and PUT in a cohort of 55 subjects aged 20–77 years, but not the GP which is highly subject to perivascular spaces and mineralization. Areas of mineralization and large veins were not measured in our ROIs, however, perivascular spaces are not as easily visualized on magnitude on which our tracings were performed and may contribute to the discrepancy in the age versus volume plots between these studies.

For SN and DN, there is a small positive correlation with age, possibly because the increased iron content makes the structures clearer on the QSM data. Our volumetric results, nevertheless, are in accordance with a work which involved 38 subjects, aged 64.1 ± 7.5 years, with DN volumes ranging between 600 and 800 mm3 (He et al., 2017). For the SN, the volumes for our analysis overlap well with data for 20 controls (mean age, 60.8 ± 8.3 years, SN volume = 400–650 mm3) (Pyatigorskaya et al., 2018). Likewise, total iron content followed the same trends.



Resolution Effects

As far as resolution is concerned, the large structures are not much affected by slices as thick as 3 mm but the SN, RN and DN are expected to have lower susceptibilities for slices that are too thick. The final effects of these thicker slices also depend to some degree on how the structures are drawn and if partial volume effects are considered. The advantage of tracing the DN on QSM, instead of T2W or SWI, is that the variability of the structural volume is reduced (He et al., 2017). Our group opted to use FWHM to trace the structures which may confer a high reliability between the raters, however, for structures which have smaller size and more intricate detail like the DN, it may be a drawback. Ideally, an automated means to assess the structures may improve the agreement between all structures, field strengths and manufacturers. Both our simulations and the restructuring of the data show that even with resolutions as low as 0.67 mm × 1.34 mm × 3 mm, iron content with age still follows the pattern as shown in this paper, although some minor deviations can occur for smaller objects such as the RN and SN. Nevertheless, for sufficient SNR, higher resolution is always desirable for better edge definition and volume measurements (such as the higher resolution used for sites 2 and 3: 0.67 × 1.34 × 2 mm3).



Limitations

There are several limitations to this study. First, the distribution of subject age was different between site 1 and the other two sites as was the slice thickness. Nevertheless, for larger structures this did not affect the susceptibilities significantly. Second, other QSM methods may provide slightly higher absolute levels of susceptibility by 5 to 10% but, as long as any one method is used consistently across sites and imaging parameters, then the results should be consistent with those presented herein (Liu et al., 2016).




CONCLUSION

Although QSM has the potential to be a robust technology, care must be taken in assessing some smaller structures like the DN, the RN and the SN to avoid reconstruction bias based on slice thickness. We recommend using a slice thickness no greater than 2 mm to avoid a resolution-related reduction in susceptibility values. RII iron analysis showed a tighter age-related behavior than global iron analysis and appeared to be less susceptible to imaging parameters, field strength, or region drawing. For the first time, we showed that the local iron content in the GP increases with age (range 20–90 years) despite the global iron remaining roughly constant. Almost all structures showed a reduction in iron containing volumes with age except for the SN and DN. Finally, the results of this work show that a reasonable estimate for age-related iron behavior can be obtained from a large cross site, cross manufacturer set of data and can be used for correcting for age related iron changes when studying diseases like Parkinson’s disease and other iron related neurodegenerative diseases.
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Purpose: Brain iron accumulation has been suggested as a pathomechanism in patients with type 2 diabetes mellitus (T2DM) with cognitive impairment. This research aims to examine the total-brain pattern of iron accumulation in relation to executive function decline in patients with T2DM by voxel-based quantitative susceptibility mapping (QSM) analysis.

Materials and Methods: A total of 32 patients with T2DM and 34 age- and sex-matched healthy controls (HCs) were enrolled in this study. All participants underwent brain magnetic resonance examination, and 48 individuals underwent cognitive function assessments. Imaging data were collected with three-dimensional fast low-angle shot sequences to achieve magnitude as well as phase images. Using voxel-based QSM analysis, we compared the voxel-wise susceptibility values of the whole brain among groups and explored whether the susceptibility values had correlations with cognitive data.

Results: Among the 66 participants, cognitive function was estimated in 23 patients with T2DM (11 males and 12 females; average age, 64.65 ± 8.44 years) and 25 HCs (13 males and 12 females; average age, 61.20 ± 7.62 years). T2DM patients exhibited significantly (t = 4.288, P < 0.001) lower Montreal Cognitive Assessment (MoCA) scores [T2DM, 27 (27, 28); HCs, 29 (28, 29); normal standard ≥ 26)] and higher Trail-making Test (TMT)-A/TMT-B scores [71 (51, 100)/185 (149, 260)] than HCs [53 (36.5, 63.5)/150 (103, 172.5)] (Z = 2.612, P = 0.009; Z = 2.797, P = 0.005). Subjects with T2DM showed significantly higher susceptibility values than HCs in the caudate/putamen/pallidum, frontal inferior triangular gyrus, and precentral gyrus on the right hemisphere. In contrast (HC > T2DM), no region showed a significant difference in susceptibility values between the groups. The correlation analysis between susceptibility values and cognitive function scores was tested by voxel-based susceptibility value with sex and age as covariates. After multiple comparison correction, in T2DM patients, the left thalamus showed a significant relationship with TMT-A (R2 = 0.53, P = 0.001). The right thalamus and left thalamus showed a significant relationship with TMT-B (R2 = 0.35, P = 0.019; and R2 = 0.38, P = 0.017, respectively). In HCs, the cluster of right precentral/middle frontal gyrus/inferior frontal gyrus/inferior triangular gyrus showed a significant relationship with TMT-B (R2 = 0.59, P = 0.010). No relationship was found between the susceptibility values with MoCA in the brain region in both two groups.

Conclusion: Patients with T2DM presented declined cognitive assessments and elevated iron deposition in the striatum and frontal lobe, suggesting that executive function decline in T2DM might be associated with the cerebral iron burden and that changes in susceptibility values may represent a latent quantitative imaging marker for early assessment of cognitive decline in patients with T2DM.

Keywords: type 2 diabetes mellitus, magnetic resonance imaging, quantitative susceptibility mapping, iron deposition, executive function


BACKGROUND

In type 2 diabetes mellitus (T2DM), peripheral insulin resistance together with compensatory insulin hypersecretion from pancreatic islets likely results in some complications, such as neuropathy, nephropathy, atherosclerosis, and retinopathy (Forbes and Cooper, 2013). Insulin resistance in the brain will lead to subsequent sequelae, which might result in tau hyperphosphorylation and/or amyloid accretion. Insulin functions through the distribution of iron in neuronal tissue; nonetheless, an insulin-resistant state has a disruptive role in the process, consequently resulting in detrimental iron overload (Medhi and Chakrabarty, 2013). Additionally, insulin resistance leads to high permeability of the blood–brain barrier (BBB), and increased permeability with leakage of material into the vessel wall and perivascular tissue will cause inflammation (Wardlaw et al., 2013; Takechi et al., 2017). The inflammatory status of the brain can influence brain iron metabolism and lead to iron deposition (McCarthy et al., 2018). The accumulation of iron in neurons will induce damage by apoptosis (Ward et al., 2014). Therefore, we speculated that the iron excess caused by T2DM can generate damage within the central nervous system.

T2DM patients suffer from cognitive deficits of memory, executive function (EF), attention, visuospatial capabilities, and other domains (McCrimmon et al., 2012). According to one proposal, an early onset of T2DM and weak glycemic control together with microvascular and macrovascular complications may lead to combined cognitive impairment. T2DM can be applied as an individual independent risk factor for Alzheimer’s disease (AD), vascular dementia (VD), and mild cognitive impairment (MCI) (Moon et al., 2016). Patients with T2DM have more executive dysfunction than individuals without diabetes (Minami et al., 2020), which is related to mild-to-moderate EF decreases (Vincent and Hall, 2015). EF decreases in T2DM patients than in healthy older controls but at a smaller scale in AD patients suffering from impairments in executive processing, and T2DM patients may be at a higher risk of developing AD (Redondo et al., 2016).

Heretofore, to image biomarkers, several magnetic resonance imaging (MRI) techniques have been proposed in T2DM patients with cognitive impairment (Zilliox et al., 2016). Because it is easy to provide precise location information of the brain regions for voxel-based morphometry (VBM) (Chen et al., 2017), VBM has been used widely, and gray matter structural and volume alterations of the brain have been revealed to be related to cognitive impairment (Liu et al., 2017). On the basis of a growing number of studies on MRI, brain iron overload has been observed in various neurodegenerative illnesses and is related to cognitive decline (Ward et al., 2014; Del et al., 2015; Daglas and Adlard, 2018; Chai et al., 2019). Quantitative susceptibility mapping (QSM) represents an updated MRI strategy that facilitates quantification of materials by changing susceptibility and enables non-invasive quantitative analysis of brain iron deposition (de Rochefort et al., 2010; Schweser et al., 2012; Wang et al., 2017). The functions of iron in DNA synthesis, gene expression, neurotransmission, myelination of neurons, and the mitochondrial system are considered crucial components in the brain. Therefore, the brain’s iron balance requires strict regulation. Abnormal iron metabolism is relevant to many brain illnesses or disorders. However, the abnormal mode of brain iron accumulation in patients with T2DM has not been fully elucidated in vivo. The relationship between iron accumulation and EF decline in T2DM has not been revealed and publicized. Therefore, this research focuses on assessing the whole-brain pattern of iron accumulation in relation to EF decline in patients with T2DM by voxel-based QSM analysis.



MATERIALS AND METHODS


Participants

This cross-sectional research consisted of 32 T2DM patients (20 males; average age, 61.09 ± 9.99 years; age range 39–75 years) and 34 age- and sex-matched healthy control (HC) volunteers (15 males; average age, 58.50 ± 10.07 years; age range, 35–73 years) who were registered from December 2018 to April 2020. The patients all met the diagnostic criteria of T2DM (the diagnosis was based on the American Diabetes Association criteria). In this research, no special selection of T2DM patients according to metabolic control, the existence of micro- or macrovascular complications, neuropathy, the disease duration or treatment type for hyperglycemia, vascular risk factors, or arterial hypertension was applied. The HC volunteers without T2DM had no history of elevated blood glucose levels, and their blood glucose levels were maintained in the normal range (fasting glucose < 5.5 mmol/L). Patients who had a greater than 1-year history of T2DM and willing to undergo the MRI scan were enrolled. The exclusion criteria included a history of psychiatric or neurological disorders (including cerebrovascular accidents), which may affect cognitive functioning, a history of alcohol or substance abuse, acute complications of T2DM (ketoacidosis and severe hypoglycemia) within the 3 months preceding the examination, and MRI scan contraindications. The research obtained approval from the Institutional Review Board of Shandong Medical Imaging Research Institute Affiliated to Shandong University. All of the participants were given information about the experimental procedures and signed consent forms. In consideration of the likely cognitive impairment of the participants, all of the subjects were invited to perform cognitive function assessments according to their educational levels. Finally, 48 people (23 T2DM patients and 25 HCs) completed the questionnaire.



Clinical Data Collection

The participants underwent an elaborate interview as well as a clinical examination. Age, education level (the number of years in elementary school, high school, and college), and the duration and medical treatment of diabetes were registered and recorded. Systolic blood pressure (BP) and diastolic BP were measured. Arterial hypertension was defined as an average systolic BP > 140 mm Hg and a diastolic BP > 90 mm Hg or self-reported use of medication to lower BP, and fasting glucose, HbA1c fasting triglycerides, and fasting cholesterol were determined by laboratory testing of venous blood samples. Weight and height were measured and used to calculate body mass index (BMI). After the above medical history collection, blood sample collection, and clinical examinations were finished, the participants were invited to visit the clinic on separate days for cognitive tests and MRI scans. The following items were evaluated on the same day, and the interval was 1–4 days between these two visits. The severity of cerebral small vessel disease (CSVD) was assessed using the Fazekas scale (0–3) oriented with periventricular hyperintensity (PVH) together with deep white matter hyperintensity (DWMH) lesions (Fazekas et al., 1987) and by a combined simple CSVD score (0–3 scale, calculated based on the severity of cerebral microbleeds, lacunes, and WMH) (Amin Al Olama et al., 2020).



Neuropsychological Tests

Standardized general and detailed neurological examinations were conducted on the participators, 48 of whom (23 T2DM patients and 25 HCs) underwent the cognitive assessment, and the assessment tools included the Montreal Cognitive Assessment (MoCA) and the Chinese version of the Trail-making Test (TMT). The MoCA is a one-page 30-point test administered in 10 min (Nasreddine et al., 2005; Bergeron et al., 2017). A score of 13/14 was used as the optimal cutoff point for illiterate individuals, a score of 19/20 was used for individuals with 1–6 years of education, a score of 24/25 was used for individuals with 7 or more years of education, and scores below these cutoff values indicated cognitive impairment (Lu et al., 2011). The subjects also completed the Chinese version of the TMT, which includes two parts: TMT-A to assess cognitive processing speed and TMT-B to measure executive functioning (Woods et al., 2015; Wei et al., 2018). A practice trial with eight items was administered before the actual test to ensure that the individuals understood the tasks. The time required to complete the tasks (in seconds) was recorded as the test score (higher scores indicated lower cognitive function). The test conductor, who had been trained in a professional manner, did not have knowledge about the grouping assignments.



Image Acquisition

All of the subjects were imaged on a MAGNETOM Skyra 3.0-T MR scanner (Siemens Healthcare, Erlangen, Germany) using a 32-channel head coil for signal reception. The brain scanning protocol consisted of a 3D T1-weighted (T1W) magnetization-prepared rapid gradient echo (MPRAGE) sequence for anatomic structure [repetition time (TR) = 7.3 ms, echo time (TE) = 2.4 ms, inversion time (TI) = 900 ms, flip angle = 9°, and isotropic voxel size = 1 mm3]and a 3D multi-echo gradient echo (ME-GRE) sequence for QSM (TR = 50 ms, first TE = 6.8 ms, TE interval = 4.1 ms, number of echoes = 10, flip angle = 15°, and voxel size = 1 × 1 × 2 mm3). Additionally, the required sequences also included T2-weighted (T2W) turbo spin echo (TSE), T2W fluid-attenuated inversion recovery (FLAIR), diffusion-weighted (DW), and susceptibility-weighted (SW) imaging to detect brain abnormalities.



Quantitative Susceptibility Mapping Preprocessing and Quantitative Analysis

Brain QSM maps were computed from complex ME-GRE image data using morphology-enabled dipole inversion with an automatic uniform cerebrospinal fluid (CSF) zero reference algorithm (MEDI + 0) (Liu et al., 2018). Briefly, a non-linear fitting of the multi-echo data was performed to estimate the total field. The total field was spatially unwrapped using a quality-guided region-growing algorithm (Cusack and Papadakis, 2002). Background field removal using the projection onto dipole fields (PDF) algorithm was then applied to compute the local field, which was then inverted to obtain the final susceptibility map. Structural priors (edges) derived from the magnitude image and a regularization term enforcing a uniform susceptibility distribution of the CSF within the lateral ventricles were used in the numerical inversion to improve QSM quality and to provide CSF as an automatic susceptibility reference. The CSF mask was determined by thresholding the R2∗ map computed from the GRE magnitude data and imposing voxel connectivity (Liu et al., 2018).

We first acquired gray matter volume images by segmenting the T1 anatomical image through Statistical Parametric Mapping version 121 and resliced QSM images to the same resolution (1 × 1 × 1 mm3) as the gray matter volume images. Next, a study-specific brain template was generated on the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL) toolbox (Ashburner, 2007). The gray matter volume and QSM maps were then normalized to the Montreal Neurological Institute (MNI) space and smoothed using a Gaussian kernel with an 8-mm full width with half maximum (Pengas et al., 2009).



Statistical Analysis

The enrolled subjects were separated into two groups (T2DM and HCs). To compare voxel-based QSM values, we used a two-sample t-test with sex and age as covariates. A significance cluster-level P = 0.05 was applied with correction for multiple comparisons using the family-wise error (FWE) method, and only clusters with sizes > 100 voxels were included. The correlation analysis between susceptibility values and cognitive function scores was tested by voxel-based susceptibility value with sex and age as covariates. A significance cluster-level P = 0.05 was applied with correction for multiple comparisons using the FWE method, and only clusters with sizes > 100 voxels were included. The Statistical Package for the Social Sciences (IBM SPSS Statistics for Macintosh, Version 19.0) was used for the statistical analysis. First, descriptive analyses on 32 T2DM patients and 34 HCs were carried out. The measurement data were expressed as the mean ± standard deviation or the median and interquartile range if the data were not normally distributed. The count data were expressed as n (%). The chi-square test was used to compare count data. To compare the clinical data and cognitive assessment scores of the patients with T2DM and HCs, the independent sample t-test or the Mann–Whitney U-test was used.



RESULTS


Participant Characteristics

This research included 32 patients with T2DM (20 males and 12 females with an average age of 61.09 ± 9.99 years) and 34 HCs (15 males and 19 females with an average age of 58.50 ± 10.07 years). These participants showed no significant difference in age or sex (t = 1.049, P = 0.298; x2 = 2.236, P = 0.133, respectively). Table 1 shows the participants’ clinical features. Of all 66 participants, 23 patients with T2DM (11 males and 12 females; average age, 64.65 ± 8.44 years) and 25 HCs (13 males and 12 females; average age, 61.20 ± 7.62 years) received an assessment of cognitive function. T2DM patients exhibited significantly (t = 4.288, P < 0.001) lower MoCA scores [T2DM, 27 (27, 28); HCs, 29 (28, 29); normal standard ≥ 26)] and higher TMT-A/TMT-B scores [71 (51, 100)/185 (149, 260)] than HCs [53 (36.5, 63.5)/150. (103, 172.5)] (Z = 2.612, P = 0.009; Z = 2.797, P = 0.005). Table 2 and Figure 1 show the scores for each cognitive assessment subindex within these tests and evaluations.


TABLE 1. Clinical features of the participants.
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TABLE 2. Cognitive functioning assessment of the participants.
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FIGURE 1. Cognitive score (MoCA and TMT) differences between T2DM patients and HCs. MoCA, Montreal Cognitive Assessment; TMT, Trail-making Test; T2DM, type 2 diabetes mellitus; HC, healthy control. (A) MoCA; (B) TMT-A; (C) TMT-B; ∗∗p < 0.01; ∗∗∗p < 0.001.




Susceptibility Value Analysis Across Regions of Interest

Table 3 and Figure 2 show the comparison of susceptibility values within whole-brain voxel-based analyses between patients with T2DM and HCs. The subjects with T2DM showed significantly higher susceptibility values than HCs in the caudate/putamen/pallidum, frontal inferior triangular gyrus, and precentral gyrus on the right side. In contrast (HC > T2DM), no region showed a significant difference in susceptibility values between the groups.


TABLE 3. Results of whole-brain voxel-based analyses of susceptibility values between T2DM patients and HCs.
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FIGURE 2. Results of whole-brain voxel-based analyses of susceptibility values between T2DM patients and HCs. The subjects with T2DM showed significantly higher susceptibility values than HCs in the caudate/putamen/pallidum, frontal inferior triangular gyrus, and precentral gyrus on the right side. T2DM, type 2 diabetes mellitus; HC, healthy control.




Correlations of Neuropsychological Test Results With Susceptibility Values

Correlation analysis between voxel-based susceptibility value and cognitive scores with sex and age as covariates was conducted. A significance cluster-level P = 0.05 was applied with correction for multiple comparisons using the FWE method. We found that in T2DM patients, the left thalamus showed a significant relationship with TMT-A (R2 = 0.53, P = 0.001). The right thalamus and left thalamus showed a significant relationship with TMT-B (R2 = 0.35, P = 0.019; and R2 = 0.38, P = 0.017, respectively). In HCs, the cluster of right precentral/middle frontal gyrus/inferior frontal gyrus/inferior triangular gyrus showed a significant relationship with TMT-B (R2 = 0.59, P = 0.010). No relationship was found between the susceptibility values with MoCA in the brain region in both two groups (see Tables 4, 5 and Figure 3).


TABLE 4. The correlation using whole-brain voxel-based analyses of susceptibility values in the patients with T2DM.
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TABLE 5. The correlation using whole-brain voxel-based analyses of susceptibility values in the healthy participants.
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FIGURE 3. (A) The correlations between susceptibility values and TMT-A/TMT-B scores in T2DM patients. (B) The correlations between susceptibility values and TMT-B scores in healthy controls. TMT, Trail-making Test; T2DM, type 2 diabetes mellitus.




DISCUSSION

In this study, we found that brain iron in T2DM patients compared with HCs was significantly increased in the striatum containing the caudate/putamen/pallidum and in the frontal lobe (frontal inferior triangular gyrus and precentral gyrus) (Figures 4–6). The increased iron content in multiple brain regions is likely to be related to iron ions, which affect the synthesis of neurotransmitters as well as various metabolic components throughout regions as well as types of neurons (Provost et al., 2015). These brain regions contain major structures that are closely correlated with cognitive, emotional, and motor functions. We also found that T2DM patients exhibited lower MoCA scores and higher TMT-A/TMT-B scores and that the susceptibility values of some brain regions showed significant correlation with TMT-A or TMT-B. These phenomena suggest that the synergy of these changes might have an influence on fronto-striato-thalamic circuits of the brain and then impact EF (Lee et al., 2019; Wu et al., 2020). The results suggest that an increase in iron deposition within the brain might function as a risk factor for the seriousness of brain injury in patients with T2DM.
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FIGURE 4. Brain susceptibility value disparities among the patients with T2DM and HCs. (A) A patient with T2DM, female, 66 years old, DM history for 15 years. (B) HC, female, 67 years old. The bilateral caudate/putamen/pallidum and thalamus presented greater values in T2DM patients than in HCs obviously. T2DM, type 2 diabetes mellitus; HC, healthy control.
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FIGURE 5. Brain susceptibility value disparities among the patients with T2DM and HCs. (A) A patient with T2DM, male, 51 years old, DM history for 10 years. (B) HC, female, 57 years old. The right frontal inferior triangular gyrus presented greater values in T2DM patients than in HCs obviously. T2DM, type 2 diabetes mellitus; HC, healthy control.
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FIGURE 6. Brain susceptibility value disparities among the patients with T2DM and HCs. (A) A patient with T2DM, female, 64 years old, DM history for 15 years. (B) HC, male, 61 years old. The right precentral presented greater values in T2DM patients than in HCs obviously. T2DM, type 2 diabetes mellitus; HC, healthy control.


QSM is a new MRI technique that can measure susceptibility-changing materials quantitatively and accurately. It has the ability to non-invasively analyze the brain iron deposition (de Rochefort et al., 2010; Schweser et al., 2012). QSM is more selective for iron than T2∗ relaxometry and can be employed to data from standard acquisition sequences available in most commercial scanners. It is also a computer algorithm that can derive values sensitive to the levels of iron from suitable MRI data (Wang and Liu, 2015; Wang et al., 2017). Iron is an indispensable auxiliary factor involved in oxygen binding and transportation, and energy and material metabolism in the body, which can influence oxygen transportation, cell growth regulation, electron transport, and DNA synthesis. If iron homeostasis is impaired, reactive oxygen species will be excessively produced, resulting in apoptosis (Hubler et al., 2015; Apostolakis and Kypraiou, 2017). Insulin resistance can lead to higher permeability of the BBB. Then, perivascular edema and extravasation of toxic plasma components caused by BBB disruption contribute to localized damage to the brain parenchyma and cognitive dysfunction (Li et al., 2018). T2DM can lead to cerebral small vascular atherosclerosis, which is characterized by smooth muscle cell loss in the tunica media, degeneration of the internal elastic lamina, deposits of fibro-hyaline material and collagens, vessel wall thickening, microatheroma formation, and the obstruction of the lumen (Pantoni, 2010). The occlusion of the arterial lumen leads to lacunar infarction, and the rupture of microatheroma leads to microbleeds. Iron accumulation could occur as an epiphenomenon of demyelination, axonal damage, and/or neurodegeneration (Raz et al., 2015). Histopathologically, microbleeds represent focal accumulations of hemosiderin-containing macrophages (Haller et al., 2018). Therefore, we speculate that cerebral iron overload in patients with T2DM and QSM could reflect this change. Finally, our results confirmed this hypothesis. In this study, we used voxel-based QSM analysis because we consider that a voxel-based analysis is more sensitive than a region of interest (ROI)-based analysis. In our previous study, the differences of the QSM data between T2DM patients and HCs were investigated by ROI-based comparisons using the independent sample t-test analysis. Although we found that the brain iron deposits in patients with T2DM had an increasing trend than in healthy elderly individuals in all selected iron-rich gray matter nuclei, after multiple comparison correction, only the susceptibility values of putamen had significant difference (Li et al., 2020).

In this study, using voxel-based QSM analysis, more affected areas were detected, including the striatum containing the caudate/putamen/pallidum and the frontal lobe (frontal inferior triangular gyrus and precentral gyrus). In a previous research, the difference of susceptibility changes caused by iron accumulation was compared among three groups, cognitive normal (CN) elderly, patients with amnestic MCI (aMCI), and patients with early state AD. The differences of the QSM data among the three groups were investigated by voxel-based and ROI-based comparisons. The results of the voxel-based analysis demonstrated more regions with significant difference than the ROI-based analysis (Kim et al., 2017). Therefore, according to the above results, we consider that the voxel-based analysis is more sensitive.

In our study, the affected areas were the striatum containing the caudate/putamen/pallidum and the frontal lobe (frontal inferior triangular gyrus and precentral gyrus). In T2DM patients, the right thalamus and left thalamus showed a significant relationship with TMT scores. In subcortical structures, the thalamus and striatum play key roles in sustaining normal cognitive function. The thalamus functions as an integration center for subcortical and cortical regions; hence, it is a critical component of functions such as awareness and sensory, motor, and cognitive functions. The striatum is one of the main neural structures of the extrapyramidal motor system, which includes the caudate nucleus and lentiform nucleus, the latter of which is divided into the putamen and pallidum (Hedden and Gabrieli, 2010). The striatum plays an indispensable role in various brain functions, including motor control and learning, language, cognitive functioning, and addiction, through functional cortico-striato-thalamocortical neural pathways (Koikkalainen et al., 2007; Fazl and Fleisher, 2018). Therefore, a pathologic state in the striatum may engender a wide range of clinical manifestations such as motor dysfunction and psychiatric disorders (Uono et al., 2017). The frontal inferior triangular gyrus and precentral gyrus are also closely related to the executive control network (Kozlova et al., 2019; Syan et al., 2019). Previous studies have shown that the impaired biophysical completeness of brain macromolecular protein pools and their local microenvironments in the fronto-striato-thalamic circuits in T2DM patients might provide insights into the neurological pathophysiological potential of diabetes-related clinical and cognitive deficits (Yang et al., 2015). According to this information, we thought that the iron overload areas detected in our study could explain the cognitive decline in patients with T2DM.

According to a prior investigation on iron deposition in T2DM patients’ brains using QSM as well as the relevant cognitive impairments, T2DM patients with MCI exhibited significantly increased susceptibility values in the left putamen than T2DM patients without MCI. The susceptibility values of the left putamen showed a close connection to neuropsychological cognitive scores (Yang et al., 2018). Our research also revealed that the susceptibility values of the putamen in T2DM patients were significantly greater than those in healthy elderly individuals. We also found that the MoCA and TMT scores of T2DM patients were markedly lower and higher, respectively, than those of HCs, suggesting that these related cognitive functions of T2DM patients were significantly decreased. Additionally, using voxel-based data, we found in T2DM patients that the left thalamus showed a significant relationship with TMT-A. The right thalamus and left thalamus showed a significant relationship with TMT-B, while in HCs, the cluster of right precentral/middle frontal gyrus/inferior frontal gyrus/inferior triangular gyrus showed a significant relationship with TMT-B. In a large sample research, involving more than 600 older individuals with a mean age of 73 years, the associations between iron deposits and cognitive ability remained consistent significant after controlling for the presence or absence of five health risk conditions that relate to vascular health (hypertension, diabetes, hypercholesterolemia, cardiovascular disease, and occurrence of a previous stroke) (Del et al., 2015). This result and our results strengthen the hypothesis that brains with iron overload have a close relationship with cognitive decline (Fernández-Real and Manco, 2014). Our discoveries suggest that enhanced iron deposition within the brain might be a risk factor for brain injury severity in patients with T2DM. With the use of T1W structural MRI scanning, shape analysis revealed that T2DM is associated with focal atrophy in the bilateral caudate head and dorso-medial part of the thalamus. ROI-based volumetry detected thalamic volume reduction in T2DM when compared with the controls. Furthermore, worse performance of cognitive processing speed correlated with more severe GM atrophy in the bilateral dorso-medial part of the thalamus (Chen et al., 2017). With the use of diffusion kurtosis imaging, a study found that mean kurtosis (MK) decreased in bilateral thalamus and caudate in atlas-based analysis and that MK values correlated with neuropsychological scores in the cingulum (hippocampus) (Xiong et al., 2019). These discoveries and our results clarify that the thalamus is a critical structure for cognitive functions in T2DM patients. In HCs, we found that the cluster of right precentral/frontal middle frontal gyrus/inferior frontal gyrus/inferior triangular gyrus showed a significant relationship with TMT-B. EF is a collection of cognitive processes essential for higher order mental function. Processes involved in EF include working memory, attention, cognitive flexibility, and impulse control. These complex behaviors are largely mediated by prefrontal cortical function (Logue and Gould, 2014). Our result also illustrated that the brain damage in frontal cortex could cause worse EF.

Our study has several limitations. First, there exists background error and white noise in the original susceptibility maps. Therefore, the cluster in the precentral gyrus with susceptibility value close to 0 is subject to the systematic error of QSM reconstruction or white noise. Second, the susceptibility maps normalized to MNI space may suffer from error introduced in VBM pipeline. We found a slightly lower susceptibility values of deep gray matter (DGM) as compared with other studies. Low susceptibility in DGM is also reported in two previous voxel-based QSM analyses (Kim et al., 2017; Uchida et al., 2019). One possible reason is the data smoothing procedure when normalizing to MNI space in the VBM pipeline. This normalization step may introduce other errors. In this study, the individual QSM images are first aligned to individual T1 images and then registered to the study-specific T1 template, which may decrease the contrast in regions such as the basal ganglia and thalamus, where QSM images show high contrast. A study-specific QSM template generated with the T1 template by merging these two modalities may help to solve this problem (Hanspach et al., 2017). Third, this research included an initial cross-sectional investigation of brain iron changes in T2DM patients in a relatively small sample size; on this basis, we should observe iron deposition dynamics by examining longitudinal brain iron levels in patients with T2DM in larger samples at various phases. Prospective research with larger sample sizes is required to confirm the regional susceptibility changes and for in-depth exploration of the latent mechanism to confirm the role of iron deposition in whole-brain pathology.



CONCLUSION

In sum, those suffering from with T2DM presented enhanced iron deposition within the striatum and frontal lobe, suggesting that the EF decline in T2DM might be associated with the cerebral iron burden. Using voxel-based data, we identified that the mean susceptibility values of the thalamus, striatum, and frontal lobe had significant correlation with TMT scores, which might reflect a key role of iron deposition during the T2DM process. The changes in susceptibility values throughout these areas likely represent quantitative imaging markers of central nervous system injury among patients with T2DM. Furthermore, QSM might be a beneficial tool for the detection and evaluation of such injuries.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Institutional Review Board of Shandong Medical Imaging Research Institute Affiliated to Shandong University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JL and LG wrote the main manuscript text. QZ prepared imaging data and Figures 1–4. NZ prepared the clinical data. LG revised the main manuscript text. All authors reviewed the manuscript.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (81800840), the Natural Science Foundation of Shandong Province (ZR2020MH288), the Technology Development Plan of Jinan (201302049, 201602206, and 201907052), Medical and Health Science and Technology Development Project of Shandong Province (2016WS0529), and Funding for Study Abroad Program by Shandong Province (No. 201803059).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2020.606182/full#supplementary-material


FOOTNOTES

1http://www.fil.ion.ucl.ac.uk/spm/


REFERENCES

Amin Al Olama, A., Wason, J. M. S., Tuladhar, A. M., van Leijsen, E. M. C., Koini, M., Hofer, E., et al. (2020). Simple MRI score aids prediction of dementia in cerebral small vessel disease. Neurology 94, e1294–e1302.

Apostolakis, S., and Kypraiou, A. M. (2017). Iron in neurodegenerative disorders: being in the wrong place at the wrong time? Rev. Neurosci. 28, 893–911. doi: 10.1515/revneuro-2017-0020

Ashburner, J. (2007). A fast diffeomorphic image registration algorithm. Neuroimage 38, 95–113. doi: 10.1016/j.neuroimage.2007.07.007

Bergeron, D., Flynn, K., Verret, L., Poulin, S., Bouchard, R. W., Bocti, C., et al. (2017). Multicenter validation of an MMSE-MoCA conversion table. J. Am. Geriatr. Soc. 65, 1067–1072. doi: 10.1111/jgs.14779

Chai, C., Wang, H., Liu, S., Chu, Z. Q., Li, J., Qian, T., et al. (2019). Increased iron deposition of deep cerebral gray matter structures in hemodialysis patients: a longitudinal study using quantitative susceptibility mapping. J. Magnet. Reson. Imaging 49, 786–799. doi: 10.1002/jmri.26226

Chen, J., Zhang, J., Liu, X., Wang, X., Xu, X., Li, H., et al. (2017). Abnormal subcortical nuclei shapes in patients with type 2 diabetes mellitus. Eur. Radiol. 27, 4247–4256. doi: 10.1007/s00330-017-4790-3

Cusack, R., and Papadakis, N. (2002). New robust 3-D phase unwrapping algorithms: application to magnetic field mapping and undistorting echoplanar images. Neuroimage 16(3 Pt 1), 754–764. doi: 10.1006/nimg.2002.1092

Daglas, M., and Adlard, P. A. (2018). The involvement of iron in traumatic brain injury and neurodegenerative disease. Front. Neurosci. 12:981. doi: 10.3389/fnins.2018.00981

de Rochefort, L., Liu, T., Kressler, B., Liu, J., Spincemaille, P., Lebon, V., et al. (2010). Quantitative susceptibility map reconstruction from MR phase data using bayesian regularization: validation and application to brain imaging. Magnet. Resonan. Med. 63, 194–206. doi: 10.1002/mrm.22187

Del, C. V. H. M., Ritchie, S., Glatz, A., Allerhand, M., Muñoz Maniega, S., Gow, A. J., et al. (2015). Brain iron deposits and lifespan cognitive ability. Age 37:100.

Fazekas, F., Chawluk, J. B., Alavi, A., Hurtig, H. I., and Zimmerman, R. A. (1987). MR signal abnormalities at 1.5 T in Alzheimer’s dementia and normal aging. Am. J. Roentgenol. 149, 351–356. doi: 10.2214/ajr.149.2.351

Fazl, A., and Fleisher, J. (2018). Anatomy, physiology, and clinical syndromes of the basal ganglia: a brief review. Semin. Pediatr. Neurol. 25, 2–9. doi: 10.1016/j.spen.2017.12.005

Fernández-Real, J. M., and Manco, M. (2014). Effects of iron overload on chronic metabolic diseases. Lancet 2, 513–526. doi: 10.1016/s2213-8587(13)70174-8

Forbes, J. M., and Cooper, M. E. (2013). Mechanisms of diabetic complications. Physiol. Rev. 93, 137–188.

Haller, S., Vernooij, M. W., Kuijer, J. P. A., Larsson, E. M., Jäger, H. R., and Barkhof, F. (2018). Cerebral microbleeds: imaging and clinical significance. Radiology 287, 11–28. doi: 10.1148/radiol.2018170803

Hanspach, J., Dwyer, M. G., Bergsland, N. P., Feng, X., Hagemeier, J., Bertolino, N., et al. (2017). Methods for the computation of templates from quantitative magnetic susceptibility maps (QSM): toward improved atlas- and voxel-based analyses (VBA). J. Magnet. Resonan Imaging 46, 1474–1484. doi: 10.1002/jmri.25671

Hedden, T., and Gabrieli, J. D. E. (2010). Shared and selective neural correlates of inhibition, facilitation, and shifting processes during executive control. Neuroimage 51, 421–431. doi: 10.1016/j.neuroimage.2010.01.089

Hubler, M. J., Peterson, K. R., and Hasty, A. H. (2015). Iron homeostasis: a new job for macrophages in adipose tissue? Trends Endocrinol. Metab. 26, 101–109. doi: 10.1016/j.tem.2014.12.005

Kim, H. G., Park, S., Rhee, H. Y., Lee, K. M., Ryu, C. W., Rhee, S. J., et al. (2017). Quantitative susceptibility mapping to evaluate the early stage of Alzheimer’s disease. Neuroimage Clin. 16, 429–438. doi: 10.1016/j.nicl.2017.08.019

Koikkalainen, J., Hirvonen, J., Nyman, M., Lötjönen, J., Hietala, J., and Ruotsalainen, U. (2007). Shape variability of the human striatum–effects of age and gender. Neuroimage 34, 85–93. doi: 10.1016/j.neuroimage.2006.08.039

Kozlova, L. I., Petrovskii, E. D., Verevkin, E. G., Mel’nikov, M. E., Savelov, A. A., and Shtark, M. B. E. E. G. (2019). Alpha-rhythm-related changes in BOLD fMRI signal in neurofeedback training. Bull. Exper. Biol. Med. 168, 199–204. doi: 10.1007/s10517-019-04674-y

Lee, C. Y., Chen, H. L., Chen, P. C., Chen, Y. S., Chiang, P. L., Wang, C. K., et al. (2019). Correlation between executive network integrity and sarcopenia in patients with Parkinson’s disease. Intern. J. Environ. Res. Public Health 16:4884. doi: 10.3390/ijerph16244884

Li, J., Zhang, Q., Zhang, N., and Guo, L. (2020). Increased brain iron deposition in the putamen in patients with Type 2 diabetes mellitus detected by quantitative susceptibility mapping. J. Diabetes Res. 2020:7242530.

Li, Q., Yang, Y., Reis, C., Tao, T., Li, W., Li, X., et al. (2018). Cerebral small vessel disease. Cell Transplant. 27, 1711–1722.

Liu, J., Liu, T., Wang, W., Ma, L., Ma, X., Shi, S., et al. (2017). Reduced gray matter volume in patients with Type 2 diabetes mellitus. Front. Aging Neurosci. 9:161. doi: 10.3389/fnagi.2017.00161

Liu, Z., Spincemaille, P., Yao, Y., Zhang, Y., and Wang, Y. M. E. D. I. (2018). +0: Morphology enabled dipole inversion with automatic uniform cerebrospinal fluid zero reference for quantitative susceptibility mapping. Magnet. Resonan. Med. 79, 2795–2803. doi: 10.1002/mrm.26946

Logue, S. F., and Gould, T. J. (2014). The neural and genetic basis of executive function: attention, cognitive flexibility, and response inhibition. Pharmacol. Biochem. Behav. 123, 45–54. doi: 10.1016/j.pbb.2013.08.007

Lu, J., Li, D., Li, F., Zhou, A., Wang, F., Zuo, X., et al. (2011). Montreal cognitive assessment in detecting cognitive impairment in Chinese elderly individuals: a population-based study. J. Geriatr. Psychiatry Neurol. 24, 184–190. doi: 10.1177/0891988711422528

McCarthy, R. C., Sosa, J. C., Gardeck, A. M., Baez, A. S., Lee, C. H., and Wessling-Resnick, M. (2018). Inflammation-induced iron transport and metabolism by brain microglia. J. Biol. Chem. 293, 7853–7863. doi: 10.1074/jbc.ra118.001949

McCrimmon, R. J., Ryan, C. M., and Frier, B. M. (2012). Diabetes and cognitive dysfunction. Lancet 379, 2291–2299.

Medhi, B., and Chakrabarty, M. (2013). Insulin resistance: an emerging link in Alzheimer’s disease. Neurol. Sci. 34, 1719–1725. doi: 10.1007/s10072-013-1454-1

Minami, T., Ito, Y., Yamada, M., Furuta, R., Minagawa, F., Kamata, K., et al. (2020). The effect of long-term past glycemic control on executive function among patients with type 2 diabetes mellitus. Diabetol. Intern. 11, 114–120. doi: 10.1007/s13340-019-00411-y

Moon, Y., Han, S. H., and Moon, W. J. (2016). Patterns of brain iron accumulation in vascular dementia and Alzheimer’s dementia using quantitative susceptibility mapping imaging. J. Alzheimers Dis. 51, 737–745. doi: 10.3233/jad-151037

Nasreddine, Z. S., Phillips, N. A., Bédirian, V. R., Charbonneau, S., Whitehead, V., Collin, I., et al. (2005). The montreal cognitive assessment, MoCA: a brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699. doi: 10.1111/j.1532-5415.2005.53221.x

Pantoni, L. (2010). Cerebral small vessel disease: from pathogenesis and clinical characteristics to therapeutic challenges. Lancet Neurol. 9, 689–701. doi: 10.1016/s1474-4422(10)70104-6

Pengas, G., Pereira, J. M., Williams, G. B., and Nestor, P. J. (2009). Comparative reliability of total intracranial volume estimation methods and the influence of atrophy in a longitudinal semantic dementia cohort. J. Neuroimag. 19, 37–46. doi: 10.1111/j.1552-6569.2008.00246.x

Provost, J.-S., Hanganu, A., and Monchi, O. (2015). Neuroimaging studies of the striatum in cognition Part I: healthy individuals. Front. Syst. Neurosci. 9:140. doi: 10.3389/fnsys.2015.00140

Raz, E., Branson, B., Jensen, J. H., Bester, M., Babb, J. S., Herbert, J., et al. (2015). Relationship between iron accumulation and white matter injury in multiple sclerosis: a case-control study. J. Neurol. 262, 402–409. doi: 10.1007/s00415-014-7569-3

Redondo, M. T., Beltrán-Brotóns, J. L., Reales, J. M., and Ballesteros, S. (2016). Executive functions in patients with Alzheimer’s disease, type 2 diabetes mellitus patients and cognitively healthy older adults. Exper. Gerontol. 83, 47–55. doi: 10.1016/j.exger.2016.07.013

Schweser, F., Sommer, K., Deistung, A., and Reichenbach, J. R. (2012). Quantitative susceptibility mapping for investigating subtle susceptibility variations in the human brain. Neuroimage 62, 2083–2100. doi: 10.1016/j.neuroimage.2012.05.067

Syan, S. K., Owens, M. M., Goodman, B., Epstein, L. H., Meyre, D., Sweet, L. H., et al. (2019). Deficits in executive function and suppression of default mode network in obesity. Neuroimage Clin. 24:102015. doi: 10.1016/j.nicl.2019.102015

Takechi, R., Lam, V., Brook, E., Giles, C., Fimognari, N., Mooranian, A., et al. (2017). Blood-brain barrier dysfunction precedes cognitive decline and neurodegeneration in diabetic insulin resistant mouse model: an implication for causal link. Front. Aging Neurosci. 9:399. doi: 10.3389/fnagi.2017.00399

Uchida, Y., Kan, H., Sakurai, K., Arai, N., Kato, D., Kawashima, S., et al. (2019). Voxel-based quantitative susceptibility mapping in Parkinson’s disease with mild cognitive impairment. Mov. Disord. 34, 1164–1173. doi: 10.1002/mds.27717

Uono, S., Sato, W., Kochiyama, T., Kubota, Y., Sawada, R., Yoshimura, S., et al. (2017). Putamen volume is negatively correlated with the ability to recognize fearful facial expressions. Brain Topogr. 30, 774–784. doi: 10.1007/s10548-017-0578-7

Vincent, C., and Hall, P. A. (2015). Executive function in adults with Type 2 diabetes: a meta-analytic review. Psychosom. Med. 77, 631–642. doi: 10.1097/psy.0000000000000103

Wang, Y., and Liu, T. (2015). Quantitative susceptibility mapping (QSM): decoding MRI data for a tissue magnetic biomarker. Magnet. Resonan. Med. 73, 82–101. doi: 10.1002/mrm.25358

Wang, Y., Spincemaille, P., Liu, Z., Dimov, A., Deh, K., Li, J., et al. (2017). Clinical quantitative susceptibility mapping (QSM): biometal imaging and its emerging roles in patient care. J. Magnet. Resonan Imaging 46, 951–971. doi: 10.1002/jmri.25693

Ward, R. J., Zucca, F. A., Duyn, J. H., Crichton, R. R., and Zecca, L. (2014). The role of iron in brain ageing and neurodegenerative disorders. Lancet Neurol. 13, 1045–1060. doi: 10.1016/s1474-4422(14)70117-6

Wardlaw, J. M., Smith, C., and Dichgans, M. (2013). Mechanisms of sporadic cerebral small vessel disease: insights from neuroimaging. Lancet Neurol. 12, 483–497. doi: 10.1016/s1474-4422(13)70060-7

Wei, M., Shi, J., Li, T., Ni, J., Zhang, X., Li, Y., et al. (2018). Diagnostic accuracy of the chinese version of the trail-making test for screening cognitive impairment. J. Am. Geriatr. Soc. 66, 92–99. doi: 10.1111/jgs.15135

Woods, D. L., Wyma, J. M., Herron, T. J., and Yund, E. W. (2015). The effects of aging, malingering, and traumatic brain injury on computerized trail-making test performance. PLoS One 10:e0124345. doi: 10.1371/journal.pone.0124345

Wu, W., McAnulty, G., Hamoda, H. M., Sarill, K., Karmacharya, S., Gagoski, B., et al. (2020). Detecting microstructural white matter abnormalities of frontal pathways in children with ADHD using advanced diffusion models. Brain Imaging Behav. 14, 981–997. doi: 10.1007/s11682-019-00108-5

Xiong, Y., Sui, Y., Zhang, S., Zhou, X. J., Yang, S., Fan, Y., et al. (2019). Brain microstructural alterations in type 2 diabetes: diffusion kurtosis imaging provides added value to diffusion tensor imaging. Eur. Radiol. 29, 1997–2008. doi: 10.1007/s00330-018-5746-y

Yang, Q. F., Zhou, L. N., Liu, C., Liu, D. H., Zhang, Y., Li, C., et al. (2018). Brain iron deposition in type 2 diabetes mellitus with and without mild cognitive impairmentan in vivo susceptibility mapping study. Brain Imag. Behav. 12, 1479–1487. doi: 10.1007/s11682-017-9815-7

Yang, S., Ajilore, O., Wu, M., Lamar, M., and Kumar, A. (2015). Impaired macromolecular protein pools in fronto-striato-thalamic circuits in type 2 diabetes revealed by magnetization transfer imaging. Diabetes 64, 183–192. doi: 10.2337/db14-0316

Zilliox, L. A., Chadrasekaran, K., Kwan, J. Y., and Russell, J. W. (2016). Diabetes and cognitive impairment. Curr. Diabetes Rep. 16:87.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Li, Zhang, Zhang and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 18 January 2021
doi: 10.3389/fnins.2020.570848





[image: image]

Correlation Between Cerebral Venous Oxygen Level and Cognitive Status in Patients With Alzheimer’s Disease Using Quantitative Susceptibility Mapping

YangYingQiu Liu1†, JunYi Dong1†, QingWei Song1, Nan Zhang1, WeiWei Wang1, BingBing Gao1, ShiYun Tian1, ChunBo Dong2, ZhanHua Liang2, LiZhi Xie3 and YanWei Miao1*

1Department of Radiology, First Affiliated Hospital of Dalian Medical University, Dalian, China

2Department of Neurology, First Affiliated Hospital of Dalian Medical University, Dalian, China

3GE Healthcare, MR Research China, Beijing, China

Edited by:
Fuhua Yan, Shanghai Jiao Tong University, China

Reviewed by:
Maria Eugenia Caligiuri, University of Magna Graecia, Italy
Xiaojun Guan, Zhejiang University, China

*Correspondence: YanWei Miao, ywmiao716@163.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Neurodegeneration, a section of the journal Frontiers in Neuroscience

Received: 09 June 2020
Accepted: 17 December 2020
Published: 18 January 2021

Citation: Liu Y, Dong J, Song Q, Zhang N, Wang W, Gao B, Tian S, Dong C, Liang Z, Xie L and Miao Y (2021) Correlation Between Cerebral Venous Oxygen Level and Cognitive Status in Patients With Alzheimer’s Disease Using Quantitative Susceptibility Mapping. Front. Neurosci. 14:570848. doi: 10.3389/fnins.2020.570848

Purpose: To quantitatively assess the blood oxygen levels of the cerebral vein using quantitative susceptibility mapping (QSM), and to analyze the correlation between magnetic susceptibility value (MSV) and clinical laboratory indicators/cognitive scores in patients with Alzheimer’s disease (AD).

Materials and Methods: Fifty-nine patients (21 males and 38 females) with clinically confirmed AD (AD group) and 22 control subjects (12 males, 10 females; CON group) were recruited. Clinical data and laboratory examination indexes were collected. All patients underwent Mini-mental State Examination, Montreal Cognitive Assessment, Clock Drawing Task, and Activity of Daily Living Scale test, as well as a routine MRI and enhanced gradient echo T2 star weighted angiography (ESWAN).

Results: Higher cerebral venous MSV was observed in AD group compared to CON group, significant differences were observed for bilateral thalamus veins and left dentate nucleus veins. The MSV of bilateral thalamus veins, bilateral internal cerebral veins, and bilateral dentate nucleus veins had significant negative correlation with Mini-mental State Examination score; the MSV of bilateral thalamus veins, bilateral dentate nucleus veins, right septal vein had a significant negative correlation with Montreal Cognitive Assessment scores; a significant negative correlation between the MSV of bilateral thalamus veins, left dentate nucleus vein, right septal vein and the Clock Drawing Task score; the MSV of bilateral thalamus veins, left dentate nucleus vein had a significant negative correlation with Activity of Daily Living Scale score. The MSV of left dentate nucleus vein was positively correlated with the course of the disease, the MSV of bilateral septal vein were positively correlated with the total cholesterol, and the MSV of left septal vein had a positive correlation with LDL.

Conclusion: Decreasing cerebral venous oxygen level in AD patients may affect cognitive status, and associated with the deterioration of the disease in AD patients.

Keywords: Alzheimer’s disease, susceptibility weighted imaging, magnetic susceptibility value, cerebral vein, magnetic resonance imaging


INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the most prevalent type of dementia in the elderly (Gong et al., 2019). AD is characterized by progressive cognitive and functional deficits and behavioral changes. Neuropathological features of AD include neuronal loss caused by neurofibrillary tangles (NFTs) and senile plaques formed by the deposition of β-amyloid protein (Aβ) in the brain (Harrington, 2012).

Previous studies have shown that cerebral blood flow is decreased in AD patients (Mak et al., 2014). Cerebral metabolic ratio of oxygen may decrease with the long-term cerebral blood perfusion insufficiency, which may affect the metabolism of neurons. Nevertheless, it remains unclear whether the decrease of cerebral oxygen content is associated with the cognitive decline in patient with AD. Different MRI sequences are currently applied to quantify the changes in cerebral oxygen and calculate oxygen extraction fraction (OEF) (An et al., 2001). Local OEF can be calculated based on the changes in venous phase values of susceptibility weighted imaging (SWI), which has just been applied to clinical work (Barnes and Haacke, 2009; Kesavadas et al., 2010; Zaitsu et al., 2011; Li et al., 2013; Messina et al., 2014).

Over the recent years, it has been found that SWI has some shortcomings in quantitative measurement. φ value is a parameter reflecting the magnetic susceptibility of tissues. Yet, due to the effect of “dipole field,” the accuracy and repeatability of measurement of φ value are not high enough (Liu et al., 2015). In order to improve the shortcomings related to quantitative measurement of SWI, a new sequence known as quantitative susceptibility mapping (QSM) was designed. It is a non-invasive magnetic resonance imaging technique that generates a linearly proportional, volumetric image based on the magnetic susceptibility of the subject tissue (Derry and Kent, 2017). This sequence measures the magnetic susceptibility of tissues rather than the φ value, which solves the problem of measuring the φ value in algorithm. The intensity of QSM signal depends on the amount and concentration of deoxyhemoglobin in tissues and the diameter of blood vessels (Mukherjee et al., 2003), QSM can reliably calculate the oxygen saturation of human cerebral veins (Fan et al., 2014) and obtain the magnetic susceptibility value (MSV), provide information on oxygen metabolism (Jensen-Kondering and Böhm, 2013). To our previous literature review, there was no studies reported were found on cerebral venous oxygen level for patients with AD.

Based on the above factors, the purpose of this study was to quantitatively evaluate the cerebral venous oxygen level in AD patients by using QSM magnetic susceptibility. We also further analyzed the correlation between cerebral venous oxygen level and cognitive status in order to understand the mechanisms underlying changes of cerebral oxygen level in AD patients, and hoping to identify the imaging indicators for monitoring the evaluation of AD patients and further clinical intervention therapy.



MATERIALS AND METHODS


Subjects

Fifty-nine patients with clinically confirmed AD (AD group) were recruited in the Neurology Department between September 2015 and December 2018. Subjects were enrolled based on National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s disease and Related Disorders Association (NINCDS/ADRDA) criteria for probable AD (McKhann et al., 1984, 2011). The exclusion criteria: (a) other forms of dementia, such as frontotemporal dementia, dementia with Lewy bodies, vascular dementia and Parkinson’s disease dementia; (b) a history of stroke, brain tumor, serious head trauma, smoking, alcohol or drug dependence, and neurologic or psychiatric diseases; (c) large-vessel disease and diseases with white matter lesions. In addition, 22 elderly without cognitive impairment were recruited as control group (CON group). In this group of patients, the high signal intensity of white matter on MRI was below Fazekas-scale grade 2 or less than 2 static lacunar infarctions in the brain. Both AD group and CON group were right-handed.

Clinical data including gender, age, level of education were collected from all subjects. Course of the disease and laboratory examination indexes, including total cholesterol, triglycerides, high-density lipoprotein (HDL), low density lipoprotein (LDL), and homocysteine levels were collected from AD patients.

This retrospective study was approved by the hospital ethics committee. In addition, all patients signed the informed consent.



MR Image Acquisition

Routine MRI and enhanced gradient echo T2 star weighted angiography (ESWAN) were performed using the GE signa HDXT 3.0T MRI system with 8-channel head coil. All the scan sequence parameters were set the same. The specific scanning sequence and parameters are shown in Table 1.


TABLE 1. MRI scan parameters.

[image: Table 1]


Image Post-processing

The ESWAN raw data was saved and transmitted to a personal computer in DICOM format. Image post-processing was performed by using signal processing in nuclear magnetic resonance (SPIN) software provided by Wayne State University. Firstly, the original phase map and magnitude map of ESWAN were further processed by susceptibility weighted imaging mapping (SWIM) module in SPIN software to obtain QSM. The processing steps were as follows: (1) brain extraction: skull removal were carried out, and the artifacts on phase map were eliminated by compound threshold: BET = 0.2; (2) phase unwrapping; (3) phase quality map: kernel size = 6, threshold = 0.05; (4) background field removal: sophisticated harmonic artifact reduction for phase data (SHARP); (5) the standard inversion filtering was applied to Fourier transform of high-pass filter phase map.



ROI Selection

Quantitative measurement of MSV of region of interest (ROI) in magnetic sensitive maps was analyzed using SPIN software. As shown in Figure 1, the ROI included bilateral internal cerebral veins (ICV), septal veins (SV), thalamus veins (TV), basal veins (BV) and dentate nucleus veins (DNV). Briefly, the ROIs were manually drawn along the boundary of the full length of the vein at the maximum slice that clearly displayed the vein. Three consecutive slices were then measured at the same location and averaged, avoiding the influence of air-cranial junction and ventricular system. Due to the small range of the SV and DNV in some patients, it could not be clearly displayed at three consecutive slices, then the same part was repeatedly measured three times and averaged. In order to ensure maneuverability of measurement, the ROI should select vessels with clear display and relatively fixed. The ROIs were manually drawn by two neuro-radiologists (neuro-radiologist 1 with 10 years of experience, neuro-radiologist 2 with 5 years of experience) in the same manner. To evaluate inter-observer reliability, the intra-class correlation coefficients (ICCs) were calculated, ICC > 0.75 was considered with inter-observer stability.


[image: image]

FIGURE 1. Region of interest (ROI) selection of cerebral vein. (1A–1C) Three continuous slices; the SV and ICV are shown front and back. (1D–1F) Three continuous slices showing the TV. (1G–1I) Three continuous slices showing the BV. (1J–1L) Three continuous slices showing the DNV.




Cognitive Scale

Neurological and cognitive functions in all subjects, including Mini-mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), Clock Drawing Task (CDT), and Activity of Daily Living Scale (ADL) were analyzed by a senior neurologist.



Statistical Analysis

Data analyses were performed using statistical package for social science (SPSS) version 20.0 and R version 3.5.3. ICC test was calculated to evaluate inter-observer reliability. Independent-samples t-test (for normally distributed data) or Mann–Whitney U test (for non-normally distributed data) was used to compare the MSV of cerebral venous between AD group and CON group. Spearman correlation analysis was performed on the MSV of cerebral venous and the MMSE score, MoCA score, CDT score, and ADL score. The correlation between clinical and laboratory data of the AD group and MSV were performed by Pearson correlation analysis (for normally distributed data) or Spearman correlation analysis (for non-normally distributed data). False discovery rate (FDR) (Benjamini-Hochberg method) was further adopted to correct for multiple comparisons. P < 0.05 was considered statistically significant.



RESULTS


Subject Characteristics

The clinical and cognitive data were summarized in Table 2. There was no significant difference in gender, age or years of education between the two groups (p > 0.05). The MMSE score, MoCA score, CDT score and ADL score in AD group were significantly different from that in CON group (p < 0.001).


TABLE 2. Clinical data.
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Cerebral Vein MSV in AD Group and CON Group

The ICC of the two neuro-radiologists were 0.809∼0.929. As shown in Figure 2 and Table 3, higher cerebral vein MSV were detected in AD group compared to CON group; significant differences were observed in bilateral TV (pL = 0.043, pR = 0.043), and left DNV (p = 0.028).


[image: image]

FIGURE 2. Comparisons of cerebral vein MSV between AD group and CON group, ★P < 0.05.



TABLE 3. Cerebral vein MSV between AD group and CON group.
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Correlation Analysis Between the MSV of Bilateral Cerebral Veins and the Cognitive Scores in AD Group

The correlation analysis results between MSV of cerebral veins and MMSE score, MoCA score, CDT score, and ADL score were represented by heat maps (Figure 3), and the significant correlation were represented by scatter plots (Figure 4). The MSV of bilateral TV (rL = −0.537, p < 0.001; rR = −0.445, p < 0.001), bilateral ICV (rL = −0.399, p = 0.002; rR = −0.327, p = 0.011) and bilateral DNV (rL = −0.398, p = 0.002; rR = −0.468, p < 0.001) were all negatively correlated with the MMSE scores. Among these, the MSV of left TV showed moderate correlation, while others showed low correlation with MMSE. Furthermore, the MSV of bilateral TV (rL = −0.463, p < 0.001; rR = −0.401, p = 0.003), bilateral DNV (rL = −0.454, p < 0.001; rR = −0.460, p < 0.001) and right SV (r = −0.311, p = 0.026) were negatively correlated with the MoCA scores. In addition, there was a significant negative correlation between the MSV of bilateral TV (rL = −0.526, p < 0.001; rR = −0.505, p < 0.001), left DNV (r = −0.398, p = 0.002), the right SV (r = −0.343, p = 0.009) and the CDT score; moderate correlation was observed between bilateral TV and CDT score, while the MSV of left DNV and right SV displayed low correlation with CDT score. Additionally, the MSV of bilateral TV (rL = 0.332, p = 0.017; rR = 0.342, p = 0.017), and the left DNV (r = 0.323, p = 0.017) were positively correlated with ADL score.


[image: image]

FIGURE 3. Heat map showing the correlation analysis between MSV of cerebral veins and clinical data, laboratory examination indexes, MMSE score, MoCA score, CDT score, ADL score in AD group. Color bar on the right side displays the value of the correlation coefficient (higher from –1 to 1, and from red to blue). *Significant correlation.
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FIGURE 4. Scatter plots showing the significant correlation between MSV of cerebral veins and MMSE score, MoCA score, CDT score, ADL score.




Correlation Analysis Between MSV of Cerebral Veins and Clinical and Laboratory Data in AD Group

The correlation analysis results between MSV of cerebral veins and clinical and laboratory data in AD group were represented by heat map (Figure 3). The MSV of left DNV (r = 0.307, p = 0.031) had a positive correlation with the course of the disease. The MSV of bilateral SV (rL = 0.280, p = 0.030; rR = 0.290, p = 0.025) were positively correlated with the total cholesterol, and the MSV of left SV (r = 0.260, p = 0.045) had a positive correlation with LDL (Figure 5). However, no correlation was found between MSV of cerebral veins and HDL, homocysteine levels (p > 0.05).
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FIGURE 5. Scatter plots showing the correlation between MSV of cerebral veins and the course of the disease, total cholesterol and LDL in AD group.




DISCUSSION

Venous oxygen level is an important factor for evaluating brain development and function. Under normal conditions, the brain consumes 20% of the total energy of the body through oxidative metabolism (Gallagher et al., 1998). The measurement of venous oxygen is crucial for analyzing the neuronal activity and brain physiology during aging and regulation of brain disease status (Donahue et al., 2009). Under normal conditions, blood oxygen level is in a relatively constant state. Nevertheless, abnormal condition, such as cerebrovascular and neurodegenerative diseases or brain trauma can affect brain oxygen levels, which may further lead to a decline of cognitive level. Previous studies have shown that vascular risk factors can participate in the pathogenesis and progression of AD (Li et al., 2011; Zhu et al., 2014; Inzelberg et al., 2015).

Previous studies have found that AD is associated with blood–brain barrier (BBB) dysfunction. BBB is an important structure that maintains the microenvironment homeostasis of the central nervous system. It can prevent pathogens and other macromolecules from entering the brain through blood circulation, excrete metabolites from brain tissues, and participate in the cerebrospinal fluid regulation and immune response (Halliday et al., 2016). BBB dysfunction leads to the accumulation of metabolites in blood vessels, increases oxygen consumption, and further reduces the venous oxygen levels. Structural alterations, atherosclerotic lesions, and impaired hemodynamic may occur in the cerebral vessels of AD patients (Meyer et al., 2008), and the peripheral nerve tissue is accompanied by axonal loss and myelin dissolution (Gouw et al., 2008), which put the brain tissue of AD patients in a hypoxic state.

In this study, QSM was first used to quantify blood oxygen levels in cerebral veins of AD patients. We found that the oxygen level of bilateral cerebral veins in AD group was generally lower than that in CON group, in addition, the proportion of deoxyhemoglobin increased, which is consistent with previous studies. However, significant differences were observed only for left DNV and bilateral TV, thus suggesting that besides the relationship between MSV and the content of deoxyhemoglobin in blood vessel, diameter of blood vessel is another important factor for the diagnosis of AD patients. Blood vessels with the small diameter are easily affected by the slice and partial volume effect during the measurement process, which leads to some deviations in the measurement results.

Furthermore, our data indicated that the MSV of bilateral TV, bilateral ICV and bilateral DNV were all negatively correlated with MMSE scores, and there was negative correlation between the MSV of bilateral TV, bilateral DNV, right SV and the MoCA scores. In addition, the MSV of bilateral TV, left DNV and right SV were all negatively correlated with CDT scores; while the MSV of bilateral TV, left DNV were positively correlated with ADL scores. Thus, to sum up, higher MSV indicates lower venous oxygen level, the lower the cognitive scores, and the worse the cognitive level. Because AD patients have low venous oxygen level and AD is a chronic progressive disease, the brain tissue may be in a state of long-term hypoxia, which will inevitably lead to the decline of brain function and consequently reduce the cognitive level.

Our findings showed the MSV of the left DNV was positively correlated with the course of disease, indicating that the longer course of disease led to lower oxygen levels of the left DNV. The development of AD is an irreversible pathological process. Consequently, the longer course of AD, leads to more serious conditions, while the decrease of cerebral venous oxygen level is positively correlated with the deterioration of the disease.

In this study, the MSV of bilateral SV were positively correlated with the total cholesterol, and the MSV of left SV had a positive correlation with LDL. We suggested that dyslipidemia influences the cerebral blood perfusion through vascular disease, further leads to decreasing of cerebral oxygen level. Previous studies have reported that, dyslipidemia was a key factor of metabolic syndrome, and increases the risk of AD (Gentile et al., 2020). Wingo et al. (2019) found that elevated LDL levels were associated with higher probability of having early-onset AD, this novel findings highlight the important role of LDL in AD pathogenesis. Besides, increased plasma homocysteine level is a strong, independent risk factor for the development of AD (Seshadri et al., 2002). However, no correlation was found between MSV of cerebral veins and homocysteine levels.

The present study has some limitations: (1) this study was a retrospective study and our subjects were all inpatients, who consulted our hospital due to obvious symptoms. The course of the disease was relatively long and the symptoms were relatively severe. Also, there were few patients with mild cognitive impairment who were not included in this study, which should be addressed by further research. (2) The AD group and CON group were of different size, thus, larger sample size is needed to reduce errors. (3) The ROI in this study was manually placed, which will inevitably lead to certain errors.



CONCLUSION

Decreasing cerebral venous oxygen level in AD patients may affect cognitive status, and associated with the deterioration of the disease in AD patients.
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Background and Purpose: The purpose of this study was to explore the changes of iron level using quantitative susceptibility mapping (QSM) in the bilateral basal ganglia region in middle cerebral artery occlusion (MCAO) patients with long-term ischemia.

Methods: Twenty-seven healthy controls and nine patients with MCAO were recruited, and their QSM images were obtained. The bilateral caudate nucleus (Cd), putamen (Pt), and globus pallidus (Gp) were selected as the regions of interest (ROIs). Susceptibility values of bilateral ROIs were calculated and compared between the affected side and unaffected side in patients with MCAO and between patients with MCAO and healthy controls. In addition, receiver operating characteristic (ROC) curves were performed to evaluate the diagnostic capability of susceptibility values in differentiating healthy controls and patients with MCAO by the area under the curve (AUC).

Results: The susceptibility values of bilateral Cd were asymmetric in healthy controls; however, this asymmetry disappeared in patients with MCAO. In addition, compared with healthy controls, the average susceptibility values of the bilateral Pt in patients with MCAO were increased (P < 0.05), and the average susceptibility value of the bilateral Gp was decreased (P < 0.05). ROC curves showed that the susceptibility values of the Pt and Gp had a larger AUC (AUC = 0.700 and 0.889, respectively).

Conclusion: As measured by QSM, the iron levels of the bilateral basal ganglia region were significantly changed in patients with MCAO. Iron dyshomeostasis in the basal ganglia region might be involved in the pathophysiological process of middle cerebral artery stenosis and occlusion. These findings may provide a novel insight to profoundly address the pathophysiological mechanisms of MCAO.

Keywords: middle cerebral artery occlusion, quantitative susceptibility mapping, iron, susceptibility, basal ganglia region


INTRODUCTION

It is well-established that stroke has been one of the most common cerebrovascular diseases that could generate neuronal deaths and subsequent disability and mortality. According to pathological origins, stroke can be divided into two forms, ischemic and hemorrhagic stroke, and ischemic stroke accounts for the majority of patients (Mohan et al., 2009). Notably, middle cerebral artery stenosis and occlusion is the most frequent ischemic subtype in clinical practice and the most widely selected experimental model to elucidate the pathophysiology of cerebrovascular ischemic lesions. Although non-infectious neuroinflammation, oxidative stress, and metabolic disturbances of metal ions have been implicated in the process of middle cerebral artery occlusion (MCAO) (Fujioka et al., 2003; Kamel and Iadecola, 2012), the pathogenesis of MCAO has not been fully elucidated.

Iron, mainly stored in the form of ferritin or hemosiderin in brain tissue, is indispensable to the maintenance of normal brain function as it is an important cofactor for various enzymes involved in neurotransmitter synthesis, oxygen transport, electron transfer, and myelin generation (Connor et al., 2001; Munoz and Humeres, 2012). Regardless of the crucial roles in normal physiological functions, overloading of iron in the brain might trigger an abnormal release of toxic free radicals and consequent oxidative damage (Bolt and Marchan, 2010; Kell, 2010). Consistently, recent studies indicated that excessive iron deposition in brain tissue was closely linked to a variety of neurodegenerative diseases, such as Parkinson's disease (PD), Alzheimer's disease (AD), and stroke, which validated the underlying role of brain iron in the pathogenesis and progression of cognitive symptoms (Bishop et al., 2011; Acosta-Cabronero et al., 2013; Murakami et al., 2015; Du et al., 2016).

Compared with the traditional iron measurement techniques, susceptibility weighted imaging (SWI) (Schafer et al., 2009; Shmueli et al., 2009) and quantitative susceptibility mapping (QSM) can non-invasively and quantitatively detect the magnetic susceptibility values of brain tissue with higher specificity and sensitivity. Previous studies had found that the susceptibility value of tissue acquired by QSM was positively correlated with the iron level in deep gray matter nuclei (Langkammer et al., 2012; Deistung et al., 2013; Lim et al., 2013; Sun et al., 2015), which further verified the specific advantage in the measurements of tissue iron content. Currently, QSM has been increasingly used for the diagnosis, grading, and severity prediction of neurodegenerative diseases, both in clinical practice and experimental investigation.

The blood and oxygen in the basal ganglia regions are mostly supplied by the middle cerebral artery, and only a small part is supplied by the anterior cerebral artery and the choroid artery. Ischemia induced by MCAO could cause a variety of pathophysiological complications and subsequently result in brain function disorders and brain damage. Interestingly, the ischemic damages were found not only in the regions supplied by the MCA but also in deep regions such as the basal ganglia region, hippocampus, hypothalamus, and thalamus (Fujioka et al., 2003; El Amki et al., 2015; Pang et al., 2015). A possible explanation is the concomitant occlusions of deep and small cerebral arteries arising directly from the internal carotid artery, at the proximity of the origin of MCA (El Amki et al., 2015). Moreover, several studies have found that long-term ischemia could result in oxidative stress, non-infectious neuroinflammation, acidosis, and metabolic disturbances of metal ions such as calcium (Siesjo, 1988; Kamel and Iadecola, 2012; Yushmanov et al., 2013; Liu et al., 2014). However, it remains unknown whether the metabolism of iron in the basal ganglia regions would change after a long-term ischemia. We speculated that the iron level in the basal ganglia regions may change along with ischemic brain damage secondary to MCAO. The purpose of this study was to explore the changes of iron level using QSM in the bilateral basal ganglia region in MCAO patients with long-term ischemia.



MATERIALS AND METHODS


Subjects

This study protocol was approved by the Ethics Committee of China-Japan Friendship Hospital and informed consent of all the participants was obtained. The severity of stroke of all the participants was measured by the NIH Stroke Scale (NIHSS) scale. A total of 27 healthy controls and 9 adult patients with MCAO were enrolled in this research. The patients with MCAO visited the Department of Neurology of China-Japan Friendship Hospital between March 2018 and March 2019. The diagnosis of MCAO was made by neurological physicians based on clinical symptoms, CT results, conventional MRI, and MR angiography. Patients with MCAO were selected if they met the following criteria: (a) the MR image has no artifacts; (b) the clinical information of the participants is complete and the participants had no other brain diseases, such as tumors or dementia; and (c) the participants had no visual and hearing impairment, capable of coordinating with the completion of scale and MRI examination. There were five cases of left middle cerebral artery occlusion and four cases of right middle cerebral artery occlusion in the patient group. There were five males and four females, with an average age of 61.7 ± 12.3 years (38–79 years). All patients had chronic ischemia and were right-handed. Table 1 shows the detailed clinical information of the nine patients with MCAO.


Table 1. Detailed clinical information of nine patients with MCAO.

[image: Table 1]

Healthy controls were recruited from the local communities. Inclusion criteria were as follows: (a) ages range 54–79 (including 54 and 7 years); (b) being right-handed; (c) the patient has no basic diseases such as hypertension and diabetes, no cognitive impairment, and no family history of neurological and psychiatric illness; and (d) MRI examination reveals only small lacunar infarcts. Healthy controls suffering from cardiovascular, neurologic, metabolic, and psychiatric disorders or brain abnormalities were excluded from this study. Finally, 27 healthy controls were enrolled in the present study, 9 males and 18 females, with an average age of 65.1 ± 7.6 years (54–79 years). Table 2 shows all the subjects' clinical information. All subjects received T1-weighted imaging, T2-weighted imaging, 3D T1-weighted imaging, and quantitative susceptibility mapping.


Table 2. Demographic data of healthy controls and patients with MCAO.
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MR Imaging Protocol

A 3.0-T MRI scanner (GE Healthcare, Discovery MR750, Milwaukee, USA) equipped with an eight-channel head coil was used to acquire the data. All participants underwent a T2-weighted imaging scan to exclude craniocerebral organic diseases.

A 3D gradient-echo (GRE) sequence was used for quantitative susceptibility mapping. The parameters were field of view (FOV) = 256 × 256 mm, matrix size = 256 × 256, slice thickness = 1.0 mm, echo time (TE) = 3.2 ms, repetition time (TR) = 22.9 ms, flip angle (FA) = 12°, and scan time = 4 min 24 s.

A 3D T1WI structure image was reconstructed using three-dimensional fast spoiled gradient-echo sequences (3D FSPGR): FOV = 256 × 256 mm, matrix size = 256 × 256, slice thickness = 1.0 mm, TR = 6.7 ms, TE = min full, FA = 12°, number of slices = 192, and scan time = 4 min 10 s.



QSM

We performed several processing steps to calculate the quantitative susceptibility mapping from the obtained MR phase images. Firstly, a Laplacian-based phase unwrapping was used to perform the phase unwrapping images. Then, we acquired a brain mask using skull-stripping the GRE magnitude image obtained at a TE of 10 ms. Secondly, the phase unwrapping images were divided by 2π*TE to get images of the frequency shift in hertz for each echo. Thirdly, background fields were removed with the variable spheric kernel size sophisticated harmonic artifact decrease for the phase-data (V-SHARP) method with a regularization parameter of 0.05 and a maximum radius of 4 mm. Compared with single-echo reconstruction, we averaged the resulting images of all five echoes to acquire a better signal-to-noise ratio after elimination of background fields. Finally, inverse dipole calculations using a least squares and QR factorization-based minimization was performed to get the QSM imaging.



Image Segmentation

In the present study, the caudate nucleus (Cd), putamen (Pt), and globus pallidus (Gp) were selected as the regions of interest (ROIs) (Figure 1A). Firstly, the GRE quantitative susceptibility mapping was co-registered to the 3D T1WI, which is to better define the boundaries of each gray nucleus. The ROIs were then manually segmented by two radiologists (Lei Du, 5 years of working experience; Yue Chen, 2 years of working experience) slice by slice using the FuncTool on a GE AW4.6 workstation (GE Healthcare, Milwaukee, WI). They were blinded to clinical and MR imaging information. The susceptibility value and size of three successive slices were acquired in each ROI to eliminate the effects of the occasional case. Also, the average susceptibility values of each ROI were calculated. The unit of susceptibility value was parts per million (ppm).


[image: Figure 1]
FIGURE 1. These are QSM (A) and SWI (B) images of a 50-year-old male patient with MCAO at the same level, and the caudate nucleus (Cd), putamen (Pt), and globus pallidus (Gp) (number 1–3, separately) were selected as regions of interest (ROIs), which were encircled in red line in QSM image. Compared with SWI image, QSM image can show the boundary of the Cd, Pt, and Gp more clearly. QSM, quantitative susceptibility mapping; SWI, susceptibility weighted imaging; MCAO, middle cerebral artery occlusion; ROIs, regions of interest.




Statistical Analysis

Between the patient group and the healthy control group, age was compared using two-sample t-test, and gender and handedness were compared using the chi-square (χ2) test. The data of age and education was shown in the form of mean ± SD.

The interobserver agreement of two observers was assessed using the intraclass correlation coefficient (ICC), and ICC <0.40 is poor, 0.40–0.59 is fair, 0.60–0.74 is good, and >0.74 is excellent (Oppo et al., 1998).

The paired t-test was used to assess the differences of susceptibility values between the left and right hemispheres in healthy controls and between the affected side and the unaffected side in patients with MCAO. Comparisons between patients with MCAO and the healthy controls were investigated using two-sample t-test. Moreover, receiver operating characteristic (ROC) curves were performed to evaluate the diagnostic capability of susceptibility values in differentiating patients with MCAO and healthy controls by the area under the curve (AUC) P < 0.05 was considered to be statistically significant.




RESULTS


Characteristics of All the Participants

The demographic information of all the participants is summarized in Table 2. Finally, 9 MCAO patients (5 males and 4 females, mean age 61.7 ± 12.3 years, range 38–79 years) and 27 healthy controls (9 males and 18 females, mean age 65.1 ± 7.6 years, range 54–79 years, education 10.4 ± 3.8 years) were enrolled in this study. All participants are right-handed. There were five cases of left middle cerebral artery occlusion and four cases of right middle cerebral artery occlusion in the patient group. Then, the left and right gray nuclei in each ROI were divided into the affected side group and the unaffected side group in patients with MCAO. From Table 2, we knew that gender, age, and handedness between the patient group and healthy control group are matched (P > 0.05). The interobserver variability was assessed by ICC, and a good agreement was acquired between two radiologists for the susceptibility values (Table 3).


Table 3. Intraclass correlation coefficient (ICC) of bilateral caudate nucleus (Cd), putamen (Pt), and globus pallidus (Gp) in patients with MCAO and healthy controls.
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The QSM image showed the location of the bilateral Cd, Pt, and Gp in a 50-year-old male patient with MCAO (Figure 1A). Figure 1A shows that there were significant differences between the ROI and surrounding brain regions as seen by the naked eyes, indicating that the iron level in the Cd, Pt, and Gp is more than that in the surrounding brain region. Figure 1B displays a SWI image at the same level as QSM. Compared with the SWI image, the QSM image could show the boundary of the Cd, Pt, and Gp more clearly.



Comparisons of Susceptibility Values Between the Affected Side and Unaffected Side in Patients With MCAO and Between Left and Right in Healthy Controls

The mean and SD of the susceptibility values of the Cd, Pt, and Gp in all participants are summarized in Tables 4, 5. There were significant differences between the left and right susceptibility values of the Cd in the healthy controls, and the right was slightly higher than the left. Also, there were no significant differences between the left and right Pt and Gp in the healthy controls and no significant differences between the affected side and unaffected side in all ROI in patients with MCAO (Figure 2).


Table 4. Mean and SD of the susceptibility values of bilateral caudate nucleus (Cd), putamen (Pt), and globus pallidus (Gp) in all participants.
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Table 5. Mean and SD of the susceptibility values of the affected side and unaffected side caudate nucleus (Cd), putamen (Pt), and globus pallidus (Gp) in all participants.
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FIGURE 2. Comparisons the left and right ROIs in healthy controls (A), and comparisons of the affected-side and unaffected-side ROIs in patients with MCAO (B). Data was mean ± SD, N = 27 for healthy controls, and N = 9 for MCAO patients. Paired t-test was conducted between bilateral hemispheres for the same patient and P < 0.05 was considered as significant. MCAO, middle cerebral artery occlusion; ROIs, regions of interest; SD, standard deviation.




Comparisons of Susceptibility Values Between Patients With MCAO and Healthy Controls

To facilitate the comparison between the patient group and the healthy control group, we calculated the average susceptibility values of the left and right ROI, since there was no significant difference between the left and right ROI both in MCAO patients and healthy controls, except the Cd of the patient group. There was no significant difference between the healthy group and the MCAO patient group both in the affected side and unaffected side of the Cd. Figure 3 shows the comparisons between the healthy group and the patient group in the Pt and Gp. Figure 3 shows that the susceptibility values of the Pt were significantly higher in patients with MCAO than those in the controls (P < 0.05), and the susceptibility values of the Gp were significantly lower in patients with MCAO than those in the controls (P < 0.05).


[image: Figure 3]
FIGURE 3. Comparisons between healthy controls and patients with MCAO in putamen (Pt) (A), and globus pallidus (Gp) (B). Data was mean ± SD, N = 27 for healthy controls, and N = 9 for patients with MCAO. Two sample t-test was conducted between two groups and P < 0.05 was considered as significant. MCAO, middle cerebral artery occlusion; Cd, caudate nucleus; Pt, putamen; Gp, globus pallidus; SD, standard deviation.


The susceptibility values of the bilateral Pt in MCAO patients were significantly higher than those in the controls. Figure 4 shows that the AUC of average susceptibility values of the bilateral Gp (AUC = 0.889) was larger than the others, including the left Cd, right Cd, and bilateral Pt (AUC = 0.761, 0.679, and 0.700, respectively). The cutoff of the susceptibility value of Pt was 0.0996. The sensitivity and specificity for identifying patients with MCAO from the controls were 66.7 and 66.7%, respectively. In contrast, the susceptibility values of the bilateral Gp in patients with MCAO were significantly lower than those in the controls (P < 0.05). The cutoff of the susceptibility value for Gp was 0.1408. The sensitivity and specificity for differentiating patients with MCAO from the controls were 77.8 and 81.5%.


[image: Figure 4]
FIGURE 4. Receiver operating characteristic (ROC) curve was generated using the left Cd, right Cd, bilateral Pt, bilateral Gp for differentiating MCAO patients and healthy controls. This figure showed that the area under the curve (AUC) of average susceptibility values of the Gp (AUC = 0.889) was larger than others, including left Cd, right Cd, bilateral Pt (AUC = 0.761, 0.679, and 0.700, separately). ROC, receiver operating characteristic; Cd, caudate nucleus; Pt, putamen; Gp, globus pallidus; MCAO, middle cerebral artery occlusion; AUC, area under the curve.





DISCUSSION

In the current study, susceptibility values acquired by QSM were used to investigate the alterations of the iron level in the bilateral basal ganglia region in patients with MCAO. We found some alterations of susceptibility values in patients with MCAO and some significant differences between patients with MCAO and healthy controls. More specifically, the susceptibility values of the Pt in patients with MCAO were significantly higher than those in healthy controls, and the susceptibility values of the bilateral Gp were significantly lower in patients with MCAO than in the healthy controls. In addition, the results also showed that the susceptibility values of bilateral Cd were asymmetric in healthy controls; however, the asymmetry disappeared in patients with MCAO. There were no significant differences between the affected side and the unaffected side in patients with MCAO.

The human cerebrovascular system has several compensatory neuroprotective approaches in response to ischemic attack, which help to diminish the neuronal damage. During the disease process of middle cerebral artery stenosis or occlusion, the compensatory neuroprotective mechanisms would be automatically activated if ipsilateral cerebral blood flow is insufficient and impacts normal brain function. Principal compensation approaches include the opening of communicating branches of Willis circle, the increase of vascular internal diameter, bloodstream speeding, and so on. The above compensatory reflections may contribute to the abnormal iron metabolism and consequent alterations of iron level in the bilateral basal ganglia region, which was found in the present study. However, further research is necessary to investigate it.

Iron plays a vital role in maintaining numerous fundamental biological functions of the human brain. However, disorders of iron homeostasis or excessive iron accumulation may lead to abnormal generation of toxic free radicals and consequent oxidative damage (Bolt and Marchan, 2010; Kell, 2010), which are molecular and pathological characteristics of some neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and Huntington's disease (Ward et al., 2014; Masaldan et al., 2019; Thomas et al., 2020).

In the current study, we found that a significant increase of iron levels in the Pt was presented in patients with MCAO, indicating that MCAO could result in pathological changes of microscopic and molecular properties in the basal ganglia region. Possible interpretations for this pathological alteration are as follows: Firstly, inadequate blood flow and oxygen supply induced by MCAO can result in the proliferation, activation, and migration of astrocytes and microglia (Hu et al., 2015; Gulke et al., 2018; Zhang et al., 2019). Astrocytes and microglia significantly impact iron transport or storage mechanisms, which were involved in iron-mediated toxicity (Bishop et al., 2011). Secondly, ischemic stroke, including MCAO, can trigger a cascading pathological noninfectious neuroinflammation and the subsequent excessive release of proinflammatory cytokines, including interleukin-1 (IL-1), tumor necrosis factor alpha (TNF-α), and interleukin-6 (IL-6) (Fujioka et al., 2003; Wang et al., 2007; Chamorro et al., 2016). Neuroinflammation might affect the iron homeostasis in the CNS glia. Abnormal TNF-α release could result in increased uptake and retention of iron both in astrocytes and microglia (Rathore et al., 2012). Thirdly, we speculated that injury of the blood–brain barrier induced by ischemia attack might be another reason leading to iron deposition. It is well-recognized that the blood–brain barrier plays a crucial role in regulating the physiological transportation and metabolism of various endogenous substances and ions, including iron (Khan et al., 2018; Chiou et al., 2019; Jackson et al., 2019; Linville et al., 2019). Ischemia-related damage of endothelial cells of the blood–brain barrier significantly impairs the normal absorption of iron, and excessive amounts of iron consequently cross into the brain tissue and can be absorbed by microglia and astrocytes (McCarthy and Kosman, 2015; Simpson et al., 2015; Bu et al., 2019; Yan and Zhang, 2019), which eventually leads to increased iron level in the Pt.

Accumulating studies indicated that iron overloading and the consequent spontaneous release of neurotoxic free iron in these brain regions could result in neuronal death and memory dysfunction (Rouault, 2001). It had been demonstrated that neuronal death of the Cd and Pt could result in a series of neurocognitive dysfunctions including cognition deficit (Petty et al., 1996; Du et al., 2018). Our findings in this study provided a probable explanation regarding the neurological symptoms manifested in MCAO patients.

Interestingly, the iron level in the bilateral Gp in MCAO patients was significantly decreased when compared with that in healthy controls. Possible explanations are as follows: Firstly, a significant fluctuation of brain iron may occur during the poststroke recovery. Following the ischemic attack, various endogenous brain repair processes would be activated and engaged in functional recovery (Zhang and Chopp, 2015; Zhao and Willing, 2018). Notably, it had been demonstrated that iron metabolism was involved in the spontaneous repair in chronic ischemic brain regions (Shin et al., 2018; Kim et al., 2020). We postulated that the active iron transport and the imbalance of iron metabolism along with the brain repair process may result in a decreased iron level in some brain nucleus. Secondly, the TNF-α and interferon-γ expressed by activated microglia presented an iron-mediated toxic effect on oligodendrocytes (Zhang et al., 2005), which could trigger a subsequent release of intracellular iron (Zhang et al., 2006). The liberated iron could be detoxified and cleared from the brain region, which ultimately decreased the iron level. In addition, the decrease of blood supply and iron-rich erythrocytes after MCAO might be another reason for this phenomenon. Decreased cerebral blood flow implied a significant reduction of iron coming from erythrocytes in affected brain regions, such as the Gp.

The limitations of this study should not be neglected. First, the number of patients with MCAO enrolled in this study was limited, and the conclusions need to be verified by future studies with a larger sample size. Second, the voxel of imaging was large, and a single voxel displayed an average measurement of the neuronal environment. Third, it is hard to completely avoid the slight errors when drawing the ROIs due to the undefined nucleus boundary in current images. Therefore, further study should be conducted to thoroughly explore the potential pathophysiological roles of the basal ganglia region in patients with MCAO and the correlations between the occurrence and progression of ischemia and the alterations of the iron level in the basal ganglia region.



CONCLUSIONS

As measured by QSM, iron levels of the bilateral basal ganglia region were significantly changed in patients with MCAO. Iron dyshomeostasis in the basal ganglia region might be involved in the pathophysiological process of middle cerebral artery stenosis and occlusion. These findings may provide a novel insight to profoundly address the pathophysiological mechanisms of MCAO.
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This study adopted diffusion tensor imaging to detect alterations in the diffusion parameters of the white matter fiber in Alzheimer’s disease (AD) and used quantitative susceptibility mapping to detect changes in magnetic susceptibility. However, whether the changes of susceptibility values due to excessive iron in the basal ganglia have correlations with the alterations of the diffusion properties of the white matter in patients with AD are still unknown. We aim to investigate the correlations among magnetic susceptibility values of the basal ganglia, diffusion indexes of the white matter, and cognitive function in patients with AD. Thirty patients with AD and nineteen healthy controls (HCs) were recruited. Diffusion indexes of the whole brain were detected using tract-based spatial statistics. The caudate nucleus, putamen, and globus pallidus were selected as regions of interest, and their magnetic susceptibility values were measured. Compared with HCs, patients with AD showed that there were significantly increased axial diffusivity (AxD) in the internal capsule, superior corona radiata (SCR), and right anterior corona radiata (ACR); increased radial diffusivity (RD) in the right anterior limb of the internal capsule, ACR, and genu of the corpus callosum (GCC); and decreased fractional anisotropy (FA) in the right ACR and GCC. The alterations of RD values, FA values, and susceptibility values of the right caudate nucleus in patients with AD were correlated with cognitive scores. Besides, AxD values in the right internal capsule, ACR, and SCR were positively correlated with the magnetic susceptibility values of the right caudate nucleus in patients with AD. Our findings revealed that the magnetic susceptibility of the caudate nucleus may be an MRI-based biomarker of the cognitive dysfunction of AD and abnormal excessive iron distribution in the basal ganglia had adverse effects on the diffusion properties of the white matter.
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INTRODUCTION

Alzheimer’s disease (AD) is recognized as a degenerative disease characterized by cognitive dysfunction and memory disorder, and the number of patients with AD is in the first place in senile dementia (Zhong et al., 2004; Arfanakis et al., 2007; Chen et al., 2007). From 2000 to 2017, the number of deaths from AD increased by 45% (Gaugler et al., 2019). Until now, people with AD have suffered because there is no way to stop the progression of AD, so it is critical to find early pathological changes and brain imaging changes for early diagnosis and early treatment. Some studies have shown that amyloid-β (Aβ) plaque, phosphorylated tau protein, and pathological iron deposition in the brain cause damage to the neurons and axons (Hardy, 2006; Pena et al., 2006; Takahashi et al., 2017).

Diffusion tensor imaging (DTI) has recently emerged as a non-invasive and effective neuroimaging method that provides valuable imaging clues to detect changes in the diffusion function of the fiber fasciculus in terms of neuropsychiatric diseases. Axial diffusivity (AxD), radial diffusivity (RD), mean diffusivity (MD), and fractional anisotropy (FA) are the common and representative DTI metrics (Alexander et al., 2007; Amlien and Fjell, 2014; Alves et al., 2015). AxD indicates the velocity of water diffusion along the longitudinal axis, and FA can measure the degree of directionality of water diffusion. Previous DTI studies have explored that white matter fiber alterations are widespread in AD. Generally, the alterations of the white matter in AD exist in the corpus callosum, cingulum bundle, internal capsule, fornix, as well as prefrontal lobe, posterior parietal, and medial frontal regions of the white matter (Sun et al., 2004; Naggara et al., 2006; Mielke et al., 2009; Teipel et al., 2012; Madhavan et al., 2016; Araque Caballero et al., 2018).

Quantitative susceptibility mapping (QSM) is a non-invasive MRI technology that enables to quantify the magnetic susceptibility properties of the tissues in vivo (Schweser et al., 2012), and the susceptibility value can be used to reflect the iron level of the brain tissue. Several studies have shown that excessive iron deposition was found in some degenerative diseases, such as AD and Parkinson’s disease (PD) (Mitsumori et al., 2009; Oshiro et al., 2011). Furthermore, studies about AD in in vivo, in vitro, postmortem, and animal models have found that the magnetic susceptibility values were increased in the basal ganglia, such as the caudate nucleus and the putamen (Acosta-Cabronero et al., 2013; Hwang et al., 2016; Moon et al., 2016).

Although previous studies have explored the brain iron overload and diffusion parameter changes, whether the changes of susceptibility values due to excessive iron in the basal ganglia have correlations with the alterations of the diffusion properties of the white matter of patients with AD are still unknown. This study aimed to detect the diffusion index changes of the white matter fibers using the tract-based spatial statistics (TBSS) and explored the magnetic susceptibility changes of the basal ganglia. We then examined the relationships between iron deposition and the changes of white matter integrity in AD patients.



MATERIALS AND METHODS


Subjects

The ethics committee of China–Japan Friendship Hospital has approved this study, and the study obtained informed consent from all subjects. Thirty patients with AD and twenty healthy controls (HCs) were recruited in this study. AD patients were recruited when they visited the Department of Neurology of China–Japan Friendship Hospital in November 2015 and March 2019. Inclusion criteria of patients with AD were as follows: (a) conforming to the diagnostic criteria of the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) (Acosta-Cabronero et al., 2013; Du et al., 2018), (b) no abnormal brain changes in conventional MRI examination, (c) right-handed, and (d) the MRI images are complete and have no artifacts. Exclusion criteria of patients with AD were as follows: (a) brain organic lesions; (b) neuropsychiatric diseases; (c) alcohol and drug dependence; (d) severe history of heart, lung, liver, and kidney diseases; (e) metabolic diseases, such as hypothyroidism and vitamin B12 deficiency; and (f) MRI contraindications. HCs were recruited from the local communities. Inclusion conditions of HCs were as follows: (a) no psychoses and neurological diseases, (b) no abnormal brain changes in conventional MRI examination, (c) Mini-Mental State Examination (MMSE) scores were between 26 and 30, (d) right-handed, and (d) the MR images are complete and have no artifacts. One HC was excluded because of incomplete images. The total number of all subjects is 49, which consists of 30 patients with AD and 19 HCs. The MMSE scale and Montreal Cognitive Assessment (MoCA) scale were used to assess the cognitive performance of all patients. All participants received conventional MRI, DTI, and QSM scanning.



MRI Scan Acquisition

MRI examinations consisting of DTI and QSM were executed on a 3.0 T device using eight-channel head coils (Discovery MR750 scanner; GE Medical Systems, United States). Research sequences included a spin-echo echo-planar sequence (EPI) to acquire the DTI images with 64 encoding directions (b = 1,000 s/mm2) and eight b0 reference images (b = 0 s/mm2) [repetition time (TR) = 8,028 ms, echo time (TE) = 81.8 ms, flip angle (FA) = 90°, slice thickness = 2 mm, matrix = 120 × 120, and field of view (FOV) = 240 × 240 mm2] and a 3D gradient echo (GRE) sequence to acquire QSM images (TE = 3.2 ms, TR = 22.9 ms, FA = 12°, slice thickness = 1 mm, bandwidth = 62.5 Hz/pixel, FOV = 256 × 256 mm2, matrix size = 256 × 256).



Image Preprocessing

Briefly, DTI preprocessing included images format conversion using the dcm2niix tool, head motion eddy correction, gradient direction correction using the FMRIB’s Diffusion Toolbox (FDT), acquisition of brain mask using the Brain Extraction Tool (BET), and diffusion tensor calculation to output AxD, MD, FA, and RD (Lin et al., 2020). The above procedures used the FSL software1 running in Linux.

QSM reconstruction included loading magnitude/phase images, creating brain mask based on the magnitude images, phase unwrapping based on Laplacian algorithm, background phase removing, using the streaking artifact reduction method for QSM (STAR-QSM) to reconstruct QSM images, and region of interest (ROI) drawing were implemented using the STI Suite software2 in Matlab 2013b (Li et al., 2011; Schweser et al., 2011; Wei et al., 2015).



TBSS Processing

After diffusion tensor images were preprocessed, voxel-wise analysis was performed using the TBSS toolbox. Individual FA images were mapped onto the FMRIB58 FA template, performed the non-linear registration to transform into Montreal Neurological Institute 152 (MNI152) standard space, and skeletonized using standard parameters (Smith et al., 2006). The mean FA images and the mean FA skeleton maps were generated, taking a threshold of 0.2 for the mean FA skeleton. Furthermore, individual FA images, AxD images, RD images, and MD images were mapped onto the mean FA skeleton, respectively. The code tbss_fill was used for results expansion, which can visualize the manifestation of realistic analysis easily. FSLview was adopted to view results. Some auxiliary commands, such as cluster, atlasquery, and fslmeants, were used. The atlasquery command was used to output information about the white matter fibers in clusters with significant differences. Anatomical atlas consisting of JHU white-matter tractography atlas and JHU ICBM-DTI-81 white-matter labels could identify various fiber tracts (Wakana et al., 2004; Hua et al., 2008). Afterward, the cluster program was used to acquire the statistically significant clusters information about AxD, RD, and FA (Chen et al., 2018). The fslmeants command is used to extract the mean values of the diffusion indexes of the significant difference clusters for other analysis.



Basal Ganglia Segmentation and Measurement

Some raw and unprocessed DICOM images, post-processed magnitude images, and QSM images of the same slices from the same patient’s brain can be seen in Supplementary Figure 1. After acquiring the final QSM images, we selected the basal ganglia as the ROI, and it was further divided into six ROIs: bilateral caudate nucleus, bilateral putamen, and bilateral globus pallidus as shown in Figure 1. The six ROIs are demarcated on the QSM axial images. Each ROI was manually segmented and measured the susceptibility values in three consecutive layers on axial QSM images by two radiologists to improve measurement accuracy and verify measurement consistency. They drew and measured ROIs independently and knew nothing about the subjects. The unit of susceptibility value was the international standard unit—parts per million (ppm).
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FIGURE 1. The above four pictures are the same slice of the same patient. The raw and unprocessed DICOM image (A) obtained from the MRI machine. Sensitive information, such as the patient’s name, check number, and date of birth, has been covered with black. The magnitude image (B) and QSM image (C) were obtained by the post-processing of the STI Suite software, respectively. This image (D) was obtained after drawing the regions of interest (ROIs) based on the C image. Six ROIs were drawn manually on QSM images. Red, dark blue, purple, green, yellow, and light blue are the right caudate nucleus, right putamen, right globus pallidus, left caudate nucleus, left putamen, and left globus pallidus, respectively. R, right; L, left.




Statistical Analysis

Statistical analysis was executed using the SPSS software package (IBM SPSS 26.0). The Shapiro–Wilk normality test was used to test data for normality. All variables were normally distributed except the magnetic susceptibility values of the bilateral caudate nucleus and right globus pallidus in the AD group. Two-sample t-test or non-parameter testing of two independent samples was used for intergroup comparison. Gender was compared using the chi-square (χ2) test. The intraclass correlation coefficient (ICC) was calculated to evaluate the concordance between the two radiologists’ measurements (Oppo et al., 1998; Du et al., 2018). Group differences in FA, MD, RD, and AxD were analyzed running the FSL randomise program with permutation tests (5,000 permutations) for multiple comparisons adopting the threshold-free cluster enhancement (TFCE) method (Nichols and Holmes, 2002; Winkler et al., 2014; Goodrich-Hunsaker et al., 2018). We chose gender, age, and educational years as covariates in the regression analysis (Sampedro et al., 2020). P value less than 0.05 was considered statistically different. Partial correlation analysis controlling age and gender was used for correlation analysis, and false discovery rate (FDR) was used for multiple comparison correction. Combining the FA values with the susceptibility values of the right caudate nucleus, the MMSE scores were used for multiple linear regression analysis to discover which imaging parameters contribute more to cognitive decline.




RESULTS


Subjects’ Characteristics

Participants’ demographic characteristics and the results of cognitive scales are presented in Table 1. MMSE and MoCA scores were used to assess the cognitive function of AD patients. The MMSE test revealed lower scores in AD patients than in HCs (P < 0.001). There was no significant difference in gender, age, and educational years between the AD group and the HC group.


TABLE 1. Demographic and clinical characteristics.
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Two experienced radiologists drew the ROIs and measured their magnetic susceptibility values on QSM images. ICC was calculated to show consistency between two observers. The susceptibility values measured by two radiologists were consistent, as shown in Supplementary Table 1.



Mapping Intergroup Differences of TBSS Analysis

There were statistically significant differences in AxD values between the AD group and the HC group after family wise error (FWE) correction (P < 0.05) (Figure 2). The corresponding statistically significant clusters were displayed in Table 2. The AD group had significantly higher AxD values than the HC group in two clusters including the bilateral superior corona radiata (SCR), bilateral posterior limb of the internal capsule (PLIC), bilateral anterior limb of the internal capsule (ALIC), and right anterior corona radiata (ACR). Higher RD values could be found in the right ACR, right ALIC, and genu of the corpus callosum (GCC) in AD patients. However, there was no significant difference between the AD group and the HC group after FWE correction, which was displayed in Supplementary Figure 2 and Supplementary Table 2. Lower FA values were observed in the right ACR and GCC in the AD group than in the HC group, but no significant difference after FWE multiple comparison correction, which was shown in Supplementary Figure 3 and Supplementary Table 3. The regions with statistically different MD values did not exist after FWE multiple comparison correction. The mean AxD, RD, and FA values of every cluster were extracted and compared between the AD group and the HC group, and the corresponding statistically significant results without FWE multiple comparison correction were shown in Figure 3.
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FIGURE 2. Clusters showing significant difference in axial diffusivity (AxD) values between the AD group and the HC group. The red clusters were attached to the axial images of the mean FA skeleton (green), showing significantly increased AxD values in the AD group compared with the HC group (AD > HC; FWE corrected P < 0.05). FWE, family wise error; AD, Alzheimer’s disease; HC, healthy controls.



TABLE 2. Clusters showed significant differences in AxD values.
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FIGURE 3. Intergroup comparisons of AxD values, RD values, and FA values between the AD group (red) and the HC group (blue). AxD values, RD values, and FA values of clusters were statistically different between the two groups before FWE correction. AxD, axial diffusivity; RD, radial diffusivity; FA, fractional anisotropy; AD, Alzheimer’s disease; HC, healthy controls.




Comparisons of Susceptibility Values in the Basal Ganglia Between Groups

Figure 4 showed the results about the comparisons of the susceptibility values in the basal ganglia between the AD group and the HC group. Compared with the HC group, the susceptibility values of the bilateral caudate nucleus were significantly increased in the AD group (P < 0.001).
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FIGURE 4. Comparisons of susceptibility values in the basal ganglia between the AD group (red) and the HC group (blue). The susceptibility values of the bilateral caudate nucleus were significantly higher in the AD group than in the HC group (P < 0.001). R, right; L, left; Cau, caudate nucleus; Puta, putamen; Glob, globus pallidus.




Correlations Between AxD Values, RD Values, FA Values, and Cognitive Scales

We found that the MMSE and MoCA scores of one patient were extremely low, so we removed the MMSE and MoCA scores of this patient in order to acquire reliable analysis results. The results of partial correlation analysis between the AxD values, RD values, and FA values and the MoCA scores and MMSE scores in patients with AD were shown in Figure 5. After FDR correction, the mean RD values of cluster 2 including the right ACR and GCC had significant negative correlations with the MMSE scores and the MoCA scores (r = −0.491, P = 0.007; r = −0.532, P = 0.003; Figures 5A,B). Significant positive correlations between the mean FA values and the MMSE scores or the MoCA scores were observed in Figures 5C,D (r = 0.507, P = 0.005; r = 0.528, P = 0.003). There were no significant correlations between AxD values and cognitive scores.
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FIGURE 5. Correlations between RD values, FA values, and cognitive scales in patients with AD. The mean RD values of cluster 2 have negative correlations with MMSE scores (A) and MoCA scores (B) after FDR correction (r = −0.491, P = 0.007; r = −0.532, P = 0.003). The mean FA values of cluster 1 have positive correlations with MMSE scores (C) and MoCA scores (D) after FDR correction (r = 0.507, P = 0.005; r = 0.528, P = 0.003). RD, radial diffusivity; FA, fractional anisotropy; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.




Correlations Between Susceptibility Values of ROIs and Cognitive Scales

We found that the susceptibility value of the right caudate nucleus of one patient was extremely high and it belonged to an abnormal outlier, so we removed it in order to acquire reliable analysis results. After FDR correction, the susceptibility values of the right caudate nucleus have a significant negative correlation with the MMSE scores in Alzheimer’s patients (r = −0.404, P = 0.033; Figure 6A).
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FIGURE 6. Correlations between the susceptibility values of the right caudate nucleus and MMSE scores, between the susceptibility values of the right caudate nucleus and the AxD values of cluster 2 in patients with AD. The susceptibility values of the right caudate nucleus have a negative correlation with MMSE scores after FDR correction (A) (r = −0.404, P = 0.033). The mean AxD values of cluster 2 have a positive correlation with the susceptibility values of the right caudate nucleus after FDR correction (B) (r = 0.444, P = 0.016). MMSE, Mini-Mental State Examination; AxD, axial diffusivity; R_Cau, right caudate nucleus.




Correlations Between Diffusion Parameters and Susceptibility Values of the Right Caudate Nucleus

The mean AxD values of cluster 2 including the right ALIC, right PLIC, right ACR, and right SCR were positively correlated with the susceptibility values of the right caudate in patients with AD after FDR correction (r = 0.444, P = 0.016; Figure 6B).



Multiple Linear Regression Analysis

In multiple linear regression analysis, the FA values and the susceptibility values of the right caudate nucleus were independent predictors, and the MMSE scores were used to assess the cognitive function of patients with AD. We combined the FA values with the susceptibility values of the right caudate nucleus to find out which contributed more to the cognitive decline in patients with AD. It was shown in Table 3 that both the FA values and the susceptibility values of the right caudate nucleus contributed to cognition decline, but the latter contributed more.


TABLE 3. Multiple linear regression results for different predictors.
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DISCUSSION

This study mainly found increased AxD values and RD values and decreased FA values of patients with AD compared with HCs. The susceptibility values of the bilateral caudate nucleus were increased in patients with AD. The increased AxD values in patients with AD were discovered in the right ACR, bilateral SCR, PLIC, and ALIC. Higher RD values were discovered in the right ACR, ALIC, and GCC in patients with AD. Similarly, decreased FA values were observed in the right ACR and GCC. In addition, RD values and FA values were significantly correlated with cognitive scores, and the susceptibility values of the right caudate nucleus had a significant negative correlation with MMSE scores. It is worth noting that AxD of cluster 2 including the right SCR, ACR, ALIC, and PLIC was positively correlated with the magnetic susceptibility values of the right caudate nucleus.

Our findings found that patients with AD showed higher AxD values in the right ACR, bilateral SCR, ALIC, and PLIC and higher RD values in the right ACR, ALIC, and GCC than HCs. In addition, RD values had significantly negative correlations with the MMSE scores and the MoCA scores. Several previous articles summarized the white matter fiber bundles related to important physiological function, such as the internal capsule and the corpus callosum (Medina and Gaviria, 2008; Lo Buono et al., 2020). The internal capsule, corpus callosum, and corona radiate have complex anatomic connectivity that supports cognitive, sensory, and motor systems in the cortex (Gage and Baars, 2018). A good example is the presence of frontal bridge bundles and prethalamic radiation in the ALIC, if the ALIC is damaged, it may cause memory loss, anxiety, inattention, and so on. Our findings were consistent with some previous studies (Pievani et al., 2010; Chitra et al., 2017; Mayo et al., 2017, 2019; Bigham et al., 2020). Increased AxD values are relevant to axonal injury and Wallerian degeneration in patients. Similarly, alterations in AxD may imply axonal damage, and RD is likely to reflect changes in myelination (Alm and Bakker, 2019). Another explanation is that decreased tissue density can increase water diffusivity, but the basic fiber directional structure remains the same in patients with AD (Englund, 1998; Bronge et al., 2002). Besides, AxD is more likely affected by myelination, axonal diameters, and axonal packing (Song et al., 2003).

Similarly, we also observed that decreased FA values existed in the right ACR and GCC of patients with AD. Furthermore, the FA values and the cognitive scores including MMSE and MoCA were positively correlated. Our findings are consistent with the findings of previous studies; both found that the FA values of patients with AD are reduced (Naggara et al., 2006; Ukmar et al., 2008; Liu et al., 2011; Brueggen et al., 2019). Past studies have also shown that cognitive function is associated with diffusion indexes (Vasconcelos et al., 2009; Ling et al., 2011; Mayo et al., 2019), suggesting that white matter damage adversely affects cognitive function. FA reflects the dispersion direction of the white matter, the regular and organized white matter has higher FA values, and if the structure of the white matter becomes disordered, FA values will decrease. Therefore, FA stands for the integrity of the white matter (Stebbins and Murphy, 2009). The decrease of FA in patients with cognitive impairment may be related to the histopathological features (Parente et al., 2008). The water content of the white matter increases with the decrease of the myelin component under various pathological states (Ringman et al., 2007). The pathological basis of AD is β-amyloid deposition and neurofibrillary tangles, which can damage axonal microstructure, myelin integrity, and axonal transport (Englund, 1998; Ukmar et al., 2008). Changes in the microstructure of the white matter can affect the diffusion motion of water molecules in the brain tissues, which can be reflected and measured by using the diffusion parameters of DTI (Hanyu et al., 1997; Horsfield and Jones, 2002).

As a diffusion imaging technique, DTI is highly sensitive to changes in the white matter fiber tracts and is a valuable method for studying neurodegenerative diseases. Unlike AD, PD is a chronic progressive neurodegenerative disease. The main lesions are in the substantia nigra and striatum pathways. Bradykinesia, resting tremor, myotonia, and postural instability are the four basic manifestations of the disease. Meta-analysis studies of DTI showed decreased FA and/or increased MD in the substantia nigra, corpus callosum, frontal lobe, cingulate, and temporal lobe of patients with PD (Cochrane and Ebmeier, 2013; Deng et al., 2018). Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease involving the upper and lower motor neurons, characterized by progressive weakness of the limbs, respiratory muscles, and medulla. Reviews of DTI indicated decreased FA and/or increased RD, MD, and AxD in the corticospinal tract, PLIC, corpus callosum, and frontal white matter in patients with ALS (Filippini et al., 2010; Li et al., 2012). Huntington’s disease is an autosomal dominant neurodegenerative disease. Huntington protein accumulates in the brain and affects brain structure and function. Dyskinesia, mental disorder, and dementia are the three main characteristics of the disease. Meta-analysis study of DTI showed increased FA in the caudate, putamen, and globus pallidus, increased MD in the putamen and thalamus, decreased FA in the corpus callosum, increased RD and AD in the corpus callosum of patients with Huntington’s disease (Liu et al., 2016). There are some overlapping results in DTI studies of different neurodegenerative diseases, which may be related to the similar symptoms of these diseases, and the differences in DTI results may be related to specific structural abnormalities in specific degenerative diseases.

It is known that the susceptibility value can be used to reflect the iron level of the brain tissue. Our findings showed that the susceptibility values of the bilateral caudate nucleus increased in patients with AD and the magnetic susceptibility of the right caudate nucleus was negatively correlated with MMSE scores. The association can be supported by another study that ferritin levels of the cerebrospinal fluid have positive connection with cognitive performance (Ayton et al., 2015). Our previous work has found that the increased susceptibility values of the left caudate have decreased cognitive scores, once again proving that higher susceptibility values in the caudate nucleus, a proxy for tissue iron, can predict the cognitive decline. In multiple linear regression analysis, we discovered that both the FA values and the susceptibility values of the right caudate nucleus contributed to cognition decline, but the latter contributed more, which illustrates that the susceptibility values of the caudate nucleus influence cognitive function to a greater extent than FA values. We speculate that the magnetic susceptibility of the caudate nucleus may be a better MRI-based biomarker reflecting cognitive impairment of patients with AD. Biochemical studies of postmortem brain tissue have proven that the globus pallidus, putamen, red nucleus, and substantia nigra have the highest iron content (Griffiths and Crossman, 1993; Cornett et al., 1998; Hebbrecht et al., 1999). The basal ganglia is a major iron-accumulating brain area, especially with pathological degenerative changes, and iron accumulation in the brain of patients with AD is relevant to senile plaques and neurofibrillary tangles (Lovell et al., 1998; Masaldan et al., 2019). Iron-mediated events, such as iron leading to hyper-phosphorylation and accumulation of tau (Chan and Shea, 2006), may aggravate neurodegeneration and functional impairment, which are more complicated than iron-related oxidative injury (Masaldan et al., 2019).

Another major discovery was that the AxD values of the right SCR, right ACR, right ALIC, and right PLIC were positively correlated with the susceptibility values of the right caudate nucleus. The study has shown that disease-associated demyelination can reduce FA but does not affect AxD (Rovaris et al., 2005), indirectly providing the possibility that iron may affect AxD. In addition, some scholars have found that increased magnetic susceptibility value is associated with white matter damage (Morey et al., 2015). The myelin’s compact layers of the lamellae are held together with proteins, but they are vulnerable to destruction from reactive oxidative substances, such as iron-associated oxide and lipid peroxidation due to secondary degeneration (Baumann and Pham-Dinh, 2001), reflecting that iron does affect white matter function to a certain extent. The increased iron content and iron oxide in the caudate nucleus may cause damage to the axons and myelin, which may lead to the diffusion dysfunction of water molecules. Increased susceptibility values in specific brain regions due to excessive iron and demyelination of the white matter may indicate impaired cognitive function (Haacke et al., 2005; Carmeli et al., 2014). The explanation for asymmetry is that the right hemisphere is the important functional hemisphere and the structural and functional abnormalities in the right hemisphere may lead to earlier clinical manifestations. Therefore, at the mild stage, it may be easy to detect patients with AD who have brain structural changes and functional impairment (Ding et al., 2008).

This study found that the susceptibility values of the caudate nucleus contribute more to cognitive decline than the FA values in patients with AD and explored the relationship between diffusion function of the white matter and magnetic susceptibility of the basal ganglia. The findings provide new notions that the changes of susceptibility values due to excessive iron in the basal ganglia have correlations with the alterations of diffusion properties of the white matter in patients with AD. Our results found that the changes of susceptibility values in the right caudate nucleus were correlated with the alterations of AxD of the white matter in patients with AD, suggesting that excessive iron accumulation may affect the diffusion function of the white matter.



LIMITATIONS

This study has some limitations. Firstly, we made TBSS analysis based on whole brain instead of the ROI-based approach, which resulted in existing multiple fiber bundles in a cluster, so the latter can better explore and distinguish the specific white matter fiber associated with cognitive function. We employed two widely recognized brain atlases and had access to relevant documents to improve the accuracy of identifying fiber bundles. Secondly, the number of subjects is not enough, which may reduce the statistical effect of group analysis. In the future, our research will enlarge the number of participants to reveal the relationships between diffusion properties, magnetic susceptibility values, and cognitive function. Thirdly, we targeted only iron-rich basal ganglia and adopted simple but inaccurate manual segmentation method. Two observers separately drew ROIs and obtain the mean values to minimize inaccuracy. Other regions, such as red nucleus, substantia nigra, and hippocampus, are not in the scope of this study. They may be worthy of our follow-up research. Finally, we use the most common iron deposition as the main reason to illustrate the increased susceptibility values without considering other factors. In view of the anatomical complexity of the white matter fibers and the complexity of the biochemical and pathophysiological mechanisms in AD, further research is needed in the future.



CONCLUSION

In conclusion, our research found changes in diffusion properties and magnetic susceptibility related to AD. Diffusion properties of the white matter and magnetic susceptibility of the caudate nucleus were correlated with cognitive function, and the latter has a greater impact on cognitive decline. The susceptibility values of the caudate nucleus may be a better MRI-based biomarker of the cognitive impairment of AD. We also concluded that excessive iron accumulation may affect the diffusion function of the white matter.
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Iron has been increasingly implicated in the pathology of neurodegenerative diseases. In the past decade, development of the new magnetic resonance imaging technique, quantitative susceptibility mapping (QSM), has enabled for the more comprehensive investigation of iron distribution in the brain. The aim of this systematic review was to provide a synthesis of the findings from existing QSM studies in neurodegenerative diseases. We identified 80 records by searching MEDLINE, Embase, Scopus, and PsycInfo databases. The disorders investigated in these studies included Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, Wilson's disease, Huntington's disease, Friedreich's ataxia, spinocerebellar ataxia, Fabry disease, myotonic dystrophy, pantothenate-kinase-associated neurodegeneration, and mitochondrial membrane protein-associated neurodegeneration. As a general pattern, QSM revealed increased magnetic susceptibility (suggestive of increased iron content) in the brain regions associated with the pathology of each disorder, such as the amygdala and caudate nucleus in Alzheimer's disease, the substantia nigra in Parkinson's disease, motor cortex in amyotrophic lateral sclerosis, basal ganglia in Huntington's disease, and cerebellar dentate nucleus in Friedreich's ataxia. Furthermore, the increased magnetic susceptibility correlated with disease duration and severity of clinical features in some disorders. Although the number of studies is still limited in most of the neurodegenerative diseases, the existing evidence suggests that QSM can be a promising tool in the investigation of neurodegeneration.

Keywords: quantitative susceptibility mapping, brain, iron, Alzheimer's disease, Parkinson's disease, neurodegenerative diseases


INTRODUCTION

While the presence of iron is vital for normal function and development of the brain, excess iron deposition has been proposed to play an important role in the pathology of neurodegenerative diseases (Morris et al., 2018). Iron is a key element in several metabolic pathways throughout the body including oxidative phosphorylation and DNA synthesis and is responsible for oxygen transport in the blood. In the central nervous system (CNS), in addition to its general metabolic roles, iron plays a critical part in myelin synthesis and neurotransmitter production (Mills et al., 2010). On the other hand, there has been a growing body of evidence in recent decades suggesting a role for iron in the pathology of neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), and Huntington's disease (HD) (Masaldan et al., 2019).

The proposed role of iron in neurodegeneration is mediated through two mechanisms. In the first mechanism that can occur in all individuals regardless of illness, iron induces oxidative damage through production of reactive oxygen species and orchestrates “ferroptosis,” a recently identified form of iron-mediated cell death (see more about ferroptosis at Dixon et al., 2012) (Ndayisaba et al., 2019). The second mechanism is more disease-specific. Iron has been shown to interact with hallmark features of neurodegenerative illnesses, such as amyloid-β (Aβ) plaques, α-synuclein aggregates, and tau protein. The interplay between iron and these proteins promotes their production and aggregation, and incorporation of iron in their structure further increases the oxidizing capacity resulting in neuronal cell death (Masaldan et al., 2019; Ndayisaba et al., 2019).

For the reasons mentioned above, in vivo evaluation of brain iron has been of great interest in neurodegenerative diseases. Magnetic resonance imaging (MRI) can detect iron due to its high magnetic susceptibility. Magnetic susceptibility is a dimensionless physical property that indicates the magnetizability of a material when exposed to an applied magnetic field. Elements and compounds are categorized as paramagnetic or diamagnetic based on their magnetic susceptibility. Paramagnetic substances (such as most biologic forms of iron and copper) have a positive magnetic susceptibility, are attracted to an external magnetic field, and increase the mean tissue magnetic susceptibility. On the other hand, diamagnetic substances (such as water, myelin, and calcifications) have a negative magnetic susceptibility, are slightly repelled by an external magnetic field and decrease the mean tissue magnetic susceptibility (Liu et al., 2015; Rumble, 2020).

Mean magnetic susceptibility of organic tissues is determined by their composition and the magnetic susceptibility of their constituents. The brain tissue is generally weakly diamagnetic since water (slightly diamagnetic) constitutes 70–85% of the brain. Magnetic susceptibility varies slightly among brain regions due to the differences in their tissue composition. The major contributors to the measurable changes of magnetic susceptibility across the brain are myelin (weakly diamagnetic) and iron-containing molecules (mostly strongly paramagnetic). The largest proportion of non-heme iron in the brain is bound to ferritin, which makes up the greatest contribution to the tissue magnetic susceptibility among all iron compounds. Other forms of iron, including free and transferrin-bound iron only minimally contribute to the measured mean tissue susceptibility (Liu et al., 2015; Deistung et al., 2017; Duyn and Schenck, 2017). Another iron-containing complex that is abundant in the substantia nigra pars compacta (SNc) and locus coeruleus and constitutes a main source of magnetic susceptibility in these areas is neuromelanin. Neuromelanin is a dark pigment with a structure similar to melanin found in the skin and iris. It is produced from the oxidation of DOPA and dopamine and has high affinity and capacity for chelation of iron and other metals, constituting a major iron storage site in the catecholaminergic ganglia (Haining and Achat-Mendes, 2017).

MRI sequences that are sensitive to tissue magnetic susceptibility are used for investigation of iron. The contrast in susceptibility-based MRI techniques, such as susceptibility weighted imaging (SWI), [image: image]-weighted imaging (quantifying effective transverse relaxation), [image: image] imaging (reciprocal of [image: image]), and quantitative susceptibility mapping (QSM), arises from microscopic magnetic field shifts due to the variations of tissue magnetic susceptibility. Recently developed QSM techniques provide quantitative estimates of local magnetic susceptibility at a voxel-level (Deistung et al., 2017). In each voxel, the local magnetic field that is used to calculate susceptibility is comprised of the background field (magnetic field from sources outside the brain or even outside the scanner), the magnetic field from neighboring voxels, and the local magnetic field produced by the tissue within the voxel. The main strength of QSM compared to traditional susceptibility-sensitive imaging techniques is that it disentangles the local magnetic field from the non-local contributions by solving a complex field-to-source inversion problem (Haacke et al., 2015). Advanced inference techniques enable QSM to localize, quantify, and produce a voxel-wise mapping of mean tissue susceptibility (Haacke et al., 2015; Wang and Liu, 2015).

In the deep gray matter structures, due to less confounding effect from myelin and negligible contribution from other paramagnetic metals, QSM has been shown to reliably quantify changes of iron content (Langkammer et al., 2012). The accuracy of QSM in identifying iron deposition in these regions has been validated in post-mortem studies showing significant correlations between QSM contrast and histochemical measurement of iron (Langkammer et al., 2012; Sun et al., 2015; Hametner et al., 2018; Lee et al., 2018; Lewis et al., 2018; Wang et al., 2020). In the white matter, on the other hand, alterations in magnetic susceptibility measured by QSM may result from changes in myelin as well as iron. In other words, in the basal ganglia, an increased magnetic susceptibility is most likely arising from an increase in iron content (except in the conditions where other paramagnetic metals are also increased), while such increase in the white matter can be a result of both an increase in iron, a decrease in myelin (demyelination) or both (Hametner et al., 2018).

Over the past decade, QSM has been used by an increasing number of studies in investigations of brain changes in neurodegenerative disorders. In this paper, we systematically reviewed existing human studies that investigated brain changes in neurodegenerative diseases using QSM. It is important to note that QSM does not directly measure iron content, rather it provides an accurate measurement of tissue magnetic susceptibility. To determine whether the alterations in magnetic susceptibility are indicative of changes in iron content, the brain region where such changes are observed (white vs. gray matter), as well as the pathophysiologic processes involved in each neurodegenerative disease should be taken into account. Therefore, in reporting the findings from QSM studies, we present the direct measures made by QSM, which is tissue magnetic susceptibility. In the discussion section, we will provide the implications of the findings in terms of brain iron changes in each neurodegenerative disease separately.

The overarching aim of this review was to determine regional disease-specific patterns of brain iron distribution in these disorders. To this end, we sought to address the following questions:

• Are there any differences in brain tissue magnetic susceptibility in patients with neurodegenerative diseases in comparison to healthy individuals?

• In patients with neurodegenerative diseases, do the regional changes of magnetic susceptibility correlate with the clinical manifestations of the disease and the areas that are most affected in these conditions?

• Is there evidence that the pattern of magnetic susceptibility changes identified by QSM can differentiate neurodegenerative diseases?



METHODS AND MATERIALS


Search Protocol

This review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al., 2009; Shamseer et al., 2015). Our protocol was registered at the International Prospective Register of Systematic Reviews (https://www.crd.york.ac.uk/prospero/) (CRD42020168598) and was also published as a preprint at the publicly available domain, MedRXiv (Ravanfar et al., 2020).

We searched MEDLINE (PubMed interface), Embase (Ovid interface), Scopus, and PsycInfo (Ovid interface) databases. To ensure the inclusiveness of our search, we examined the reference lists of reviewed studies and relevant literature reviews to identify any further relevant records. Literature search strategies were developed to identify any record containing QSM or “quantitative susceptibility mapping” and any disease name under the Medical Subject Headings (https://www.ncbi.nlm.nih.gov/mesh/) subheading for “neurodegenerative diseases” in their title, abstract and keywords. Details of our search strategy can be found in our systematic review protocol, provided in Supplementary Material 1. The initial search was performed in January 2020 and amended in April 2020 to include all studies published during the time of preparing the manuscript.



Study Selection

Authors PR and SL independently screened the records for inclusion according to the eligibility criteria specified below. In the first stage, titles and abstracts were screened and studies that met our eligibility criteria were included. Full text records of the studies included in the first stage were obtained and screened in the second stage for final decision on inclusion or exclusion. The two reviewers discussed any disagreements and if a consensus could not be reached, a third reviewer (CP) adjudicated the case. Studies included in this review were human studies published as journal articles in English without any limitation of publication date, according to the following criteria.


Design

We included cross-sectional and longitudinal case control studies, retrospective and prospective. Case reports and case series were not included.



Participants

We included studies investigating patients who were formally diagnosed with any of the disorders recognized as a neurodegenerative disease according to the National Institute of Health, Medical Subject Headings (MeSH), regardless of age. It should be noted that although a large number of QSM studies in multiple sclerosis exist, since the disorder is not classified as a neurodegenerative disease in MeSH, it has not been included in this review [Studies of QSM in individuals with MS have been reviewed elsewhere (Lee et al., 2017)].

Only those studies that presented the results from an independent sample of data were included. If a study population was used in more than one study, only the first published study was included provided that it satisfied other eligibility criteria.



Investigations

Of interest to this review were the studies investigating the brain structure in neurodegenerative diseases using QSM imaging with MRI scanners of any field strength. Studies that used other susceptibility-based imaging techniques, such as SWI, [image: image], and [image: image] without QSM were excluded.



Comparators

Included studies were those that:

• compared QSM findings between each neurodegenerative disease and healthy controls and/or,

• compared different subtypes or clinical features of a disease and/or,

• examined the relationship of QSM indices with pathologic markers of the disease.

Studies that focused on the QSM protocols and technical aspects using a population of either healthy participants or patients without any comparison between patients and healthy groups were excluded.



Outcomes

The outcome measure of interest for this review was magnetic susceptibility reported in ppm (parts per million) or ppb (parts per billion). In some studies, mean susceptibility values of the brain regions of interest (ROIs) were not reported, but the results from inter-group comparisons and correlation analyses were provided. This was not considered as an exclusion factor.




Data Extraction, Synthesis, and Quality Assessment

Relevant information was extracted and recorded in summary tables for each study by PR and SL independently and compared for discrepancies. Quality assessment was performed by evaluating the risk of bias in each study using a modified version of the National Heart, Lung, and Blood Institute quality assessment tool for case-control studies which was customized to improve its application to our target studies (Supplementary Material 1). Factors, such as unclear description of study population and eligibility criteria, data processing by researchers who were not blinded to the clinical characteristics of subjects, inconsistent MRI acquisition and/or QSM processing, and failure to account for confounders, such as age in the statistical analysis, were considered to pose a risk of bias and reduce the quality of the study. Based on these factors, the risk of bias was reported as “high,” “medium,” and “low” for each study. The data extraction table and quality assessment tool are available in the systematic review protocol (Supplementary Material 1).

Due to the different methods of MRI acquisition, QSM processing, brain segmentation, and QSM reference regions among the reviewed studies, a meta-analysis was not possible. However, in an effort to quantify the magnitude of magnetic susceptibility differences between patient and healthy control groups reported by each study, we calculated the effect size (Hedge's g) for each ROI where the mean and standard deviation (or standard error of mean) were reported. Data synthesis was conducted as a narrative report with tables used to summarize and demonstrate the patterns of alteration in magnetic susceptibility across the reviewed studies for each neurodegenerative disease.




RESULTS


Search Summary

A total of 642 records were found in our search across the four different databases. After removal of 315 duplicates, the remaining 327 studies were screened for eligibility, of which 80 were included in our review (see Figure 1 for PRISMA flow diagram).


[image: Figure 1]
FIGURE 1. PRISMA flow diagram for inclusion of records (Moher et al., 2009).


The neurodegenerative diseases investigated in these studies included: AD, PD, HD, amyotrophic lateral sclerosis (ALS), Wilson's disease (WD) and rare genetic neurodegenerative diseases including Friedreich's ataxia (FRDA), multiple system atrophy (MSA), myotonic dystrophy (DM), spinocerebellar ataxia (SCA), progressive supranuclear palsy (PSP), Fabry disease, and syndrome of neurodegeneration with brain iron accumulation (NBIA). Table 1 shows the number of studies found for each neurodegenerative disease.


Table 1. Number of records included in this review for each neurodegenerative disease.

[image: Table 1]

In the following sections, we will present the findings of the review for each neurodegenerative disease structured into the following subheadings: (1) changes in tissue magnetic susceptibility when compared to healthy controls; (2) correlations between QSM findings and clinical features or other pathologic biomarkers; and (3) accuracy of QSM in differentiation of patients from healthy individuals. Reported changes of susceptibility in the brain regions examined by each study and the calculated effect size for the inter-group differences are summarized in color-coded Tables 2A–J. Detailed characteristics, main findings and quality assessment of studies are provided in the Supplementary Tables 1A–H. A summary of susceptibility changes across all neurodegenerative diseases reviewed in this paper are presented in Table 3.


Table 2. Color-coded tables for magnetic susceptibility changes in the regions of interest in each neurodegenerative disease.

[image: Table 2]


Table 3. Summary of the methods used for QSM processing and referencing in the reviewed studies.

[image: Table 3]

As shown in Table 1, there are very few QSM studies published in most neurodegenerative diseases. To adhere to the reporting standards for systematic reviews, we have included and presented the findings of all existing studies. However, to improve the readability of this paper, for the rare neurodegenerative diseases where fewer than three studies have been published (FRDA, SCA, Fabry disease, DM, PKAN, and MPAN), their relevant subheadings in the results and discussion sections have been presented in Supplementary Material 3 instead of the main text. Although, in the same way as the other disorders, their findings are presented in the Supplementary Tables 1F–H, 2, and the color coded tables (Tables 2I,J, 3).



Alzheimer's Disease and Mild Cognitive Impairment (MCI)
 
Magnetic Susceptibility Changes in Alzheimer's Disease and Mild Cognitive Impairment in Comparison With Healthy Individuals

This review included 10 studies that used QSM to evaluate brain iron changes in AD, five studies that included a group of MCI subjects (with or without an AD group), and two studies that investigated the association of QSM and Aβ or APOE4 gene in a healthy population (see Supplementary Table 1A).

The comparison of magnetic susceptibility in the subcortical structures among people with AD and healthy individuals revealed inconsistent findings. The most consistent evidence for increased susceptibility was observed in the amygdala, caudate nucleus (CN), and putamen. All three studies that investigated the amygdala reported increased susceptibility in both mild (Acosta-Cabronero et al., 2013) and moderate (Kim et al., 2017) stages of AD (Kan et al., 2020). In people with amnestic MCI (aMCI), the amygdala did not show any significant difference compared to healthy individuals (Van Bergen et al., 2016b). In the CN, six out of seven studies reported higher susceptibility in AD. This increase was detected in both mild and moderate stages of AD (Acosta-Cabronero et al., 2013; Moon et al., 2016; Kim et al., 2017; Du L. et al., 2018; Meineke et al., 2018; Kan et al., 2020) but not in MCI (Hwang et al., 2016; Van Bergen et al., 2016b; Ayton et al., 2017; Meineke et al., 2018). Only a few studies reported the mean susceptibility values in the investigated ROIs to enable the estimation of the effect size of differences between groups (Table 2A).

Among seven studies that investigated the putamen, four reported higher susceptibility in both mild and moderate AD (Acosta-Cabronero et al., 2013; Moon et al., 2016; Du L. et al., 2018; Meineke et al., 2018), while in two studies on mild to moderate and moderate AD stages, no changes were found (Hwang et al., 2016; Kim et al., 2017). One study did not provide a description of disease stage in the study population (Ayton et al., 2017). In studies of patients with MCI, none detected any change in susceptibility in the putamen (Hwang et al., 2016; Van Bergen et al., 2016b; Ayton et al., 2017; Kim et al., 2017; Meineke et al., 2018).

Among other studied regions, limited evidence for increased susceptibility was provided in moderate AD in the hippocampus (two out of six studies) (Kim et al., 2017; Kan et al., 2020), in mild-moderate AD in the globus pallidus (GP) (one out of six studies) (Tiepolt et al., 2018) and in moderate AD in the thalamus (one out of four studies) (Kim et al., 2017) (Table 2A).

Cortical gray matter was examined in five studies. Patients with early-stage AD showed increased susceptibility in widespread regions over the temporal, parietal and occipital cortices (Acosta-Cabronero et al., 2013). Further, in studies of moderate AD, clusters of increased susceptibility were distributed across the cortex including the frontal, parietal, temporal, limbic, and insular lobes (Supplementary Table 1A) (Kim et al., 2017). Other studies, however, did not report any difference of mean susceptibility in the cortex between patients with mild or moderate AD and healthy individuals (Hwang et al., 2016; Ayton et al., 2017; Tiepolt et al., 2018). Among four studies that investigated QSM in the cortex in individuals with MCI; one reported increased susceptibility in the precuneus, allocortex, and anterior and posterior cingulate gyrus (Kim et al., 2017), while the others did not detect any difference between the MCI and healthy groups (Hwang et al., 2016; Van Bergen et al., 2016b; Ayton et al., 2017) (Table 2B).



Correlation of QSM Findings in AD and MCI With Clinical Features and Other Pathologic Biomarkers

Few studies examined the relationship between QSM changes and severity of cognitive deficits in AD. An association of magnetic susceptibility with mini-mental state examination (MMSE) and Montreal cognitive assessment (MoCA) in patients with AD was reported in the left CN (Du L. et al., 2018) and GP (Tiepolt et al., 2018). However, such correlations were not replicated in the study by Moon et al. (2016). In a longitudinal study combining Aβ positron emission tomography (PET) and QSM in AD, MCI, and cognitively normal individuals, Ayton et al. (2017) followed the study population by serial neuropsychiatric assessments and neuroimaging scans over 6 years. Interestingly, in both Aβ-positive and -negative subjects, magnetic susceptibility within certain ROIs was associated with deficits in specific cognitive domains. In the Aβ-negative group, higher QSM in the frontal lobe and CN was associated with subtle deterioration in language function. In the Aβ-positive individuals (MCI and AD), magnetic susceptibility of the hippocampus correlated with decline in episodic memory, attention and executive function in serial assessments, while susceptibility values in the temporal and frontal lobes predicted decline in language functions.

In a limited number of studies, the correlation of Aβ deposition and increased magnetic susceptibility in QSM was investigated in AD. Ayton et al. (2017) reported a significant correlation of Aβ-PET signal and QSM in the frontal, parietal, and occipital cortices but not in the parietal lobe, hippocampus, CN, or cingulate gyrus. On the other hand, in the study by Tiepolt et al. (2018), where authors examined the correlation of magnetic susceptibility and Aβ-PET only in the GP, no such correlation was detected. In a recent study, ultra-high field (9.4 and 14.1T) QSM at a resolution of 37 μm isotropic voxels in the frontal cortex of a post-mortem brain from a patient with AD showed that the pattern of increased susceptibility in the cortical layers strongly matched the Aβ depositions in histochemical staining (Tuzzi et al., 2020). In individuals with MCI, increased susceptibility significantly correlated with Aβ deposition in the cortical regions where altered functional coupling with the medial prefrontal cortex was shown in fMRI (Van Bergen et al., 2016b), while in healthy individuals, the significant correlation of magnetic susceptibility and Aβ PET signal was detected in clusters spread across the cortex and subcortical gray matter, with the strongest correlations in the GP, CN, and putamen (Van Bergen et al., 2018).

The association between APOE-e4 gene and QSM was investigated in two studies. Van Bergen et al. (2016b) studied a group of MCI subjects (n = 15) in comparison with healthy controls (n = 22). Forty percent of the MCI group and thirty-one precent of the control group were APOE-e4 carriers. While no differences of magnetic susceptibility in any of the ROIs existed between the MCI and healthy groups, in the MCI group, APOE-e4 carriers had significantly higher susceptibility in the CN as well as frontal, parietal, occipital, and temporal cortices than APOE-e4 negative subjects. In another study, Kagerer et al. (2020) reported no significant variation of susceptibility between APOE-e4 positive and APOE-e4 negative cognitively healthy adults. However, increased magnetic susceptibility and positive APOE-e4 gene status, were synergistically associated with increased default mode network activity. This relationship was most pronounced in the posterior cingulate cortex, precuneus, and lateral parietal cortex. In this study, the authors did not report any correlation with the cognitive control network, which would be relevant to the disorders of cognition.



Diagnostic Accuracy of QSM in Differentiation of Patients With AD From Healthy Individuals

A number of studies used the Receiver Operating Characteristic (ROC)-curve analysis to evaluate the diagnostic accuracy of QSM in differentiation of people with AD and MCI from healthy subjects. In AD vs. healthy controls, high sensitivity, and specificity was observed for magnetic susceptibility of the GP (90 and 100%, respectively) (Tiepolt et al., 2018), while the CN showed lower accuracy (sensitivity and specificity = 61.67%) (Du L. et al., 2018).

Kim et al. (2017) examined both AD and MCI in comparison with healthy controls. The area under curve (AUC) was 0.850, 0.831, and 0.803 for susceptibility of the precuneus, amygdala, and hippocampus, respectively, showing good accuracy in differentiation of AD from healthy groups. Furthermore, in differentiation of people with MCI from healthy individuals, susceptibility in the hippocampus, thalamus, precuneus, and various cortical areas showed moderate accuracy (AUC: 0.692–0.759). In the comparison between MCI and healthy controls by Hwang et al. (2016), the mean susceptibility of the white matter yielded a sensitivity of 55.56% and specificity of 94.44%.




Parkinsonian Diseases

Forty-three studies using QSM in the investigation of brain iron in PD and other parkinsonian diseases, such as MSA, PSP, and corticobasal degeneration were included in this review.


Magnetic Susceptibility Changes in Parkinsonian Diseases in Comparison With Healthy Individuals

Thirty-seven studies reported the measurement and comparison of magnetic susceptibility in the subcortical gray matter structures among the PD and control groups. Of this, 33 investigated the SN or its subregions [SNc and substantia nigra pars reticulata (SNr)], with 30 (90.9%) reporting significantly increased magnetic susceptibility in PD (Table 2C). Investigated in one study, magnetic susceptibility in the SN was also increased in idiopathic REM sleep behavior disorder which is considered as a prodromal phase for synucleinopathies with high rates of conversion to PD (Sun et al., 2019). The next most investigated region was the red nucleus (RN) (22 studies), where seven studies (31.8%) reported increased susceptibility in PD (Table 2C). Figures 2, 3 demonstrate the effect sizes for susceptibility differences in the SN and RN respectively, in patients with PD compared to healthy individuals.


[image: Figure 2]
FIGURE 2. Parkinson's disease: Effect sizes for the intergroup differences of magnetic susceptibility in the SN, SNr, and SNc between PD and healthy groups. Red bars indicate significantly higher susceptibility in the patient group, while green color shows a non-significant difference.



[image: Figure 3]
FIGURE 3. Parkinson's disease: Effect sizes for the intergroup differences of magnetic susceptibility in the RN between PD and healthy groups. Red bars indicate significantly higher susceptibility in the patient group, while green color shows a non-significant difference.


The alterations in susceptibility were less consistent in the basal ganglia in PD patients. Only four of 22 studies (18.1%) of the putamen showed a significant increase in susceptibility while one study reported significantly decreased susceptibility in the putamen (He et al., 2015). Six of 21 studies (28.6%) investigating the GP reported increased susceptibility and only one of 18 studies (5.5%) reported significantly higher susceptibility in the CN. It is worth mentioning that, while not statistically significant, a trend toward lower susceptibility in the basal ganglia was reported in a noticeable proportion of the studies (Putamen: 8 out of 22, GP: 8 out of 21, and CN: 9 out of 18) (Table 2C).

In the hippocampus, significantly unilateral (Li et al., 2018) or bilateral (Acosta-Cabronero et al., 2017) higher susceptibility was reported in two out of four studies. In the thalamus, and cerebellar dentate nucleus (DN), most of the studies reported no significant changes in regional magnetic susceptibility. These findings are summarized in Table 2C and Supplementary Table 1B.

In one of the first studies to investigate QSM in cortical gray matter in PD, Acosta-Cabronero et al. (2017) reported increased susceptibility in widespread regions of the cortex including the lateral occipital, posterior parietal, rostral middle prefrontal, and middle temporal cortex. In a further update, the same group reported increased susceptibility in prefrontal and right insular cortices in PD (Thomas et al., 2020). In the study by Uchida et al. (2019), higher susceptibility was observed in the cuneus, precuneus, fusiform gyrus, insula and cerebellum in PD patients. None of these studies found any brain region with lower susceptibility in patients with PD. On the other hand, the mean susceptibility value of the whole cortex did not show any difference between patients with PD and healthy controls in the study by Chen et al. (2019). Surprisingly, Lewy-body dementia, which is characterized by cortical involvement by the same pathology as PD (α-synuclein), has not been examined in QSM studies.

In one study investigating white matter QSM in PD, Guan et al. (2019a) reported alterations in widespread areas in the frontal, temporal, and parietal lobes (details in Supplementary Table 1B). In the inferior longitudinal fasciculus, there were increases in both magnetic susceptibility and radial diffusivity measured by diffusion tensor imaging (DTI).

In six studies, QSM was compared between controls and PD or other parkinsonian syndromes, such as PSP and MSA (Tables 2D,E). Compared to healthy controls, susceptibility was increased in the RN, SN, and GP in PSP (Sjöström et al., 2017; Azuma et al., 2019), in the RN, putamen, and SN, in MSA (Sjöström et al., 2017), and in the DN and SN in cerebellar type of MSA (MSA-C) (Sugiyama et al., 2019). Compared to PD, magnetic susceptibility was higher in the SN, subthalamic nucleus (STN), putamen, and RN in both patients with MSA and PSP, while in PSP, higher susceptibility was further detected in the GP (Ito et al., 2017; Sjöström et al., 2017; Azuma et al., 2019; Mazzucchi et al., 2019). In comparison with PD, patients with parkinsonism dominant MSA (MSA-P) showed higher susceptibility in the posterior putamen (Ito et al., 2017), lateral SN, STN, and RN (Mazzucchi et al., 2019) (Supplementary Table 1B).

Studies comparing PSP and MSA reported higher susceptibility of the GP, RN, and the medial part of the SN in PSP (Sjöström et al., 2017; Mazzucchi et al., 2019). The only study that compared limbic structures among PD, MSA, and PSP using QSM, reported no susceptibility differences in the hippocampus, amygdala, and nucleus accumbens (Wang et al., 2019). Nevertheless, it should be noted that in some of the studies on MSA, PSP, and PD, study groups were not matched based on age and disease characteristics. In the study by Mazzucchi et al. (2019), patients with PSP were older than the MSA and PD groups. In the study by Ito et al. (2017) patients with PD were at lower disease stages compared to the other groups. Also in the studies by Mazzucchi et al. (2019) and Wang et al. (2019), the PD group had lower clinical severity scores compared to the other groups.



Correlation of QSM Findings in PD With Clinical Features and Other Pathologic Biomarkers

In addition to the comparison of QSM in various brain regions among PD and healthy individuals, studies have also evaluated its correlation with duration and severity of symptoms, disease stage, and clinical features of PD. Magnetic susceptibility of the SN (He et al., 2015) and SNc (Du et al., 2016) were shown to positively correlate with disease duration, however, such a correlation has not been agreed upon by all studies (Ghassaban et al., 2019). Additionally, this correlation was not found in any of the other subcortical structures including the GP, putamen, CN, thalamus, RN, and cerebellar DN (Barbosa et al., 2015; Langkammer et al., 2016; Shin et al., 2018; Sun et al., 2019).

In the PD studies included, disease progression stage was generally assessed by Hoehn and Yahr (H&Y) scale and clinical severity of symptoms were evaluated by Unified Parkinson's Disease Rating Scale (UPDRS). H&Y staging evaluates the overall clinical progression of motor impairments in PD on a scale of 1–5, with a score of 1 indicating limited unilateral involvement and 5 indicating a wheelchair-bound or bedridden state (Goetz et al., 2004). UPDRS is a PD severity assessment scale, comprised of three parts: UPDRS-I evaluates mental status and cognition; UPDRS-II assesses the impairment of daily activities; and UPDRS-III evaluates the severity of motor dysfunction (Movement Disorder Society Task Force on Rating Scales for Parkinson's Disease, 2003).

The majority of evidence indicates a significant association of susceptibility in the SN and its subfields with H&Y illness stage (Langkammer et al., 2016; Guan et al., 2017a,b; Xuan et al., 2017; An et al., 2018; Chen et al., 2019; Shahmaei et al., 2019). A simlar association was found in the RN and GP in some (Guan et al., 2017a; Chen et al., 2019; Shahmaei et al., 2019), but not all studies (Shin et al., 2018; Sun et al., 2019).

The correlation of UPDRS sub-scores have been evaluated by a number of studies, showing inconsistent findings. While some studies suggested a correlation of UPDRS scores with susceptibility in subcortical structures, such as CN, GP, putamen, and SN (He et al., 2015; Du et al., 2016; Langkammer et al., 2016; Guan et al., 2017b; Xuan et al., 2017; An et al., 2018; Du G. et al., 2018; Mazzucchi et al., 2019; Uchida et al., 2019; Thomas et al., 2020), others did not report such findings (Du et al., 2016; Acosta-Cabronero et al., 2017; Zhao et al., 2017; Shin et al., 2018; Bergsland et al., 2019; Ghassaban et al., 2019; Sun et al., 2019) (Supplementary Table 1B).


Tremor Dominant vs. Akinetic-Rigid PD

Tremor-dominant and akinetic-rigid clinical presentations of PD were found to have distinct QSM patterns in specific regions of the brain. While in the SN, magnetic susceptibility did not differ among tremor-dominant and akinetic-rigid groups, the cerebellar DN and RN showed higher susceptibility in tremor-dominant PD, which positively correlated with tremor severity (Guan et al., 2017b; He et al., 2017; Mazzucchi et al., 2019). Additionally, the patients with akinetic-rigid PD showed higher susceptibility in the CN compared to those with tremor-dominant disease (Guan et al., 2017b).



Cognitive Impairment in PD

In patients with PD, cognitive impairment was significantly correlated with higher susceptibility in the hippocampus, rostral CN, thalamus, amygdala, and right putamen (Li et al., 2018; Uchida et al., 2019; Thomas et al., 2020) but not in the SN and its subregions, midbrain, and DN (He et al., 2017; Du G. et al., 2018; Ahmadi et al., 2020). Cortical regions where increased susceptibility correlated with lower MoCA scores include the basal forebrain, caudal regions of ventromedial prefrontal cortex, right insular cortex (Thomas et al., 2020), cuneus, and fusiform gyrus (Uchida et al., 2019).

Further, compared to patients with PD who had normal cognition, those with MCI showed higher susceptibility in the head of CN, entorhinal cortex, parahippocampal gyrus, amygdala, and precuneus (Uchida et al., 2019). In another study, Li et al. (2018) reported higher susceptibility in the left hippocampus in patients with PD with dementia, compared to cognitively normal PD patients.



Olfaction in PD

Hyposmia is a common non-motor symptom in PD which occurs in up to 90% of patients (Pantelis and Brewer, 2006; Xiao et al., 2014). Two studies compared QSM among PD patients with and without olfactory deficits. Uchida et al. (2019) reported that higher susceptibility in the amygdala, cuneus and fusiform gyrus was associated with olfactory deficits. However, in the study by Hwang et al. (2019), differences were only observed in the thalamus, with significantly higher susceptibility in the left thalamus and lower susceptibility in the right thalamus (showing a more heterogeneous distribution of susceptibility) in patients with hyposmia.




Diagnostic Accuracy of QSM in Parkinsonian Diseases

In nine studies, ROC analysis was used to evaluate the accuracy of QSM in differentiating parkinsonian disease groups. QSM in the SN was able to differentiate patients with PD from healthy individuals with an accuracy of 68–88.7% (Azuma et al., 2016; Zhao et al., 2017; Takahashi et al., 2018a,b; Li et al., 2019), with the highest accuracy in the posterior part of SN (Azuma et al., 2016). Magnetic susceptibility in the DN could differentiate patients with MSA-C from healthy individuals with an accuracy of 83.4% (Sugiyama et al., 2019), while magnetic susceptibility in the posterior putamen (AUC = 0.91) (Ito et al., 2017), RN (AUC = 0.86) (Sjöström et al., 2017), and STN (AUC = 0.808) differentiated MSA from PD (Mazzucchi et al., 2019). The highest accuracy for differentiation of PSP from PD has been reported for susceptibility in the GP (AUC = 0.903) (Azuma et al., 2019) and RN (AUC = 0.97) (Sjöström et al., 2017), while the accuracy of QSM in differentiating between MSA and PSP, was 0.826 in the RN, 0.785 in the medial part of the SN (Mazzucchi et al., 2019), and 0.73 in the GP (Sjöström et al., 2017).




Amyotrophic Lateral Sclerosis (ALS) and Primary Lateral Sclerosis (PLS)
 
Magnetic Susceptibility Changes in ALS and PLS in Comparison With Healthy Individuals

We identified eight records investigating brain iron in patients with ALS using QSM, in which the motor cortex was the primary focus. The majority of studies reported higher susceptibility within the motor cortex compared to the control groups (Acosta-Cabronero et al., 2018; Welton et al., 2019) (Figure 4 and Table 2F). Costagli et al. (2016) reported focally increased susceptibility in the deep layers of the hand and foot motor cortices corresponding to the most affected limb, compared to healthy controls. Such increase was primarily observed in ALS patients who had evident T2* hypoinstensities in the deep cortical layers and was not found in those without the T2* hypoinstensities. In the study by Contarino et al. (2020), the entire motor cortex including the precentral gyrus and paracentral lobule was examined as one ROI. The results revealed a close-to-significant trend of higher mean susceptibility, and a significantly higher skewness and standard deviation of susceptibility values across the motor cortex in ALS patients, which indicates increased heterogeneity of susceptibility distribution. One study did not observe any susceptibility difference in the motor cortex of patients with ALS compared with controls, but reported a significantly larger susceptibility variation from the motor cortex to the adjacent subcortical white matter in patients with ALS compared to healthy individuals (Lee et al., 2017) (Supplementary Table 1C).


[image: Figure 4]
FIGURE 4. Amyotrophic lateral sclerosis: Effect sizes for the intergroup differences of magnetic susceptibility in the motor cortex between ALS and control groups. Red bars indicate significantly higher susceptibility in the patient group, while green color shows a non-significant difference.


Comparison of individuals with ALS and PLS with healthy controls revealed higher maximum (Weidman et al., 2019) and mean (Schweitzer et al., 2015) susceptibility in the motor cortex in the patients with ALS or PLS but no difference existed between patients with ALS and those with PLS (Schweitzer et al., 2015). In the only study to investigate the subcortical structures and whole brain susceptibility changes in ALS, Acosta-Cabronero et al. (2018) reported a markedly increased susceptibility in the motor cortex, pars opercularis of the prefrontal cortex, premotor medial areas, and the primary somatosensory fields, SN, RN, GP, putamen, and hippocampus in patients with ALS. Tissue magnetic susceptibility was significantly lower in the corticospinal tract (CST), which positively correlated with fractional anisotropy and negatively correlated with mean diffusivity and radial diffusivity of the tract measured by DTI.



Correlation of QSM Findings in ALS With Clinical Features and Other Biomarkers

The correlation of QSM findings of altered susceptibility with disease severity and duration was investigated in four studies, but the results were inconsistent. Two studies reported that susceptibility was not associated with disease severity (Acosta-Cabronero et al., 2018; Welton et al., 2019) or duration (Welton et al., 2019; Contarino et al., 2020). In contrast, two studies reported that disease severity was associated with the median susceptibility of the motor cortex (Contarino et al., 2020) and mean and maximum susceptibility of the left motor cortex (Lee et al., 2017).

In a recent study, the orofacial region of the primary motor cortex was investigated in relation to bulbar onset of ALS presentation. Magnetic susceptibility was significantly higher in those with marked T2* hypointensity in the deep layer of orofacial region of the motor cortex, which was predominantly observed in patients with bulbar-onset disease (Donatelli et al., 2019).



Diagnostic Accuracy of QSM in Differentiating Patients With ALS From Healthy Individuals

The ROC curve analysis of QSM in the motor cortex showed an AUC of 0.632 for the maximum (Lee et al., 2017) and 0.70 for the mean susceptibility of the motor cortex relative to the adjacent white matter (sensitivity: 74%, specificity: 54.8%) for the differentiation of ALS from controls. In the study by Schweitzer et al. (2015), susceptibility of the motor cortex showed high accuracy for the differentiation of patients with ALS and PLS from healthy controls (AUC: 0.88, sensitivity: 87.5%, specificity: 87%).




Wilson's Disease

There were four articles included in this review that described the use of QSM in WD, two studies in pediatric patients with WD and two studies on adult patients with WD, with comparisons to age-matched healthy individuals (Table 2G and Supplementary Table 1D).

Doganay et al. (2018) found increased susceptibility in the putamen, CN, SN, thalamus, and pons in 11 pediatric patients (mean age = 15 years) with neurological-WD compared to healthy controls, while T1 and T2 images did not show any differences among the groups. The same research group investigated brain QSM changes in 12 asymptomatic children (mean age 13.3 years) with a positive WD mutation. QSM evaluation of the same ROIs as the previous study revealed a similar pattern of higher susceptibility except for GP and SN (Saracoglu et al., 2018).

In the first QSM study in adult WD, Fritzsch et al. (2014) used a 7T MRI scanner to investigate brain changes in 11 adult patients with WD (six with neurologic WD, and five with hepatic WD) with a mean age of 44, and 10 age-matched healthy controls. The results showed a differential pattern of increased susceptibility in the subcortical structures among patients with neurologic and hepatic WD compared to controls. In both groups of patients with WD, the SN and right GP showed higher susceptibility. Susceptibility was further found to be increased in the left GP and putamen in neurologic WD group, and in the RN in patients with hepatic WD (Fritzsch et al., 2014).

Dezortova et al. (2019) used a 3T MRI scanner to study a larger sample of participants with WD (28 with neurologic-WD and 10 with mild hepatic-WD) and comparisons were made with 26 healthy controls. In addition to increased susceptibility in the putamen and GP in neurologic WD, similar to the findings of Fritzsch et al. (2014), the CN and thalamus also showed this increase. Of note, this pattern was only observed in the neurologic WD group, while patients with hepatic WD showed no significant differences in any of these regions compared to healthy controls (Dezortova et al., 2019). Figure 5 demonstrates the effect sizes for increased magnetic susceptibility in the basal ganglia in patients with WD compared to healthy individuals.
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FIGURE 5. Wilson's disease: Effect sizes for the intergroup differences of magnetic susceptibility in the basal ganglia between WD and healthy groups. Red bars indicate significantly higher susceptibility in the patient group, while green color shows a non-significant difference.


Correlation of clinical assessments with QSM and the accuracy of QSM in the differentiation of patients with WD from healthy individuals have not been examined in these studies.



Huntington's Disease
 
Magnetic Susceptibility Changes in HD in Comparison With Healthy Individuals

Three studies that investigated brain iron distribution in HD using QSM were included in this review. These studies consistently reported higher susceptibility in the CN, GP, and putamen in both asymptomatic carriers of the HD gene mutation and in patients with HD compared to healthy controls (Domínguez et al., 2016; Van Bergen et al., 2016a; Chen et al., 2018) (Supplementary Table 1E, Figure 6, and Table 2H). Increased susceptibility within these regions also significantly correlated with their atrophy (Van Bergen et al., 2016a; Chen et al., 2018).
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FIGURE 6. Huntington's disease: Effect sizes for the intergroup differences of magnetic susceptibility in the basal ganglia between HD and control groups. Red bars indicate significantly higher susceptibility in the patient group.


In the thalamus and RN, QSM did not show any alterations in HD compared to healthy controls (Domínguez et al., 2016; Van Bergen et al., 2016a; Chen et al., 2018). In one study investigating preclinical carriers of HD genotype, lower susceptibility in the SN and hippocampus was reported compared to healthy individuals (Van Bergen et al., 2016a), however, such a finding was not observed in another study (Chen et al., 2018).



Correlation of QSM Findings in HD With Clinical Features and Other Pathologic Biomarkers

Higher susceptibility values in the CN, putamen, and GP significantly correlated with composite scales of age and genetic burden of the disease (CAG-age product scaled score, see Supplementary Table 1E) (Domínguez et al., 2016; Van Bergen et al., 2016a; Chen et al., 2018). The CAG-age product scale score is calculated based on age and length of CAG trinucleotide repeats, and estimates the probability of disease onset within 5 years (Zhang et al., 2011). This increase in susceptibility, however, was not correlated with clinical motor symptoms and function, as measured by the Unified Huntington Disease Rating Scale or cognitive assessments by MoCA in any of the studies (Domínguez et al., 2016; Van Bergen et al., 2016a; Chen et al., 2018).




Methodological Diversity of QSM Processing in Reviewed Studies

Among the studies included in this review, we observed a variety of MRI acquisition sequences, post-processing methods and reference regions used to produce QSM images. Table 3 provides an overview of this methodological diversity. A detailed description of MRI acquisition and QSM processing methods implemented in each study is brought in the Supplementary Table 2.


Scanner Field Strength

QSM studies were most frequently conducted using scanners with the magnetic field strength of 3T (66/80 studies) (Table 3), while a smaller number of studies were carried out using 1.5T, 7T, or 9.4T scanners (2, 9, and 1 studies, respectively). Sixty-seven studies employed multi-channel receiver coils.



Data Acquisition Parameters

All studies performed QSM on MRI scans from single head orientation, with the majority of studies using a gradient echo sequence with or without flow compensation. Fourteen studies reported single-echo acquisition, and fifty-four studies acquired multi-echo data with inter-echo spacing varying between 2 and 12 ms. The first echo times ranged between 2 and 53 ms (Supplementary Table 2).

The spatial resolution is an important factor that affects the accuracy of the magnetic susceptibility estimates. Images with smaller voxels have higher spatial resolution. Sixteen studies had a voxel-size equal to or smaller than 0.5 × 0.5 × 2 mm3, which is the recommended voxel-size to ensure reasonably accurate magnetic susceptibility estimates (Haacke et al., 2015). Sixty-nine studies had voxel-sizes >0.5 × 0.5 × 2 mm3 (Table 4).


Table 4. Summary of magnetic susceptibility changes in the brain regions across neurodegenerative diseases compared to healthy individuals.

[image: Table 4]



Phase Unwrapping Methods

Laplacian-based phase unwrapping algorithms were employed by thirty studies to recover true phase of the MRI signal from the measured phase, which is wrapped between –π and π (Table 3). The Laplacian-based phase unwrapping techniques utilize spatial information in the Fourier space to correct for arbitrary 2π jumps present in the measured phase images (Schofield and Zhu, 2003; Deistung et al., 2017). Other phase unwrapping methods used in these studies include best path algorithm, FSL Prelude, magnitude- and quality-guided spatial unwrapping and temporal unwrapping. A detailed description of these methods can be found elsewhere (Schweser et al., 2017; Fortier and Levesque, 2018). Out of eighty studies included in this review, forty studies did not report the phase unwrapping method used to obtain QSM estimates.



Background Field Removal Algorithms

In order to identify local contributions to the magnetic susceptibility, 40 studies used a variant of Sophisticated Harmonic Artifact Reduction for Phase data (SHARP)-based background field removal techniques (Table 3). Such techniques eliminate the harmonic background magnetic field component using its spherical mean value property and reconstruct the non-harmonic local field component using a deconvolution operation on the filtered phase images (Schweser et al., 2011). SHARP-based methods are susceptible to cortical surface artifact, leading to limited accuracy in determining cortical magnetic susceptibility distribution. Advanced SHARP-based techniques use regularization (RE-SHARP) and variable high-pass filter sizes and regularization parameters (V-SHARP) to reduce surface and streaking artifacts in magnetic susceptibility maps (Schweser et al., 2017).

Nine studies used the projection onto dipole field (PDF) method, that uses the orthogonality between magnetic fields produced by dipoles outside and inside an ROI to eliminate background field susceptibility contributions (Liu et al., 2011).



Dipole Inversion

Twenty-eight studies employed a sparse linear equation and least-squares (LSQR)-based method to perform dipole inversion for the purpose of estimating magnetic susceptibility from local field shifts. The iterative LSQR (iLSQR) was the most frequently employed dipole inversion method. Thirteen studies used morphology enabled dipole inversion (MEDI) to supress artifacts using edge information from the magnitude images (Liu et al., 2011). Twenty-three studies did not report the dipole inversion method used for estimating magnetic susceptibility maps (Table 3).



Normalization of Magnetic Susceptibility Values

Magnetic susceptibility values were normalized using mean susceptibility values from ventricular CSF (18 studies), white matter (19 studies), or whole brain (seven studies), while two studies did not use referencing of the QSM values and thirty-three studies did not report their normalization process.





DISCUSSION

In the results section, we provided a report of the existing evidence supplied by QSM in neurodegenerative disorders. This section is structured in two main parts. In the first part, we will provide a synthesis of the QSM findings and their implications in each neurodegenerative disease. Similar to the results section, the discussion relating to the less studied neurodegenerative diseases (FRDA, SCA, Fabry disease, DM, PKAN, and MPAN) is moved to the Supplementary Material 3. In the second part, we provide a discussion of our overall current understanding, limitations of QSM and suggested future directions for QSM studies.


The Implications of QSM Findings in Neurodegenerative Diseases
 
Alzheimer's Disease

Abnormal iron homeostasis has been hypothesized to play a role in the pathogenesis of AD, with evidence suggesting a bidirectional pathological interaction between iron and Aβ (Masaldan et al., 2019). Excess iron upregulates gene expression of amyloid precursor protein, shifts its physiologic non-amyloidogenic processing toward amyloidogenic cleavage that produces Aβ peptides, and contributes to the misfolding of Aβ peptides and production of insoluble Aβ plaques (Rogers et al., 2008). Aβ plaques in turn, absorb free iron, which enhances their neurotoxicity through production of reactive oxygen species and oxidative stress (Telling et al., 2017; Cheignon et al., 2018). Further, abnormal iron deposition has been detected in Aβ plaques in histologic evaluation of post-mortem brains from AD patients (Lovell et al., 1998), and APOE-e4 gene status, which is the most common predisposing genetic risk factor for AD, has been linked to increased iron in certain regions of the brain (Van Bergen et al., 2016b; Kagerer et al., 2020). These findings support the involvement of iron in the pathogenesis of AD.

Our review of studies using QSM in AD shows that there is an increased iron deposition in the CN and amygdala, in both mild and moderate stages of AD (Table 2B). The amygdala is one of the main regions involved in the pathologic processes in AD and undergoes significant atrophy in the early stages of AD. Atrophy of the amygdala is comparable to that of the hippocampus and correlates with cognitive deficits (Poulin et al., 2011). Although less investigated, the striatum shows evidence of Aβ deposition in the early stages of AD at even higher levels than the cortical regions, and volumetric assessments have revealed significant changes in the CN in AD. While some studies have reported reduced volumes, others found increased size of the CN in early AD (Tentolouris-Piperas et al., 2017; Persson et al., 2018). Although this inconsistency remains unexplained, these significant changes suggest the involvement of the CN in AD.

In the other subcortical and cortical regions, findings of susceptibility changes were inconsistent. The hippocampus, which is one of the key areas undergoing significant atrophy in AD (Blair et al., 2020), showed changes in susceptibility in only two out of six studies. Similarly, key cortical regions involved in AD, such as the medial temporal lobe, precuneus, and cingulate gyrus have been shown by a limited number of studies to have increased susceptibility, while others did not confirm these results. One reason for the inconsistent results in the hippocampus and cortical regions can be the inaccuracies in QSM measurements at the edges of the brain where environments with drastically difference susceptibilities meet. This limitation is further discussed in section Methodological Aspects of QSM. It is also important to note that the susceptibility measurements depend on the precise segmentation of an ROI. Inclusion of the surrounding tissues within a segmented ROI leads to mean susceptibility measurements that are less representative of the actual values. Experience shows that the segmentation of the hippocampus and amygdala are particularly challenging. This reduces the reliability of both positive and negative findings in these regions and warrants further evaluations with more accurate segmentation methods.

MCI is defined as the slight impairment of cognition often in the memory domain, but not sufficiently severe to be characterized as dementia. Individuals with MCI are at higher risk for AD but do not necessarily progress to AD (Kelley and Petersen, 2007). Amnestic MCI, however, is recognized as a precursor to AD (Morris et al., 2001) with conversion rates to AD estimated to be between 7.5 and 16.5% per year (Ward et al., 2013). The QSM findings in aMCI and MCI have been inconsistent. Based on the studies suggesting a colocalization of Aβ PET signal and increased susceptibility in QSM, it would be expected to detect changes in the brain regions where accumulation of Aβ plaques occur (Ayton et al., 2017). One possible explanation of the negative findings of QSM changes in MCI may be that the increased iron content in the regions with Aβ deposition does not reach the level that enables its detection by QSM. We did not find any longitudinal QSM studies in people with MCI to examine susceptibility changes over time and its association with progression to AD.



Parkinson's Disease

PD is the second most common neurodegenerative disease presenting with motor and cognitive impairment. The disease is characterized by degeneration and atrophy of the dopaminergic neurons in the SN along with intracellular α-synuclein deposition (Lewy bodies) (Poewe et al., 2017). In PD, nigral iron accumulation is suggested to result from dysregulation of iron transmembrane transporters, decreased ferritin, and impaired iron export mechanisms (Masaldan et al., 2019). Excess iron contributes to neurodegeneration by inducing the aggregation of alpha synuclein (Bharathi and Rao, 2007) and formation of Lewy bodies (Castellani et al., 2000), in addition to the pathways of oxidative toxicity, which are common across neurodegenerative diseases (Wang et al., 2017).

The centerpiece of pathology in PD is within the SN. Physiologically, SN is one of the iron-rich regions of the brain, storing large amounts of iron required for dopamine synthesis, mainly bound to neuromelanin (Sulzer et al., 2018). Abundance of iron in the SN enables highly accurate visualization of this region required for deep brain stimulation surgeries, which has resulted in a large number of published studies examining QSM in PD. These studies have shown consistent evidence of higher susceptibility in the SN in patients with PD compared to healthy individuals, suggestive of increased iron content. In other subcortical structures including the basal ganglia, RN, thalamus, and hippocampus, evidence for increased susceptibility has been inconsistent, with the majority of the studies finding no changes in PD.

Although susceptibility in the SN was increased in most studies, there have been inconsistent findings of its association with disease duration, stage and severity of clinical symptoms. This may relate to important confounders, such as medication. For example, in some studies, clinical assessments have been performed in the “on-state” (with dopaminergic agonist treatment) while in others, assessments were in the “off-state” (no dopaminergic treatment). Further, since more advanced stages of the disease inherently interfere with the ability of patients to participate in studies due to excessive movements throughout the MRI acquisition and other comorbidities, the populations of PD patients in studies are predominantly limited to earlier stages of the disease. It is possible that the selective inclusion of individuals who are at the early (or late) stages of the disease leads to the failure to detect a correlation that may exist in the long-term progression of the disease. This limitation is not unique to PD and occurs in the neuroimaging research involving most neurodegenerative disorders.

In a limited number of studies, increased susceptibility was found in widespread cortical regions and correlated with cognitive impairment. Importantly, such involvement points to a cortical pathology in PD, however, no QSM study has examined dementia with Lewy bodies (DLB), a disorder characterized by a similar α-synuclein-related pathology. Future studies focussing on DLB are needed to examine the pattern of cortical iron alterations in synucleinopathies.

QSM studies have also examined susceptibility changes in other parkinsonian syndromes, such as PSP and MSA. PSP and MSA are progressive neurodegenerative diseases with parkinsonian features (such as tremor, rigidity, and abnormal movement). PSP is considered to be a tauopathy characterized by vertical gaze palsy, postural instability, rigidity, and cognitive impairment (Armstrong, 2018). According to two meta-analyses of morphometric studies in PSP, among the subcortical structures, the putamen, CN, thalamus, midbrain, and anterior cerebellum show significant atrophy in PSP (Shao et al., 2014; Pan et al., 2017). This involvement is reflected in the increased susceptibility shown by QSM in the SN, RN, and putamen. In the globus pallidus, however, although QSM shows higher susceptibility, such involvement has not been reported in morphometric studies.

MSA is an α-synucleinopathy (similar to DLB and PD) typically involving the striatum and SN, most commonly presents with Parkinsonian features and dysfunction of the autonomic system (Cykowski et al., 2015). Structural MRI studies have reported greatest gray matter reductions in the putamen and claustrum followed by the thalamus and cerebellum (Yu et al., 2015). In a similar fashion, QSM showed higher susceptibility in the SN and putamen, as well as the RN.

Clinical diagnosis and differentiation of the parkinsonian disorders is often challenging. In the limited number of studies reviewed, the pattern revealed by QSM in parkinsonian diseases showed high accuracy in their differentiation. This may suggest a clinical diagnostic utility for QSM in combination with other diagnostic tools. However, this remains to be more explored.



ALS

ALS is a progressive neurodegenerative disease characterized by the degeneration of upper and lower motor neurons in the motor cortex, brainstem and spinal cord. Copper-zinc superoxide dismutase (SOD1) mutation is one of the implicated genetic risk factors in ALS (Morgan and Orrell, 2016; Oskarsson et al., 2018). In animal models, it has been shown that SOD1 mutation results in increased expression of ferritin, transferrin receptor 1, and divalent metal transporter-1, leading to significant increase of iron in neural cells (Jeong et al., 2009). Additionally, even in the absence of SOD1 mutation, increased oxidative stress has been detected in patients with ALS, and suggested to play an important role in ALS pathogenesis (D'Amico et al., 2013). Further, in human studies, dysregulation in iron homeostasis has been reported in patients with ALS, including increased serum ferritin and decreased transferrin (Lovejoy and Guillemin, 2014).

ALS is commonly associated with MRI evidence for atrophy and reduced thickness in the motor cortex (precentral gyrus) (Cosottini et al., 2012; Chiò et al., 2014), and most QSM studies have focused on this region. Increased susceptibility was reported in these studies, which is in line with reports of increased oxidative stress in motor cortex and its correlation with disease severity (Ikawa et al., 2015). Further, T2, [image: image], and SWI studies also support the finding of increased iron in the motor cortex of patients with ALS (Yu et al., 2014; Sheelakumari et al., 2016). An explanation for this iron accumulation can be the regional migration of iron-containing microglia and macrophages observed in post-mortem analyses (Kwan et al., 2012; Adachi et al., 2015).

The few studies investigating subcortical structures in ALS have reported inconsistent volume reductions in the basal ganglia and hippocampus (Grolez et al., 2016). One QSM study has examined these brain regions in ALS, showing increased susceptibility in the putamen, GP, RN and SN, and reduced susceptibility in the corticospinal tract (CST). Increased susceptibility in the basal ganglia is consistent with pathological findings in the nigrostriatal pathways in ALS (Takahashi et al., 1993), and transactive response (TAR) DNA binding protein 43 (TDP-43) pathology in the RN and striatum (Brettschneider et al., 2013). The CST is another key region involved in ALS (Toosy et al., 2003; Rajagopalan and Pioro, 2017), with its degeneration characterized by T2 hyperintensities (Goodin et al., 1988; da Rocha et al., 2004). Decreased susceptibility in the CST correlated with reduced fractional anisotropy and increased mean and radial diffusivity in DTI. These DTI changes usually indicate myelin degeneration and abnormalities. Thus, the QSM finding is surprising given that demyelination usually results in increased, rather than decreased susceptibility. Decrease in susceptibility may be due to other tissue microstructural changes, although this remains speculative (Takahashi et al., 1993; Brettschneider et al., 2013; Grolez et al., 2016; Acosta-Cabronero et al., 2018). Further, it is important to note that QSM measurement of susceptibility is dependent on the orientation of the neural fiber tracts and subject's head in relation to the scanner's magnetic field (Lee et al., 2017), which can pose a large confounding effect on QSM assessment of the white matter (Lancione et al., 2017).



Wilson's Disease

WD is an autosomal recessive condition, resulting from a mutation in the ATP7B gene, characterized by excessive deposition of copper within tissues. Most commonly affected organs are the brain and liver leading to neurodegeneration and hepatic damage, respectively. The most-affected brain regions are the basal ganglia, thalamus, cerebellum, and upper brainstem, leading to movement, cognitive and psychiatric impairments (Członkowska et al., 2018). QSM studies showed an increased susceptibility in subcortical structures including the putamen, GP, thalamus, SN and pons, reflecting their recognized pattern of involvement in both adult and pediatric patients with WD with neurologic involvement. Of note, the abnormal changes of susceptibility in the putamen, thalamus, and pons were also detectable in asymptomatic children with the WD genotype. This finding suggests that QSM can be a useful tool in exploring the complex pre-clinical pathophysiologic changes in WD.

It is not clear whether the increased susceptibility in the basal ganglia in WD is attributable to copper, iron or both. Although increased, the concentration of copper in the putamen, GP, and DN in patients with neurologic-WD is less than iron (Litwin et al., 2013; Dusek et al., 2017). There is an increased brain iron content in WD which results from dysfunction of the multicopper-dependent ferroxidase activity of ceruloplasmin. Ceruloplasmin is a multicopper containing protein that has a vital role in the export of iron from glial cells. In WD, the deficiency of ATP7B gene product leads to failure of incorporation of copper in ceruloplasmin (Członkowska et al., 2018). In the absence of functional ceruloplasmin, iron accumulates inside cells. In a study examining the correlation of iron and copper concentrations with [image: image] mapping of susceptibility in post-mortem brain tissue from patients with WD, there was a strong correlation of [image: image] measures with iron but not with copper concentrations (Dusek et al., 2017). Further, it is suggested that increased brain copper content in WD is likely in its diamagnetic Cu(I) state (Wender et al., 1974). Therefore, it is likely that increased magnetic susceptibility in WD results predominantly from secondary brain iron accumulation.



Huntington's Disease

HD is a genetic neurodegenerative syndrome, characterized by chorea, movement disorder and cognitive decline, and is caused by expansion of CAG trinucleotide repeats in exon 1 of huntingtin gene on chromosome 4. Evidence shows that abnormal huntingtin protein impairs iron homeostasis in the brain and is suggested to upregulate the expression of iron regulatory protein 1, transferrin, and transferrin receptor, which can result in increased iron accumulation (Niu et al., 2018). In mouse models of HD, increased production of mitochondrial iron uptake transporter (mitoferrin) and reduced frataxin lead to mitochondrial iron accumulation (Agrawal et al., 2018). Frataxin is a mitochondrial protein involved in the synthesis of iron-sulfur proteins necessary for oxidative phosphorylation in the mitochondria.

The brain structural hallmark of HD is degeneration of the CN and putamen and to a lesser extent, the GP, SN, STN, and locus coeruleus (Bhidayasiri and Truong, 2004). Higher iron content was reported in the basal ganglia by all of the studies in both patients with symptomatic HD and pre-symptomatic carriers of HD mutation, which correlated with atrophy in these structures, as well as age and genetic burden of HD. These findings are consistent with the recognized involvement of the basal ganglia in HD. Further, the increased iron content in asymptomatic individuals with the HD genotype is supportive of the findings from molecular studies indicating the association of abnormal huntingtin protein and dysregulation of iron homeostasis. Lower susceptibility was found in one study in the SN and hippocampus in patients with HD. The reason for this finding is not clearly understood but it may be associated with redistribution of iron within the brain (Van Bergen et al., 2016a).

In the cortical gray matter, structural studies have shown atrophy in the prefrontal and insular cortices (Lambrecq et al., 2013). Additionally, widespread deposition of huntingtin aggregates has been detected in the cortical regions including the insula, cingulate, and frontal cortices in clinical and preclinical HD (Gutekunst et al., 1999). These findings suggest a pathologic involvement of the cortex in HD in addition to the basal ganglia. To date, no QSM evaluation has been made in the cortical gray matter in HD. Such research would provide important information on the nature of cortical pathology in HD and verify whether a similar pattern of iron changes occurs in the cortex.




Our Current Understanding, QSM Limitations and Future Directions

Measurements of magnetic susceptibility by QSM provide valuable information about the changes in tissue composition in the target regions. The existing literature suggests that QSM shows promise in the investigation of the pathophysiology of neurodegeneration by revealing changes in the gray matter, where considering the relative concentrations of paramagnetic and diamagnetic substances, increased susceptibility is most likely derived from increased levels of iron. In the white matter, however, due to the abundance of diamagnetic myelin, an increase in magnetic susceptibility may result from both demyelination and/or iron deposition (Langkammer et al., 2012; Sun et al., 2015; Hametner et al., 2018; Lee et al., 2018; Lewis et al., 2018; Wang et al., 2020). Further, susceptibility estimates in the white matter are often confounded by its geometrical properties, as the axonal orientation distribution with respect to the direction of the applied magnetic field has been shown to influence the inference of the true magnetic susceptibility distribution of the white matter tracts from the MRI phase images. Accounting for orientational dependence of white matter magnetic susceptibility estimates necessitates multiple orientation acquisitions or concurrent diffusion-weighted images, which can lead to longer scan times, subject discomfort and limited clinical feasibility (Liu, 2010; Lancione et al., 2017; Kaden et al., 2020).

Generally, studies using QSM showed increased susceptibility, suggestive of higher iron content, in the brain regions that are associated with the pathophysiology of each neurodegenerative disease, such as the SN in PD, the basal ganglia in HD, the amygdala and CN in AD, motor cortex in ALS and cerebellar DN in FRDA (Table 3). However, this pattern has not been consistently detected throughout all disorders, such as in AD where QSM did not reveal any changes in the hippocampus, which is recognized as one of the regions most involved by the pathologic processes in AD (Serrano-Pozo et al., 2011). One shortcoming of the reviewed papers on rare genetic neurodegenerative disorders is that most studies have restricted their scope of QSM evaluations to the iron rich basal ganglia and midbrain structures where susceptibility changes appear to be a common finding across some of these disorders (Table 3). A whole brain approach or investigation of a larger number of ROIs within all regions of the brain will provide a more exhaustive picture. It should also be noted that a number of relatively common neurodegenerative diseases, such as frontotemporal dementia, DLB, and prion diseases have not been investigated by QSM.


Methodological Aspects of QSM

QSM is an advanced post-processing technique for voxel-wise quantitative estimation of susceptibility, however, there are inherent limitations to the technique that restrict the robustness and reproducibility of susceptibility measurements by QSM. First, QSM estimates are sensitive to scanner field strength, acquisition parameters (such as echo time and voxel size), receiver noise, subject orientation and choice of QSM processing methods (Haacke et al., 2015). A description and critical comparison of these methods can be found in Deistung et al. (2017).

These dependencies lead to variations across studies in terms of the accuracy of measured susceptibilities. Another limitation of QSM is the surface artifacts (arising from strong susceptibility gradient at tissue interfaces, such as at the brain surfaces or around the blood vessels) and streaking artifacts (due to noise and mathematical limitations in solving the point-dipole problem) (Deistung et al., 2017; Taege et al., 2019; Jung et al., 2020). The third factor that contributes to the heterogeneity of susceptibility measurements across sites and studies is the inconsistent reference regions considered for relative measurement of magnetic susceptibility. In this review, we observed a diversity of reference regions used in studies including various white matter areas (frontal, occipital, etc.), CSF, or mean susceptibility value of the whole brain. Reporting the absolute susceptibility value without referencing has also been preferred in some studies. These discrepancies among referencing methods have made it difficult or impossible to directly compare the susceptibility values across different studies and disorders. Therefore, it is not currently feasible to perform a meta-analysis. QSM processing methods are under constant improvements, enhancing their robustness and reproducibility. Future studies using more robust and standardized QSM methods may enable more homogeneous and comparable measurements. Additionally, using a consensual referencing region in each neurodegenerative disease in future studies can be a step towards the comparison of QSM findings across studies. Finally, the possible effect of atrophy in measurements of mean susceptibility should not be overlooked. It has been suggested that atrophy of a ROI may result in higher iron concentration and therefore mean susceptibility in the absence of a change in absolute iron content (Taege et al., 2019). To account for and further explore this possibility, studies should consider the effect of atrophy as a confounder in magnetic susceptibility comparisons in their statistical analyses.



Future Directions

Although the small number of studies and the limitations of QSM make it difficult to draw definitive conclusions, the existing evidence suggests that QSM can greatly contribute to a better understanding of the underlying pathological changes in neurodegeneration. In most neurodegenerative diseases reviewed in this article, future studies with larger datasets, more consistent QSM referencing, and longitudinal designs are required. Multimodal studies using QSM and other neuroimaging techniques, such as PET can provide valuable information on the correlation of iron and pathologic protein aggregates. In the white matter, investigation of QSM together with diffusion weighted imaging allows more accurate examination of the alterations in myelin and iron. Finally, the high accuracy of QSM in differentiating certain neurodegenerative diseases, such as parkinsonian disorders, warrants further investigations aiming to evaluate its utility in clinical diagnosis of neurodegenerative diseases as an add-on imaging tool to the existing methods.





CONCLUSION

Our review indicates that QSM provides evidence of altered iron distribution in the brain in neurodegenerative diseases. Currently, the number of QSM studies in most neurodegenerative diseases is limited, especially in the rare disorders. In PD that has been more widely studied by QSM, higher iron content in the SN as the most involved brain region has been revealed. The small number of studies in AD, ALS, and HD makes a confident conclusion out of reach. Nevertheless, this limited evidence is suggestive of disease-specific patterns of microenvironmental changes that are worthy of further investigation. This in-vivo evidence is in line with the reports from cellular and molecular studies (suggesting a pathologic role for iron in neurodegeneration) and post-mortem studies (indicating increased iron content in the brain in these disorders) (Zecca et al., 2004). Further, the increased burden of iron correlates with cognitive deficits in AD, disease stage in PD, and genetic burden and age in HD. Such associations may point out ongoing relationships between iron accumulation and neurodegeneration, either causal, intermediate, or independent.

Based on the findings of this review, QSM provides a unique opportunity for investigation of neurodegenerative diseases that can improve our understanding of the pathologic processes involved.
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Nigral Iron Deposition Is Associated With Levodopa-Induced Dyskinesia in Parkinson’s Disease
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Objective: To investigate iron deposition in the substantia nigra (SN) of Parkinson’s disease (PD) patients associated with levodopa-induced dyskinesia (LID).

Methods: Seventeen PD patients with LID, 17 PD patients without LID, and 16 healthy controls were recruited for this study. The mean QSM values of the whole, left, and right SN were compared among the three groups. A multivariate logistic regression model was constructed to determine the factors associated with increased risk of LID. The receiver operating characteristic curve of the QSM value of SN in discriminating PD with and without LID was evaluated.

Results: The mean QSM values of the whole and right SN in the PD with LID were higher than those in the PD without LID (∗P = 0.03, ∗P = 0.03). Multivariate logistic regression analysis revealed that the QSM value of whole, left, or right SN was a predictor of the development of LID (∗P = 0.03, ∗P = 0.04, and ∗P = 0.04). The predictive accuracy of LID in adding the QSM value of the whole, left, and right SN to LID-related clinical risk factors was 70.6, 64.7, and 67.6%, respectively. The QSM cutoff values between PD with and without LID of the whole, left, and right SN were 148.3, 165.4, and 152.7 ppb, respectively.

Conclusion: This study provides the evidence of higher iron deposition in the SN of PD patients with LID than those without LID, suggesting that the QSM value of the SN may be a potential early diagnostic neuroimaging biomarker for LID.

Keywords: Parkinsion’s disease, dyskinesia, levodopa, quantitative susceptibility mapping, substantia nigra


INTRODUCTION

Parkinson’s disease (PD) is a progressive movement disorder caused primarily by the loss of nigrostriatal neurons and depletion of dopamine (Thomas and Beal, 2007). Dopamine replacement therapeutics, such as levodopa, relieve the symptoms of PD but can lead to a motor complication known as levodopa-induced dyskinesia (LID), which is a major cause of disability in PD patients (Pahwa et al., 2019). LID is observed in approximately 90% of PD patients after 10 years of levodopa treatment (Manson et al., 2012).

Iron is essential for normal brain functions, but iron overload has been highly implicated in the pathology and pathogenesis of PD. Biochemical and neuroimaging studies have shown increased iron deposition in the nigrostriatal pathway in PD patients, specifically in the substantia nigra (SN) (Rouault, 2013; Ward et al., 2014; Du et al., 2016; Acosta-Cabronero et al., 2017). Iron deposition in the SN in PD patients, determined via quantitative susceptibility mapping (QSM) of iron-sensitive magnetic resonance imaging (MRI) (Homayoon et al., 2019; Sun et al., 2020), was significantly higher than that in healthy people and in patients with idiopathic rapid eye movement sleep behavior disorder, dystonia, and essential tremor. Iron deposition also contributes to the clinical motor symptoms of PD (Martin et al., 2008; He et al., 2015). An existing study also showed that the R2∗ value of SN in PD patients with LID was higher than those without LID (Lewis et al., 2013). However, the association between the iron content of SN measured by QSM and the LID is still unclear.

Therefore, this study aimed at using QSM to investigate the iron deposition difference in SN between PD patients with and without LID and to determine whether iron deposition in the SN is a potential neuroimaging biomarker of LID event.



MATERIALS AND METHODS


Subjects

Thirty-four PD patients (17 with LID and 17 without LID) who were prepared to undergo deep brain stimulation surgery were recruited from the functional neurosurgery department of the Xuanwu Hospital of Capital Medical University. All PD patients were evaluated using the Movement Disorder Society’s revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) Part III for motor symptoms in the medication-off state (Postuma et al., 2015), after at least a 12-h overnight withdrawal from dopaminergic medication, the Unified Dyskinesia Rating Scale (UDysRS) for dyskinesia in on and off state, and UPDRS Part IV for severity of motor fluctuation. All PD patients belong to akinetic rigid subtype. All assessments were performed by a single trained neurologist (10 years). The inclusion criteria for PD patients were as follows: (1) meeting the MDS clinical diagnostic criteria of PD (Postuma et al., 2015), (2) had undergone levodopa treatment for at least 6 months and stable medication dose for at least 4 weeks, and (3) with no history of cerebrovascular disease, seizures, brain surgery, and psychiatric disorders. PD patients with evident cerebral lesions on MRI structural images and evident motion artifacts in QSM images were excluded. PD patients with a score of MDS-UPDRS Part IV item 33 ≥ 1 were included in the LID group, and the rest with a score of zero were included in the PD without LID group. Sixteen age- and sex-matched healthy controls (HCs) were recruited from the local community. All of the HCs had normal movement function and no neurological or psychiatric diseases (Table 1). All experiments in this study were approved by the Institutional Review Board of Xuanwu Hospital. All participants signed informed consent forms prior to the experiment.


TABLE 1. Demographic and clinical characteristics of the study participants and mean QSM values in whole, left, and right SN.

[image: Table 1]


MRI Data Acquisition

Magnetic resonance imaging data acquisition was performed using a hybrid 3.0-T PET/MR scanner (uPMR790, UIH, Shanghai, China) with a 24-channel head/neck coil. A three-dimensional (3D) multi-echo gradient-echo (GRE) sequence was used for QSM data acquisition with the following parameters: FA = 15°, voxel size = 1 mm × 1 mm × 2 mm (interpreted as 1 mm3), repetition time = 29 ms, six echo times = 3.1/6.4/9.7/13.0/16.3/19.6 ms, and bandwidth = 500 Hz/px, acquisition matrix: 256 × 256, number of slices: 68, slice orientation: F-H, parallel imaging, acceleration factor: 2, and monopolar readout gradients were used with a total scan time of 5 min and 41 s. T2-weighted imaging (T2WI), diffusion-weighted imaging, and 3D T1-weighted imaging (T1WI) data were also collected from all participants. During data acquisition, the participant’s head was stabilized with foam pads on both sides to reduce motion. All PD patients were scanned during their off-state condition (12 h after last medication).



QSM Image Processing

The multi-echo GRE data were used for the QSM calculation. The B0 field map was extracted using the multidimensional integration method, unwrapped of aliased phases using seed prioritized unwrapping (SPUN) (Ye et al., 2019), and the background field was removed using vSHARP. QSM was obtained by solving the L1 regularization problem using the precondition conjugate gradient method (Bilgic et al., 2014), with an extra term for streaking artifact suppression (Li et al., 2015) and dynamic Bayesian regularization (De Rochefort et al., 2010). We used CSF as the reference tissue, as suggested in the review article (Haacke et al., 2015). To draw the CSF reference region of interest (ROI), first the short TE magnitude images of the multi-echo GRE was selected, which showed a clear boundary of the CSF. Then, we manually drew the ROI on this short TE magnitude image, placed it centrally in the cerebrospinal fluid of the lateral ventricles and avoided other non-CSF contents. Then, this ROI was directly copied to the QSM image of the same slice, which was calculated from the same data and thus was strictly aligned with each other. For each case, three or more CSF ROIs were determined, and the mean QSM value from these ROIs was used as the final reference.



Regions of Interest

Reference region of interests were manually drawn on left and right SN as shown in Figure 1 and were used to extract QSM values. When drawing ROIs on bilateral SNs, the first and last slices of SN were discarded, and those remaining consecutive slices showing portions of the SN with clear and visible boundaries were used. As a result, generally four to five slices were measured for each case. To assess the inter-rater reliability of the ROIs, two radiologists were instructed to draw the ROIs independently. Mean QSM values of the left and right SN were measured, and the average of the two was used as the mean QSM value of the whole SN.


[image: image]

FIGURE 1. The definition of regions of interest (ROIs) included the left and right SN [(A) coronal image, (B) axial image, and (C) sagittal image].




Statistical Analysis

The intraclass correlation coefficient (ICC) was used to evaluate the inter-rater reliability of the measured QSM value of left and right SN. An ICC value of over 0.81 was considered to indicate excellent agreement, 0.61–0.80 good agreement, 0.41–0.60 moderate agreement, 0.21–0.40 fair agreement, and less than 0.20 poor agreement. ICC values were calculated by using the International Business Machines Statistical Package for the Social Sciences (SPSS) version 17.0 software.

The demographic characteristics were compared among the three groups, and the chi-squared test was applied for sex, onset side of motor symptom, and analysis of variance (ANOVA) analysis for age and age of onset. Two-tailed ‘ tests were performed to compare disease duration, duration of levodopa therapy, H-Y stage, MDS-UPDRS III score, MDS-UPDRS IV score, levodopa equivalent daily dose (LEDD), and LEDD of levodopa between PD patients with and without LID. The mean QSM values of the whole SN, left SN, and right SN were compared by using ANOVA among the three groups, respectively. Statistical analysis was performed using GraphPad Prism 7.0.

Multiple variables were included in a multivariate logistic regression model analysis to determine the independent risk factors associated with LID, including iron content of the whole SN, sex, body mass index (BMI), disease duration, duration of levodopa therapy, age of onset, and LEDD/LEDD of levodopa, as well as left and right SN, respectively. First, multivariate logistic regression model analysis was used to calculate the diagnostic accuracy rate of all clinical risk factors. Second, we added the iron content of SN into all these clinical risk factors to perform a multivariate logistic regression model analysis. The effect of the iron content of SN on the predictive accuracy rate of LID was evaluated. Statistical analysis was performed using the SPSS for Windows (version 17.0, SPSS Inc., Chicago, IL, United States).

The discriminative power of the QSM value on LID was evaluated in the whole, left, and right SN, respectively, by the receiver operating characteristic curve. Pearson’s correlation analysis was used to study the association between the QSM values of whole, left, and right SN and clinical assessments (UDysRS total score and LID duration) in the PD with LID group, respectively. Statistical analysis was performed using GraphPad Prism 7.0. P < 0.05 was considered a statistically significant different.



RESULTS


Participants’ Characteristics

Demographic details are summarized in Table 1. There were no significant differences in almost all clinical and demographic data between the groups of PD patients with and without LID, or the HCs (P > 0.05), except for UPDRS III and IV scores between PD patients with and without LID (∗P = 0.04 < 0.05, and ∗∗P < 0.01). Also, no significant associations were observed between the QSM values of SN and UPDRS III scores in both PD groups (P > 0.05, P > 0.05). UPDRS III score of PD without LID was slightly higher than PD with LID in this study. UPDRS IV score of PD with LID was slightly higher than PD without LID in this study.



Test–Retest Reliability Analysis

The test–retest reliability of the ROI drawn manually by two radiologists was evaluated by ICC analysis. The ICC value of consistency in the left and right SN between them was 0.95 and 0.97, respectively, indicating excellent intra-rater agreement.



Comparison of the Mean QSM Value of SN Among Three Groups

The mean QSM values of the left and right SN in each group are shown in Table 1 and Figure 2. PD with LID had significantly higher QSM values in the right and whole SN than PD without LID (∗P = 0.03 < 0.05, and ∗P = 0.03 < 0.05) and HCs (∗∗P < 0.01 and ∗∗P < 0.01). PD without LID had a significantly higher QSM value in the left, right, and whole SN than that of HCs (∗∗P < 0.01, ∗∗P < 0.01, and ∗P = 0.02 < 0.05), but no significant difference was found in the left SN between PD with and without LID (P > 0.05). UPDRS IV score was added as a covariate to compare the difference between PD patients with LID and without LID group, significant difference in the QSM value of left SN was found between PD patients with LID and without LID groups (t = 6.131, ∗P = 0.02 < 0.05), there was no significant difference in the QSM value of whole SN but the P value is close to 0.05 between two groups (t = 3.902, P = 0.057 ≈ 0.05), and no significant difference in the QSM value of right SN was found between two groups (t = 2.690, P = 0.11 > 0.05).
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FIGURE 2. Compare mean quantitative susceptibility mapping (QSM) value of the whole, left, and right SN among the three groups. (A) Analysis of variance (ANOVA) analysis of QSM value in the whole SN (SN_whole): Parkinson’s disease (PD) with levodopa-induced dyskinesia (LID) > PD without LID > healthy controls (HCs) (*PLID vs without LID < 0.05, **PLID VS HCs < 0.01, **PwithoutLID VS HCs < 0.01). (B) ANOVA analysis of QSM value in the left SN (SN_L): PD with LID>HCs (**PLID vs HCs < 0.01) and PD without LID<HCs (**Pwithout LID vs HCs < 0.01). (C) ANOVA analysis of QSM value in the right SN (SN_R): PD with LID<PD without LID < HCs (*PLID VSwithout LID < 0.05, **PLID vs HCs < 0.01, *PwithoutLIDvsHCs < 0.05).




Multivariate Logistic Regression Analysis for LID Related Risk Factors

The predictive accuracy of LID to LID-related clinical risk factors, with added factors of the QSM value of whole and left and right SN, was 70.6, 64.7, and 67.6% respectively. Also, iron deposition of the whole, left, and right SN can be considered as an independent predictor of LID (∗P < 0.05, ∗P < 0.05, and ∗P < 0.05) (Tables 2, 3).


TABLE 2. Multivariate logistic regression analysis of risk factors correlated to LID event among 34 PD patients.
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TABLE 3. Multivariate logistic regression analysis of risk factors correlated to LID event among 34 PD patients.
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Receiver Operating Characteristic Curve Analysis for QSM Value in Discriminative Efficacy Among Three Groups

The discriminative power of the QSM value in the whole, left, and right SN among three groups is shown in Figure 3. The cutoff value of the whole SN QSM for discrimination between PD patients with LID and HCs was 127.3 ppb (accuracy, 0.9301; sensitivity, 0.8824; specificity, 0.8124) (∗∗P < 0.01). This QSM cutoff value was 117.7 ppb (accuracy, 0.9044; sensitivity, 0.9412; specificity, 0.75) (∗∗P < 0.01) and 146.9 ppb (accuracy, 0.9228; sensitivity, 0.7647; specificity, 0.9375) (∗∗P < 0.01) for left and right SN, respectively. Between PD without LID and HC groups, the QSM cutoff values were 137.2 ppb (accuracy, 0.7904; sensitivity, 0.5882; specificity, 0.875) (∗∗P < 0.01), 106.6 ppb (accuracy, 0.8125; sensitivity, 0.9412; specificity, 0.5625) (∗∗P < 0.01), and 115.3 ppb (accuracy, 0.7592; sensitivity, 0.7647; and specificity, 0.625) (∗P = 0.01 < 0.05) in the whole, left, and right SN, respectively. Between PD groups with and without LID, the QSM cutoff values were 148.3 ppb (accuracy, 0.7163; sensitivity, 0.7647; specificity, 0.5882) (∗P = 0.03 < 0.05), 165.4 ppb (accuracy, 0.7059; sensitivity, 0.5294; specificity, 0.8235) (∗P = 0.04 < 0.05), and 152.7 ppb (accuracy, 0.7024; sensitivity, 0.7059; specificity, 0.6471) (∗P = 0.04 < 0.05) in the whole, left, and right SN, respectively.
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FIGURE 3. Receiver operating characteristic (ROC) curves showing the accuracy of QSM in differentiating between LID and HCs (A), PD without LID and HCs (B), and LID and PD without LID (C) in the SN (whole SN, left SN, and right SN, respectively). The diagnostic performance of the QSM value was defined by the area under the ROC curve (AUC). QSM, quantitative susceptibility mapping; PD, Parkinson’s disease (PD); LID, levodopa-induced dyskinesia; HCs, healthy controls; SN_whole, whole SN; SN_L, left SN; SN_R; right SN.




Associations Between the QSM Value of the SN and UDysRS or LID Duration

No significant correlation was observed between the QSM values of the SN and UDysRS total scores (whole SN, R = −0.26 and P = 0.31 > 0.05; left SN, R = −0.21 and P = 0.42 > 0.05; right SN, R = −0.33 and P = 0.20 > 0.05, respectively) or between the QSM values of the SN and LID duration (whole SN, R = −0.21 and P = 0.43 > 0.05; left SN, R = 0.18 and P = 0.50 > 0.05; right SN, R = −0.20 and P = 0.43 > 0.05, respectively).



DISCUSSION

Iron deposition in the whole and right SN was significantly higher in PD patients with LID compared to PD patients without LID and HCs, but it was not associated with the severity of LID or LID duration. Our results also revealed that iron deposition of the whole, left, and right SN was an independent risk factor of LID among LID-related clinical risk factors of iron content of SN, sex, disease duration, duration of levodopa therapy, age at onset, LEDD, and LEDD of levodopa.

We should study the structure of SN, which highly expresses D1 and D2 receptors, though most studies focused on the striatum. Studies on dyskinetic rats revealed a relationship between the expression of abnormal involuntary movements and elevated level of extracellular GABA in SN (Mela et al., 2007), which suggests that GABA released from nigrostriatal neurons generates LID. Elevated released levels of GABA in SNr were induced by L-DOPA, reflecting hyperactivity of nigrostriatal pathway, which suggests that hyperactivity plays an important role in LID event (Cenci, 2007). D1 and D2 receptor blockaded in SNr reduced LID event that happened, which suggests that SN generates dyskinesia. L-DOPA can be converted to DA in SNr (Sarre et al., 1998), and L-DOPA administration leads to elevated level of extracellular DA in SNr and striatum of rats with dyskinesia (Lindgren et al., 2010; Mela et al., 2012).

Iron is an essential element involved in numerous neurobiological processes in the human brain (Jenner, 2008; Prashanth et al., 2011). However, iron can also be detrimental by causing oxidative stress via redox reactions, which can even lead to neuronal apoptosis in iron-overloaded cells (Cozzi et al., 2019). The accumulation of iron was confirmed to be related to the pathophysiology of PD, such as the loss of dopaminergic neurons in the SN and the presence of α-synuclein-rich Lewy bodies (Dexter et al., 1991; Bisaglia et al., 2014; Murakami et al., 2015). Previous studies have revealed that the iron content of the SN is increased in PD patients (Kordower et al., 2013; Guan et al., 2017). Excessive iron deposition contributes to the dysfunction of the nigrostriatal pathway, which is related to motor dysfunction in PD patients (Martin et al., 2008; He et al., 2015; Hare and Double, 2016), but previous studies have not reported the relationship between SN cell loss and LID event. Nigral cell degeneration leads to the function alterations of basal ganglia, which is a cause of dyskinesia, and the degeneration extent of SN may regulate the duration of drug exposure, which induces dyskinesia (Jenner, 2008).

The previous study showed that the R2∗ value of SN in PD with LID was higher than PD without LID (Lewis et al., 2013). However, it has been shown that QSM is more sensitive than R2∗ mapping in the detection of the increased iron levels of SN in PD patients (Deistung et al., 2013; Barbosa et al., 2015; Du et al., 2016). In the present study, we directly compared the QSM value of SN between PD with LID and without LID, and found that the QSM values of the whole and right SN of PD with LID was significantly higher than that of PD without LID. It demonstrates that excess iron deposition in the SN actually happens in PD patients with LID, which is an important factor that contributes to the LID event. We also found that iron depositions in the whole, left, and right SN of PD with the LID and without LID groups are both significantly higher than that of HCs, which demonstrated that iron deposition of SN in patients with PD is higher than that in HCs, which is consistent with a previous study (Du et al., 2016). However, we did not find that iron deposition in the left SN in PD with LID being higher than that of PD without LID, which was not reported by previous studies. No relationships between the R2∗ value of SN and levodopa dosage, UPDRS-III score, LEDD, and disease duration were reported in either PD with LID or without LID in a previous study (Du et al., 2016), nor did those clinical scores associated with QSM values of the whole, left, and right SN in either PD with LID or without LID.

Levodopa-induced dyskinesia is a common and potentially disabling complication of levodopa treatment in patients with PD. Evidence indicates that LID occurs in response to pulsatile dopaminergic stimulation together with the short half-life of levodopa (Espay et al., 2018). The younger age of onset, longer disease duration, higher levodopa dose, and longer duration of levodopa therapy are considered major clinical risk factors for LID (Zappia and Quattrone, 2008; Warren et al., 2013; Cilia et al., 2014; Perez-Lloret et al., 2017; Matarazzo et al., 2018; Picconi et al., 2018). Young PD patients had a higher risk of LID than PD patients with old age of onset (Kumar et al., 2005; Dhall and Kreitzman, 2016). We analyzed the effect of iron content of SN on all the above clinical risk factors and found that the QSM value of the whole SN showed high accuracy in discriminating PD with LID and HCs (whole SN, 0.9273; left SN, 0.9066; right SN, 0.91) and PD with LID and without LID (whole SN, 0.7163; left SN, 0.7059; right SN, 0.7024). The QSM cutoff value of the SN may help predict LID event in PD progression. We found that the QSM cutoff value of the whole SN, which was 127.3 ppb, can discriminate between PD with LID and HCs (sensitivity, 88.24%; specificity, 81.24%), and for the left and right SN, the cutoff values were 117.7 ppb (sensitivity, 94.12%; specificity, 75%) and 146.9 ppb (sensitivity, 76.47%; specificity, 93.75%), respectively. The QSM cutoff value of the whole SN, left SN, and right SN was 148.3 ppb (sensitivity, 76.47%; specificity, 58.82%), 165.4 ppb (sensitivity, 52.94%; specificity, 82.35%), and 152.7 ppb (sensitivity, 70.59%; specificity, 64.71%) in discrimination between PD with and without LID, respectively. These findings suggest that the QSM value of SN can well discriminate between PD patients with LID and without LID; this may suggest that PD patients with a low QSM value in the SN were less prone to develop LID.

We also investigated the correlations between the iron content of SN with UDysRS score and LID duration. No significant associations between them were found, suggesting that iron deposition in the SN is not associated with the severity and duration of LID.

Despite these strengths, the main limitation of our study was the small sample size. Larger cohorts will be further recruited to validate the results, and longitudinal prospective evaluation of changes of the iron deposition over time in LID patients is needed to be studied in the future. The correlation between the QSM value of the sub-regions of the SN, such as pars compacta and pars reticulata, and LID also needs to be further studied in the future. The correlation between the loss of DA neurons and iron deposition of SN in PD with LID should be studied in the future. The difference in the QSM value of SN among off period dystonia, peak dose dyskinesia, and diphasic dyskinesia of LID groups also needs to be further studied in the future.



CONCLUSION

In conclusion, our study revealed that iron deposition in the SN was significantly higher in PD patients with LID than in those without LID by using the QSM method, but it was not associated with the severity of LID. Iron deposition in the SN measured by QSM sequence is a potential neuroimaging biomarker of LID event.
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(A) Summary of QSM changes in the subcortical structures in AD and MCI.

References Sample size (age, years)
Acosta-Cabronero et al Early-stage probable AD: 8 (72 + 6)
(013) HC:8 (70 +5)

Young HC: 3 (32 £ 2)

aMCl: 15 (75.27 £ 7.63)
HC: 22 (71.91 £ 5.25)

Probable AD: 27 (78.63 + 8.11)
HC: 18 (46.89 + 14.69)

HC: 18 (65.2 & 6.41)

aMCl: 18 (66.9 & 5.51)

AD: 18 (69. 9 + 9.81)

HC: 64 (not reported)

MCI: 17 (not reported)

AAD:19 (not reported)

HC: 19 (65.37 + 6.29)
AD: 19 (69.79 & 10.27)
HC: 19 (65.37 + 6.29)

aMCk: 19 (65.95 + 6.75)

DulL. etal. (2018) HC: 30 (66.2 + 7.8)

Mild-Moderate AD: 30 (68.3 + 6.6)

Tiepolt et al. (2018) HC: 10 (67.1)

AD: 10 (74.1)

Meineke et al. (2018) Mid to moderate AD: 6 (58 )
HC: 10 (59 % 7)
MCL: 8 (63 % 6)

HC: 10 (59 % 7)

Kan et al. (2020) HC: 19 (71 & 5)

AD: 38 (80  6)

(B) Summary of QSM changes in the cortical regions in AD and MCI

Whole
cortex

References

Sample size (age,
years)

Entorhinal
cortex

Frontal

oetal Early-stage probable
AD: 8(72 +6)
HC:8(70 £5)

Young HC: 3 (32 + 2)
aMCI: 15 (75.27 £ 7.69)
HC: 22 (71.91 4 5.25)
HC: 18 (65.2 % 6.41)
aMCI: 18 (66.9 4 5.51)
AD: 18 (69. 9 + 9.81)

Van Bergen et al. (2

al. (2016)

(2017) HC: 64 (not reported)
MCI: 17 (not reported)
AD:19 (ot reported)
HC: 19 (65.37 + 6.29)
AD: 19 (69.79 & 10.27)

Kim et al. (2017)

HC: 19 (65.37 + 6.29)
aMCI: 19 (65.95 + 6.75)

Tiepolt et al.

HC: 10 (67.1)
AD: 10 (74.1)

(C) Summary of QSM changes in the subcortical structures in PD

Temporal

Parietal

Occipital

Cingulate

Insula

Neocortex | Allocortex

References Sample size (age, years) | BG | PUT

GP

CN

AMY

TH

PUL

NA

SN

SNc

SNr

DN

RN

FN STN | Nigrosome-1

otfipour et al. (2012)

PD: 9 (66.6)
HC: 11(59.2)

Ide et al. (2014) PD: 19(72.6 4 7.65)

HC: 41 (69.4 & 9.10)

Barbosa et al. (2015) | PD: 20 (66 + 8)

HC: 30 (64 £ 7)
PD: 44 (58 + 8.76)
HC: 35 (60.49 + 6.48)
PD: 21 (72.0 + 7.5)
HC: 21 (69.7  8.6)
PD: 24 (633 + 11.0)
HC: 24 (64.1 £ 10.0)
PD: 18 (69.1 + 11.2)
HC: 16 (64.4 & 6.1)
PD: 66 (64.7 + 8.8)
HC: 58 (65.0 & 9.3)
PD: 47 (65.8 + 10.1)
HC: 47 (62.2 & 8.8)

He et al. (2015)

Murakami et al. (20

Azuma et al. (2016)

Peckham et al. (2016)

Langkammer et al.
(2016)

Du et al. (2016)

TD-PD: 19 (62.7 +8.2)
HC: 48 (61.7 + 6.5)

PD: 62 (65.2 + 10.5)

HC: 14 (635 + 5.3)

PD: 26 (64)

HC: 20 (68.5)

EOPD: 35 (0.0 + 5.3)
Younger HC: 24 (51.8 4 7.)
M-LOPD: 83 (61.9 % 6.0)
Older HC: 22 (63.1 £7.3)
TD-PD: 27 (85.3 + 9.0)
HC: 40 (56.6 & 9.9)
AR-PD: 27 (56.4 £ 9.9)
HC: 40 (56.6 & 9.9)
ES-PD: 15 (55.8 + 8.3)
HC: 40 (56.6 & 9.9)
LS-PD: 45 (61.1 + 6.7)
HC: 40 (56.6 & 9.9)

PD: 20 (67.9 +6.7)

HC: 25 (64.7 + 8.9)

PD: 25 (63.6 + 8.6)

HC: 50 (63.6 & 8.5)

PD: 39 (69.24  6.04)
HC: 25 (67.14 + 6.81)

jostrom et al. (2017)

al. (2017)

Xuan et al

Guan et al. (2017b)

Guan et al. (2017a)

Zhao et al. (2017)

Acosta-Cabronero

8t

Kim et al. (2018) ES-PD: 38 (68.3 + 9.2

HC: 25 (65.0 & 6.3)

DuG.etal (2018) | PD:72(66.3 £ 9.5)

HC: 62 (66.2 & 10.2)
High-NMS: 13 (69.8 + 11.2)
HC: 19 (67.6 & 8.0)
Low-NMS: 16 (71.4 + 6.8)
HC: 19 (67.6 & 8.0)

ES-PD: 18 (71.2 % 6.94)
HC: 18 (67.1 & 4.75)

Shin et al. (2018)

Takahashi et al.

(2018a)

An et al. (2018) PD: 44 (67.3+9.8)

HC: 31 (66.9 & 9.0)
) PD: 31 (63.1 +8.9)
HC: 27 (62.0 & 7.0)
PD: 90 (59.38  8.54)
HC: 38 (57.98  8.04)
PD: 33 (64.55 = 11.2)
HC: 26 (62.62 + 10.62)
PD: 28 (68.20 £ 6.1)
HC: 28 (64.75 + 8.0)
PD: 18 (69.6 + 6.2)

HC: 18 (69.1 & 7.0)
PD: 30 (66.2 + 8.5)

HC: 15 (64.9 & 9.2)
PD: 20 (67.0 + 10)

HC: 174 (45.1 £ 14.2)
PD: 22 (70.8 +5.9)

HC: 20 (71.4 £ 5.2)
PD-MCI: 24 (74.9 % 5.5)
HC: 20 (71.4 % 5.2)
PD: 32 (61.6 + 6.5)
HC: 50 (62.0 & 7.5)
PD: 87 (60.9 + 8.1)

HC: 77 (63.4 % 7.9)
PD: 25 (61.8  6.4)
HC: 24 (63.4 & 8.0)
PD: 35 (71.0 + 7.4)
HC: 37 (70.4 £ 7.8)

Lietal. (

Guan et al. (2019b)

Chenetal

Lietal. (2019)

Azuma et al. (2019)

ahmaei et al. (

Seth

Uchida et al. (2019)

Sunetal. (2019)

Cheng et al. (2019)

Ghassaban et al

PD: 18 (60.1 +6.2)
HC:16 (68.1 +8.7)

Ahmadi et al

(2020)

PD: 23 (68.8 +8.7)
HC: 27 (65.7 + 6.5)

Thomas et al. (2020) PD: 100 (64.5 +7.7)

HC: 37 (66.1 & 9.4)

(D) Summary of QSM changes in the subcortical structures in PSP

References Sample size (age, PUT
years)

PSP: 14 (68.5)

PD: 26 (64)

PSP: 15 (69.1 & 6.0)
HC: 14 (68.5 % 5.9)

PSP:13 (70.3 % 5.9)
PD: 35 (61.0 + 8.6)

PSP: 17 (725 % 9.7)
HC: 37 (70.4 £ 7.8)

PSP: 8(69.5 +7.7)

HC: 18 (69.1 % 7.0)

Azuma et al. (2019)

(E) Summary of QSM changes in the subcortical structures in MSA

HP

NA AMY

References Sample size (age,
years)
otal. (2017 MSA-P: 6 (67.5)
PD: 26 (64)

5m et al. (2017) MSA: 11 (68.9 % 13.1)

HC: 14 (635 4 5.3)
MSA: 12 (65.6 % 8.1)
PD: 35 (61.0 + 8.6)
MSA-P: 16 (66.4  8.2)
HC: 87 (70.4 £ 7.8)
MSA-C: 28 (63.8 & 9.5)
HC: 23 (62.9 % 8.1)

etal. (2019)

Sugiyama et al. (2019)

(F) Summary of QSM changes in the subcortical structures in ALS and PLS

References Sample size (age, years)

| Motor

weitzer et al. (2015)°

Motor neuron disease: 16 (56.3)
(ALS: 12, PLS: 4)
HC: 23 (56.6)

ostagli et al. (2016) ALS: 17 (62 £ 11)

HC: 13 (55 + 11)

Lee et al. (2017) ALS: 26 (61.08)
HC: 26 (60.88)

Ac bronero et al. (2018) ALS: 28 (61)
HC: 39 (61)

dman et al. (2019)¢ ALS/PLS: 43 (60.6 + 14.9)

Non-UMN controls: 15 (68.5  8.4)

Welton et al. (2019) ALS: 21 (54 % 14)

HC: 63 (48 + 18)

Contarino et al. (2020)

ALS: 42 (61.4 +9.1)
HC: 23 (57.4 % 7.3)

(G) Summary of QSM changes in the subcortical structures in WD

Cortex

PUT

GP

RN

SN

HP

‘Subcortical white matter

Corticospinal tract

References Sample size (age, years)
Fritzsch etal. (2014) WD: 11 (44)
HC:10 (41)

anay et al. (2018) Neurologic WD: 11 (15  3.3)

HC: 14 (18.2 £ 2.4)

lu et al. (2018)

Asymptomatic WD: 12 (13.7 + 3.3)
HC: 14 (132 & 2.4)

Dezortova et al.

19) Neurologic WD: 28 (47.1 £ 9.5)

HC: 26 (44.8 & 11.7)

(H) Summary of QSM changes in the subcortical structures in HD

References Sample size (age, BG
years)

T Premanifest HD: 31 (42.0

ominguez et al. (2016} L89)

HC: 30 (40.4 & 12.1)

‘Symptomatic HD: 32
(52.2:£9.2)
HC: 30 (40.4 £ 12.1)

Van Bergen et a Premanifest HD: 15 (42.4
+87)

HC: 16 (43.3 £ 11.7)

Chen et al. (2018) Early and premanifest HD:
24.(42.5 + 12.9)

HC: 16 (4.8 & 15.8)

(1) Summary of QSM changes in the brain regions in Ataxic disorders

References Sample size (age,
years)

FRDA: 30 (35.7 + 12.2)
HC: 83 (36.9 + 13.1)
FRDA: 20 (34.3 + 12.5)
HC: 18 (30.7 + 13.9)
SCAS: 18 (44.22 % 5.51)
HC: 18 (41.33 % 10.88)
SCAG: 9 (60.7 + 9.1)
HC: 23 (629 + 8.1)

Harding et al. (2016)

fard et al. (2

Xie et al. (2019)

ugiyama

(J) Summary of QSM changes in the subcortical structures in NBIA

References Sample size (age, years)

PKAN: 2 (21 and 82 years)
HC: 13(30.7 + 13.6)

PKAN: 6 (age range: 6-25 years)
HC: 8 (mean: 22.5 years)

MPAN: 4 (21.0 & 2.9)
HC: 19 (412 & 14.9)

C190rf12 mutation cariers: 9 (50.4 + 9.8)
HC: 19 (412 & 14.9)

“No significant difference was reported between any of the groups.
bComparison with PD not healthy controls.
©Results demonstrated for comparison of both ALS and PLS vs. controls.

PUT

GP

CN

SN

Motor cortex

Motor white matter

RN

TH

Internal capsule

AD, Alzheimer's disease; ALS, amyotrophic lateral sclerosis; aMCl, amnestic mild cognitive impairment; AMY, amygdala; AR, akinetic-rigid; asymp-WD, asymptotic Wilson's disease; BG, basal ganglia; CN, caudate nucleus; DN, dentate
nucleus; EOPD, early-onset PD; ES, early stage; FN, fascicula nigrale; FRDA, Friedreich’s atexia; GP globus palidus; GP, intemal globus palldus; GPe, external globus pallus; HC, healthy control; HD, Huntington's disease; HP

hippocampus; LOPD, late-onset PD; LS, late stage; MCI, mid cognitive impaimment; MPAN, mitochondrial membrane protein-associated neurodegeneration; MSA, multiple system atrophy; MSA-P, Parkinsonian type MSA; MSA-C,

cerebellar type MSA; NA, nucleus accumbens; NBIA, neurodegeneration with brain iron accumulation; neuro-WD, neurologic Wilson's disease; NMS, non-motor symptoms; PD, Parkinson’s disease; PKAN, pantothenate kinase-
associated neurodegeneration; PLS, primary lateral sclerosis; PSP, progressive supranuclear palsy; PUL, pulvinar nucleus; PUT, putamen; RN, red nucleus; SCA, spinocerebellar ataxia; SN, substantia nigra; SNc, substantia nigra pars
compacta; SNI; substantia nigra pars reticulata; STN, subthalamic nucleus; TD, tremor dominant; TH, thalamus; UMN, upper motor neuron disease; UMN, upper motor neuron; WD, Wilson's disease; VaD, vascular dementia.

No significant difference.
Not studled.

Increased magnetic susceptibilty.
Decreased magnetic susceptibilty.

Red: significantly higher susceptibiity in the patient group, Blue: significantly lower susceptibilty in the patient group, Green: non-significant difference. Gray: ROl not studied. Numbers in each cell represent the calculated effect size
(Hedge's g) based on the reported mean and standard deviation. Arrows indicate the direction of changes in the patient group compared with controls and ~ indicates equal means among two groups where celculation of effect size
was not possible/data not provided. Empty cells indicate that the data required to determine the direction of inter-group differences was not provided.
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Variables HC (n = 25)
Gender (male) 13 (562.00%)
Age, years 61.20 £ 7.62
Education, years 12.60 + 2.41
MoCA 29 (28, 29)
TMT-A 53.00 (36.50,
63.50)
TMT-B 150.00
(103.00,
172.50)

T2DM (n = 23)

12 (52.17%)

64.65 4
11.34 4

t8.44
E2.26

27 (27, 28)
71.00 (51.00,

100.

00)

185.00
(149.00,

260.

00)

Statistical
value

0.000%
1.847°
1.488°
4.288°
2.612¢

2.797°

P

0.990
0.071
0.144
<0.001
0.009

0.005

HC, healthy control; T2DM, type 2 diabetes mellitus; MoCA, Montreal Cognitive
Assessment; TMT, Trai-making Test. 2Chi-square test. Pindependent samples

t-test. *Mann-Whitney U-test.
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Peak MNI (X, Y, 2) Cluster voxels T z PE Susceptibi

value [ppb (x 10-)]

T20M HCs
Right caudate/putamenpalidum I 9 1,348 -452 403 0018  87.84%1957 6323+ 2602
Right frontal inferior triangular gyrus 53 25 20 591 -448 399 0021  1574+1444 247£925
Right precentral gyrus 49 -5 46 221 -377 387 0041 846 +13.00 ~339£14.19

T2DM, type 2 diabetes melitus; HC, healthy control; MNI, Montreal Neurological Institute. * The family-wise error (FWE) method for correction.
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Predictors Coefficients
Intercept 7.277
FA_cluster1 31.681
R_Cau —87.513

Standard error

5.864
10.269
38.070

P value

0.002
0.005
0.030

VIF

1.009
1.009

R (%)

39

VIF, variance inflation factor.
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Cluster ID Cluster size P-FWE MNI coordinates Tracts in clusters

X Y z

AD > HC
Cluster 1 60 0.048 114 121 91 Superior corona radiata (L)
Posterior limb of the internal capsule (L)
Anterior limb of the internal capsule (L)
Cluster 2 384 0.034 65 114 86 Superior corona radiata (R)
Posterior limb of the internal capsule (R)
Anterior corona radiata (R)
Anterior limb of the internal capsule (R)

The MNI coordinate refers to the coordinate with the largest 1 - P value. AxD, axial diffusivity; AD, Alzheimer’s disease; HC, healthy control; FWE, family wise error; MNI,
Montreal Neurological Institute; R, right; L, left.
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Group

Number
Male/female
Age (year)
Education (year)
MMSE

MoCA

AD

30

8/22
68.37 + 6.734
11.08 £3.917
19.80 + 3.925
16.77 £+ 3.857

Healthy controls

19
5/14
66.68 + 8.564
9.63 + 3.961
28.00 + 1.856
Nm

0.978
0.447
0.230
0.000

MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; Nm, not measured.
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WD patients (N = 17) HC (N = 20)

Gender (male/female) 10/7 12/8
Age (years)* 32.23(7.55) 30.4 (7.59)
Disease duration (years) 10.83(6.74) -
Treatment duration (years) 8.15 (6.07) -
Kayser-Fleischer rings 16/17 2
Serum ceruloplasmin (<0.15 g/L) 1717 -
UWDRS neurological subscores 13.71(12.14) -
T2/FLAIR hyperintensities 18117 0/20
Brian atrophy ipPavy 0/20

Standard deviations are in parentheses. *P = 0.478; Mann-Whitney U test was
used for age comparison. Normal reference range: serum ceruloplasmin, 0.2-
0.45 g/L. FLAIR, fluid-attenuated inversion recovery; HC, healthy controls; N,
number; UWDRS, Unified Wilson's Disease Rating Scale; WD, Wilson'’s disease.
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Patient Sex Age Affected side Smoke Drink Hypertension Diabetes Handedness Duration (years)

1 M 38 Right Y N Y N Right 2
2 M 61 Left N R N N Right 5
3 F 57 Left N N Y N Right 6
4 F 64 Right N N Y N Right 2
5 M 50 Left Y ¥ ¥ N Right 1
6 F 79 Left N N N N Right 4
7 F 7 Right N N Y N Right 3
8 M 63 Left N N N N Right 4
9 M 72 Right N N Y Y Right 6

MCAO, middle cerebral artery occlusion; M, male; F, female; Y, yes; N, no.
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Healthy McAo
No. 27 9
Sex (male/female) o8 5/4
Age (years) 65.1:7.6(54-79) 617 & 12.3 (38-79)
Educations 104 £38 -
Duration (years) - 40£2.1(1-7)
Handedness (fight) 27 9

not significant or not measured; MCAO, middle cerebral artery occlusion.

P-values

P>005
P>005

P>005
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Sequence TR (ms) TE (ms) Interval (mm) ~ FOV (cm x cm) ~ Matrix  Flipangle ()  Bandwidth (kHz)

TIW 2500 25 1 22x198 320 x 256 / 3125
T2W 5000 118 1 22198 320 x 256 / 3125
ESWAN 36 3.6:7.8;11.9: 16.1; 20.3: 24.4; 28.6: 32.8 0 24 x 24 256 x 256 20 31.25
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Characteristics

Gender (M/F)

Age?

Years of education®
Course of the disease?
MMSE?

MoCA?

cDT?

ADLP

Total cholesterol”
Triglycerides?

HDL?

LDL?
Homocysteine?

AD group (n =59)

21/38
7112 £ 9.21
9.00 (3.00)
3.68 4+ 2.42
19.00 (9.00)
14.00 (8.00)
2,00 (2.00)
27.00 (11.00)
5.29 (1.42)
1.02 (0.60)
1.46 +0.36
2.86+0.87
14.23 (5.60)

CON group (n =22)

12/10
67.86 % 8.60
9.00 (6.00)
30.00 (0.00)
30.00 (0.25)
4.00 (0.00)
14.00 (0.00)

p-value

0.123

0.154

0.534
<0.001*
<0.001*
<0.001*
<0.001*

2Data are expressed as mean value + standard deviations. bData are expressed
as median (inter-quartile range). *P < 0.05.
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Region AD group CON group Original p-value FDR corrected p-value

Left-DNV® 166.44 = 32.88 143,65 +27.13 0002 0.028"
Right-DNV® 161.12 2037 144,64+ 27.91 0025 0059
Left-BV 249.37 +36.54 228.23 % 38.35 0032 0059
Right-BV> 26000 (54.00) 232.00 (61.75) 0.199 0249
Left-Iov> 283.00 (59.50) 24350 (75.75) 0036 0059
Right-ICV* 276.58 + 43.04 263.14 % 47.30 0252 0252
Left-Tve 221.93 + 38,57 19414 + 43,69 0013 0.043"
Right-Tv* 218,80 + 42.11 19310+ 38.30 0012 0.043"
Left-svo 165.00 (65.00) 156.50 (20.75) 0226 0251
Right-SV® 156.00 (61.00) 147.00 (42.75) 0130 0.186

aData are expressed as mean value + standard deviations. PData are expressed as median (inter-quartie range). *P < 0.05.
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Whole SN Left SN Right SN
OR (95% CI) P value OR (95% Cl) P value OR (95% Cl) P value

QSM value 1.038 (1.003-1.074) 0.03* 1.082 (1.002-1.064) 0.04* 1.036 (1.004-1.069) 0.03*
Age of onset 1.020 (0.921-1.130) 0.70 1.023 (0.922-1.134) 0.67 1.015 (0.917-1.123) 0.78
Sex 0.777 (0.134-4.491) 0.78 0.769 (0.139-4.249) 0.76 0.869 (0.153-4.945) 0.87
BMI 0.998 (0.814-1.224) 0.98 0.977 (0.799-1.194) 0.82 1.022 (0.835-1.251) 0.83
Disease duration 1.020 (0.921-1.130) 0.70 0.957 (0.586-1.563) 0.86 0.87 (0.488-1.551) 0.64
Duration of levodopa therapy 1.123 (0.659-1.912) 0.67 1.098 (0.665-1.813) 0.71 1.127 (0.649-1.956) 0.67
LEDD of levodopa 1.003 (0.997-1.008) 0.35 1.003 (0.998-1.008) 0.29 1.002 (0.997-1.007) 0.46

Data were analyzed using multivariate logistic regression analysis [adapted factors: quantitative susceptibility mapping value, age of onset, sex, disease duration (years),
duration of levodopa therapy (years), and levodopa equivalent daily dose (mg/day), LEDD]. BMI, body mass index; OR, odds ratio; Cl, confidence interval. “P < 0.05 was

considered statistically significant.
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Whole SN Left SN Right SN
OR (95% ClI) P value OR (95% Cl) P value OR (95% Cl) P value
QSM value 1.038 (1.003-1.074) 0.03* 1.033 (1.002-1.065) 0.04* 1.035 (1.002-1.070) 0.04*
Age of onset 0.993 (0.890-1.107) 0.90 0.993 (0.889-1.111) 0.91 0.988 (0.887-1.100) 0.83
Sex 1.828 (0.255-13.098) 0.55 1.741 (0.257-11.808) 0.57 2.009 (0.280-14.402) 0.49
BMI 1.028 (0.844-1.252) 0.78 1.013 (0.832-1.233) 0.90 1.046 (0.862-1.270) 0.65
Disease duration 1.032 (0.549-1.942) 0.92 1.105 (0.628-1.945) 0.73 1.004 (0.516-1.953) 0.99
Duration of levodopa therapy 0.916 (0.494-1.701) 0.78 0.888 (0.498-1.583) 0.69 0.924 (0.489-1.745) 0.81
LEDD 1.002 (1.000-1.004) 0.09 1.002 (1.000-1.004) 0.07 1.002 (1.000-1.004) 0.1

Data were analyzed using multivariate logistic regression analysis [adapted factors: quantitative susceptibility mapping value, age of onset, sex, disease duration (years),
duration of levodopa therapy (years), and levodopa equivalent daily dose (mg/day), LEDD]. BMI, body mass index; OR, odds ratio; Cl, confidence interval. “P < 0.05 was

considered statistically significant.
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PD with LID PD without LID HCs ANOVA P value (post hoc)

(n=17) (n=17) (n =16) P value LID vs withoutLID LIDvs HCs Without LID vs HCs

Age (years old) 63.88 + 4.64 65.2+7.18 61.06 + 4.42 0.1 — — —
Age of onset 55 + 5.21 54.88 + 10.85 — 0.94 — — —
Gender (female) 17 (12) 17 (12) 16 (10) 0.85 — — —
BMI (kg/m?) 23.98 + 0.90 23.53 + 1.21 23.75 £ 2.43 0.94 — — —
Onset of motor symptom 10L/7R 7L/10R — 0.49 — — —
Disease duration (years) 9 +2.52 8.53 + 3.41 — 0.65 — — —
H-Y stage 2.85+ 0.63 2.79+0.64 — 0.79 — — —
Duration of levodopa therapy (years) 7583+ 2.15 7.06 £ 3.61 — 0.65 — — -
MDS-UPDRS Il score 50.29 + 10.43 63.24 + 10.78 - 0.04* — — —
UPDRS IV score 9.9+ 21 55+ 36 - <000 — — —
LEDD (mg/day) 1,099 + 581 814 + 359 — 0.09 — s .
LEDD of levodopa (mg/day) 540 + 164 509 + 137 - 0.56 — — s
UDysRS total score 23.59 + 9.86 — — — — — —
UDysRS score on off state 6.3 £4.2(10/17) — — — — — —
LID duration (months) 25.52 + 14.40 — — — — — —
Whole SN (ppb) 162.36 £26.85 140.256+26.85 11323+215 <0.01* 0.03* <0.01** <0.01*
Left SN (ppb) 169.17 £29.68  139.47 £29.68 108.07 +24.43 <0.01** 0.09 <0.01** <0.01*
Right SN (ppb) 165.55 +£28.51 141.03 £28.518 118.40+21.23 <0.01* 0.03* <0.01** 0.02*

The values presented are the number of patients or mean + standard deviation. LID, levodopa-induced dyskinesia;, MMSE, Mini-Mental State Exam; PD, Parkinson’s
disease; H-Y stage, Hoehn-Yahr stage; MDS-UPDRS I, Part Ill of Movement Disorder Society’s Revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS);
LEDD, levodopa equivalent daily dose; UDysRS, Unified Dyskinesia Rating Scale; HCs, healthy controls. ppb, parts per billion; L, left; R, right; BMI, body mass index.
*P < 0.05 and P < 0.01 were considered statistically significant.
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HC, healty control T2DM, type 2 diabotos melitus; BM, body mass ingex; CSVD,
cerebral smal vessal disease. *Chi-square test. “Independent samples -test.
<Mann-Whitney U-test.
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x = A x age+B Error in A (ppb/year)

CN x = 0.82 x age+49 0.05
GP x =0.74 x age+187 0.18
PUT x = 1.38 x age+50 0.07
THA x = —0.1 x age+33 0.05
PT x = 0.33 x age+62 0.05
RN x = 1.23 x age+100 0.09
SN x =0.77 x age+158 0.1
DN x =0.81 x age+105 0.12

Error in B (ppb)

2.89
7.62
3.88
2.70
2.87
5.14
6.18
6.98

0.80
0.43
0.86
-0.17
0.52
0.77
0.51
0.53

r-Cl

(0.77,0.83)
(0.36,0.5)
(0.83, 0.88)

(~0.25, —0.09)

0.45, 0.58)

0.74,0.81)

0.45, 0.57)

(
(
(
(0.46, 0.59)

p-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

R, Pearson correlation coefficient; r-Cl, confidence interval of r.
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Sample size

Age range (years)

Age (years, mean + SD)
Sex (male/female)

MRI scanner

Field strength (Tesla)

TR (ms)

TE (ms)

Voxel size (mmt)

Site 1

173
20-69
451 £14.2
88/85
GE HDX
15
53
40
0.6 x 0.75 x 3

Site 2

336
40-79
62.3 + 6.5
117/219
Philips Ingenia
3.0
20
125
0.67 x 1.34 x 2

Site 3

114
40-90
60.3 +9.3
53/61
Siemens Prisma
3.0
20
17.5
0.67 x 1.34 x 2

p-value

/

/
<0.05
<0.05

SD, standard deviation.
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WM GM GP PT THA CN SN RN CC V VNT/CSF

X(pb) O 20 180 90 10 60 160 130 —30 450 —14
Ty (ms) 837 1607 888 1140 1218 1226 1147 833 780 1932 4163
po 0.73 0.80 0.72 0.82 0.79 0.82 0.79 0.80 0.79 0.85 1.00

WM, white matter; GM, gray matter; GF, Globus Pallidus; PT, Putamen; THA,
Thalamus; CN, Caudate Nucleus; SN, Substantia Nigra, RN, Red Nucleus; CC,
Crus Cerebri; 'V, Veins; VNT, Ventricles; CSF, Cerebrospinal Fluid; and ppb,
parts per billion.
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Regions TKD iISWIM MEDI scSWIM Model
CN-L 4417 £18.22 49.65 + 15.46 54.55 + 9.46 55.92 + 2.41 60.00
CN-R 4419 + 18.67 4919+ 15.24 53.74 £ 9.94 55.42 +£2.23 60.00
GP-L 16217 £ 22.03 167.80 £+ 18.41 172.06 £+ 9.64 177.50 £ 2.74 180.00
GP-R 151.02 £ 20.65 166.44 £ 17.05 174.20 £9.93 175.94 £ 2.39 180.00
PT-L 74.77 £17.67 80.10 + 14.94 84.66 + 9.72 86.55 + 2.42 90.00
PT-R 74.80 £ 17.78 78.84 £ 15.10 85.90 + 9.28 85.51 £ 2.57 90.00
THA-L 3.31 + 35.86 4.40 +£24.97 3.44 +£19.24 5.50 £ 2.35 10.00
THA-R 2.48 + 30.50 3.36 + 19.63 2.67 £14.17 511 +£2.36 10.00
Wwm —7.43 £14.35 —5.95+ 12.33 —5.44 + 7.31 —2.59 + 1.66 0.00
RN-L 95.66 + 36.19 129.41 £ 22.95 133.49 £ 10.63 131.22 £2.32 130.00
RN-R 95.96 + 44.40 126.67 £ 22.72 135.58 + 11.81 129.79 £+ 2.51 130.00
SN-L 158.49 + 32.41 151.66 £ 24.95 168.15 + 11.43 159.16 + 3.98 160.00
SN-R 139.56 + 30.156 144.07 £+ 22.01 154.88 + 9.65 159.43 £ 4.71 160.00
CC-L —30.85 + 23.38 —28.67 £ 17.24 —36.24 + 10.14 —31.28+£2.45 —30.00
CC-R —32.08 + 24.01 —26.41 +18.83 —37.56 + 10.39 —30.50 + 2.36 —30.00
CSF —20.74 £ 19.21 —17.81 £ 13.12 —33.31 £ 11.31 —16.40 £ 2.25 —14.00
SSv 420.43 £ 61.28 447.76 + 23.11 442.70 £ 12.95 450.83 + 2.52 450.00
\ 369.52 + 85.28 408.74 + 58.89 446.65 + 48.29 446.90 + 4.33 450.00
CMB1 3604.8 + 709.84 2784.73 £ 772.89 958.42 + 37.07 2992.54 +2.68 3000.00
CcmMmB2 837.13 £ 97.45 922.31 + 83.85 990.91 + 12.36 995.58 + 1.26 1000.00
CaD1 —855.56 + 98.61 —970.63 + 85.75 —995.38 + 17.41 —1002.92 + 1.42 —1000.00
CabD2 —3617.62 + 715.04 —3914.88 £+ 770.67 —1084.43 £ 8.72 —3002.70 £+ 2.30 —3000.00
PG —3605.53 + 692.29 —3885.88 + 760.06 —1053.80 + 47.14 —2998.92 + 1.97 —3000.00
The susceptibilities for the left and right CN, GR PT, THA, RN, SN, and CC were measured. CN, Caudate Nucleus;, GR, Globus Pallidus; PT, Putamen; THA, Thalamus;

WM, White Matter; RN, Red Nucleus; SN, Substantia Nigra;, CC, Crus Cerebri; CSF, Cerebrospinal Fluid; SSV, Straight Sinus Vein; V, mean of all Veins; CMB, Cerebral
Micro Bleed; CaD, Calcium Deposit; PG, Pineal Gland; L, Left; R, Right; and ppb, parts per billion unit.
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Regions

CN-L
CN-R
GP-L
GP-R
PT-L
PT-R
THA-L
THA-R
RN-L
RN-R
SN-L
SN-R
DN-L
DN-R
SSV

TKD

39.54 +29.34
39.87 +29.36
90.22 +48.18
90.67 + 42.59
30.19 + 32.36
29.37 +£32.43
5.85 £32.00
7.47 £32.31
66.04 + 28.71
101.68 £ 35.38
114.78 4+ 67.60
111.97 £+ 58.00
83.69 + 36.22
74.97 + 35.69
424.62 £43.73
281.62 £569.40
16.96 + 28.67
9.67 +15.88

iSWIM

39.13 + 29.66
38.11 £ 29.32
98.32 + 53.86
98.92 + 48.95
29.68 + 33.22
29.31 + 33.08
2.82 4+ 28.89
2.92 4+ 30.28
66.63 + 32.08
113.07 £ 43.18
129.69 £ 72.71
124.66 £ 69.93
86.79 + 42.45
82.21 +40.28
422.32 + 43.65
298.13 + 54.02
20.83 + 26.19
9.74 +15.48

MEDI

53.52 + 33.58
47.85 +28.98
120.52 £+ 59.17
116.29 +43.19
43.10 £ 35.50
33.89 + 34.56
3.34 £+ 39.32
7.16:4:37.38
84.80 + 35.88
114.85 4 39.88
124.34 4+ 78.56
127.47 £ 69.16
82.11 £ 36.57
63.23 £+ 39.63
395.39 £ 50.01
302.49 £ 564.77
26.65 + 25.56
1812 £11.14

scSWIM

50.63 + 26.11
51.95 + 24.38
125.28 £ 53.14
123.89 £ 45.48
50.24 + 27.44
47.45 + 30.06
6.72 + 25.29
8.84 & 25.41
99.46 + 34.00
120.85 £ 39.22
140.86 £ 73.14
147.67 £ 69.67
93.37 + 38.73
92.17 + 38.63
411.98 + 42.46
326.07 + 53.94
28.40 + 22.33
10.46 £ 9.71

COSMOS

37.5 4+ 341
38.2+£32.5
116.3 £66.3
111.3 £55.0
42.0 £32.0
36.43 + 32.95
—1.89 +38.25
—2.49 +£38.77
91.04 +48.14
95.18 £ 53.17
129.00 £ 81.30
144.25 4+ 79.86
95.39 + 44.07
84.70 +£47.20
404.95 + 38.53
316.82 £ 67.50
18.54 +£43.16
1.06 +£18.13

The susceptibilities for the left and right CN, PT, GP, RN, and SN were measured. CN, Caudate Nucleus;, GF Globus Pallidus; PT, Putamen; THA, Thalamus; RN, Red
Nucleus; SN, Substantia Nigra; DN, Dentate Nucleus; SSV, Straight Sinus Vein; ICV, Internal Cerebral Vein; CSF Cerebrospinal Fluid; WM, White Matter; L, Left; R, Right;
and ppb, parts per billion unit.
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130.03 £ 24.41
54.06 + 19.39
53.69 + 22.51
98.26 + 17.49
101.73 £ 26.64
122.62 £11.74
120.31 £ 24.55

scSWIM

52.77 £ 9.16
50.93 £+ 9.39
129.13 £ 19.69
136.12 £ 23.49
68.71 + 20.84
67.50 + 24.74
111.51 £16.62
108.91 £22.72
128.05 £+ 6.67
123.83 &+ 13.51

HC from Ghassaban et al. (2019a)
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1278+7.8
133.1 £10.1
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68.7 £ 6.4
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108.1 £ 13.0
127.5+10.8
1164 £ 11.6

Also, the results from Ghassaban et al. (2019a) are summarized in the last column where the DGM structures are measured in both hemispheres in 24 healthy subjects
from a GE 3T scanner. CN, Caudate Nucleus; GR, Globus Pallidus; PT, Putamen,; RN, Red Nucleus; SN, Substantia Nigra; L, Left; R, Right; and ppb, parts per billion unit.
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SD, standard deviation; Cd, caudate nucleus; Pt, putamen; Gp, globus pallidus; MCAO, midde cerebral artery occlusion.
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confidence interval.
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