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Magnetic resonance imaging (MRI) with gadolinium based contrast agents (GBCA) is routinely used in the clinic to visualize lesions in multiple sclerosis (MS). Although GBCA reveal endothelial permeability, they fail to expose other aspects of lesion formation such as the magnitude of inflammation or tissue changes occurring at sites of blood-brain barrier (BBB) disruption. Moreover, evidence pointing to potential side effects of GBCA has been increasing. Thus, there is an urgent need to develop GBCA-independent imaging tools to monitor pathology in MS. Using MR-elastography (MRE), we previously demonstrated in both MS and the animal model experimental autoimmune encephalomyelitis (EAE) that inflammation was associated with a reduction of brain stiffness. Now, using the relapsing-remitting EAE model, we show that the cerebellum—a region with predominant inflammation in this model—is especially prone to loss of stiffness. We also demonstrate that, contrary to GBCA-MRI, reduction of brain stiffness correlates with clinical disability and is associated with enhanced expression of the extracellular matrix protein fibronectin (FN). Further, we show that FN is largely expressed by activated astrocytes at acute lesions, and reflects the magnitude of tissue remodeling at sites of BBB breakdown. Therefore, MRE could emerge as a safe tool suitable to monitor disease activity in MS.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS) that represents the most common cause of non-traumatic disability in young adults. MS is considered to be an autoimmune disease in which self-reactive immune cells gain access to the CNS leading to myelin destruction and neuronal damage and the subsequent formation of multifocal lesions (1). These pathological hallmarks are also characteristic for experimental autoimmune encephalomyelitis (EAE), which is the prototypical model for MS (2).

In MS, clinical relapses correlate with the development of perivenular inflammatory lesions inside the CNS. Lesion monitoring is commonly required to make an accurate diagnosis and to monitor disease progression and response to treatment. Typically, new lesions are visualized using gadolinium-based contrast agents (GBCA) on MRI. During active inflammatory processes, GBCA cross the leaking blood-brain barrier (BBB), enter the CNS parenchyma, and alter the magnetic properties of the tissue, reducing the T1 relaxation time. Generally, the more severe the inflammatory activity, the greater the burden of GBCA-enhancement on post-contrast T1-weighted scans (3). However, GBCA-MRI has limitations due to safety reasons and lack of sensitivity. We previously showed in EAE that certain lesions may remain undetectable by GBCA (4, 5). Furthermore, there are emerging concerns that GBCA may deposit in the tissue after repeated applications (6).

Magnetic resonance elastography (MRE) could represent a promising alternative to the use of GBCA. MRE provides information about the mechanical properties of tissues (7, 8) by analyzing their response to oscillatory shear stress (9). Using MRE, we reported on reduced brain viscoelasticity in patients with clinically isolated syndrome (10) as well as patients with established relapsing-remitting (11) and chronic-progressive (12) MS. Brain tissue softening was also observed in patients with a neuromyelitis optical spectrum disorder (NMOSD) (13). However, the mechanisms underlying brain softening in patients remain elusive. Our aim is therefore to dissect these mechanisms using animal models of neuroinflammation. Application of MRE in the cuprizone mouse model of demyelination demonstrated that brain softening was associated with demyelination (14). The observed reduction of brain viscoelasticity in this model was not related to tissue inflammation. However, in the EAE model of MS, we previously showed that inflammation was associated with reduced brain elasticity on MRE (15, 16).

In the present study, we evaluated the capacity of MRE to reveal acute inflammatory activity and disease severity, comparing sagittal MRE with conventional GBCA-MRI in the relapsing-remitting EAE model. Furthermore, we aimed to clarify the nature of the tissue alterations at lesion sites by examining changes to the extracellular matrix (ECM). For this we concentrated attention on the proteoglycan fibronectin (FN), as it has been shown to accumulate within perivascular lesions, and correlate with the degree of inflammation (17, 18). We thereby endeavor to improve our understanding of pathological changes detected by MRE but not by conventional GBCA-MRI.



METHODS


Animals

All procedures were approved by the Animal Welfare Department of the State Office of Health and Social Affairs Berlin (LAGeSo), in accordance with national and international guidelines to minimize discomfort to animals (86/609/EEC). Experimental SJL mice (Charles River Laboratories, Sulzfeld, Germany) were housed in the central animal facility of the Charité—Universitätsmedizin Berlin. All animals were kept in a temperature- and humidity-controlled colony room and maintained on a light/dark cycle of 12/12 h with ad libitum access to food and water. Over multiple experiments, mice were divided into two groups, EAE (n = 25) and non-manipulated healthy control (n = 7).



Experimental Autoimmune Encephalomyelitis (EAE)

To induce EAE (2, 19), SJL mice were immunized subcutaneously with 250 μg proteolipid protein (PLP) peptide 139-151 (purity 95%; Pepceuticals, Leicester, UK) and 800 μg Mycobacterium tuberculosis H37Ra (Difco, Franklin Lakes, NJ, USA) emulsified in 100 μl Complete Freund's adjuvant (CFA) and 100 μl phosphate-buffered saline (PBS). Pertussis toxin (250 ng per mouse; List, Biological Laboratories, Campbell, CA, USA) was injected intraperitoneally on the day of immunization (day 0) and again 2 days later (day 2). After immunization, mice were monitored daily for clinical signs and scored as follows: 0, no disease; 0.5, tail paresis; 1, tail paralysis; 1.5, tail paralysis and righting reflex weakness; 2, hind limb paralysis (one limb); 2.5 Hind limb paralisis and paresis of the other hind limb; 3, paraplegia; 4, paraplegia with forelimb weakness or paralysis; 4.5, moribund with tetraparesis or tetraplegia; and 5, dead.



In vivo Scans

In vivo MRE and MRI scans were performed as described previously (16) on a 7 T Bruker Pharmascan 70/16 rodent MR scanner (Bruker Biospin, Ettlingen, Germany), running Paravision 5.1 software, with a 20 mm RF quadrature volume head coil (RAPID Biomedical GmbH, Rimpar, Germany). Mice were anesthetized with 1.5–2.0% isoflurane in 30% O2 and 70% N2O administered via face mask, with continuous respiration monitoring using a pressure-sensitive pad placed on the thorax (Small Animal Instruments Inc., Stony Brook, NY, USA). The animals were placed on a bed with circulating heated water to maintain constant body temperature. In those animals investigated by both MRE and MRI, the MRE measurements were acquired first, followed by GBCA-MRI after 24 h.



Magnetic Resonance Elastography (MRE)

The MRE images were acquired in one 2 mm midsagittal slice as described previously (16). Mechanical vibration was generated by an air-cooled electromagnetic Lorentz coil in the fringe field of the MRI scanner. Vibrations were initiated by a trigger pulse from the control unit of the MRI scanner, and transferred to the animal through a carbon fiber piston, which was connected to the bite bar transducer. The transducer was gimbaled through a rubber bearing and retaining bracket at the temperature-controlled mouse bed. A plastic disk held up the entire setup in the center of the magnet bore (16).

The timing of the vibration was defined and recorded by a fast low-angle shot (FLASH) sequence especially made for MRE measurement. The direction of the motion sensitizing gradient (MSG), with a strength of 285 mT/m, a frequency of 900 Hz, and 9 periods, was maintained parallel to the principal axis of the magnetic field (maximum amplitude of the mechanical driver was 10 microns). To compensate for the static phase contributions, phase difference images were calculated from two images differing in the sign of the MSG. Frequency amplitude and the number of cycles were controlled by a waveform generator connected via an audio amplifier to the driving coil. Additional scan parameters were as follows: TE = 14.3 ms; TR array = 166.0 ms; slice thickness = 2.0 mm; matrix = 128, FOV = 25 mm; two averages; eight dynamic scans over a vibration period and an acquisition time of 12 min.



MRE Data Analysis

Complex wave images corresponding to the harmonic drive frequency were extracted by temporal Fourier transformation of the unwrapped phase-difference images. To reduce noise, in addition to the Butterworth band pass filter, a spatiotemporal directional filter was applied to the wave images (20). The spatiotemporal filter filtered waves that were propagating from bottom-to-top in the sagittal slice. A 2D-Helmholtz inversion was performed to the filtered data, yielding the complex shear modulus G* and the magnitude modulus |G*| = abs (G*). The calculated spatially averaged G*-values were represented by the real part of the complex shear modulus G' = Re (G*), known as the storage modulus that represents tissue elasticity, and the imaginary part G′ = Im (G*), which is the loss modulus representing tissue viscosity. The magnitude, storage and loss moduli were expressed in pascals (Pa). The loss factor calculated as the phase angle phi = arctan (G″/ G′) represents the fluidity of the tissue, which is the degree of viscosity relative to elasticity and is interpreted as being sensitive to the architecture of viscoelastic networks in biological tissues (21). In addition to calculating values for the storage and loss moduli for the entire sagittal slice, the brain was separated into two regions of interest divided at the junction between the cerebrum and the cerebellum.



Magnetic Resonance Imaging (MRI)

T1 maps were generated using a saturation recovery RAREVTR method, in which the repetition time (TR) was varied to acquire a series of axial T1 weighted images, from which the T1 map was produced. Scan parameters were as follows: TE = 8.3 ms; TR array = 230, 460, 1061, 1485, 2080, 3080 and 7500 ms; flip angle = 90°/180°; RARE factor = 2; slice thickness = 1.0 mm; matrix = 128, FOV = 1.92 cm; NA = 1, 10 slices, scan time = 17 min 44 sec. After acquiring the pre-contrast T1 map, the animals were administered 0.2 mmol/kg gadopentate dimeglumine (Gd-DTPA, Magnevist, Bayer Vital GmbH, Leverkusen, Germany) by intravenous injection. After 5 min, the post-contrast T1 maps were acquired using the same parameters as above. Data acquisition was done with ParaVision 5.1 (Bruker Biospin, Germany). The raw data files were exported as NIFTI image files, and analyzed in ImageJ v. 1.51 (NIH, open source). A region of interest (ROI) defining the brain was manually traced for all 10 slices, and the mean T1 value of each ROI calculated. The mean T1 from all 10 slices was determined for each animal, and the post-contrast mean was subtracted from the pre-contrast mean, to yield the difference—delta T1. The delta T1 was used for the statistical analysis.

In addition, T1-weigthed images were acquired as described previously (22). As a complimentary method, we also calculated the T1 signal intensity change directly from the T1-weighted images. An ROI defining the brain was manually traced for 20 slices and the mean signal intensity (SI) value of each ROI was calculated. The mean SI from all 20 slices was determined for each animal in both pre- and post-contrast, calculated as: signal intensity change (SI%) = [(SI post-contrast—SI pre-contrast)/SI pre-contrast] * 100.



Tissue Processing

Mice were sacrificed 1 day after MRE and MRI measurements. Animals were deeply anesthetized with ketamine/xylazine, then transcardially perfused with PBS. Twenty-five brains were extracted and 19 of them were cut sagittally in two symmetrical halves. Half of the brain was postfixed in 4% paraformaldehyde (PFA) overnight at 4°C and then PBS washed, followed by 30% sucrose in PBS, soaking until the tissue sunk to the bottom. Meanwhile, the other half of the brain was reserved for RNA extraction. For histological analysis, brain tissue was embedded in O.C.T., frozen in methylbutane with dry ice, and stored at −80°C. For analysis, frozen tissues were cut into 12 μm coronal or sagittal cryosections and stored at 4°C.



Histology and Immunofluorescence

For Immunostaining, brain sections were permeabilized and blocked with PBS containing 10% normal goat serum, 10% bovine serum albumin and 0.3% Triton TM X-100 for 1 h at room temperature. Sections were incubated overnight at 4°C with the primary antibodies diluted in PBS. Primary antibodies included: rabbit anti-fibronectin, 1:200 (Millipore ab2033); mouse anti-EIIIA-fibronectin, 1:200 (Abcam ab6328); chicken anti-GFAP, 1:500 (Abcam ab4674). For double labeling immunostaining, primary antibodies were incubated sequentially. For staining with the mouse anti-EIIIA-fibronectin (IST9), we used a mouse on mouse (M.O.M.) kit from Vector Laboratories. After staining with primary antibodies, sections were washed with PBS and incubated with Alexa Fluor (488 or 647, 594)-conjugated secondary antibodies (1:400) at room temperature for 2 h, followed by 4′,6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei. Sections were imaged using a Zeiss Axio Observer fluorescence microscope or a laser-scanned confocal microscope (LSM 710, Carl Zeiss, Jena, Germany).



Quantitative Reverse-Transcription PCR

The brain tissue for PCR was divided into two portions, the anterior (cerebral) and posterior (cerebellar) region, according to the MRE scanning regions. Total RNA was extracted from the tissue by using the Trizol method. The RNA was reverse transcribed, and quantitative PCR (qPCR) carried out as described previously, using an ABI Prism 7000 SequenceDetection System (Applied Biosystems, Darmstadt, Germany) (16). Primers and probes were from Eurofins MWG Operon (Ebersberg, Germany), and the sequences used were as followed: Fibronectin, forward 5′-ATCATTTCATGCCAACCAGTT-3′, reverse 5′-TCGCACTGGTAGAAGTTCCA-3′, probe 5′FAM-CCGACGAAGAGCCCTTACAGTTCCA-3′TAMRA. Neurocan, forward 5′-GGTGTGCGCACTGTGTA-3′, reverse 5′-CATGTTGTGCTGTATGGTGATG-3′, probe 5′FAM-TTCGACGCCTACTGCTTCCGAG-3′TAMRA. Brevican, forward 5′-AGAACCGCTTCAATGTCTACTG-3′, reverse 5′-ACTGTGACAATGGCCTCAAG-3′, probe 5′FAM-ACTCTGCCCATCCCTCTGCTTC-3′TAMRA. Glypican5, forward 5′-GAGACACTTGCCAACAGAAGA-3′, reverse 5′-GGGCAGCCAATTCATTAACAC-3′, probe 5′FAM-CATGGGTCCTTCTATGGTGGCCTG-3′TAMRA. 18s, served as the endogenous reference, forward 5'-TTCGAACGTCTGCCCTATCAA-3′, reverse 5′-TCCCCGTCACCCATGGT-3′, probe 5′FAM- TGATGTTTATTGACAACACGCTTTACTTTATACCTGAAGA-3′TAMRA. We used the 2−ΔΔCT method to analyze the results.



Statistical Analysis

Data were analyzed by unpaired two-tailed t-test, paired two-tailed t-test or repeated-measures analysis of variance (ANOVA), as appropriate. The non-parametric Spearman correlation was used to assess correlation between MRE parameters and EAE score. Pearson correlation was used to assess correlation between imaging parameters, and between MRE parameters and the PCR or immunostaining quantification data. Analysis was done using GraphPad Prism v.5.01. (GraphPad software, La Jolla, CA, USA). *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS


During Relapsing-Remitting EAE, Brain Viscoelasticity Is Altered Particularly in the Cerebellum

To assess the sensitivity of the sagittal MRE protocols in the SJL EAE model (16), we monitored mechanical brain changes in SJL mice immunized with PLP. Mice developed a typical relapsing-remitting disease course, showing first clinical signs by 9–10 days after immunization, reaching peak disease 3–4 days later (day 12-14 p.i.; Figure 1A). MRE measurements were performed at day 14 post-immunization, when clinical signs of disease were well-established and coinciding with the expected disease peak. MRE data were acquired in one 2 mm midsagittal slice and confirmed our previous MRE data in relapsing-remitting EAE acquired in coronal slices (15). We observed that at day 14–15 p.i. the overall viscoelasticity of the tissue (|G*| magnitude modulus) as well as the storage modulus G' (elasticity) and the loss modulus G” (viscosity) were significantly diminished in EAE mice compared to controls (Figures 1B–D). No alteration of the phase angle (loss factor) was observed (Figure 1E), indicating that the overall architecture of the brain tissue was not affected by acute inflammation.


[image: Figure 1]
FIGURE 1. Brain viscoelasticity in EAE and control mice. (A) EAE clinical course of SJL mice immunized with PLP. EAE mice reached the maximal score at day 12–14 after immunization, mean with SEM. At days of expected peak disease, EAE mice showed significant reductions of (B) magnitude modulus, (C) storage and (D) loss modulus, compared to healthy controls. (E) No alteration of the phase angle was observed in EAE mice. Unpaired two-tailed t-test, *p < 0.05, mean ± SD.


We previously showed in C57/BL6 mice that different brain regions also show distinct viscoelastic properties (16). However, it remained unclear whether this was also applicable in the SJL EAE model, and whether different brain regions may also differ in the MRE values during relapsing-remitting EAE. A representative example of a midsagittal slice from a SJL EAE mouse is shown in Figure 2A, illustrating the magnitude image A (1), the wave deflection image A (2) and the magnitude of the complex shear modulus |G*| A (3). The acquisition of MRE data in midsagittal slices permits the separate analysis of the anterior region (cerebrum) and the posterior brain region (cerebellum) (ROIs in Figure 2A-1). The results show that during EAE, the cerebellum shows a striking reduction of the magnitude, storage and loss moduli, when compared with the cerebrum or the whole brain (Figure 2B). The phase angle remained stable in the investigated regions. Furthermore, to estimate the effect of disease in these two different brain regions, we calculated the viscoelastic changes of the EAE tissue in relation to sex and age matched healthy controls. Figure 2C demonstrates that viscoelastic values at the time of the expected peak of EAE were decreased in both regions when normalized to healthy mice, as indicated by mean difference Δ|G*| < 0, indicating that during EAE both regions undergo a “softening” of the tissue. Nevertheless, the magnitude modulus decreased more strikingly in the cerebellum, consistent with the fact that this region is more affected by inflammatory pathology than the cerebrum in the SJL EAE model.


[image: Figure 2]
FIGURE 2. Comparisons of regional brain viscoelasticity. (A) Sagittal views of an EAE mouse brain showing a representative magnitude image with definitions of the cerebrum/anterior (red) and cerebellum/posterior (blue) regions (1), a wave (deflection) image (2) and a map of the complex modulus superimposed on the magnitude image (3). (B) Comparison of the viscoelastic properties of the posterior/cerebellar region with the anterior region and the whole brain during inflammation. Repeated measures ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001. (C) Delta MRE values at the time of the expected disease peak normalized to the values of age- and gender-matched healthy animals. The magnitude modulus—i.e., the tissue rigidity—is particularly diminished in the posterior region (cerebellum) compared to the anterior region (cerebrum). Data from five independent experiments n = 25. Paired two-tailed t-test, *p < 0.05, mean ± SD.




Sagittal MRE Measurements Show a Correlation Between Mechanical Brain Properties and Clinical Disability in the Relapsing-Remitting EAE Model

It is well-established in both MS patients (23) and EAE (24), that MRI measurements do not always correlate with clinical disability. Using MRE acquired in the sagittal plane, we observed statistically significant correlations between the magnitude and storage moduli and the clinical score on the day of MRE acquisition, p = 0.0117, r = −0.6306 and p = 0.0373, r = −0.5411, respectively (Figures 3A,B). No significant correlations between loss modulus, phase angle and EAE score were observed (p = 0.1211 and r = −0.4179, p = 0.6189 and r = −0.1399, respectively Figures 3C,D). These results indicate that there is an association between brain softening and more severe clinical signs in EAE mice.


[image: Figure 3]
FIGURE 3. Correlation of EAE clinical score and whole brain viscoelasticity. (A) Negative correlation was observed between clinical disability and magnitude modulus (p = 0.0117, r = −0.6306) as well as (B) storage modulus (p = 0.0373, r = −0.5411). No correlation was observed with (C) loss modulus and (D) phase angle. Data from five independent experiments, including only symptomatic mice, n = 15. Spearman correlation, *p < 0.05.




MRE Does Not Correlate With Gadolinium Enhancement in Acute EAE

Contrast agent-based MRI represents the standard MR tool in MS to detect acute inflammatory lesions (25). Therefore, we asked whether the intensity of gadolinium (Gd) enhancement in brain MRI also correlated with clinical disability and MRE values in the SJL EAE model. We acquired axial and coronal T1-weighted images before and after intravenous injection of 0.2 mmol/kg Gd contrast agent, 24 h subsequent to the MRE scans. Brain lesions in active EAE are unevenly distributed in space, and are highly diffuse, lacking clear boarders. In order to better evaluate the extent of these diffuse lesions, we generated T1 maps to yield a quantitative measure of brain tissue contrast changes resulting from GBCA leakage across the blood-brain barrier. The T1 values were averaged from ROIs defining the entire brain, in order to obtain a global metric of Gd enhancement in the whole brain. Representative images illustrating the T1 maps pre- and post-contrast are shown Figure 4A. As expected, the post-contrast T1 values for all animals were significantly reduced, compared to the pre-contrast values (data not shown). Contrary to expectations, there was no statistically significant correlation between the delta T1 and the magnitude modulus (p = 0.8797, r = 0.05181, Figure 4B) or between T1 signal intensity changes directly obtained from the whole brain T1-weighted images and MRE values (p = 0.3402, r = 0.2315, Figure 4C). Accordingly, no significant correlation was observed between T1 signal intensity changes and EAE scores of the mice (p = 0.2325, r = −0.4195, Figure 4D).
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FIGURE 4. Comparison of whole brain contrast-enhancing lesion burden with whole brain viscoelasticity. (A) Representative T1-weighted MR images pre- (left) and post- (right) GBCA administration. A diffuse contrast-enhancing lesion is seen in the cerebellum (arrow). T1 map pre- and post-contrast with T1 relaxation time in ms. Scale bar = 5 mm. (B) Delta T1 (mean pre-contrast minus mean post-contrast) did not correlate with the magnitude modulus (Pearson correlation, p = 0.8797, r = 0.05181). (C) T1 signal intensity changes (SI%) obtained from the T1-weighted images following Gd application showed no correlation with the magnitude modulus (Pearson correlation, p = 0.3402, r = 0.2315). (D) There was no significant correlation between SI% and the EAE score (Spearman correlation, p = 0.2325, r = −0.4195). Data from two independent experiments, n = 11 and n = 19 in (B–D), respectively.




Reduction of Viscoelasticity Correlates With an Increased Expression of FN

In view of the correlation between acute inflammatory events and loss of brain stiffness as measured by MRE, we considered whether viscoelastic changes may reflect processes of molecular remodeling that occur during the formation of brain lesions. Here we found that reduced viscoelasticity during EAE was significantly correlated with increased gene expression of FN in brain tissue, p = 0.0041, r = −0.9473 (Figure 5A). This correlation was robust, and was also confirmed in a separate analysis using frozen tissue from our previous study in SJL EAE acquiring MRE data in the coronal orientation (15), p = 0.0163, r = −0.6737 (Figure 5B).


[image: Figure 5]
FIGURE 5. Association between viscoelastic changes and expression of FN. (A) The degree of reduction of cerebellar rigidity (magnitude modulus) at time of the expected EAE peak is associated with increased expression of FN assessed by qPCR, p = 0.0041, r = −0.9473. (B) The same association between magnitude modulus and fibronectin expression was found using frozen tissue from our previous study in SJL EAE with coronal MRE. P = 0.01163, r = −0.6737. (C) No correlation was observed between cerebellar magnitude modulus and gene expression of other ECM components of the cerebellum including glypican5, neurocan and brevican, respectively. Pearson correlation, **p < 0.01. Data from two independent experiments, including only symptomatic mice, n = 12 and n = 6 in (A–C), respectively.


To assess whether this association may involve changes of other components of the ECM, we investigated the gene expression of other key ECM proteoglycans, associated with the BBB (eg. glypican 5), or with the perineuronal and interstitial matrix (e.g., neurocan and brevican). No significant correlation was observed between brain viscoelasticity and the expression of these key proteoglycans, p = 0.9755 and r = −0.01632, p = 0.3062 and r = −0.5056, p = 0.8671 and r = −0.08886, respectively (Figure 5C).



FN Deposits Are Predominantly Found in Perivascular Areas, and Reduced Viscoelasticity Correlates With Increased FN Protein Expression

To confirm that FN gene expression is associated with protein deposits, we performed immunohistochemical analysis in the corresponding tissue, and demonstrated that at the time of the expected peak of EAE severity FN was highly expressed in perivascular areas (Figure 6A). In agreement with the gene expression data, reduced viscoelasticity correlated with increased FN immunofluorescence intensity (Figure 6B). In particular, a significant correlation was observed with the magnitude modulus and storage modulus (p = 0.0083, r = −0.8447 and p = 0.0127, r = −0.8201, respectively); whereas, no correlation of FN immunostaining with the loss modulus or phase angle could be detected (p = 0.1766, r = −0.5301 and p = 0.2889, r = −0.4290, respectively).


[image: Figure 6]
FIGURE 6. Association between viscoelastic changes and histological detection of FN. (A) Immunofluorescence staining indicates a perivascular distribution of FN (green) in inflamed midbrain (top) and cerebellum (bottom). Staining of FN deposits are green and cell nuclei are blue, scale ba r = 100 μm. (B) Correlation between MRE parameters and FN immunofluorescence in EAE animals at days of expected peak disease. Data from two independent experiments, including only symptomatic mice, n = 8. Pearson correlation, **p < 0.01, *p < 0.05. (C) Immunostaining with anti-FN for detection of overall fibronectin (red), and anti-EIIIA-FN for detection of cellular FN (IST9, green) indicates that perivascular FN deposits are secreted by cells. Cell nuclei are blue. Scale bar = 100 μm. (D) Immunostaining of FN (green) and the astrocytic marker GFAP (yellow) shows perivascular astrocytes adjacent to the FN deposits in the EAE brain. Cell nuclei are blue. Scale bar = 100 μm.


FN present in the lesions may arise either from the circulating plasma Fn (pFn), deposited following BBB disruption, or synthesized locally by glial cells (cellular cFn). These two FN variants contain alternatively spliced domains, EIIIA and EIIIB. To clarify the source of the FN observed in EAE, we used an anti EIIIA-FN antibody (IST9), which only recognizes cellular FN, in combination with the broad-spectrum anti-FN antibody. The staining of cellular FN showed a consistently overlapping pattern with the total FN, indicating that the main source of the perivascular FN deposits was indeed cellular, rather than circulating pFn (Figure 6C). The co-staining of FN with the astrocytic marker GFAP further indicated that not only astroglia but also endothelial cells may be major sources of FN production in the lesion sites (Figure 6D).




DISCUSSION

In this study, we investigated the capacity of MRE to detect acute inflammatory events in the mouse brain during relapsing-remitting EAE. MRE investigations were performed together with T1-weighted MRI using GBCA and were correlated with clinical disability. Furthermore, we assessed the association between MRE values and molecular aspects of extracellular matrix remodeling at the sites of inflammatory lesions.

Studies using MRE to show changes in brain tissue stiffness in the context of pathology should consider the baseline values of normal brain, though it is crucial to take into consideration technical differences among various research groups. For example, Murphy et al. used a higher stimulation frequency (1,500 Hz), yielding higher mouse brain stiffness values (25.0 kPa) (26). Other studies using stimulation frequencies similar to the setup in the current study show that the values we obtained are within the range of other published values [reviewed in Table 1 of Bertalan et al. (27)]. Consistent with our previous studies using coronal MRE (15), we show here that MRE using sagittal slices in SJL EAE revealed a decrease in the overall brain viscoelasticity at the time of the expected peak of disease, compared to the corresponding healthy controls. Furthermore, confirming our data in C57/BL6 mice (16), we demonstrated also in SJL mice that the cerebellum is softer than the cerebrum, and that these regional differences were maintained during EAE. In the SJL model, it is well-documented that the cerebellum is especially susceptible to blood-brain-barrier disruption and lesion formation (28). This together with the significant softening of the cerebellum suggests that areas of high inflammatory activity are especially well-identified by MRE. However, confirming the sensitivity of the sagittal MRE scans for visualizing whole brain inflammation, we observed a significant correlation between whole-brain brain viscoelasticity and EAE clinical score. No correlation was established between cerebellar viscoelasticity and EAE score. Thus, although changes in the cerebellum are relevant and pronounced, they do not seem to reflect all the processes that ultimately determine the clinical EAE signs.

To date, GBCA-MRI represents the standard approach to identify BBB breakdown in MS patients and also in animal models (29–31). However, there is increasing concern from recent studies and case reports pointing out potential toxic side effects of GBCA (32), thus motivating the desire for alternative MRI methods that can both better detect and improve understanding of the nature of the pathology during disease. In the active EAE model, GBCA-enhancing lesions are numerous, but rather small and diffusely distributed, and are thus inherently difficult to quantify using T1-weighted images. Therefore, we used T1 mapping to yield an unbiased, quantitative readout of the burden of lesion activity in the entire brain—a strategy that was recently applied in a mouse brain tumor model (33). Using the delta T1 averaged over the entire brain as a metric of BBB disruption also avoids potential sampling bias that might occur when attempting to quantify lesions in selected brain slices, given the uneven distribution of brain lesions in SJL EAE. Contrary to our expectations, there was no significant correlation between the overall magnitude of GBCA-enhancing lesions and the whole-brain MRE parameters. This underscores the complex nature of multiple pathological processes that occur simultaneously in EAE. It may be that the relationship between viscoelastic changes and GBCA-enhancement cannot be detected with a simple linear correlation. This may reflect that the disease processes that lead to viscoelastic changes have different kinetics from those of acute BBB disruption and active lesions. This remains a topic for further investigations.

Inflammatory lesions are not only defined by enhanced endothelial permeability and disruption of the BBB, but also by astroglial activation and remodeling of the extracellular matrix components (34). In particular FN-mediated signaling seems to promote vascular remodeling during demyelinating disease (35). Therefore, we investigated the relationship between alteration of mechanical properties of the brain and expression of FN, as an indicator for neurovascular junction remodeling during lesion formation. Our data indicate that reduction of brain viscoelasticity is indeed associated with an overall increase of FN expression in the brain tissue (36, 37).

FN is a multidomain glycoprotein binding to cell-surface-receptors, mostly integrins, and to the ECM and appears in two forms: plasma and cellular FN. Cellular FN is secreted as a soluble covalent dimer, and in a complicated process in which the FN molecule undergoes different conformational changes, is assembled into a stable matrix (38). Our data point to a cellular source of the FN deposits detected in the perivascular areas. FN fibers were in close proximity to the reactive astrocytes, confirming previous reports that glia cells are major producers of the protein (39). However, further studies are required to determine the sources of FN. So far, we could not exclude other cellular sources such as brain endothelial cells. Additionally, we observed that FN deposits characterized disturbed BBB with enhanced perivascular space and astrocyte endfoot detachment. Thus, although the FN fibers are extremely elastic (40), and might be expected to contribute to enhanced tissue elasticity, in this context their presence might reflect an assembly of processes involved in disruption of the neurovascular unit at the lesion sites. This may lead to tissue softening, due to enhanced endothelial permeability, alteration of blood flow, enlargement of the perivascular spaces, inflammation or astrocytic endfeed detachment.

Importantly, the correlation of MRE data with FN deposition could also be confirmed in brain tissue from our previous MRE study in SJL animals, in which MRE data was acquired using a coronal slice (15). In contrast, no correlation was found between MRE values and other ECM components such neurocan, brevican, or glypican, which are reported to be relevant for neuroinflammation, but which do not directly reflect the process of acute lesion formation (36, 37). Furthermore, we found that deposits of FN are prominent around inflamed vessels and that the presence of FN also correlated with the overall softening of the brain tissue at acute EAE.

Altogether our study sheds light on the mechanism of brain softening due to inflammation. Previous studies in mouse models and patients have demonstrated in vivo that brain tissue becomes softer during the progression of neuroinflammatory processes. Our data demonstrate that some of these observations might be explained by mechanisms involving the enhancement of perivascular spaces and astrocyte endfoot detachment leading to weaker couplings between the neuronal-vascular networks, and reduced tissue stiffness. This might also explain the high sensitivity of MRE to processes of acute inflammation and lesion formation in the brain when compared to GBCA-MRI. The application of MRE in mouse models of brain disease is an emerging field. Future experiments to evaluate how well MRE can predict disease development in the pre-onset phase, or to identify tissue changes and accurately reflect disease severity during clinical relapse and remission, hold promise. Further technical developments that will allow faster acquisition times to obtain MRE data covering the entire mouse brain with reasonable scan times, as well as improvements in spatial resolution will be essential to advance our understanding of the complex processes occurring during neuroinflammation. The results of the present study lay a foundation for such upcoming studies to investigate in more detail the temporal and spatial changes of tissue mechanics in relation with lesion development.
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Introduction: Mild cognitive impairment (MCI) is a heterogenous syndrome considered as a risk factor for developing dementia. Previous work examining morphological brain changes in MCI has identified a temporo-parietal atrophy pattern that suggests a common neuroanatomical denominator of cognitive impairment. Using functional connectivity analyses of structurally affected regions in MCI, we aimed to investigate and characterize functional networks formed by these regions that appear to be particularly vulnerable to disease-related disruptions.

Methods: Areas of convergent atrophy in MCI were derived from a quantitative meta-analysis and encompassed left and right medial temporal (i.e., hippocampus, amygdala), as well as parietal regions (precuneus), which were defined as seed regions for connectivity analyses. Both task-based meta-analytical connectivity modeling (MACM) based on the BrainMap database and task-free resting-state functional MRI in a large cohort of older adults from the 1000BRAINS study were applied. We additionally assessed behavioral characteristics associated with the seed regions using BrainMap meta-data and investigated correlations of resting-state connectivity with age.

Results: The left temporal seed showed stronger associations with a fronto-temporal network, whereas the right temporal atrophy cluster was more linked to cortico-striatal regions. In accordance with this, behavioral analysis indicated an emphasis of the left temporal seed on language generation, and the right temporal seed was associated with the domains of emotion and attention. Task-independent co-activation was more pronounced in the parietal seed, which demonstrated stronger connectivity with a frontoparietal network and associations with introspection and social cognition. Correlation analysis revealed both decreasing and increasing functional connectivity with higher age that may add to pathological processes but also indicates compensatory mechanisms of functional reorganization with increasing age.

Conclusion: Our findings provide an important pathophysiological link between morphological changes and the clinical relevance of major structural damage in MCI. Multimodal analysis of functional networks related to areas of MCI-typical atrophy may help to explain cognitive decline and behavioral alterations not tractable by a mere anatomical interpretation and therefore contribute to prognostic evaluations.

Keywords: temporal lobe, parietal lobe, meta-analytical connectivity modeling, resting-state functional connectivity, aging, cognition, neurodegeneration


INTRODUCTION

Mild cognitive impairment (MCI) is a syndrome marked by a cognitive deficit greater than expected considering age and education level and without relevant impact on daily activities (1–3). MCI is a heterogeneous condition with varying operational definitions, presumably originating from different etiologies and, importantly, may be the precursor of emerging dementia with an annual conversion rate of up to 10% (4, 5). Hence, improving our understanding of early processes of cognitive decline, behavioral symptoms, and degenerative alterations is highly relevant, particularly given that dementia is often caused by irreversible cell degeneration.

Structural brain changes may be observed at an early stage of cognitive decline (6, 7). In order to identify the common neuroanatomical substrates of MCI as a widely defined syndrome, Nickl-Jockschat et al. (8) performed a quantitative meta-analysis of voxel-based morphometry (VBM) studies comparing MCI patients diagnosed via the Petersen criteria (1, 9) with healthy controls. Consistent structural changes across studies were found in three clusters mainly encompassing bilaterally the hippocampus and amygdala, and the parietal precuneus (8). Gray matter reductions in the amygdala, hippocampus and thalamus were additionally associated with decreased cognitive performance (8). Although different pathologies may underlie MCI, this convergent temporo-parietal atrophy pattern can be considered to reflect a common neuropathological denominator of cognitive impairment (8). However, a comprehensive understanding of the clinical profile linked to such alterations should consider the complex interactions within neuronal circuits formed by or emanating from areas susceptible to disease pathology. This is particularly true given the notion that neurogenerative disorders represent diseases with distinct patterns of network disintegration (10, 11). Moreover, neurodegenerative diseases have been described as “nexopathies” (Latin nectere, tie) referring to the spread of pathogenic protein abnormalities via large-scale brain networks and differential intrinsic network vulnerability (12). In this context, the regions of convergent volume loss in MCI identified by Nickl-Jockschat et al. (8), which are also parts of the default mode network (DMN), can be considered as network nodes particularly vulnerable in MCI. Computational models have emphasized the role of structural network hubs as highly interconnected neural regions that are important for the integration and segregation of brain networks (13, 14). A disruption of such circuits due to morphological changes will be detrimental to network functionality, which in turn may likely lead to clinical manifestations going beyond a merely anatomical interpretation of circumscribed atrophic regions.

In the current study we aimed to functionally and behaviorally characterize the atrophy pattern previously observed in MCI and delineate ensuing functional networks connected to these regions that are prone to disruption in MCI. To achieve this, regions of convergent volume loss as identified by Nickl-Jockschat et al. (8) were defined as seed regions and subjected to functional connectivity modeling using different modalities. (i) First, functional connectivity was assessed using task-based meta-analytical connectivity modeling (MACM), which identifies stimuli-driven networks during task performance using an extensive amount of meta-data of functional imaging studies stored in the BrainMap database (15). (ii) Second, we employed task-free resting-state functional MRI (fMRI) data of a large sample of older healthy probands derived from the 1000BRAINS study (16) to assess endogenously controlled functional connectivity profiles coupled with respective atrophy seeds. This non-clinical cohort enabled the identification of characteristic networks that are expected to co-activate with our seed regions in an aging population and may be disrupted when morphological changes occur. Additionally, the combination of both approaches allowed the analysis of convergence between both task-driven and task-independent functional networks related to the regions of atrophy, representing a more robust estimation of “core” connectivity profiles across different modalities (17). (iii) In a further step, again using meta-data from BrainMap we aimed to behaviorally characterize the atrophy nodes by inferring from the specific behavioral domains and paradigms that consistently elicited activation in these regions in previously published functional imaging studies. (iv) Finally, as MCI is an age-associated disease and there are connectivity alterations with increasing age (18), we performed correlation analyses between age and resting-state connectivity of MCI-typical atrophy regions. This allows a better differentiation between age-related connectivity changes and those expected to be associated with MCI.

Given the several definitions of the MCI syndrome over the last decades, we note that in the current study we focused on the definition by Petersen (9) that any cognitive domain may be affected. While different causes other than neurodegenerative processes (e.g., vascular diseases, depression) may lead to MCI, use of this broader definition enables the characterization of an early temporo-parietal atrophy pattern representing a common neuropathological substrate of cognitive impairment (8).



MATERIALS AND METHODS


Seed Regions: Regions of Convergent Atrophy in MCI

Functional connectivity analysis was based on seed regions identified by Nickl-Jockschat et al. (8), representing areas of common consistent atrophy in MCI (Figure 1A). In this previously published coordinate-based meta-analysis, 22 VBM studies comparing in total 917 MCI patients (predominantly amnestic MCI) with 809 healthy controls were included and three supra-threshold clusters of convergent atrophy in MCI were identified: The largest cluster (cluster extent kE: 2407 voxels, MNI-coordinates of cluster maxima in x/y/z: −22/−8/−22) was localized in the left medial temporal lobe, including the hippocampus (cornu ammonis) and laterobasal amygdala. The second cluster (kE: 1984 voxels, 24/−8/−20) was located on the right temporal lobe encompassing the laterobasal amygdala, fascia dentata of the hippocampus and parahippocampal gyrus. The third cluster (kE: 269 voxels, 2/-54/32) was mainly located in the precuneus extending to the posterior cingulate cortex [PCC; (8)].


[image: Figure 1]
FIGURE 1. Functional connectivity modeling of MCI-atrophy seeds. (A) Location of the seed regions (left (green): left temporal seed; middle (red): right temporal seed; right (blue): parietal seed [same color coding for (B–D)]) showing convergent evidence of atrophy as revealed by coordinate-based meta-analysis across voxel-based morphometry studies in MCI (8). (B) Task-based brain-wide co-activation maps of the respective seed regions as revealed by meta-analytic connectivity modeling (MACM; cluster-level FWE corrected at p < 0.05, p < 0.001 at voxel-level). (C) Resting-state connectivity of respective seeds (FWE corrected at p < 0.05). (D) Conjunction between MACM and resting-state connectivity of respective seed regions using minimum statistic (19).




Task-Based Meta-Analytic Connectivity Modeling (MACM)

Task-based functional connectivity of MCI-typical atrophy seeds was calculated via meta-analytic connectivity modeling [MACM; (20–22)] based on the BrainMap database [www.brainmap.org; (15, 23, 24)]. By examining the functional connectivity profile of co-activations reported across the entire brain, we aimed to identify functional networks connected with these atrophy regions and therefore most likely to be disrupted in patients with MCI.

MACM assesses the brain-wide co-activation pattern of an anatomical region across a large number of functional neuroimaging results in healthy individuals stored in BrainMap (please see Section Behavioral Characterization for more information on paradigm classes and behavioral domains) and identifies significant areas of above-chance co-activation with this seed region. For this, all eligible experiments reporting at least one activation focus of within-subject effects between conditions were identified. Using the activation likelihood estimation (ALE) approach, convergence across these brain-wide foci was tested for identifying consistent co-activation (i.e., task-based functional connectivity) with the respective seed (15, 25–27). The reported foci were treated as centers of 3D Gaussian probability distributions reflecting the spatial uncertainty associated with each reported set of coordinates (25). The probabilities of all foci reported in the experiments were then combined for every voxel and a modeled activation (MA) map was drawn (27). The union of these maps yielded voxel-wise ALE scores describing the level of convergence at each location in the brain, which were compared to a null-distribution (26). Non-parametric p-values for each meta-analysis were thresholded at a cluster-level corrected family-wise error (cFWE) of p < 0.05 (uncorrected at the voxel-level with p < 0.001). Additionally, we performed contrast analyses of network connectivity between seed regions to assess divergent connectivity profiles between the three atrophy seeds (28). Thereby we aimed to delineate networks showing stronger functional connectivity with one seed region in particular compared to the remaining ones. Contrast analysis results were thresholded at a posterior probability of p > 0.95 (kE≥50 voxels) for a true difference between the two samples (17). All results were anatomically labeled by reference to probabilistic cytoarchitectonic maps of the human brain implemented in the SPM Anatomy Toolbox (29).



Task-Independent “Resting-State” Connectivity Modeling

We further performed seed-voxel-wise connectivity analysis of each atrophy seed using resting-state functional MRI (rs-fMRI) data from the 1000BRAINS study (16). The 1000BRAINS study is a longitudinal large-scale imaging study that investigates functional and structural variability of the aging brain, providing a unique source of imaging data in a large sample of healthy older adults. Hence, in order to delineate functional connectivity profiles across different modalities, we examined endogenously controlled resting-state networks co-activating with our seed regions in addition to rather externally-driven task-based connectivity (17). The large 1000BRAINS dataset of older healthy adults further gave us the opportunity to investigate the effect of aging on the functional connectivity of those areas demonstrating morphological changes in MCI.

For the current analysis, we used data from 637 healthy older subjects (mean age 66.7 ± 6.3 SD years, range: 55–85 years; 50.2% male; formal school years 9.9 ± 2.1; vocational/higher education 3.9 ± 2.7 years) with no history of neurological or psychiatric disorders. Only subjects with a score of at least 13 points (mean 15.5 ± 1.9 SD; range: 13–18) in the cognitive screening tool DemTect (30) indicating no signs of early dementia were included. Resting-state fMRI scans of 11:30 min duration were performed while eyes were closed, light switched off, and with the instruction to let the mind wander without thinking of anything in particular and not to fall asleep. Gradient-echo echoplanar images (EPI) were acquired on a 3T Siemens Tim Trio MR scanner (Erlangen, Germany) with the following sequence parameters: TR = 2.2 s, TE = 30 ms, FoV = 200 × 200 mm2, flip angle = 90°, voxel resolution = 3.1 × 3.1 × 3.1 mm3, 36 slices. Physiological and movement artifacts were removed from the data using FIX [FMRIB's ICA-based Xnoiseifier, implemented in FSL; (31)]. FIX decomposes the data into independent components using FSL melodic and classifies noise components using distinct spatial and temporal features, which are then regressed out of the raw fMRI data. Further processing was performed using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) and in-house Matlab tools. Images were normalized to the MNI template (32) and smoothed with a 5 mm FWHM Gaussian kernel. In order to reduce spurious correlations, variance that could be explained by nuisance variables was removed, i.e., the six motion parameters derived from image realignment, the first derivate from the realignment parameters, and the mean tissue class signals (gray matter, white matter, CSF) per time-point obtained by averaging across voxels (33, 34). Finally, using a bandpass filter we examined frequencies between 0.01 and 0.08 Hz as meaningful resting-state signal will predominantly be found in these frequencies (35).

Statistical analysis was performed in correspondence to the MACM analysis as described above. Pearson correlation coefficients were transformed into Fisher's Z-scores in a connectivity matrix and tested for consistency across subjects in a second-level ANOVA with age included as a nuisance regressor. We first assessed resting-state connectivity of each atrophy seed separately (FWE corrected at voxel-level with p < 0.05). Subsequently, we performed contrast analyses between connectivity networks of the MCI-related atrophy seeds, and additionally calculated correlations between voxel-wise co-activation of each seed region and age (cFWE corrected p < 0.05, p < 0.001 at voxel-level).



Conjunction of Task-Based MACM and Task-Free Resting-State Functional Connectivity

We performed conjunction analyses between resting-state and task-based (MACM) functional connectivity maps of seed regions using the minimum statistics (19). The aim here was to identify the brain-wide co-activation profile of each atrophy area in both task-related and task-free states yielding a more robust and mode-independent delineation of networks functionally connected to the seed regions (17, 36).



Behavioral Characterization

For further differentiation of the seed regions affected in MCI a behavioral characterization was performed. MCI-related atrophy clusters were submitted to functional profiling using meta-data of the BrainMap database. In the BrainMap taxonomy, behavioral domains (BD) describe the specific mental process isolated by the statistical contrast of each archived neuroimaging experiment (23) and include the main categories of cognition, action, perception, emotion, interoception, as well as their related subcategories. Additionally, paradigm classes (PC) define the specific tasks employed in the experiment (for a complete list of taxonomy cf. http://brainmap.org/scribe/). Each cluster was analyzed regarding its associated behavioral domain and paradigm class by computing conditional probabilities (forward [P(activation | domain or paradigm)] and reverse inference [P(domain or paradigm | activation)]) (17, 36). For forward inference, significant over-representation of BD and PC in the experiments activating the respective seed region relative to the overall chance of finding activation in that particular seed across the BrainMap database was assessed using a binomial test at p < 0.05, FDR corrected (20, 28). For the reverse inference, a seed's functional profile was determined by identifying the most probable BD and PC given activation in a particular cluster using chi-square tests (p < 0.05, FDR corrected) (20). Statistical overrepresentation of a specific behavioral domain and paradigm class allowed the identification of the functional role of the selected seed region (36).




RESULTS


Task-Based Functional Connectivity of Seed Regions (MACM)

The co-activation patterns revealed by MACM were similar for the left and right temporal seed, and demonstrated convergent connectivity with the hippocampus, amygdala, thalamus, and striatum (caudate nucleus, putamen), and cortically in the posterior medial frontal gyrus (supplementary motor area, SMA), inferior frontal gyrus, middle orbital and rectal gyrus, insula, fusiform gyrus (FG4, FG2), right inferior temporal and inferior occipital gyrus, as well as cerebellum (lobule VI). The left temporal seed additionally demonstrated co-activation with bilateral middle and inferior temporal areas, left cerebellum (lobule VI), left inferior parietal lobe (IPL, mainly PGa, PFm), parietal operculum and precuneus. MACM of the parietal cluster showed convergent co-activation with the precuneus, posterior cingulate cortex (PCC), middle orbital and rectal gyrus, superior medial and anterior cingulate cortex (ACC), IPL (PGa, PFm, PGp), angular gyrus, left middle and superior frontal gyrus, right middle temporal gyrus as well as amygdala and hippocampus (Figure 1B; Table S-1).

In the statistical comparison of both temporal seeds the left temporal cluster showed in contrast to the contralateral one stronger connectivity with the bilateral fusiform gyrus (FG3, FG4), middle temporal gyrus and cerebellum (lobules VI-VII), left inferior temporal and frontal gyrus, inferior occipital and angular gyrus. The right temporal seed had a stronger focus on the bilateral basal ganglia (caudate nucleus, putamen, pallidum), middle orbital gyrus and right middle cingulate cortex. Contrasting both temporal seeds with the parietal one delineated co-activation of temporal seeds in the bilateral hippocampus, amygdala, striatum, fusiform gyrus, inferior occipital gyrus, middle cingulate cortex, cerebellum (lobule VI) and the left inferior frontal gyrus. The parietal seed revealed stronger convergence compared to the temporal seeds in the middle orbital and rectal gyrus areas, superior medial frontal and ACC, angular gyrus, and left middle and superior frontal gyrus (Figure 2A; Table S-2).


[image: Figure 2]
FIGURE 2. Comparison of functional connectivity maps between atrophy seeds. (A) left: MACM contrasts between left and right temporal seeds, with green areas showing stronger connectivity to left temporal seed, and red areas showing stronger connectivity to right temporal seed; right: MACM contrasts of parietal seed against the conjunction of left and right temporal seeds, with blue areas showing stronger connectivity to parietal seed, and red areas showing stronger connectivity to both right and left temporal seeds. (B) left: Resting-state connectivity contrasts between left and right temporal seeds; right: contrast of parietal seed against the conjunction of left and right temporal seeds [color coding as in A]. (C) Conjunction of MACM and resting-state contrast maps; left: contrasts between left and right temporal seeds; right: contrast of parietal seed against the conjunction of left and right temporal seeds [color coding as in (A)].




Task-Free Functional Connectivity of Seed Regions (Resting-State fMRI)

Resting-state connectivity modeling results of the left and right temporal seeds were again very similar, both showing co-activation with the hippocampus, amygdala, thalamus, precuneus, PCC, angular and middle temporal gyrus, fusiform (FG3, FG4) and rectal gyrus. On the other hand, the right temporal seed co-activated with the superior frontal gyrus, pre- and post-central gyrus, right superior occipital and angular gyrus. While both seeds showed connectivity with cerebellar lobules IX-X and VIIa, the left temporal seed additionally co-activated with lobules IV–VI. The parietal seed exhibited a more widespread connectivity pattern than in the MACM analysis. This included orbital gyri, cingulate cortex, medial frontal and fronto-insular cortex, angular gyrus, middle and inferior temporal gyrus, hippocampus and amygdala, and the cerebellar lobule IX (Figure 1C; Table S-3).

Contrasting the left temporal seed with the contralateral one delineated stronger co-activation in the middle temporal gyrus, left inferior and superior frontal gyrus, insula, angular gyrus, inferior temporal gyrus, putamen, and right cerebellum (lobule VIIa), while the right temporal seed delineated more right-hemispheric convergence in the temporal and fusiform gyrus (FG4, FG3), angular gyrus, precuneus and middle cingulate cortex, middle and superior frontal gyrus, middle orbital gyrus, and cerebellum (lobule IX, X), as well as the bilateral striatum (caudate nucleus and putamen). The temporal seeds had a stronger focus in comparison to the parietal one on the post-central gyrus, fusiform gyrus (FG3, FG4), superior temporal gyrus, and left inferior temporal gyrus in addition to hippocampal and amygdalae regions. The parietal seed on the other hand had more pronounced connectivity with the precuneus, ACC and PCC, superior and middle frontal gyrus, angular gyrus, middle temporal gyrus, thalamus and cerebellar lobules (Figure 2B; Table S-4).



Conjunction of Task-Based and Task-Free Functional Connectivity

To outline a more robust and mode-independent co-activation profile of each atrophy area we performed conjunction analyses between resting-state and MACM maps of seed regions. Here we found convergent co-activation with the left temporal cluster in the left inferior frontal gyrus, insula, PCC and precuneus, bilateral middle, and superior temporal gyrus in addition to the hippocampus, amygdala, and thalamus. The fusiform gyrus (FG3, FG4), rectal gyrus and left parahippocampal gyrus were co-activated with both temporal clusters, while the right inferior frontal and occipital gyrus, putamen, and pallidum demonstrated connectivity only with the ipsilateral temporal seed. The parietal cluster demonstrated convergent connectivity with the precuneus, PCC and ACC, angular gyrus, rectal/middle orbital gyrus, left middle and superior frontal gyrus, and right middle temporal gyrus (Figure 1D; Table 1). Conjunction analysis of all three seed regions across modalities revealed common co-activation within the bilateral rectal gyrus and hippocampus.


Table 1. Functional connectivity of MCI-atrophy seeds.
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Contrasting both temporal seeds, the left temporal cluster revealed stronger co-activation with the left putamen, middle temporal gyrus, as well as inferior frontal gyrus. The right temporal cluster showed more co-activation in the right putamen, thalamus and bilateral caudate nucleus. Both right and left temporal seeds exhibited stronger connectivity compared with the parietal seed in the hippocampus, amygdala, and fusiform gyrus. The parietal seed demonstrated co-activation primarily in cortical structures including the left middle frontal gyrus and middle occipital gyrus, and bilateral angular gyrus (Figure 2C; Table 2).


Table 2. Comparison of functional connectivity maps of MCI-atrophy seeds.
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Behavioral Characterization of Seed-Regions

Behavioral characterization of the MCI-atrophy seeds using meta-data from the BrainMap database indicated that activation in the left temporal cluster in contrast to the right temporal seed was elicited by cognitive domains related to language syntax, speech and semantics as well as motor learning. The right temporal cluster showed high probability of activation in the domains of emotion and attention. Activation was more likely in the left temporal cluster given paradigm classes of naming, action observation, drawing and figurative language as well as syntactic discrimination (Figure 3A), while the right temporal cluster demonstrated a focus on the paradigm class of reward. In order to outline distinctive behavioral associations of temporal vs. parietal atrophy regions, we contrasted both temporal seeds against the parietal seed and found predominance of the domains perception (gustation and olfaction), action (observation), and cognition (memory) for the temporal clusters. Paradigms were classical conditioning, olfactory discrimination, action observation, encoding, and affective pictures. Activation in the parietal cluster was elicited given the domains social cognition and perception of motion, and paradigm classes of semantic discrimination, episodic recall, passive listening, and theory of mind (Figure 3B).


[image: Figure 3]
FIGURE 3. Functional characterization of atrophy seeds by behavioral domains and paradigm classes. (A) Functional characterization by behavioral domains and paradigm classes of left temporal seed (green) in contrast to right temporal seed (red). (B) Functional characterization by behavioral domains and paradigm classes of parietal seed (blue) in contrast to the conjunction of left and right temporal seeds (red). Bar plots show significant associations (at p < 0.05, FDR corrected) of behavioral domains and paradigm classes from the BrainMap meta-data given observed brain activity (and vice versa); the x-axis indicates relative probability values.




Age-Dependent Functional Connectivity of Seed-Regions

Resting-state functional connectivity decreased with higher age between the left temporal cluster and the hippocampus, amygdala, orbitofrontal area, medial frontal cortex, fusiform gyrus, middle and inferior temporal gyrus, angular gyrus, and precuneus. A similar pattern was observed for the right temporal seed, which additionally showed negative associations with age in precentral and post-central gyrus, while the connectivity of the left temporal seed with right temporal areas was negatively correlated with age. The parietal seed only revealed a decrease in connectivity to the anterior insula with higher age (Figure 4A; Table 3). We also found positive correlations between age and resting-state connectivity. Both the left and right temporal seed showed increased connectivity with higher age mainly with the lateral prefrontal cortex, inferior parietal lobe, insula and cerebellum (lobules VI, VIIa). The parietal cluster demonstrated increased co-activation with the middle temporal gyrus, middle occipital gyrus, angular gyrus and the precuneus with higher age (Figure 4B; Table 3).


[image: Figure 4]
FIGURE 4. Resting-state connectivity correlation of atrophy seeds with age. (A) Negative correlation between age and brain-wide resting-state connectivity of seeds (green: left temporal seed; red: right temporal seed; blue: parietal seed). (B) Positive correlation between age and brain-wide resting-state connectivity of seeds with age [color coding as in (A)]. Results are cluster-level FWE corrected at p < 0.05 (p < 0.001 at voxel-level).



Table 3. Resting-state fMRI connectivity correlations with age.
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DISCUSSION

Based on convergent morphological changes in MCI, we conducted task-based and task-free connectivity analyses and identified neural networks giving further insight into the pathophysiological relevance of structural damage in MCI. For each atrophy seed, we observed widespread but also distinct connectivity patterns and respective behavioral characteristics. While the left temporal seed showed stronger associations with a fronto-temporal network and an emphasis on language generation, the right temporal atrophy cluster was more linked to cortico-striatal regions and the domains of emotion and attention. The parietal seed demonstrated strong connectivity within the DMN, in particular with frontoparietal regions and was associated with introspection and social cognition. These networks suggest increased vulnerability in MCI due to beginning degenerative processes in important hub centers functionally connected to these areas and may underlie the heterogeneous clinical picture in this syndrome. Correlation analysis revealed both decreasing and increasing functional connectivity of atrophy seeds with higher age that may augment pathological processes but also indicates potential compensatory mechanisms of functional reorganization.


Functional Connectivity of Temporal Atrophy Seeds

Investigations into cerebral network characteristics are important for our understanding of neurodegenerative diseases, in particular given the notion of disease spreading along neuronal pathways rather than by spatial proximity (37, 38). More important than proximity seems to be the functional association with certain hub regions of the brain (39). To this end we assessed functional connectivity patterns of regions at risk in MCI that may facilitate identification of disease-related network disruptions. Functional connectivity analysis of temporal seeds revealed widespread but also distinct patterns of co-activation related to each temporal seed. In particular the right temporal seed showed convergent co-activation with a fronto-striatal network including orbitofrontal regions, the caudate nucleus, putamen and pallidum. This is of clinical importance since the striatum is involved not merely in motor functions but also in executive control and motivational processes, such as experience of reward and punishment (40–42). Convergent functional connectivity of the right temporal seed with the medial orbitofrontal cortex (OFC) additionally suggests a functional link to emotional control and reward processing (43–45). According to the hypothesis of network-spreading in neurodegenerative diseases, functionally connected regions are subject to a higher risk of disease-related vulnerability. Hence, this convergent functional connectivity pattern of morphologically affected right temporal regions may help to explain the high prevalence of psychiatric disorders such as depression in MCI patients (46), since neuronal pathways responsible for the generation of reward experiences and emotional control mechanisms may be disrupted. Behavioral analysis based on BrainMap meta-data emphasized these results showing associations of the right temporal seed with the paradigm class of reward, and the domains of emotion and attention. Nonetheless, the domain of emotion and reward processes are not entirely independent from each other and can be interlinked in the BrainMap taxonomy, whereby a clear distinction between studies eliciting activation in this region is difficult.

The left temporal seed on the other hand had a stronger functional connectivity with a fronto-temporal network, and behavioral decoding of the left temporal seed supported an emphasis on speech, semantic and syntax. Semantic deficiencies have been reported in MCI-patients (47) and can be observed in neurodegenerative dementias. In particular, the convergent co-activation with the left inferior frontal gyrus, both in task-dependent and task-independent analysis, suggests susceptibility in pathways playing a role in speech generation, and accords with observed vulnerability to atrophy of the inferior frontal gyrus in patients with Alzheimer's disease (48). Task-dependent analysis additionally revealed functional connectivity between the left temporal seed and cerebellar lobule VI and VII. This is of interest as the cerebellum is involved in a broad range of cognitive domains (49–51). Particularly right lobule VI, which connects to the left cerebral hemisphere, is involved in language processes (52). Hence, disruptions in these pathways emanating from left temporal degeneration may be susceptible to functional impairment as observed in MCI. Interestingly, in case of temporal lobe epilepsy with hippocampal atrophy morphometric changes in the cerebellum have been described before (53). Task-independent co-activation with the left and the right temporal seeds was found in lobule IX of the cerebellum, which has been described as being part of the default-mode network (DMN) (54). In the parietal lobe we further found pronounced co-activation with structures of the DMN such as the angular gyrus, which is considered to be a connecting hub and involved in memory functions, theory of mind and social cognition (55, 56). Altered DMN connectivity has been consistently reported in Alzheimer's disease, and based on longitudinal studies the strength of interregional connectivity seems to decrease when MCI patients convert to dementia (11). While targeted studies need to further evaluate the specific diagnostic and prognostic value of network alterations for the course of MCI, the functional connectivity profiles of the temporal seeds offer a framework to characterize possible network damage in MCI and neural correlates of subsequent MCI-related neuropsychological deficits. The delineated convergence patterns of functional connectivity indicate differential networks formed by each atrophy seed and related to specific behavioral symptoms. While the left temporal seed had a stronger convergence with a fronto-temporal network associated with speech generation, on the contralateral site connectivity patterns encompassed rather striatal and orbitofrontal regions indicating a role in emotional control.



Functional Connectivity of the Parietal Atrophy Seed

The precuneus and PCC as well as the hippocampus are part of the “rich club” of highly interconnected hub centers of the brain (13, 57), which is known for its integrative long-range connections and plays a major role in the brains ability to perform cognitive functions. The PCC and precuneus are vital parts of the DMN and abnormalities have been reported in a range of different diseases such as Alzheimer's disease (11, 58–61), schizophrenia, autism and depression (56, 62). The ventral PCC is associated with internally focused states and the dorsal part with externally directed attention (63). The precuneus is involved in monitoring and execution of spatially guided behavior, mental imagery and episodic memory retrieval (64, 65). The PCC and precuneus share intensive connections with each other and are considered as the “posterior” part of the DMN (66). Unsurprisingly, the parietal seed demonstrated a much more pronounced and widespread task-independent than task-dependent connectivity pattern including the medial prefrontal cortex, fronto-insular cortex, middle and inferior temporal gyri, hippocampus, amygdala and the posterior part of the cerebellum. The difference between those two modes illustrates the behavioral specificity of this cluster and emphasizes its role in introspection and non-directional cerebral activity. Especially functional convergence of the PCC and the ventromedial prefrontal cortex is suggestive of DMN activity (67). Task-dependent co-activation was located in the middle orbital and superior medial gyrus, left middle frontal gyrus, inferior parietal lobe, hippocampus and amygdala. Behavioral decoding showed for the parietal seed compared to the temporal clusters a significant probability for the domains of social cognition and motion perception, and the paradigms of theory of mind, semantic discrimination, episodic recall and passive listening. This reflects the parietal cluster's role in the DMN as well as in memory functions and understanding of speech. The overlap between the domain of social cognition and areas active during resting state has been described before and is being interpreted that both social cognitive processes and the resting state are linked to introspection (68). Given the DMN's known function in autobiographical remembering (18) memory deficits in MCI may also be linked to parietal volume reductions and ensuing functional network disruptions. In summary, the significance of morphological changes in the precuneus and the PCC particularly lies in their role as integrative hub regions in the brain. Network dysfunction in the case of damage to hub regions is more detrimental than in the case of less interconnected structures (57). Given the broad overlap of structures of the DMN and epicenters of connectivity, disruptions of these hubs will likely compromise network communication and the brain's ability to integrate information, which seems to be in particular at risk in case of MCI.



Effects of Aging on Functional Connectivity

Next, we investigated age-related connectivity of MCI-typical atrophy regions and found decreasing co-activation between temporal seeds and the medial frontal, medial parietal and middle and inferior temporal regions with higher age, while connectivity to lateral prefrontal and parietal cortex increased in older subjects. The shift of higher functional connectivity in older individuals from the OFC to the dorsolateral prefrontal cortex (DLPFC) is in line with previous literature that described greater age differences in OFC-sensitive cognitive tasks in comparison to DLPFC tasks supporting the notion that the OFC is susceptible to earliest age-related changes (69). Furthermore, a posterior/anterior-shift of task-dependent activation has been described with aging in which activation shifts from parietal and occipital regions toward prefrontal areas implicating compensatory recruitment of prefrontal regions due to age-related sensory-processing deficits (70, 71). Age-related increases in brain activity, however, do not only involve the frontal lobe, but have also been reported for parietal structures (70, 71). Our analysis showed a pattern of decreasing task-independent connectivity between the temporal seeds and parietal, medial orbitofrontal and temporal regions with higher age, whereas connectivity to the lateral PFC and inferior parietal regions (supramarginal gyrus) increased. Hence, the age-dependent posterior-anterior shift may to some extent also apply to connectivity changes at rest, as also previously reported by Roski et al. (72). Interestingly, temporal seeds further demonstrated an increase of connectivity with cerebellar lobules VI and VII suggesting that the cerebellum might be involved in adaptive processes of the aging brain. However, it is important to note that we cannot infer based on our current analysis in healthy individuals if such a compensation strategy is also maintained in MCI or already overcome by MCI-related pathological changes. On the other hand, given that patients with MCI exhibit cognitive deficits without relevant impact on daily living, it seems reasonable that such a neural reorganization pattern may contribute to preserve functional maintenance in MCI, which needs to be addressed in future imaging studies comparing MCI and healthy aging.

Finally, we found mainly positive correlations between age and connectivity of the parietal cluster with the middle occipital gyrus, middle temporal gyrus, and angular gyrus. Decreasing connectivity with higher age could only be found in the insula, in contrast to the more widespread pattern of age-related decline of connectivity of the temporal clusters. In accordance with this, the PCC is known for its relatively good preservation in age (73), and seems to be subject to relatively fewer alterations in normal aging than pathological processes such as Alzheimer's disease and MCI (74). Additionally, the increasing connectivity within parietooccipital areas with higher age may also reflect an age-dependent loss of functional specialization (e.g., sensory-processing functions) in terms of a dedifferentiation process and decrease in intra-network distinctiveness. This notion of neural dedifferentiation has been postulated for cognitive functioning in the aging brain [e.g., (75)] and was also shown for resting-state connectivity (72), which may likely be augmented due to MCI-related morphological changes and network disruptions constricting the brains ability to adapt to the aging process.




LIMITATIONS AND CONCLUSIONS

Based on structurally-affected areas in MCI that are consistent across studies, we investigated ensuing functional alterations emanating from this degenerative pattern as well as their possible clinical relevance. However, it is important to note that our approach relies upon networks derived from healthy brain functioning and likely interfering with structural damage typically observed in MCI. Hence, it does not allow conclusions regarding the degree of disruptions in functional networks, disease-stage dependent effects, or any causality, but rather delineates circuits formed by nodes affected in MCI and potentially disrupted in this disease. The knowledge of these connections and their clinical impact is important and relevant as they give further insights into the functional architecture of cognitive impairment. This also pertains to our correlation analysis between functional connectivity and age in healthy individuals as discussed above. While we were able to outline age-dependent task-free functional alterations in an aging population derived from the 1000BRAINS study, this was not possible for the meta-analytical task-dependent analysis, which would have allowed further insights on age-related co-activation patterns under cognitive demand. In addition, it is noteworthy that the large database of the 1000BRAINS study was designed to allow investigations into age-related variability in brain structure and function in the general population with a focus on the aging brain. Nevertheless, we cannot rule out a certain sampling bias in particular pertaining to the here used cohort of older healthy subjects that may affect generalizability to the general aging population. Another limitation is the fact that MCI is a heterogenous syndrome with different etiologies possibly underlying mental decline, whereas precise diagnostic evaluation encompasses the measurement of biomarkers like amyloid and tau-proteins in the cerebrospinal fluid. On the other hand, given that the here used definition of MCI was not bound to a certain etiology and functional analyses were based on shared morphologically affected regions, our findings relate to network patterns associated with these nodes as a common denominator of cognitive decline (8). Hence, the here delineated functional profiles in task-free and task-driven states offer a framework to characterize the pathophysiological impact of atrophy loci found in patients with cognitive impairment. Functional connectivity analysis in concordance with behavioral characterization and previous literature demonstrated susceptibility of functional disruption in networks responsible for language generation, emotional control, theory of mind as well as non-directional cerebral activity. These areas may also have an increased vulnerability to disease spreading along network lines in neurodegenerative diseases compromising integrative capabilities of the brain, which are essential for global cognitive functioning, as well as age-related adaptive processes. These findings help to understand the ensuing clinical relevance of structural damage in MCI beyond memory deficits.
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Purpose: To investigate the differences between interictal and ictal generalized spike-wave discharges (GSWDs) for insights on how epileptic activity propagates and the physiopathological mechanisms underlying childhood absence epilepsy (CAE).

Methods: Twenty-five patients with CAE were studied using magnetoencephalography (MEG). MEG data were digitized at 6,000 Hz during the interictal and ictal GSWDs. GSWDs were analyzed at both neural magnetic source levels and functional connectivity (FC) in multifrequency bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), gamma (30–80 Hz), ripple (80–250 Hz), and fast ripple (250–500 Hz). Brain FC was studied with the posterior cingulate cortex/precuneus (PCC/pC) as the seed region.

Results: The magnetic source of interictal GSWDs mainly locates in the PCC/pC region at 4–8 and 8–12 Hz, while that of ictal GSWDs mainly locates in the medial frontal cortex (MFC) at 80–250 Hz. There were statistically significant differences between interictal and ictal GSWDs (p < 0.05). The FC network involving the PCC/pC showed strong connections in the anterior-posterior pathways (mainly with the frontal cortex) at 80–250 Hz during ictal GSWDs, while the interictal GSWDs FC were mostly limited to the posterior cortex region. There was no significant difference in the magnetic source strength among interictal and ictal GSWDs at all bandwidths.

Conclusions: There are significant disparities in the source localization and FC between interictal and ictal GSWDs. Low-frequency activation in the PCC/pC during inhibition of seizures possibly relates to the maintenance of consciousness during interictal GSWDs. High-frequency oscillations (HFOs) of the MFC during CAE may associate with the inducing or occurrence of GSWDs. Weakened network connections may be in favor of preventing overexcitability and relates to the termination of GSWDs.

Keywords: childhood absence epilepsy (CAE), generalized spike-wave discharges (GSWDs), interictal and ictal period, Magnetoencephalography (MEG), multi-frequency bands


INTRODUCTION

Childhood absence epilepsy (CAE) is a type of idiopathic generalized epilepsy (IGE) characterized as episodes of unresponsiveness and generalized spike and wave discharges (GSWDs) on scalp electroencephalogram (EEG) of 3–4 Hz (1). When the duration of GSWDs was more than 4 s, the typical symptoms can be observed clinically, whereas the GSWDs lasting <4 s (interictal GSWDs) are usually asymptomatic (2). The seizures are thought to be relative to abnormal interplays in thalamocortical network (3–5), which affects patient awareness (6). The global workspace (GW) theory proposes that information is processed in an unconscious manner when numerous modular cerebral networks are synchronized activity. However, consciousness would be formed if the corresponding neural population is mobilized through top-down attention amplification into a state of self-sustaining activity, which involves many neurons distributed throughout the brain (7). The consciousness system has cortical and subcortical components, most notably being the medial, lateral, and orbital frontal cortex; anterior and posterior cingulate cortex (ACC, PCC); medial parietal (precuneus, pC) cortex; lateral temporal-parietal association cortex; basal forebrain; thalamus; and the upper brain stem activating systems (involved in higher order association) (8). Network inhibition hypothesis proposes that the subcortical arousal systems are inhibited by spread of seizure-related activity, which generates sleep-like or coma-like slow-wave activity in the bilateral frontoparietal association cortex and leads to disturbance of consciousness (1). A subset of these localized in the medial frontal cortex (MFC), PCC/pC, and inferior temporal makes up the default mode network (DMN), a state of resting brain function (9). These brain areas usually show decreased activity during attention-demanding tasks and become increasingly active during inattention to mental tasks or the external environment (10, 11). Also, the prefrontal cortex, anterior cingulate, and parietal cortex are important in creating the assumptive brain-scale workspace. Currently, the most accepted generation mechanisms of SWDs are cortico-reticular theory and cortical focus theory. The former assumes that the SWDs are closely related to the thalamocortical mechanism that generates sleep spindles (5, 12). The latter assumes that there is a focal area (pC, prefrontal and parietal cortex regions) active before occurrence of SWDs (13). Then cortical and thalamic alternating resonance (the cortical and thalamus in turn drives each other) produces SWDs. The integrity of the network is a prerequisite in both theories. Accordingly, the DMN, which integrates cognitive and emotional processing (14), is disturbed during absence seizures (15). Previous works studying GSWDs with EEG-fMRI have shown that the frontal, parietal regions, thalamus, and DMN (9) are changed with blood oxygen level-dependent (BOLD) signals (9, 16–18) in absence seizures (19–23). Disorders of consciousness may thus be caused by selective bilateral cortical and subcortical networks (5, 24) through abnormal patterns of neural activity (1).

It is well-known that typical GSWDs originate from paroxysmal oscillations in corticothalamic networks, but the underlying mechanism is still unclear (5, 25, 26). The appearance of BOLD changes related to GSWDs in the PCC/pC may imply that this region has an important role in the pathogenesis of CAE (27, 28). This might indicate that alteration of the PCC/pC with levels of activity is relevant to the changes of GSWD. However, the exact interplay between the cortical and subcortical structures should be further explored. The present study aimed to investigate the difference of magnetic source localization and FC between the interictal and ictal GSWDs in various frequency bands in CAE patients using MEG, which has better spatial resolution comparing with EEG and higher temporal resolution than magnetic resonance imaging (MRI) (29).

To the best of our knowledge, there have been some studies on the frequency-dependent nature of CAE. The connectivity networks and sources during the evolvement of SWDs with spatial and temporal profiles were described (30). Tenney et al. revealed that different ictal connectivities in pretreatment were related with response to antiepileptic treatment (31). And the changes of the effective connectivity (EC) network in specific frequency during interictal period were reported by Wu et al. (32). However, in our study, we try to investigate the differences between interictal and ictal GSWDs using FC and sources. The findings may contribute to our understanding of the physiopathological mechanism underlying consciousness disorders and mechanisms that sustain epileptic discharge.



METHODS


Subjects

Forty-two CAE patients aged 5–14 years old were recruited from the Department of Neurology at the Nanjing Children's Hospital and Nanjing Brain Hospital during March 2012–December 2018. The research received approval from the medical ethics committees of Nanjing Medical University, Nanjing Brain Hospital and Nanjing Children's Hospital. The inclusion criteria were (1) typical CAE consistent with the International League Against Epilepsy Seizure Classification (2017) diagnosed by a neurologist; (2) bilaterally synchronous 3–4 Hz SWDs on a normal background EEG; (3) normal physical and neurological examination; (4) no abnormal brain MRI; and (5) head movement <5 mm during MEG recordings. Patients were excluded if they met any of the following criteria: (1) history of other major neurologic or psychiatric diseases or severe systemic disease; (2) having metal implants that interfere with MEG data, such as pacemakers or cochlear devices; (3) incompatibility in keeping head motionless during MRI scans or MEG recordings. Of the 42 CAE patients recruited, 17 were excluded due to excessive head movements or absence of GSWDs. Accordingly, 25 subjects (7 males, 18 females) fulfilled our inclusion criteria and were eligible for the study. This study was approved by the medical ethics committees of the Nanjing Medical University, Nanjing Children's Hospital, and Nanjing Brain Hospital. All subjects and their guardians were informed about the purpose of this study and signed their written informed consent.



MEG

All participants were asked to reduce sleeping time before MEG recordings to raise the probability of absence of seizures during data recordings. MEG data were recorded in a magnetically shielded room with a whole-head CTF MEG system with 275 channels (VSM Medical Technology Company, Canada) at the MEG Center at the Nanjing Brain Hospital. Background noises were routinely measured by MEG before the experiment in an empty room. Before data acquisition, three coils were attached to the pre-auricular points and nasion of each subject to aid head localization relative to the MEG coordinate system. All subjects were asked to stay still (avoiding swallowing or teeth clenching) and close their eyes slightly in a supine position. Participants were monitored with an audiovisual system during MEG recording. Tolerance for head movement before and after acquisition was limited to 5 mm for each recording. Head localization was accurate to within 1 mm. The sampling rate was 6,000 Hz with noise cancelation of third-order gradients. A minimum of six consecutive epochs, each with a duration of 2 min, were recorded for each subject. If no GSWDs were recorded in the first three files, we will make the patient blow a slip of paper for a while to hyperventilate, which will increase the chance of seizure.



MRI

All 25 subjects have informed consent to undergo MRI with a 3.0T scanner (Siemens, Germany). Three fiduciary markers were attached to the same pre-auricular points and nasion used for MEG. All anatomical landmarks digitized during MEG were identifiable in the MRI.



Data Analyses

Informed by previous studies (32–35), MEG data without noise or artifacts (>6 pT) were filtered with a band pass filter of 1–4 Hz. And the MEG waveform segments showing GSWDs indicative of absence epilepsy were thereafter marked. In this study, we try to investigate the differences between interictal and ictal GSWDs in CAE. Only the GSWDs with an interictal period of <4 s (2, 21) and an ictal period of more than 10 s were selected for analysis. For segments longer than 10 s, the audiovisual system recordings were checked for subject unconsciousness to verify ictal periods. Recording the start and end times of seizure, then choosing 3 s in the middle of the seizure, which must be in the state of unconsciousness and applying it to all frequency bands for further study (because sometimes when patients presented with clinical manifestations of absence epilepsy, 3–4 Hz GSWDs would appear on the MEG earlier or later than it, so we choose the middle data of the ictal period, which would ensure that the selected study data were in the ictal period of absence epilepsy). Interictal segments were selected on both clinical observation of consciousness and presence of 3 Hz GSWDs in MEG as per the following three-step protocol: (1) waveform segments with GSWDs of 3 Hz shorter than 4 s were identified; (2) consciousness was observed via audiovisual recordings; (3) checking for the presence of ictal GSWDs before or after the chosen segments. If there was at least 30 s away from ictal segments, then the waveform was selected as interictal GSWDs data for the following analysis. An overview of MEG acquisition is presented in Figure 1.


[image: Figure 1]
FIGURE 1. Schematic of magnetoencephalography (MEG) data analysis. MEG waveforms were recorded from 25 patients with childhood absence epilepsy (CAE). MEG data segments with generalized spike-wave discharges (GSWDs) <4 s or >10 s were selected for further analysis.


MEG signals were filtered into bandwidths of 1–4 Hz (delta), 4–8 Hz (theta), 8–12 Hz (alpha), 12–30 Hz (beta), 30–80 Hz (gamma), 80–250 Hz (ripple), and 250–500 Hz (fast ripple). A notch filter of 50 Hz and harmonics were applied to eliminate power-line noise. Bandwidth segments were chosen based on our own and others' previous studies of epilepsy (35, 36). We calculated the accumulated source localization (ASI) and FC during the interictal and ictal GSWDs for 3 s time window in seven frequency bands from all patients.


ASI

ASI was defined as the volumetric summation of source activity over a period of time. ASI was localized to correlated sources using node-beam lead fields (37). Given that each node-beam lead field represents a form of either source-beamformer or subspace solution, the ASI had multiple source beamformers to separate correlated sources. The mathematical algorithms and validations have been described in detail (37, 38). Measurements of brain activity were enhanced by inclusion of the source activity strength. Source location was quantitated in a three-dimensional (3-D) coordinate system where the X, Y, and Z axes represented each of the three MEG fiducial points. A MEG Processor was used in the measurements of neuromagnetic source strength (37).



FC

FC was analyzed at the source level (35, 37). Each source was computed by virtual sensor waveforms using ASI algorithms. The source neural networks were estimated from the signal correlation of each pair of virtual sensors in the interictal and ictal GSWDs. Specifically, by calculating correlation coefficients, the relationship between virtual sensor signals from two source pairs is defined as follows:

[image: image]

where R (Xa, Xb) represents the correlation of a source pair in two locations (“a” and “b”). The Xa and Xb represent the signals in two sources, which were paired for connection calculation. C (Xa, Xb) represents the mean of two source signals. Sxa and Sxb represent the standard deviation of two source signals. To avoid possible bias, we used the source-level analysis to calculate all possible connections for each two-source pair. Each pair of possible FC distributions of all voxel-based virtual sensors is registered in each participant's MRI (26, 29). To analyze the source connections, MSI-based neural networks were visualized in both axial, coronal, and sagittal views, respectively (39). Red and blue represent the excitatory and inhibitory connections, respectively. A threshold equivalent to p < 0.05 was used as a checkpoint to ensure the quality of the data.

[image: image]

In Equation (2), Tp is the t value of a correlation, R is the correlation of a source pair, and K is the number of data points for the connection. We used the Tp value of p < 0.05 as the threshold to obtain the FC network. The PCC/pC was the region of interest (ROI). The ROI was visually defined, and the template was verified by coordinates.




Statistical Analyses

The chi-squared test (or Fisher's exact test) was used to compare the source localization and FC at low-to-high bandwidth. The Student's t-test and Mann-Whitney test were used to compare source strength between interictal and ictal GSWDs for independent samples. A p < 0.05 was considered statistically significant. Bonferroni's correction was applied to all p-values derived from multiplicity analysis. All statistical analyses were performed with SPSS 25.0 for Windows (SPSS Inc., Chicago, IL, USA).




RESULTS

The average age of the 25 subjects at CAE onset was 7.7 ± 2.08 years. The average seizure frequency was 7.4 ± 5.36 times per day. Of 57 GSWDs recorded by MEG, 17 incomplete GSWD segments were excluded. Thus, 40 MEG segments, including 20 interictal GSWDs (without conscious disorder) and 20 ictal GSWDs (with conscious disorder), were selected from 25 subjects, with at least one segment and at most two segments of MEG data from each subject. Clinical data are presented in Table 1.


Table 1. Clinical data of 25 enrolled subjects with CAE.
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Source Localization
 
Delta (1–4 Hz)

The source of interictal GSWDs was mainly localized in the MFC (n = 13), PCC/pC (n = 9), and parietal-occipital-temporal junction (POT, n = 7). Ictal GSWDs were localized in the MFC (n = 12), POT (n = 5), and middle occipital cortex (MOT, n = 5). There were no statistically significant differences between the two groups.



Theta (4–8 Hz)

The source of interictal GSWDs was mainly localized in the PCC/pC (n = 12), MFC (n = 9), and POT (n = 9). Ictal GSWDs were localized in the MFC (n = 14), thalamus (n = 6), MOC (n = 4), and POT (n = 4). There were statistical differences in the PCC/pC localization of interictal and ictal GSWDs (p < 0.05) (Figure 2).


[image: Figure 2]
FIGURE 2. Magnetic source images show the locations of generalized spike-wave discharges (GSWDs) in patients at 1–4, 4–8, 8–12, and 12–30 Hz. Interpatient variation withstanding, the precuneus (pC) is always activated during interictal GSWD at 4–8 and 8–12 Hz. At the same bandwidths, ictal GSWDs are mostly localized in the medial frontal cortex (MFC). Yellow arrows show the differences between the two groups.




Alpha (8–12 Hz)

The source of interictal GSWDs was mainly localized in the MFC (n = 11), thalamus (n = 9), PCC/pC (n = 8), and POT (n = 8). Ictal GSWDs were mainly localized in the MFC (n = 12), POT (n = 7), and temporal cortex (n = 4). There were statistical differences in the PCC/pC localization of interictal and ictal GSWDs (p < 0.005) (Figure 2).



Beta (12–30 Hz)

The source of interictal GSWDs was localized in the MFC (n = 10), thalamus (n = 10), and POT (n = 8), whereas ictal group mainly localized in the MFC (n = 13), POT (n = 7), thalamus (n = 7), and temporal cortex (n = 7). There were no statistically significant differences between the two groups.



Gamma (30–80 Hz)

Interictal GSWDs were mainly localized in the MFC (n = 12), thalamus (n = 6) and PCC/pC (n = 3). Ictal GSWDs were mainly localized in the MFC (n = 15), temporal cortex (n = 3), thalamus (n = 2), and POT (n = 2). There were no statistically significant differences in the localization of interictal and ictal GSWDs.



Ripple (80–250 Hz)

Interictal GSWDs were mainly localized in the deep brain area (DBA) (n = 8), the MFC (n = 4), and temporal cortex (n = 4). Ictal GSWDs were localized in the MFC (n = 11), DBA (n = 5), and temporal cortex (n = 5). There were statistical differences in the MFC localization of interictal and ictal GSWDs (p < 0.05) (Figure 3).


[image: Figure 3]
FIGURE 3. Magnetic source images show the locations of generalized spike-wave discharges (GSWDs) in patients at 30–80, 80–250, and 250–500 Hz. At the 80–250 Hz, medial frontal cortex (MFC) are always activated during ictal GSWDs, while during interictal GSWDs, the locations are almost in the deep brain area (DBA). There are more DBA locations during interictal GSWDs when comparing with ictal GSWDs at 250–500 Hz. The yellow arrows show the differences between the two groups.




Fast Ripple (250–500 Hz)

Interictal GSWDs were mainly localized in the DBA (n = 11), the MFC (n = 7), and temporal cortex (n = 2). Ictal GSWDs were mainly localized in the MFC (n = 12), temporal cortex (n = 6), and DBA (n = 2). There were statistically significant differences between interictal and ictal GSWDs (p < 0.05) (Figure 3).

Tables 2, 3 show that the neural magnetic sources were localized to PCC/pC during interictal GSWDs at 4–8 Hz (p < 0.05) and 8–12 Hz (p < 0.005). In comparison, ictal GSWDs localized in the MFC were mainly observed at 80–250 Hz (p < 0.05). There was no statistical difference between the two groups at all other frequency bands (1–4, 12–30, 30–80, 250–500 Hz). Moreover, the strength of brain activity shows that there is no significant difference between the two groups. The measurements of neuromagnetic peak source strength are presented in Table 3. The strength of activity in both groups decreased non-linearly as the frequency bands increased. The strength of activity decreased between 1–4 and 4–8 Hz, 4–8 and 8–12 Hz, 12–30 and 30–80 Hz, but there was no degressive trend between 8–12 and 12–30 Hz, 30–80 and 80–250 Hz, 80–250 and 250–500 Hz in both groups (Figure 4).


Table 2. Magnetic source localization during interictal and ictal GSWD.
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Table 3. Neuromagnetic peak source strength of interictal and ictal GSWDs.
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[image: Figure 4]
FIGURE 4. Comparison of neuromagnetic peak source strength for seven frequency bands in interictal and ictal generalized spike-wave discharges (GSWDs). *Statistically significant at p < 0.005.





Functional Network

There were no significant differences in the functional networks of interictal and ictal GSWDs at all frequency bands in the whole brain network when we chose PCC/pC (32) as the ROI. Notably, during interictal GSWD, the majority of CAE patients (12 of 20 segments) showed limited FC in the posterior brain region at 80–250 Hz, whereas the ictal GSWDs (15 of 20 segments) showed mostly strong connections between anterior (particularly in frontal cortex) and posterior regions at the same frequency band. The FC was significantly different between interictal and ictal GSWDs (p = 0.001, p < 0.05; Figure 5). However, in the other six frequency bands, both the interictal and ictal GSWDs showed FC involving anterior and posterior brain regions. There were no remarkable differences between the two groups in these bandwidths (Figure 6).


[image: Figure 5]
FIGURE 5. There was significant difference in the functional connectivity (FC) [posterior cingulate cortex (PCC)/precuneus (pC) as the region of interest (ROI)] between interictal and ictal generalized spike-wave discharges (GSWDs) at 80–250 Hz. Interictal GSWDs had FC almost exclusively in the posterior cortex, whereas ictal GSWDs had strong connections in the anterior-posterior pathways (mainly with the frontal cortex).



[image: Figure 6]
FIGURE 6. The functional connectivity (FC) [posterior cingulate cortex (PCC)/precuneus (pC) as the region of interest (ROI)] shows no statistical differences between interictal and ictal generalized spike-wave discharges (GSWDs) at 1–4, 4–8, 8–12, 12–30, 30–80, and 250–500 Hz bandwidths.





DISCUSSION

We herein studied the frequency-dependent neuromagnetic activities and FC during the interictal and ictal GSWDs within CAE patients using MEG. Our findings have revealed that the magnetic source localization of interictal and ictal GSWDs differs at low and high bandwidths. The FC network involving the PCC/pC showed significant differences at 80–250 Hz between interictal and ictal GSWDs. However, during the preliminary experiment, we found that there was no significant difference between the two groups when the frequency band was over 500 Hz, so the frequency band over 500 Hz was not included in the follow-up study. And there was no statistically significant clinical correlation between the course of epilepsy, drug therapy, and seizures frequency with the corresponding magnetic source localization and FC network in the study.


Source Localization

Recent EEG-fMRI studies have shown that the frontal cortex, pC, and thalamus are critical for generating absence seizures (31). Our study found significant PCC/pC involvement at 4–8 and 8–12 Hz during interictal GSWDs (Table 2; Figure 2), while there was less PCC/pC involvement during ictal GSWDs at the same bandwidths, thereby suggesting that the interictal neural activities in PCC/pC are higher than ictal at low-frequency bandwidths. A previous EEG study on resting state with low frequency revealed a decreased connectivity with the PCC in temporal lobe epilepsy (40). More recently, a MEG study of CAE patients reported that PCC/pC is markedly decreased in the low-frequency bandwidth in comparison to healthy controls (32). Furthermore, decreased BOLD signaling during GSWDs in the lateral parietal cortices was linear to the duration of EEG discharges (41). These are in agreement with our study. The PCC/pC is involved with rapidly engaging and bilaterally distributed networks for absence seizure (42), as well as the initialization of epileptic activity (36). In a related EEG-fMRI study, IGE showed that the GSWDs and functional change of the PCC may affect one other (27). Moreover, it is also a reportedly critical node in the network that correlates with consciousness in both humans and animals (43). The levels of consciousness may be relative to changes in the activity of the pC. PCC was thought to be playing a key role in the DMN, and the behavioral impairment may relate to the deactivation of pC (44). In addition, the longer the discharge, the more likely the disturbance of consciousness (45). Thus, the neural activity involving the PCC/pC may be associated with the maintenance of consciousness during interictal GSWDs and the disorder of consciousness during ictal GSWDs. Moreover, the lower-frequency pC region is necessary for a sustained and pathological oscillatory state, which is then perpetuated by the corticothalamic network. It is nonetheless possible that the lower-frequency parietal region is representative of inhibition, which has been reported during absence seizures (44).

At the same time, we also found that remarkable MFC source localization at 80–250 Hz during ictal GSWDs (n = 25, Table 2; Figure 3), while there was no obvious frontal cortex location during interictal GSWDs at 80–250 Hz. In a recent study of ictal GSWDs during CAE, it is thought that neuromagnetic GSWDs originate from the frontal lobe and thalamus (46). High-frequency oscillation (HFO) has become a new biomarker for epilepsy (47–49) because they are highly localized in the epileptogenic region. We, therefore, speculate that the frontal lobe is the focal point of epilepsy during seizure, and that interictal GSWDs diffuse neural activity generated by the interaction between the cortical and thalamus with no specific focal point. The frontal cortex has previously been demonstrated as a critical element in initiating and propagating absence seizures (34, 36, 46, 50–54) in support of the cortical focus theory (55). These findings altogether suggest that the HFOs of the frontal cortex during ictal GSWDs may be related to the generation of GSWDs (55, 56). In addition, different types of connections and/or information integration at different spatial-temporal levels require different frequencies (57). The frequency of oscillations limits the speed of information transmission. HFOs are better suited to neighboring integration, whereas lower frequencies are used to integrate information from large and/or remote areas (58).



FC Networks

On the FC networks, there were no obvious differences between the interictal and ictal GSWDs in the whole brain network at different frequency bands. However, when we chose PCC/pC as the seed region, we were surprised to find that, during interictal GSWDs, the networks showed limited FC mostly in the posterior brain region (Figure 5) at 80–250 Hz, whereas the ictal GSWDs showed FC mainly in networks having strong connections between anterior (particularly in frontal cortex) and posterior regions at 80–250 Hz. There were significant differences between the two groups (p = 0.001, p < 0.05).

The PCC/pC is an important part of the DMN. A study of dynamic causal modeling, for example, reported that pC has a permissive function in the epileptic network for gating GSWDs in absence seizures (27). The SWDs that are generated by the corticothalamic loop are dependent on the state of the pC region (59). It was therefore proposed that the anterior and posterior networks oscillate asynchronously in a normal state and synchronously during transition to an ictal state (44). The posterior cortical regions may also contribute to the earliest activity associated with GSWDs (44). This may explain our finding that FC is mostly limited in the posterior cortical region during interictal GSWD. It has previously been demonstrated that weakened network connections may contribute to preventing hyperexcitability and that attenuation of network connection might be a negative feedback mechanism to prevent CAE seizures (60).

The posterior DMN is likely associated with states of awareness (9, 17, 55, 59, 61). Jing et al. reported that a large number of within- and cross-frequency form dynamics was found in secondary generalization of focal seizures (62). It is therefore possible that a cross-frequency coupling (when slow and fast oscillations interact with one another) produces absence seizures. Seizures with impairment have greater physiological intensity in widespread networks involving much of the brain. Also, comparing to seizures with spared behavior, EEG has shown greater power in widespread brain regions in seizures with impaired behavior (63). These may also explain our findings. However, the connectivity analysis of the virtual sensor activity is based on linear correlation analysis, which is one of the drawbacks of this study.



Limitations

This study has several limitations. First, the sample size is relatively small owing to the difficulty in collecting interictal data within half an hour of each patient. Second, we did not control for variations in antiepileptic drug (AED) taken by subjects, which could confound MEG recordings. Third, the software used to map the brain is not wholly reliable.




CONCLUSIONS

Our findings have revealed that the magnetic source localization and FC network differ between the interictal and ictal GSWDs in low- and high-frequency ranges. Maintenance of consciousness during interictal GSWDs may be associated with low-frequency activation in the PCC/pC region. Activation of the MFC at frequencies of 80–250 Hz during ictal GSWDs suggests that the frontal cortex is critically involved in propagating CAE. Weakened network connections in interictal GSWDs may be in favor of preventing overexcitability and relates to termination of CAE. The specific mechanisms underlying GSWDs require further study.
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Background: Although functional brain connectivity in anxiety-related disorders has been studied, brain connectivity in non-clinical populations with high trait anxiety has been rarely reported. Whether structural brain connectivity changes in young healthy individuals with high trait anxiety remains unknown.

Methods: Thirty-eight young healthy individuals with high anxiety levels and 34 healthy subjects with low anxiety levels who were matched by age, gender, and educational level were recruited. Diffusion tensor images were acquired to analyze white matter connectivity. A two-sample t-test was used for group comparison of weighted networks and graph properties.

Results: Different connections were detected in fractional anisotropy- and fiber number-weighted networks. These connections were widely distributed in various regions, where relative significance was located in the inter-hemispheric frontal lobe, the frontal-limbic lobe in the right intra-hemisphere, and the frontal-temporal lobe in the ipsilateral hemisphere. However, no significant difference was found in fiber length-weighted network and in graph properties among the three networks.

Conclusions: The structural connectivity of white matter may be a vulnerability marker. Hence, healthy individuals with high trait anxiety levels are susceptible to anxiety-related psychopathology. The findings may help elucidate the pathological mechanism of anxiety and establish interventions for populations susceptible to anxiety disorders.

Keywords: high anxiety populations, diffusion tensor imaging, white matter, structural network, connectivity, young healthy individuals


INTRODUCTION

An increasing number of young people feel large pressure caused by the fast-paced life in our modern society. The morbidity of anxiety-related disorders has increased in recent years. Trait anxiety refers to the general traits or personality and is manifested as persistent worry and instability. Anxiety is disruptive to daily life, and long-term anxiety significantly increases the risks of developing anxiety-related disorders. We supposed that young healthy individuals with high trait anxiety level may be susceptible to anxiety-related disorders (1, 2).

The analysis of brain connectivity through graph theory and magnetic resonance imaging (MRI) has become popular in research of nervous system diseases. Previous studies demonstrated abnormalities in brain connectivity among anxious patients. Zhu et al. found that changes in “small-world” properties in resting-state functional MRI (fMRI) are prominent among people with social anxiety disorders (3). Pacheco-Unguetti et al. found that trait anxiety is related to deficiencies in the executive control network, and attention-executive control function is impaired in adults with generalized anxiety disorder (4). Liao et al. found increased functional connectivity of the right posterior inferior temporal gyrus to the left inferior occipital gyrus, the right parahippocampal/hippocampal gyrus to the left middle temporal gyrus, and enhanced structural connectivity located in the genu of the corpus callosum among people with social anxiety disorders (5). Baur et al. found that the anterior insula and basolateral amygdala constitute a network markedly linked to anxiety (6).

In addition to an analysis using fMRI, electroencephalography (EEG) is used to detect abnormal connections in patients with anxiety disorders even at a rest state (7). However, T1-weighted imaging and diffusion tensor imaging (DTI) have been rarely used to detect structural brain connectivity. For the non-clinical population with high trait anxiety level, few neuroimaging studies have focused on brain connectivity. Our previous study used tract-based spatial statistics method to compare white matter differences among young healthy individuals with low and high trait anxiety levels (8). Alterations in the thalamus–cortical circuit and some emotion-related areas are commonly reported in anxiety-related disorders (8). In the present study, three weighted networks featured by fractional anisotropy (FA), fiber number (FN), and fiber length (FL) were analyzed; and group comparisons were performed using two-sample t-test to explore anatomical brain connectivity changes in a healthy population with high trait anxiety levels.

We expected to find important white matter structural connections related to trait anxiety in young healthy populations with high trait anxiety levels. These findings may provide supports for establishing a neuroimaging biomarker of susceptibility to anxiety disorders to help prevent and treat the disease.



MATERIALS AND METHODS


Subjects

Seventy-two healthy right-handed undergraduate or postgraduate students were recruited from the Southwest University Longitudinal Imaging Multimodal, Brain Data Repository (China) (http://fcon_1000.projects.nitrc.org/indi/retro/southwestuni_qiu_index.html) (9). Self-rating scores including State-Trait Anxiety Inventory (10) and Combined Raven's matrix test (CRT) (11) were measured. Subjects with trait anxiety scores exceeding 50 were classified into the high trait anxiety (HTA) group (19 males and 19 females, trait score 54.5 ± 2.628), and those with scores below 30 were classified into the low trait anxiety (LTA) group (14 males and 20 females, trait score 26.177 ± 2.516) (12). The participants were matched by age (t = −0.567, p = 0.572) and gender (χ2 = 0.563, p = 0.453). None of the subjects presented a history of neurological or psychiatric disorders nor underwent mental health treatment and medications. All subjects conformed to the standards of MRI scanning and provided informed written consent prior to the study. The procedures of consent and experiments were approved by the Research Ethics Committee of the Brain Imaging Center of Southwest University and agreed with the standards of the Declaration of Helsinki (1989).



Procedures
 
MRI Data Acquisition

All participants were scanned using a 3.0-T Siemens Trio MRI scanner (Siemens Medical, Erlangen, Germany). Diffusion-weighted imaging (DWI) for each subject was acquired with a single-shot, spin-echo, echo-planar imaging (EPI) sequence [TR/TE = 11,000/98 ms, matrix = 128 × 128, field of view (FOV) = 256 × 256 mm2, voxel size = 2.0 × 2.0 × 2.0 mm3, 60 axial slices, slice thickness = 2.0 mm, b value 1 = 0 s/mm2, b value 2 = 1,000 s/mm2] in 30 directions. The subjects were repeatedly scanned three times to increase the signal-to-noise ratio (SNR) in the DWI sequence. For each time, one b0 = 0 volume and 30 b0 = 1,000 volumes were acquired.

In addition, a magnetization-prepared rapid gradient echo (MPRAGE) sequence was used to acquire high-resolution T1-weighted anatomical images. T1-weighted structural images would be used as the templates of brain regions in the following data analysis procedure. The main parameters are as follows: repetition time = 1,900 ms, echo time = 2.52 ms, inversion time = 900 ms, flip angle = 9°, resolution matrix = 256 × 256, slices = 176, thickness = 1.0 mm, and voxel size = 1 × 1 × 1 mm3. In this study, T1 images were non-linearly transformed into the Montreal Neurological Institute (MNI) space, using the ICBM152 T1 template as a reference.




Data Analysis

All imaging data were processed by PANDA software (13), a MATLAB toolbox that integrates MRIcron (https://www.nitrc.org/projects/mricron), FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki), and Diffusion Toolkit (http://www.trackvis.org/dtk/). The flowchart of data analysis is shown in Figure 1. The procedure using PANDA mainly comprises data preprocessing and construction of white matter structural network.


[image: Figure 1]
FIGURE 1. Flow chart of data analysis for image preprocessing and structural network construction.



Image Preprocessing

In detail, the following data preprocessing steps were performed: (1) checking of image quality and converting of DICOM files into NIFTI images; (2) brain extraction and brain mask estimation; (3) cropping of images and correcting of eddy current/motion; and (4) calculation of DTI metrics (FA).



Construction of White Matter Structural Networks

After preprocessing, white matter structural networks were constructed. (1) Affine transformation was used to match FA map and its corresponding T1 image in individual space. (2) The transformed T1 map was non-linearly registered into MNI space by T1 template. (3) Based on the above two steps, non-linear transformation from DTI individual space to MNI standard space and its inverse transformation were obtained. The Automated Anatomical Labeling (AAL) template (14) including 90 brain subregions in MNI space was registered into individual space by inverse transformation. Ninety subregions in the individual space were then segmented and labeled. (4) White matter fibers were tracked with deterministic tracking algorithm. When FA <0.2 or direction change > 45°, the white matter fiber tracking was terminated to acquire the whole brain tractography. (5) Based on the whole brain tractography, white matter structural networks could be constructed by defining FA, FN, and FL as edge weight and 90 subregions as nodes.




Network Analysis

Graph theoretical network analysis was performed to investigate potential differences in structural network topological characteristics between HTA and LTA groups. Edges with FN value <3 and FA <0.2 were excluded to eliminate the pseudoconnection or noise of the network (15). Accordingly, FA-weighted, FN-weighted, and FL-weighted matrix for the following analysis were obtained. The metrics of these networks such as global efficiency (Eg), local efficiency (Eloc), clustering coefficient (Cp), characteristic path length (Lp), and small-world property (Sigma) were calculated by GRETNA software (16). Global efficiency refers to the average inverse shortest path length, which reflects the overall efficiency of information transmission in the network. Clustering coefficient was described as the prevalence of clustered connectivity around individual nodes. The average shortest path length between all pairs of nodes in the network was called the characteristic path length (17). Local efficiency was defined as the average efficiency of the subnetwork, which described the information exchange efficiency of subnetworks. Small-world property indicated a network with high global efficiency and local efficiency (18).

In addition, edges of the three white matter connectivity matrices (FA, FN, and FL) between HTA and LTA groups were compared to identify alterations in fiber connection. The different connections were displayed using Brainnet viewer software (19).



Statistical Analysis

Differences in structural network properties (Sigma, Eg, Eloc, Cp, and Lp) and white matter connectivities between HTA and LTA groups were assessed by two-sample t-test. The false discovery rate (FDR) correction for multiple comparisons was used. In addition, given that depression may influence the results, the Beck Depression Inventory (BDI) score was regarded as a covariate. The above analysis was performed by GRETNA software.




RESULTS


Demographic Characteristics and Behavioral Data

Demographic characteristics and behavioral data of the subjects were compared (Table 1). No significant differences in age, gender, and CRT were observed between HTA and LTA groups.


Table 1. Statistics of the demographic and behavioral data (mean and SD).
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Alterations in Structural Networks

The topological properties of the three structural networks were not significantly different. However, some altered connections were detected in FA- and FN-weighted networks.


Fractional Anisotropy-Weighted Network

Twenty-five connections featured by FA value decreased significantly in the HTA group compared with the LTA group (Table 2 and Figure 2) (p < 0.01, FDR corrected). The most different connections primarily comprised the connectivity of the left inferior orbitofrontal gyrus to the right inferior frontal gyrus (triangular), the right superior orbitofrontal gyrus to the right hippocampus, the right medial orbitofrontal gyrus to the right lenticular nucleus (putamen), the left hippocampus to the left posterior cingulate gyrus, the left thalamus, the right calcarine, the right superior temporal gyrus to the left posterior cingulate gyrus, and the right middle occipital gyrus to the right precentral gyrus (p < 0.001, FDR corrected).


Table 2. Different connections in FA-weighted network.
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FIGURE 2. Graphical representation of different connections in fractional anisotropy (FA)-weighted network. (A) Sagittal plane, (B) axial plane, and (C) coronal plane.




Fiber Number-Weighted Network

Twenty connections were detected to have differences (p < 0.01, FDR corrected, Table 3 and Figure 3). The most different connections primarily comprised the connectivity of the left inferior frontal gyrus (opercular) to the right inferior frontal gyrus (opercular), the right inferior frontal gyrus (triangular) to the left inferior orbitofrontal gyrus, the right superior orbitofrontal gyrus to the right hippocampus, the left hippocampus to the right calcarine and the left posterior cingulate gyrus, the right middle occipital gyrus to the right precentral gyrus, and the right superior temporal gyrus to the left posterior cingulate gyrus (p < 0.001, FDR corrected).


Table 3. Different connections in FN-weighted network.
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[image: Figure 3]
FIGURE 3. Graphical representation of different connections in fiber number (FN)-weighted network. (A) Sagittal plane, (B) axial plane, and (C) coronal plane.






DISCUSSION

To our knowledge, the investigation on white matter structural connectivity in young healthy people with high trait anxiety is limited. Our group previously used tract-based spatial statistics method to detect the changes of white matter in young healthy populations with high trait anxiety (8). In this study, our results showed widespread abnormal connections in brain regions, but no significant difference in the network property was detected. Alterations in white matter structural connectivity were primarily located in the inter-hemispheric frontal lobe, the frontal-limbic lobe in the right hemisphere, and the frontal-temporal lobe in the ipsilateral hemisphere.

Patients with generalized anxiety disorder exhibited decreased brain signal variability in widespread regions, including the visual network, the sensorimotor network, the fronto-parietal network, the limbic system, and the thalamus (20). It should be noted that in our study, all subjects are young healthy populations. Although the HTA group has a higher trait anxiety score, they are still healthy populations, and their brains have no significant decline yet in ability their deliver global information. It may be the primary reason why the global properties of the structural brain networks did not show alterations. The abnormal connections may only influence the local information transmission a bit or even has no significant influence. Another reason may be that they are young adults aged only 20 years, and their brains will have more plasticity during their development or maturity. At the early stage, the global network properties have no such sensitivity as the biomarker to describe the brain structural change. However, the results showed that some different connections occurred in FA and FN networks. These different connections may support to elucidate our understanding of the pathological mechanism of trait anxiety in young populations.


Thalamus-Related Connections

In our previous voxel-wise study on highly anxious population, alterations in the anterior corona radiata (ACR)–thalamus pathway have been detected, as manifested by decreased FA values in the bilateral corona radiata and anterior thalamic radiation regions. This study also showed abnormal connectivity between the left hippocampus and the thalamus. The cortical–thalamus–limbic pathway is closely associated with emotional behavior and regulation related to posttraumatic stress disorder (21). Giménez et al. found that patients with social anxiety disorder showed significant functional connections between the thalamo-cortical and fronto-striatal circuits with task induction (22). These findings suggest that thalamus-related connections may be a vulnerable marker in young healthy individuals with high anxiety.



Temporal Lobe/Hippocampus

A large number of studies reported the importance of the hippocampus/temporal lobe for negative emotionality. Montag et al. found that four white matter tracts linking the temporal lobe/hippocampus to other brain regions were strongly correlated with trait anxiety in male participants only (23). Similarly, we demonstrated that population with high anxiety manifested significant abnormalities in 11 white matter tracts linking the temporal lobe/hippocampus to several brain regions. This study also demonstrated the abnormal connectivity of the hippocampus regions to the posterior cingulate gyrus in highly anxious populations.



Insula

The main function of the insula is emotional processing. Baur et al. stated that the anterior insula and basolateral amygdala constitute a network that is significantly related to anxiety (6). They also supposed that the resting-state functional connection of the anterior insula to the basolateral amygdala was highly related to anxiety. Hamm et al. found that the connection of the right amygdala to the insula showed significantly increased connectivity among pediatrics with anxiety disorders (24). Yang et al. found the abnormal functional architecture of the supramarginal gyrus network and the superior parietal gyrus network in patients with anxiety disorder (25). Dennis et al. found that the enhanced connection of the left anterior insula to the default network in healthy populations with anxiety, but connections of the parahippocampal and posterior cingulate gyrus to the default network increased in adults but not in youth (26). In addition, correlations were reported between insula activity and Liebowitz Social Anxiety Scale (LSAS) (27) or Social Phobia Inventory (SPIN) (28). We also found that the connections of the insula to the occipital and parietal lobes showed abnormality in the FA- and FN-weighted networks (the left insula to the left middle occipital gyrus, the right insula to the right postcentral gyrus in FA-weighted network, the left insula to the left superior parietal gyrus, the right insula to the right postcentral gyrus, and the left insula to left middle occipital gyrus in the FN-weighted network).



Frontal Cortex and Limbic Areas

The orbitofrontal cortex and the prefrontal cortex located in the anterior–inferior frontal lobe play a crucial role in modulation of fear via the amygdala (29). Baur et al. found that the volume of the left uncinate fasciculus decreased in individuals with social anxiety disorder; this finding suggests deficient structural connectivity from high-level control areas in the orbitofrontal cortex to more basal limbic areas, such as the amygdala (30). A study on functional and structural connectivity demonstrated the relationship between trait anxiety and axial diffusivity and reported a direct pathway from the anterior insula to the basolateral amygdala (6). In our study, the observed abnormalities of several frontal lobe connections comprising connectivity linking the orbitofrontal to the limbic regions may be a trait marker in white matter structural network for young healthy individuals. In the FA- and FN-weighted network, individuals with high anxiety manifested abnormalities in the three similar pathways, including the connections of the right superior frontal gyrus (orbital part) to the limbic regions (right hippocampus, pallidum, and putamen).

Basten et al. found that some regions (inferior frontal junction areas, dorsal anterior cingulate gyrus, and left fusiform gyrus) showed significantly weaker task-specific coupling for highly anxious subjects than for those with low anxiety level (31). Kim et al. found a negative functional connectivity of amygdala–dorsal to medial prefrontal cortex in subjects with high anxiety and a positive correlation with activity at rest in subjects with low anxiety (32). Hamm et al. found that anxiety disorders showed a high connection between the left amygdala and the ventromedial prefrontal cortex and posterior cingulate cortex (24). A meta-analysis of fMRI studies investigating emotional processing in individuals who excessively worry demonstrated the convergent abnormalities at the middle frontal gyrus, the inferior frontal gyrus, and the anterior insula compared with normal controls (33). During anticipation of uncertain threat, individuals with high trait anxiety level showed significantly abnormal functional activation in the thalamus, middle temporal gyrus, dorsomedial prefrontal cortex, and precuneus (34). Du et al. found that functional connectivity changed in the frontal–limbic–striatal and default-mode networks (35). In predicting uncertain threats for individuals with high trait anxiety level, it was found that the activation of the thalamus, the medial temporal gyrus, and the dorsolateral prefrontal cortex increased significantly, whereas that of the precuneus decreased (34). We also found aberrant connections in precuneus regions in high anxiety populations through an analysis of the FN-weighted network.



Amygdala

The amygdala is a key center for processing threats and plays an important role in generation, recognition, and regulation of emotions. The amygdala is located on the medial dorsal side of the anterior temporal lobe and is a part of the limbic system. Functional brain imaging studies showed that the level of amygdala activation was higher in anxious patients than in healthy controls; moreover, increased amygdala response in clinical and healthy individuals was associated with trait anxiety (36). Makovac et al. found reduced connections of the amygdala to the prefrontal cortex in people with generalized anxiety disorders (36). Similarly, Xue et al. found that high state anxiety level was associated with decreased connectivity of the amygdala to the precuneus/posterior cingulate cortex in adults with anxiety disorders (37).

In their fMRI study, Bishop et al. found that threat-related distractors activated the rostral anterior cingulate cortex in patients with anxiety. In addition, the rostral anterior cingulate cortex and the functions of lateral–prefrontal cortex activities decreased in participants with high anxiety level (38). Similarly, the medial prefrontal cortex and anterior cingulate cortex play important roles in coping with negative emotional stimuli (emotional processing in anterior cingulate and medial prefrontal cortex). Klumpp et al. found that the bilateral anterior insula of patients with generalized social anxiety disorder exhibited strong responses to fear (39). Yang et al. found that functional connectivity among the dorsolateral prefrontal cortex, the ventral medial prefrontal cortex, and the limbic regions was enhanced in the frontal marginal circuit of emotional regulation in patients with social anxiety disorder (40). Jacob et al. found that in people with social anxiety disorders, emotion was associated with decreased connectivity between the amygdala and the prefrontal cortex (41). A task-based fMRI study concerning social anxiety disorders reported abnormal emotion processing areas (e.g., amygdala and insula) (42). However, other scholars believed that the nature of trait anxiety is related to attitudes and strategies and not to situational incentives (4). On the contrary, our results showed no abnormalities of the connections associated with the amygdala. Although the amygdala was an important brain region for anxiety disorders, it has not been structurally altered in healthy people with trait anxiety.

This study has several limitations. First, we only evaluated Chinese undergraduate students who were right-handed and had no history of mental illness. The other similar young healthy populations like those with a relatively low educational level may have results that contrast the current results. Second, the sample size of the current study is still not large enough, which may influence the precision of the results. Third, our study did not report the correlation of functional connection with our structural connection results. Nevertheless, we believe that our data provide strong support for white matter structural connectivity in young healthy individuals with high anxiety level. Results may be helpful to develop interventions before the manifestation of morbidity in young individuals with anxious disorders and to establish a microstructural biomarker of anxiety-related diseases.
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Manganese-enhanced magnetic resonance imaging (MEMRI) relies on the strong paramagnetism of Mn2+. Mn2+ is a calcium ion analog and can enter excitable cells through voltage-gated calcium channels. Mn2+ can be transported along the axons of neurons via microtubule-based fast axonal transport. Based on these properties, MEMRI is used to describe neuroanatomical structures, monitor neural activity, and evaluate axonal transport rates. The application of MEMRI in preclinical animal models of central nervous system (CNS) diseases can provide more information for the study of disease mechanisms. In this article, we provide a brief review of MEMRI use in CNS diseases ranging from neurodegenerative diseases to brain injury and spinal cord injury.
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INTRODUCTION

Central nervous system (CNS) lesions are serious diseases affecting human health. Many imaging methods are currently available for the diagnosis and treatment of CNS diseases, and magnetic resonance imaging (MRI) is the most widely used imaging method. In addition to conventional T1-weighted imaging (T1WI) and T2-weighted imaging (T2WI), the continuous development of multiple MRI functional imaging methods [such as diffusion-weighted imaging (DWI), diffusion tensor imaging (DTI), and blood-oxygen-level dependent (BOLD) imaging] has enabled a better understanding and investigation of the occurrence, development, and prognosis of CNS diseases. Manganese enhanced magnetic resonance imaging (MEMRI) is a special MR functional imaging method, which is different from other imaging methods. For example, DWI has a limited ability to detect complex fiber connections and has low sensitivity in tracking subcortical fibers, leading to underestimation of nerve fiber connections, whereas MEMRI can produce results comparable to histological results (1). DTI can be used to evaluate neural connectivity and the integrity of nerve fiber tract, but cannot assess the dynamics of axonal transport, whereas MEMRI can measure axonal transport functions (2–4). BOLD imaging provides a hemodynamic-dependent measurement of the spatial location and extent of neuronal activity but with poor specificity, whereas MEMRI directly measures neuronal activity in brain areas by assessing dynamic changes in calcium signals (5). PET and SPECT only measure brain activity through an assessment of metabolic changes, but the spatial resolution is low; thus, the ability of this technique to distinguish brain microstructures is limited.

Mn2+ has strong paramagnetism, significantly reduces the T1 relaxation time, and exhibits a high signal on T1WI, which is the basis of MEMRI. Mn2+ is a Ca2+ analog that is absorbed by excitable cells through voltage-gated calcium channels [particularly L-type Cav1.2 channels (6)], Na+-Ca2+ exchangers on the cell membrane (7–10) in addition to other routes of Na+/Mg2+ antiporters, transferrin and divalent metal transporter-1 (DMT1) (11–13). At present, MEMRI is mainly used in three areas: studies of anatomy and cellular structure (14–18), tracing of neural connections (5, 19, 20), and brain function (21–26). After entering into cells, Mn2+ is transported along neurons via microtubule-dependent axonal transport and reaches secondary neurons by transport across synapses, thereby enabling anterograde tracing of associated neural pathways (27–29). For the study of brain function, activity-induced manganese-dependent MRI (AIM-MRI) is a kind of MEMRI method used to detect preferentially active neural regions during a task such as light, odor, pain, sensory, drug or behavioral stimulation (30, 31). This method is directly dependent on the activity of neurons and is independent of hemodynamics (32). Many types of CNS diseases exist, and animal experiments are required to investigate such diseases in most cases. Due to the unique advantages of MEMRI, its applications are gradually increasing in studies relevant to CNS diseases. This review focuses on animal models of CNS diseases.



MN2+ ADMINISTRATION METHOD

The routes of Mn2+ administration in MEMRI are mainly local administration (LA) and systemic administration (SA). SA is performed through oral gavage or intravenous, intraperitoneal, subcutaneous, or intramuscular injection and enables observation of the scopes and boundaries of anatomical structures (33). Intracerebral administration has been used to inject Mn2+ into different regions of the brain to study connectivity and axonal transport. A summary of MEMRI studies using local Mn2+ administration is provided in Table 1. Other methods of administration include nasal lavage and intravitreal, intrathecal, subdural, inner ear, subarachnoid, and intraventricular injection (60, 61, 65, 71, 74–76).


Table 1. Summary of MEMRI studies using local administration of Mn2+.
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SA is mainly used in preclinical experimental studies. Most Mn2+ reaches the brain parenchyma through the blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier [(77, 78); Figure 1A], thus enhancing visualization of neuronal structures and highlighting functionally active brain regions. An intravenous injection of mangafodipir (a manganese-based chelate contrast agent) in healthy volunteers provided good visualization of the choroid plexus, anterior pituitary, and exocrine glands in the head and neck (79). Oral administration is mainly used to study the hepatobiliary system and is rarely used to examine the CNS. Qiu et al. (80) studied differences in cerebral development between male and female mice, and MEMRI was performed in neonatal mice after they ingested Mn2+ in milk produced by the lactating mother. A major challenge with SA is the adverse effects of Mn2+, which will be discussed in the toxicity section.


[image: Figure 1]
FIGURE 1. (A) is the brain of a tree shrew in MEMRI after MnCl2 intraperitoneal administration 24 h. The hippocampus can be observed enhancement. (B–D) are the visual pathways of a tree shrew in MEMRI. MEMRI can be used to observe visual pathways from the retina, optic nerve, optic chiasm, lateral geniculate nucleus, and superior colliculus after intravitreal injection of MnCl2 in a tree shrew (a kind of squirrel-like mammal which is the closest to primates). H, hippocampus; R, retina; L, lens; ON, optic nerve; OC, optic chiasm; LGN, lateral geniculate nucleus; SC, superior colliculus.


Nasal administration is an effective LA method for examination of the CNS using MEMRI (Figure 2). Nasal administration avoids the adverse effects of SA. In the study by Fa et al. (23), the visual cortex of rats was observed using AIM-MRI after perfusion of MnCl2 in the nasal cavity, and Mn2+ migrated from the olfactory bulb to the visual cortex. When the rats were presented with different odors after intranasal instillation of MnCl2, differences in the signal intensity of Mn2+ were observed in the primary olfactory cortex of rats depending on these odors (25). The signal intensity of MEMRI generally increases as the MnCl2 concentration increases, but the signal intensity can be saturated. Moreover, the application of MnCl2 solutions with excessively high concentrations in the nasal cavity will also cause olfactory damage (81), which is occasionally accompanied by inflammatory reactions (82).


[image: Figure 2]
FIGURE 2. MEMRI of a rat using left nasal administration of MnCl2. Mn2+ uptake into the olfactory bulb (white arrows) and transport to olfactory cortex along the olfactory pathway. The red arrows indicate the lateral olfactory tract with unilateral enhancement. From (A–I) are axial continuous images of rat brain MRI.


Mn2+ administration via the visual pathway is also an LA route and mainly includes intraocular injection and a local drip. Intraocular injections are more frequently used, and MRI after an intravitreal injection of MnCl2 allows researchers to observe the entire visual pathway from the retina, optic nerve, optic chiasm, lateral geniculate nucleus, and superior colliculus to the visual cortex (Figures 1B–D). Administration of low-dose MnCl2 produces good enhancement on MEMRI without significant damage to the ocular structure, but administration of Mn2+ doses >1,500 nmol decreased the number of retinal ganglion cells (RGCs) (83). Local drip is a noninvasive method and is currently being used in experimental research. After a local drip of a MnCl2 solution, Mn2+ is rapidly distributed to the aqueous humor, while the concentration of Mn2+ in the vitreous body exhibits fewer fluctuations throughout the process (84). According to Sun et al. (85), locally dripped MnCl2 solutions (1 and 1.5 M) did not diffuse into the vitreous cavity, possibly reached the retina through the capillary circulation after iris absorption, and were then transported to the superior colliculus. This method is safe and does not damage the visual system. The authors further showed that an acidic MnCl2 solution produced more pronounced MEMRI signal intensity than a neutral solution, and the use of longer intervals between repeated local Mn2+ doses can reduce adverse effects (86). In addition, MnCl2 can be injected through the anterior chamber for imaging (87, 88) and subsequently reveals the structure of the visual system. However, this method is used less frequently because it is more invasive than local drip administration and does not result in direct retinal uptake of Mn2+ in contrast to intravitreal injection.



TOXICITY

Manganese is one of the basic trace elements needed for development, but excess manganese intake can cause poisoning. Excess manganese often accumulates in organs such as the liver, pancreas, bones, kidneys, and brain, causing liver damage, neurotoxicity, impaired cardiovascular function, and even death (89). In the chronic stage, excessive manganese accumulation in the brain striatum can lead to Parkinson's disease-like symptoms (29). Currently, the main reason why manganese-containing contrast agents have not been widely used in clinical practice is the neurotoxic effect of Mn2+. Researchers administer Mn contrast agents through either systemic routes or local routes to study the CNS. SA is simple and noninvasive and can be repeated as needed. However, one major disadvantage is that the dose of MnCl2 is significantly higher than the dose used for LA, and Mn2+ reaches the liver, heart, and kidney before reaching the brain, increasing the risk of acute toxicity (90).

The use of fractional or continuous infusions of low doses for SA has been shown to reduce the toxic effects of MnCl2. Some studies have used low-dose, fractional administration methods to achieve good imaging effects while avoiding the toxic side effects of MnCl2 (26, 91, 92). Using subcutaneous or intraperitoneal implantation of micro-osmotic pumps to continuously administer low doses of MnCl2 can produce a better enhancement effect than bolus or fractional administration (93–95). Local injections reduce the systemic toxic side effects of manganese but cause certain trauma during the administration process, and the technical requirements for administration are high. For example, precise stereotaxic positioning is required to reach the target area when injecting manganese into a specific brain region. Different studies have used different doses and routes of administration, but the lowest doses that achieve the desired MRI signals should be used to reduce the systemic and local toxic side effects of Mn2+. The signal intensity of MEMRI is related to the concentration of Mn2+, but excessive Mn2+ levels can damage different tissues. Thus, the concentration must be balanced according to the actual experimental situation.



NEURODEGENERATIVE DISEASES


Alzheimer's Disease (AD)

AD is a neurodegenerative disease and the most common cause of dementia. Neuropathological features of AD include neurofibrillary tangles (NFTs) and the formation of neuritic amyloid-β (Aβ) plaques. The brains of patients with AD contain a large amount of hyperphosphorylated tau protein. Under these conditions, the normal functions of the tau protein are either inhibited or lost, and paired helical filaments or NFTs associated with synaptic damage begin to appear (96). MEMRI can detect neuronal dysfunction at an early stage and contributes to early detection of the disease. Fontaine et al. used a quantitative ΔR1 value (ΔR1 = R16h-R1baseline) and intraperitoneal MnCl2 injection to detect markedly abnormal elevations in ΔR1 in the hippocampal CA1 and CA3 regions before the onset of cognitive deficits in tau protein transgenic mice (rTg4510) (97). In another AD model (5XFAD mice), MEMRI with SA of Mn2+ showed increased signal intensity in brain areas associated with spatial cognition in the early stages of the disease (2–5 months of age); this increased intensity was associated with impaired learning and memory in behavioral tests (98). The increase in the degree of MEMRI enhancement may be related to abnormal changes in brain waves, and changes in electroencephalograms occur earlier than abnormal changes in memory (99). Moreover, MnCl2 absorption may be increased due to inflammatory responses as Mn2+ enhancement is increased in the presence of increasing inflammation in a stroke model (100). MEMRI also detects depolarization due to reduced calcium influx after oxidative stress-mediated damage to the L-type calcium channel in the hippocampus (CA1d region) of 5xFAD mice via SA of Mn2+ (101). Notably, in another study using an APPxPS1 knock-in AD mouse model, MEMRI did not recognize abnormal neuronal activity in various brain regions probably due to increased Mn2+ diffusion associated with increased BBB permeability in the AD model and the lack of correlation between Mn2+ deposition and local neuronal activity (102).

Rhinencephalon-based MEMRI is widely used to study AD and is mainly used to detect structural changes in the olfactory bulb and the axonal transport function and to evaluate therapeutic effects after treatment. Smith et al. (103) used nasal Mn2+ administration for MEMRI to quantitatively evaluate the axonal transport function in animals with tau protein lesions. In this study, the axonal transport rate in Tg2576 mice (an AD animal model) was normal before Aβ deposition, decreased significantly as the Aβ level increased before plaque formation, and substantially decreased after plaque formation. Aβ deposition in the olfactory bulb occurs earlier than in other brain region and is responsible for the decrease in olfactory function observed in subjects with early AD (104). Overexpression of amyloid precursor protein (APP) is also a hallmark of AD, leading to elevated levels of Aβ42 and the formation of neuritic plaques that result in oxidative stress, inflammatory responses, and subsequent neuronal damage (105). Saar et al. (106) used an AD mouse model overexpressing APP and observed changes in the signal intensity in the olfactory bulb following SA via tail vein injection. Since overexpressed APP damages the layered structure of the olfactory bulb, the glomerular layer of the olfactory bulb presents reduced Mn2+ enhancement and volume. The Mn2+ enhancement of the glomerular layer is increased 1 week after doxycycline-inhibited APP overexpression and gradually returns to normal after 3 weeks. Based on this finding, changes in MEMRI signal intensity in the layers of the olfactory bulb can be used to monitor neurodegenerative changes. In some studies, intranasal perfusion of MnCl2 was used for imaging. MEMRI detected a decrease in the axonal transport rate of the rhinencephalon before the formation of Aβ plaques. The axonal transport rate showed a continuous decrease with the formation of Aβ plaques, and the transport function was gradually restored after treatment (107). In a similar study, MEMRI with nasal administration of Mn2+ in rTg4510 transgenic mice revealed an age-dependent axonal transport defect in the rhinencephalon, which was observed beginning at 3 months and until the formation of pathological tau proteins (108). Other similar studies using AD animal models (APP-knockout mice, 3xTg-AD mice, and JNPL3 tauopathy mice) have revealed axonal transport disorders in the brain prior to the formation of Aβ plaques (2, 109), and the axonal transport of Mn2+ decreases with the pathological increase in the levels of the tau protein (110). Treatment of Tg2576 mice with R-flurbiprofen (a selective Aβ42-reducing agent) before the formation of Aβ plaques increased the axonal transport of Mn2+, and mice that were treated after plaques formed also showed an improved axonal transport capacity. However, the mechanisms are different, and the latter treatment strategy mainly relies on reducing tau hyperphosphorylation (111).

In addition to SA and nasal administration, Mn2+ can be directly injected into specific brain regions to trace neuronal connections in the brain and has been used to detect impairments in the intracellular transport function. In an APP-knockout mouse model, Mn2+ transport from the hippocampus to the septal nucleus and amygdala was reduced 7 h after MnCl2 injection into the CA3 region, and Mn2+ transport to the contralateral hippocampus was reduced after 25 h (50), suggesting that the transport function was impaired. A similar study analyzed the transport function in mice at different ages by injecting Mn2+ into the CA3 region of APP SwInd transgenic mice and wild-type mice. Mn2+ transport along the hippocampus to the basal forebrain pathway was decreased with aging, and the decrease was more pronounced in aged APP SwInd transgenic mice. Thus, with aging, the natural degeneration of neurons is further aggravated by APP overexpression and Aβ plaque formation (112). Medina et al. studied the mechanism underlying the decrease in axonal transport and found that knockout of microtubule motor kinesin light chain-1 (KLC-1) decreases Mn2+ transport from the hippocampus to the forebrain, but this effect is weak (39), and other kinesins or motor molecules may also play a role in axonal transport.



Parkinson's Disease (PD)

PD is a slowly progressive, neurodegenerative dyskinesia with clinical manifestations of bradykinesia and additional motor symptoms including muscle stiffness, static tremor, and progressive posture and gait instability (113). The most important pathological feature of PD is the degeneration and death of dopaminergic neurons in the substantia nigra pars compacta (SNc) of the midbrain, resulting in a significant reduction in the striatal dopamine content and subsequent disease onset.

An animal model of PD was established using MPTP (1-methyl-4-phenyl-1,2,4,5-tetrahydropyridine) to induce dopaminergic (DAergic) neuron death in the SNc (114). In rats with MPTP-induced PD, MPTP injury resulted in a decrease in neuronal activity and density in the nigrostriatal DAergic system and CA1, CA3, and dentate gyrus (DG) regions of the hippocampus, as well as a decrease in neurogenesis in the DG, but an increase in the activity of the subthalamic nucleus (STN). The hippocampal R1 value on MEMRI following systemic injection of MnCl2 was positively correlated with the neuron density, and the R1 value of the STN was positively correlated with neuronal activity but negatively correlated with the density of DAergic neurons in the SNc. The R1 value on MEMRI was proposed as an indicator of PD severity and treatment outcomes (115). In mice with MPTP-induced PD (intraperitoneal administration of Mn2+), an increase in Mn2+ uptake during the first few days was postulated to be caused by increased astrocyte reactivity due to early striatum terminal degeneration, whereas the enhancement of the MEMRI signal was reduced after anti-inflammatory treatment using vasoactive intestinal peptide receptor 2 agonists, thus facilitating neuronal protection (116). Quantitative AIM-MRI uses a quantitative T1 value (or R1 value = T1−1) to quantify the neuronal activity map of the entire brain, revealing the patterns and locations of changes in neuronal activity in animal models of PD. In particular, a quantitative analysis of the R1 value in the dorsal caudate-putamen determines the severity of PD and thus facilitates proper treatment (117). Unilateral SNc injury in the rat model of 6-hydroxydopamine (OHDA)-induced PD causes bilateral changes, and the T2 relaxation time of the bilateral SNc increases on MRI. Meanwhile, DTI reveals changes in the axial and radial diffusivities of 6-OHDA in the SNc reticulata and cortex at three and 14 days after 6-OHDA injection, indicating changes in the microstructures of these regions. In addition, MEMRI (local injection of Mn2+ into the STN) shows a decrease in the axonal transport function from the ipsilateral STN to the ventral globus pallidus (118). Some researchers have used MEMRI to study neural connections in PD models. In the rat model of 6-OHDA-induced PD, Mn2+ infusion into the SNc revealed an enhanced signal in the anterior thalamus and habenular nucleus, and an injection of Mn2+ into the habenular nucleus revealed an enhanced signal in the interpeduncular nucleus and raphe, suggesting increased connectivity between the hemispheres of the basal ganglia (119) and reduced connectivity between the raphe and the lateral habenular nucleus, DG, thalamus, and hypothalamus. Apomorphine treatment (a dopamine replacement therapy) partially restores the raphe connections and reduces depressive symptoms (38). Based on these studies, MEMRI not only detects neurodegeneration and dysfunction but also serves as an imaging method to monitor the efficacy of drug treatment.



Amyotrophic Lateral Sclerosis (ALS)

ALS is a neurodegenerative disease that affects human motor neurons and other neuronal cells, leading to severe disability, and some critically ill patients eventually die of respiratory failure. The diagnosis of ALS is based on a painless and progressive functional decline and upper and lower motor neuron dysfunction (120). Mutations in some genes [tubulin alpha 4A (TUBA4A), profilin 1 (PFN1), dynactin 1 (DCTN1), and neurofilament heavy subunit (NEFH)] that are expressed during the progression of pathogenesis may cause axonal transport dysfunction (121). Additional studies have used conventional MRI, such as T2 mapping, DWI, and DTI, to study axonal changes in animal models, whereas studies using MEMRI are relatively rare. In the ALS model of SOD1-G93A mice, MEMRI (nasal administration of MnCl2) was used to estimate the axonal transport rate, and anterograde axonal transport was significantly reduced in the rhinencephalon of ALS mice but returned to normal after acute treatment with davunetide (a neuroprotective compound that facilitates microtubule stabilization and repair). In addition, tau hyperphosphorylation associated with microtubule dysfunction and impaired axonal transport was observed in ALS mice, and chronic treatment with davunetide significantly reduced tau hyperphosphorylation (122). By achieving a better understanding of axonal transport dysfunction in ALS patients, MEMRI will be increasingly used in future studies to assess the axonal transport function and for post-treatment evaluations.



Multiple Sclerosis (MS)

MS is an autoimmune disease in the CNS characterized by demyelination and simultaneous axonal and neuronal degeneration. Optic neuritis is one of the most common manifestations of MS and can gradually lead to vision loss. MEMRI has been used in animal models of optic neuritis and MS and can be used to assess the axonal transport function of the optic nerve (3, 123). Experimental autoimmune encephalomyelitis (EAE) is a chronic inflammation model and a major animal model of MS (124). As shown in the study by Boretius et al. using a rat EAE model, the high signal intensity on T2WI and enhancement mediated by the conventional MRI contrast agent Gd-DTPA are highly sensitive to optic nerve damage. However, the technique was unable to distinguish between mild, moderate, and severe lesions, while MEMRI signal enhancement was positively correlated with the severity of axonal loss, and Mn2+ tended to accumulate in the central part of the inflamed optic nerve possibly due to intracellular Ca2+ overload (123). In the group with moderate and severe optic neuritis, the rate of Mn2+ accumulation and the axonal transport rate (intravitreal injection of MnCl2) were significantly lower than those in the control group, and the change in axonal transport was associated with visual function and structural damage (3). The mechanism by which this inflammation causes axonal degeneration may be direct damage caused by Ca2+ influx to the axon from N-type voltage-dependent calcium channels and/or activated macrophages/microglia, thereby promoting secondary axonal injury (125). Treatment with calpain inhibitors not only reduces calpain activity but also protects RGCs from preclinical degeneration (126).

In clinical practice, corpus callosum atrophy is observed in patients with MS. Another study used an EAE mouse model to study changes in corpus callosum connections. Mn2+ was directly injected into the visual cortex, and MEMRI was used to track changes in the corpus callosum over time. At 7 h after Mn2+ injection, the signal intensity along the corpus callosum and contralateral visual cortex was higher in the EAE group than that in the control group. At 12–14 h after Mn2+ injection, the signal enhancement of the EAE group was significantly higher than that of the control group. This difference may be due to the significant increase in the intracellular Ca2+ concentration, thus resulting in an ion imbalance (35).



Glaucoma

Glaucoma is one of the main causes of irreversible blindness. Because the disease can progress for many years before symptoms occur, it is called the “sneaky thief of sight” (127). Glaucoma is characterized by progressive degeneration of RGCs. MEMRI was conducted 2-5 h after intravitreal injection of Mn2+ at 2 and 6 weeks after establishment of a rat glaucoma model. MEMRI revealed a delayed increase in signal intensity at 6 weeks. In addition, Mn2+ accumulated in the vitreous body, and the concentration was particularly high in the optic disc and retina. The higher signal intensity observed in the vitreous humor may be due to blockage of the trabecular pathway for scleral and limbal vein drainage due to photocoagulation during model establishment (128), the combined effects of RGC apoptosis, a decreased number and density of optic nerve axons, or blockade of axonal transport in the head of the ganglion despite the presence of living cells (129). In a hereditary glaucoma model using DBA/2J mice (whose optic nerve axonal degeneration and intraocular pressure depend on age), the periocular circumference is related to the total retinal thickness, retinal inner layer thickness, ciliary body area, optic disc width, and angulus iridocornealis. Retinal Mn2+ uptake decreases with age in old DBA/2J mice, and loss of axonal transport occurs before changes in retinal thickness (130). The visual pathway showed a significant reduction in Mn2+ enhancement at 9 months and little enhancement by 12 months in DBA/2J mice (131), and early axonal transport may be impaired before elevated intraocular pressure develops (132). These MEMRI findings help us understand the pathogenesis of glaucoma and monitor the effects of drug interventions and provide an in vivo global perspective for investigations of the primary visual conduction system in rats. MEMRI is expected to serve as an important complement to examinations of visual function in subjects with glaucoma.



Retinopathy

MEMRI has been used to observe changes in the function of the retina, degenerative changes in the retina, and diabetic retinopathy. Berkowitz et al. did not detect a significant difference in the signal intensity in the light/dark states between the inner and outer layers of the retina on conventional MRI, but MEMRI revealed that the change in signal intensity between light/dark conditions was significantly greater in the outer layer of the retina than that in the inner layer of the retina, facilitating observations of the physiological response of the normal retina (133). MEMRI was also used to assess changes in retinal function and post-treatment efficacy by measuring ion channel activity (134). In addition to displaying changes in retinal function, MEMRI reveals changes in the retinal structure. In rats with degenerative changes in retinal photoreceptors, MEMRI detected structure changes in the retina layers, and the outer plexiform layer, outer nuclear layer, and photoreceptor inner and outer segment layers disappeared (135). The thickness of the retina and the degree of Mn2+ uptake differ at different stages of degenerative changes due to changes in ion regulation within the retina (136). In addition, excitotoxicity is associated with the pathogenesis of various ocular diseases and the pathogenesis of retinal ischemia. In a glutamate excitotoxic retinal injury model, MEMRI reveals a decrease in the Mn2+ transport function of the visual pathway, and when combined with DTI and optical coherence tomography, MEMRI provides information about temporal and spatial changes in white matter integrity, as well as relationships between changes in eye-brain and structure-physiology relationships in the visual system (137).

Diabetic mice present a gradual decrease in the thickness of the central region of the retina with increasing age (138). Mn2+ uptake in the retinas of these animals is reduced but can return to normal after vascular inhibitor treatment with lipoic acid (139). In streptozotocin-induced diabetic rat retinas, MEMRI detected a decrease in calcium ion activity in the outer layer of the retina 14 days after the onset of early hyperglycemia and decreased activity of the choroid, the latter of which returned to normal after 30 days (140). Similar studies have revealed differences in the retinal uptake of Mn2+ at different intervals in diabetic mouse models. Mn2+ uptake is initially lower than normal in mice at early stages of the disease (diabetes for 1.5–4 months) and then gradually increases (diabetes for more than 5.5 months) (138). Early diabetes had little effect on the axonal transport function, and at week 4, MEMRI did not detect abnormalities in visual conduction pathways from the retina to the lateral geniculate and superior colliculus (141).




BRAIN INJURY


Stroke

The ischemic penumbra that forms after stroke is defined as the impaired but rescuable ischemic brain tissue around the irreversibly damaged core region (142). MEMRI shows high signal intensity in the ischemic area of the cerebral cortex, reflecting the intracellular Ca2+ influx caused by hypoxic depolarization. The area with an enhanced Mn2+ signal is the central area of ischemia and is smaller than the area detected using the apparent diffusion coefficient (ADC). MEMRI is expected to become the main imaging method used to detect cerebral ischemia in the hyperacute phase (143). From a few days and a few weeks after stroke, MEMRI showed an increase in Mn2+ enhancement in peri-ischemic tissue mainly due to the inflammatory responses of surrounding tissues and the proliferation of reactive astrocytes (47, 100). This manifestation indicates nerve repair.

MEMRI has also been used to monitor and assess changes in neurological function after stroke and can facilitate assessment of the extent of the loss of function and recovery after stroke. Most studies use local brain injection of Mn2+ to study changes in neural connections and functions after stroke. After establishing a rat model of stroke induced by unilateral middle cerebral artery occlusion, manganese was injected into the ipsilateral sensorimotor cortex 2 weeks later, and MEMRI showed decreased enhancement in subcortical areas such as the caudate-putamen, SNc, and thalamus (increased R1 values), suggesting disruptions in the neural connections in the motor cortex (45). In addition to local neural connections, distant neural connections are also affected. A stroke in the sensorimotor cortex that is located farther away from the hippocampus has been shown to alter the neural connections between the hippocampus and thalamus as evidenced by impaired Mn2+ transport and Mn2+ aggregation in the thalamus (37). At 10 weeks after unilateral establishment of large-area stroke in rats, the functional connections between the contralateral primary motor cortex (M1) and the ipsilateral sensorimotor cortex region were reduced, which was accompanied by reduced translocation of Mn2+ from the contralateral M1 to the ipsilateral sensorimotor cortex (24). According to these studies, MEMRI can assess temporal and spatial changes in neurological connections after stroke. Longitudinal MEMRI has been used to dynamically observe the integrity of the post-stroke cortico-thalamic pathway and is helpful to understanding the recovery of brain function after stroke and to visualize plastic changes in cortical-hypothalamic connections (71).



Traumatic Brain Injury (TBI)

TBI is the most common cause of long-term disability and death in trauma patients and imposes a substantial socioeconomic and health care burden. Neuroimaging biomarkers provide a method to noninvasively visualize structural and functional abnormalities in the brains of subjects with TBI. For example, DTI is used to observe changes in the white matter microstructure (144), MRI angiography is used to observe changes in cerebral blood flow (145), magnetic resonance spectroscopy (MRS) is used to observe changes in neuronal metabolism (146), and susceptibility-weighted imaging (SWI) has been used to observe micro bleeding in subjects with diffuse axonal injury. MEMRI is also potentially useful for TBI research because MEMRI provides high-contrast and detailed information about structural and functional changes in the brain in vivo, and Mn2+ remains in the body for several days, which is beneficial for continuous and dynamic observations.

The volume of the rat brain was measured after fluid percussion injury using MEMRI. The volumes of the whole brain, hippocampus, and cortex decreased gradually from 1 to 6 months after injury, but changes in Mn2+ enhancement were observed only in the hippocampus. In particular, the enhancement was significantly increased in the DG on the injured side at 1 month post injury, which may represent an active region involved in subacute neuronal remodeling (147). Calcium channel dysfunction is associated with secondary TBI. Mn2+ is a calcium ion analog, and MEMRI has been used to study calcium ion channel-related problems. In the hyperacute phase, MEMRI (SA of Mn2+ through the tail vein) can detect early excitotoxic damage and early signs of BBB destruction before vasogenic edema; thus, MEMRI allows earlier and more sensitive detection than T2WI. In the subacute phase, MEMRI detects reactive astrocyte proliferation around the lesion (148). MEMRI (intraperitoneal administration of Mn2+) has also been used to diagnose explosive blast-induced TBI, and an increase in MEMRI signal intensity serves as a biomarker for mild-to-moderate explosive blast-induced TBI (149). In a study of tinnitus caused by explosive blast-induced TBI, MEMRI data showed increased activity along the bilateral auditory pathway and certain peripheral regions in rats with tinnitus compared with that in the age-matched control group (150). In addition to observing changes in TBI, MEMRI has been used to observe changes after TBI treatment. Tang et al. and Jiang et al. used MEMRI to monitor the activity and function of stem cells after neural stem cell transplantation in TBI rats (151, 152).



Hypoxic-Ischemic Encephalopathy (HIE)

Neonatal HIE is a type of hypoxic-ischemic brain damage caused by neonatal asphyxia during the perinatal period, which can cause neurodevelopmental disorders and lead to varying degrees of disability, resulting in high morbidity and mortality rates. After systemic Mn2+ injection into a mild HIE model, MEMRI showed enhanced signals in cerebral cortical lesions, which persisted from acute to late phases. The enhanced signals were associated with increased immunological activity of glutamine synthetase (GS) and manganese superoxide dismutase (Mn-SOD) (these two enzymes are conjugated enzymes that protect against glutamate toxicity and oxidative stress during neurodegeneration), and MEMRI detected late-stage mild HIE in damaged gray matter, which cannot be detected using conventional methods (153). MEMRI also detects neurodegenerative changes caused by HIE. In a neonatal HIE model of 1-week-old rats, ipsilateral lesions did not show Mn2+ enhancement on T1WI, and histology showed no Mn-SOD or GS production in the acute phase (first 2 days). Mn2+ enhancement occurred in the cortex, basal ganglia, and hippocampus in the medium phase (starting from day 3), which was associated with increased local Mn-SOD and GS activity. However, in the late stage, the enhanced region was mainly confined to the basal ganglia and areas around the cortex, and the signal gradually weakened (154). Thus, changes in the activities of the Mn-SOD and GS enzymes can be monitored using MEMRI for early determination of neurodegenerative changes caused by HIE.

Delayed death of neurons and secondary inflammatory reactions occur several days after the onset of neonatal HIE. In another study using the same HIE model of one-week-old rats, MEMRI (intraperitoneal administration of MnCl2) showed no increase in enhancement on days 1 and 3, but Mn2+ enhancement increased in the cortex, hippocampus, and thalamus on day 7. Histology revealed delayed neuronal death and inflammation in these areas, and a large number of activated microglia were present in these regions with high enhancement. Based on these findings, late-stage Mn2+ enhancement may be associated with inflammatory processes rather than cell death (155). This group subsequently performed a continuous MEMRI study (1, 3, 7, and 42 days after HIE) and discovered liquefaction on day 42 in areas showing enhancement on day 7 (the hippocampus, thalamus, and basal ganglia), and the main areas with Mn2+ enhancement on day 42 were the calcified areas surrounded by activated microglia and reactive astrocytes in the residual thalamus (156). Meanwhile, anti-inflammatory treatment with doxycycline reduces long-term brain tissue loss and white matter damage after neonatal HIE (157). In some studies, MEMRI and DTI were combined to observe gray and white matter damage in the brain caused by HIE and hyperbaric oxygen therapy (158). MEMRI enables researchers to observe in vivo pathological processes after HIE and to evaluate the efficacy of HIE treatments.



Chemical and Physical Brain Injury

Chemotherapy can improve the long-term survival rate of patients with cancer, but chemotherapy can also cause brain damage, leading to chemotherapy-related cognitive dysfunction, which is commonly known as chemo brain or chemo fog and is a common side effect of chemotherapy (159). Short-term memory is significantly impaired by chemotherapy and is often associated with impaired neurogenesis, inflammation, and mitochondrial dysfunction in the hippocampus (160). The chemotherapy-treated mice showed a significant decrease in MEMRI signal intensity in the hippocampal subregions, suggesting a decrease in neuronal activity in this region (161). Resveratrol is a natural polyphenol that prevents cognitive impairment caused by chemotherapy. Resveratrol treatment in mice with chemotherapy-induced brain injury improves chemotherapy-induced cognitive impairment and leads to a significantly increased intensity of the MEMRI signal in the prefrontal cortex, whole hippocampus, and the cortex of the CA3 hippocampal subregion (162). Based on these findings, MEMRI is a useful tool to assess the conditions of chemotherapy-induced brain injury and the efficacy of treatments. In addition to brain damage caused by active chemotherapy, passive brain damage is caused by poisoning, such as pesticide poisoning. Organic phosphates are widely used as pesticides in agriculture. Ingestion of organic phosphates causes poisoning or even death, and chronic intake causes neurological damage. Hernandez et al. studied the effects of chlorpyrifos on axonal transport in rat brains and found that repeated exposure to chlorpyrifos resulted in a sustained change in axonal transport in the brains of living mammals, with reduced transport of Mn2+ from the optic nerve to the superior colliculus (4). Repeated exposure to diisopropylfluorophosphate also resulted in destruction of the structure of myelinated axons and a sustained decrease in axonal transport in the rat brain (163).

MEMRI is also used in radiation brain injury research, particularly for subjects with CNS diseases induced by prenatal radiation exposure. Mn2+ uptake was decreased in the rat brain in the radiation-exposed group at 2 weeks after birth and was mainly associated with decreased cell viability (apoptotic alteration) and decreased cell density after prenatal radiation exposure (164). In another study, 3-week-old rats exposed to prenatal radiation showed a decrease in brain volume, significant expansion of the lateral ventricles, a decrease in the MEMRI-enhanced area in the hippocampus, and disappearance of the MEMRI signal in the CA1/2 region due to destruction of the CA1/2 pyramidal cell layer by invading ectopic cell clusters. However, Mn2+ enhancement was still present in the CA3 and DG regions, mainly due to glial cell activation, but was below normal levels (165). In a study of tumor radiotherapy, MEMRI detected cellular changes at an early stage (24 h) (166). Thus, MEMRI provides valuable information regarding neurological damage and functional changes after radiation-induced brain injury.



Epilepsy

Animal models of temporal lobe epilepsy include kainic acid (KA)-, pilocarpine-, and pentylenetetrazol-induced epilepsy models, which are divided into an acute phase and a latent phase. Different stages of disease development are associated with different neurobiological changes, such as hippocampal sclerosis, mossy fiber sprouting, inflammation, and neurodegeneration (114).

In a KA-induced rat model, an MEMRI (administration of Mn2+ through the tail vein) study showed an increase in the enhancement of the CA3 pyramidal cell layer after KA treatment that was associated with astrocyte proliferation, and the enhancement on MEMRI was reduced after treatment with the L-type calcium channel blocker diltiazem due to focal edema and decreased neuronal swelling (167). When pilocarpine-induced temporal lobe epilepsy in rats lasted for 30 min, a decrease in the Mn2+-enhanced signal was detected in the DG and CA3 regions (compared to the control group), and this reduction was associated with cerebral edema (168) rather than apoptosis (169). Furthermore, 3–5 days after Mn2+ injection into the entorhinal cortex, the MEMRI signals in the ipsilateral and contralateral hippocampal DG and CA3 regions gradually increased, and this enhancement was associated with histologically confirmed mossy fiber sprouting (36). In the chronic phase of epilepsy (2 months after KA induction), MEMRI revealed increases in the signal intensity of the CA1 region and DG after SA of Mn2+, but the increase was not obvious at early time points (4 days or less). The changes in the MEMRI signal in the hippocampus were attributed to an increase in axonal density following mossy fiber sprouting rather than neurodegeneration or proliferation of astrocytes or microglia (170). Direct injections of Mn2+ into the lateral ventricle of a rat model of temporal lobe epilepsy induced by KA revealed a gradual increase in the enhancement of the CA3, CA1, and DG regions in the hippocampus from 48 h to 6 weeks, but the enhancement was negatively correlated with the frequency of seizures (70). Similar studies have reported a significant reduction in Mn2+ enhancement in the early stages of epilepsy and gradual recovery of Mn2+ enhancement in the latent and chronic phases (171). According to these studies, the features of changes observed in different stages of MEMRI reflect pathophysiological changes during the development of epilepsy, including cell damage and repair, as well as changes in neuronal activity. Systemic intravenous infusion of mesenchymal stem cells in rats during epilepsy onset can reduce the occurrence of epileptic episodes, and the degree of Mn2+ enhancement in the hippocampus changed from high to low, which was related to inhibition of mossy fiber sprouting (172). Researchers postulate that changes in MEMRI signals will be used as an index to evaluate treatment efficacy.



Neuroinflammation and Drug Abuse

Neuroinflammation not only plays a role in CNS damage involving infection and trauma but also plays a key role in autoimmunity and neurodegenerative diseases (173). MEMRI also has important application value in neuroinflammation. MEMRI can be used in the following cases and in diseases with neuroinflammation characteristics such as MS, optic neuritis, and post-stroke neuroinflammation. MEMRI can reflect brain pathology during progressive HIV-1 infection in mice, and the signal intensity corresponded to the levels of HIV-1 infection, neuroinflammation, and neuronal injury (174). In addition, MEMRI is also used to detect changes in neuronal activity caused by neuroinflammation in metabolic diseases. Thinschmidt et al. found a significant reduction in basal hypothalamic neuronal activity in 8-month-old Ins2Akita diabetic mice using MEMRI (175).

Drug abuse (including alcohol and nicotine) is an important health issue among society. MEMRI is sensitive to neuronal activities affected by drug abuse and is a very useful for understanding the mechanism and treatment of drug abuse. Dudek et al. demonstrated the extensive brain activation associated with voluntary alcohol drinking in rats using MEMRI, which may be a useful imaging tool for investigating modulation of alcohol-related brain activation by drugs (176). They also found that the caudal linear nucleus controls alcohol preferences and consumption in alcohol-preferring rats, and its activity can be revealed by MEMRI (177). In addition, MEMRI mapping may be a useful translational tool for developing and evaluating pharmacotherapies for alcohol use disorders (178). Smoking is a major public health problem. MEMRI can be used as a non-invasive biomarker to monitor acute and chronic nicotine exposure-induced neuronal activities in cortical and subcortical regions (179).



Spinal Cord Injury

Spinal cord injury (SCI) is another serious CNS disease with high mortality and disability rates. MRI has important application value in SCI. MEMRI has been used to assess the type, extent, and dysfunction conditions of SCI and to track the integrity of the corticospinal tract (48, 59, 64). The Mn2+ signal intensity is significantly correlated with motor function, and no enhancement is observed at the injury site or at the caudal end (63). By comparing changes in spinal axonal transport rates, nerve regeneration was studied in vivo at different stages (65). MEMRI was correlated with and used to determine the severity of SCI. The signal intensity of MEMRI (lateral ventricle MnCl2 injection) was positively correlated with the myelin load in the acute phase of SCI (66). In the rat spinal cord with electrical injury, MEMRI (lateral ventricle MnCl2 injection) showed an interruption in spinal cord enhancement in the thoracic region, and histology confirmed a more significant reduction in the number of neurons in the ventral horn than that in the dorsal horn (67). MEMRI has also been used to monitor the efficacy of SCI treatment. The MEMRI signal intensity (cisterna magna MnCl2 injection) was significantly higher in rats with acute SCI than that in the control group after short-term erythropoietin treatment. The intensity of the MEMRI signal was significantly correlated with the recovery of function in rats, which is potentially useful for early monitoring and treatment (62). Similarly, MEMRI showed a significant increase in relative signal intensity after SCI was treated with cell transplantation, suggesting the repair and regeneration of axons (68, 69).




CONCLUSIONS

This review describes the applications of MEMRI in CNS diseases and provides a visual approach to study the pathophysiological processes of such diseases. Mn2+ is a calcium ion analog that enters cells and represents a unique functional imaging tool used to visualize changes in vivo, allowing the detection of subtle, early changes in the body. MEMRI has been used to assess cellular/structural integrity, functional activity, and neural connectivity, thus enabling early detection of neuronal function, the intracellular ion balance, and axonal transport. MEMRI also helps determine disease severity and evaluate treatment efficacy.

As in-depth studies are conducted, MEMRI will have increasing applications in preclinical research on the nervous system, which may reveal the relationship between neurological function and injury and between plasticity and repair. The combination of MEMRI with other imaging methods will provide complementary techniques to reveal the pathophysiological processes of diseases. However, the toxic effects of MnCl2 limit the use of MEMRI in humans, and only a few studies have used the Food and Drug Administration (FDA)-approved agent mangafodipir in humans. When conditions permit, local administration of a low dose is the preferred method due to reduced toxic effects. The sensitivity of PET is much higher than that of MRI, and PET uses a lower dose of manganese for imaging. In particular, the emergence of Mn-PET/MRI will be beneficial for clinical applications of Mn2+ (180, 181). Further developments in material science are expected to produce safe manganese-containing contrast agents. Together with highly sensitive MRI using lower doses of Mn2+, these contrast agents will provide broad prospects and endless possibilities for MEMRI clinical applications.
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Background: Voxel-wise lesion-symptom mapping (VLSM) is a statistical technique to infer the structure-function relationship in patients with cerebral strokes. Previous VLSM research suggests that it is important to adjust for various confounders such as lesion size to minimize the inflation of true effects. The aim of this work is to investigate the regional impact of covariates on true effects in VLSM.

Methods: A total of 222 follow-up datasets of acute ischemic stroke patients with known NIH Stroke Scale (NIHSS) score at 48-h post-stroke were available for this study. Patient age, lesion volume, and follow-up imaging time were tested for multicollinearity using variance inflation factor analysis and used as covariates in VLSM analyses. Covariate importance maps were computed from the VLSM results by standardizing the beta coefficients of general linear models.

Results: Covariates were found to have distinct regional importance with respect to lesion eloquence in the brain. Age has a relatively higher importance in the superior temporal gyrus, inferior parietal lobule, and in the pre- and post-central gyri. Volume explains more variability in the opercular area of the insula, inferior frontal gyrus, and caudate. Follow-up imaging time accounts for most of the variance in the globus pallidus, ventromedial- and dorsolateral putamen, dorsal caudate, pre-motor thalamus, and the dorsal insula.

Conclusions: This is the first study investigating and revealing distinctive regional patterns of importance for covariates typically used in VLSM. These covariate importance maps can improve our understanding of the lesion-deficit relationships in patients and could prove valuable for patient-specific treatment and rehabilitation planning.

Keywords: brain, lesion symptom mapping, analysis of variance, general linear model, stroke


INTRODUCTION

Voxel-wise lesion symptom mapping (VLSM) is a statistical framework that can be used to quantify the regional relationship of structural integrity of the brain (post-stroke) to a clinical outcome of interest. In the context of acute ischemic strokes, previous literature has investigated these lesion-deficit relationships at the regional or voxel level using various measures of stroke severity of varying granularity ranging from gross outcomes, like the modified Rankin scale (1, 2), to finer measures of impairment, for example to assess language (3, 4), spatial neglect (5), and proprioception (6). The results from VLSM are population-specific observations that can provide new insights into mechanisms underlying stroke recovery and, therefore, have potential to guide future research in stroke precision medicine.

Various factors such as lesion size, lesion location (7), age (8), sex (9), time to treatment (10, 11), blood pressure (12), and prevailing medical conditions (13) of the patient have been previously identified to be important parameters for stroke treatment decision making. The effects of these (and other) confounding variables might be related to either the extent of structural damage or the severity of clinical outcome (the relationship studied in the VLSM analyses). This suggests that VLSM analyses should take these confounders into account to produce maps of the true regional eloquence, i.e., the underlying structure-function relationship that indicates the brain regions that are highly critical (eloquent) with respect to the clinical outcome of interest. This can, for example, be practically implemented in voxel-level methods by including the confounders as covariates in a regression model. To date, the VLSM literature has dominantly considered age, sex, and lesion volume as covariates with relevance to stroke (14).

However, to the best of our knowledge, there is no work that quantifies the relative importance each covariate has on the voxel-level statistic of the VLSM output. Therefore, the aim of this work is to estimate the importance of each covariate at a voxel level using a VLSM technique. The proposed covariate importance maps add complementary information to the standard VLSM output, which could be a valuable tool for acute treatment decision making as well as tailored rehabilitation planning.



METHODS


Datasets

The datasets available and used for this study are obtained from the two multi-center ESCAPE (15) and IKNOW (2) trials, which enrolled patients with middle cerebral artery stroke (MCA). In this work, patients with severe white matter hyperintensities, bilateral strokes, and remote hemorrhagic transformations are excluded. Patients who obtained a follow-up FLAIR MRI or non-contrast CT imaging (18 hours−7 days from baseline) and had a complete clinical assessment within 48-hours of symptom onset are included in this study. The final sample contains 222 subjects (98 women) with an average age of 68.6 ± 12.6 years. The clinical outcome of interest used in this work is the NIH Stroke Scale (NIHSS) assessed at 48-hours post-stroke. NIHSS is a commonly used secondary stroke outcome score involving assessments for (in decreasing order of representation) voluntary motor function, level of consciousness, vision, language, sensory function, and spatial neglect. The 48-hours timepoint is selected to avoid biases in the results due to comorbidities unrelated to stroke and complications arising from in-hospital treatment at later assessment timepoints. All datasets used in this study were made available for this secondary study after complete anonymization.



Pre-processing

All lesions are segmented by an experienced observer using ITK-SNAP (16). After this, all datasets are skull-stripped and registered non-linearly to a common FLAIR and NCCT atlas (17) using cost function masking, implemented in the ANTs toolkit (18). Subsequently, the computed deformation field that maps the native patient scan to the atlas image is applied to the corresponding binary lesion mask for that patient. Since the dataset is pooled from multicenter trials, there is considerable variability in: in-plane resolution [0.37–1.4 mm2], slice thickness [2–10 mm], and the number of slices acquired [4–87]. Registering all native patient scans to a common atlas not only helps to minimize image acquisition related differences but also removes anatomical differences between all patients and allows for an unbiased statistical analysis within the common atlas space.

All datasets were visually inspected to ensure that no motion or other imaging artifacts are present, signal to noise ratio was suitable, and the acquisitions were complete covering the whole brain. Likewise, the registration results were visually checked and datasets with sub-optimal registration quality were excluded from this LSM analysis.



Voxel-Wise Lesion Symptom Mapping

Voxel-wise lesion symptom mapping (VLSM) is a statistical technique to generate eloquence maps that quantify the difference between patients with a lesion and those without a lesion in each voxel (3) with respect to a clinical outcome score. The result of VLSM is a parametric map that displays the eloquence of each voxel with respect to the clinical outcome score of interest, known as the lesion-symptom map.

Practically, this can be implemented by a voxel-wise statistical test comparing the distributions of the outcome scores in patients with a lesion in a voxel to patients without a lesion in the same voxel. This procedure results in a t-score, indicating how critical that voxel is with respect to the outcome score of interest. Voxels with higher t-scores are deemed to be more eloquent (i.e. critically associated) to the outcome score (here the 48-hours NIHSS), thereby quantifying the structure-function relationship. In other words, a high average t-score within a brain region implies that a lesion in this brain region likely leads to more severe clinical deficits. In this work, each voxel is modeled as a general linear model (GLM) for VLSM, which is one of the traditional methods to quantify lesion-deficit relationships (3). Correction for multiple comparisons was done using the permutation based thresholding approach (19). The proposed framework for variance estimation is an extension of the VLSM source code released by Bates et al. (3).



Variable Importance

In this work, patient age, lesion volume, and the time from symptom onset to follow-up imaging are selected as covariates to explore regional covariate importance.

These covariates are tested for collinearity in a first step using the Spearman's correlation, which is further confirmed by a variance inflation factor analysis (20) using a linear regression model to predict NIHSS. Once ensured that the covariates are unrelated, the VLSM analyses involved modeling the independent voxel-wise GLMs (21) as shown below and correcting for multiple comparisons.
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Here, for each voxel location i, an independent regression model that predicts the eloquence score Si at that spatial location using presence of lesion at that location (Li), age, lesion volume, and follow-up imaging time (fup) as inputs is estimated. However, only voxels that survived the permutation threshold (maximum t-threshold = 5.06 from the non-parametric null max distribution over 1,000 permutations at alpha = 0.05) are considered to remove false positives.

The relative importance of covariates is inferred from the standardized beta coefficients for each covariate j at the voxel location i (βsi,j). Practically, the non-standardized beta coefficient of a covariate (βi,j) is normalized by the variance of the covariate and the mean squared error at the voxel location i as follows (22).
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Subsequently, the standardized beta coefficients for a covariate at each true positive eloquent voxel is written out into a separate covariate importance map, resulting in age-, volume-, and follow-up time-specific covariate importance maps. These individual covariate importance maps are linearly normalized to the range 0–1 to enable comparison.

For ease of interpretation, the parcellation defined in the Brainnetome atlas (23) is used to calculate average regional covariate importance estimates. Finally, hierarchical clustering is employed to group brain regions based on the average region-level importance measures for each covariate. An important advantage of using hierarchical clustering is that, unlike flat clustering techniques, it provides a structural grouping of cerebral subregions. In order to avoid isolated eloquent regions with few voxels biasing the clustering algorithm, an overlap analysis is conducted. More precisely, all brain regions as defined by the Brainnetome atlas are ordered by the volume of overlap with the VLSM output and only those regions that have at least a volume overlap of 400 voxels (50th percentile) are included in the clustering analysis.




RESULTS

Of the 222 subjects, there are 100 right hemispheric strokes. The average volume of lesions on the left and right hemisphere was 42.04 and 43.65 cm3, respectively. The overlap of all transformed lesions on the common FLAIR and NCCT atlas shows a typical distribution for MCA occlusions, shown in Figure 1.


[image: Figure 1]
FIGURE 1. Overlap of all patients lesions in the common atlas space (N = 222) in radiological convention.


The correlation coefficients (rs) comparing all covariates at the patient level are <0.1 (p > 0.05) suggesting that there is no monotonic association between any two covariates (rs values: age vs. lesion volume: −0.086; age vs. follow-up time: −0.051; volume vs. follow-up time: 0.043). This finding is further confirmed by their variance inflation values being <5.0 in a linear regression model to predict the 48-hours NIHSS, which is typically considered to indicate the absence of multicollinearity in the input data (24).

The normalized VLSM output is shown in Figure 2A. Brain regions with relatively higher t-score values are considered more eloquent with respect to the NIHSS outcome scale, which means that even a small lesion volume in these regions is likely to result in a worse outcome. In this work, the eloquent clusters that survived the correction for multiple comparisons are located around the sub-cortical left hemispheric regions. No eloquence in the right hemisphere is observed.


[image: Figure 2]
FIGURE 2. Importance maps for each covariate using voxel-wise generalized linear models corrected for multiple corrections using permutation-based thresholding (p-value < 0.05): (A) normalised VLSM result, (B) age, (C) lesion volume, (D) follow-up imaging time.


The importance maps are substantially different for the covariates investigated in this work (see Figures 2B–D). Age has a relatively higher importance in the superior temporal gyrus, inferior parietal lobule, and in the pre- and post-central gyri. Lesion volume has the highest relative importance in the opercular area of the inferior frontal gyrus, ventral caudate, and the ventral agranular insula. Finally, follow-up time was found to be the most important covariate in the globus pallidus, ventromedial- and dorsolateral putamen, dorsal caudate, pre-motor thalamus, and dorsal insula.

The result from the hierarchical clustering algorithm is shown in Figure 3A. Here, the heatmap from the clustering algorithm is represented as a dendrogram in Figure 3B outlining the sub-regions with considerable overlap with the VLSM map. In the heatmap, each covariate is color-coded (age in orange, lesion volume in blue, and follow-up time in green) with darker hues representing higher average covariate importance for a given brain region. It is clear from the heatmap that for each covariate, the set of brain regions with high relative importance is nearly exclusive.


[image: Figure 3]
FIGURE 3. Covariate importance estimates consolidated by hierarchical clustering: (A) regions with higher average importance for age (red), volume (blue), and follow-up time (green); (B) dendrogram of brain regions clustered by relative covariate importance.




DISCUSSION

The main finding of this study is that covariates typically used within VLSM analyses show distinctive patterns of regional importance for modeling lesion eloquence.

Of the eloquent brain regions mainly influenced by age, the superior temporal gyrus and inferior parietal lobule have been previously reported to display age-specific changes in cerebral blood flow (CBF) patterns in healthy elderly (61.05 ± 13.17 years of age) (25). Specifically, it was previously reported that the CBF in the superior temporal gyrus increases with age as a compensatory response to cognitive tasks, i.e., increased neural activity. Contrary to this, the CBF in the inferior parietal lobule was shown to have a negative correlation with age resulting from the reduction in neuronal activity and deterioration of microvasculature. Other studies using various imaging modalities to investigate age-related perfusion changes have also led to comparable conclusions in these regions (26, 27). The age-related changes in CBF, microvasculature, and neuronal and synaptic activity may deem these cortical structures more susceptible to brain damage in elderly including ischemic stroke, thereby also explaining the likelihood of superior temporal gyrus and inferior parietal lobule not only being eloquent to stroke severity metrics, but also their structure-function relationship most explained by age.

From a connectivity perspective, the hippocampus, basal ganglia structures, and insula are highly connected structures (a.k.a., rich-club structures) (28), indicating that any insult to these regions is likely to result in a poor clinical outcome. This supports the current finding that lesion volume is the most important covariate for these rich-club brain structures or structures that link to a rich club node, such as the caudate and insula (29).

The brain regions that have been previously reported to have the highest ischemic vulnerability (i.e., increase in infarct per unit reduction in CBF) are the caudate body, putamen nucleus, insular ribbon, middle frontal gyrus, precentral gyrus, and the frontal lobe subcortical white-matter and paracentral lobule (30). Furthermore, the insular ribbon has been described as the most vulnerable brain region of the left hemisphere (30). While it is important to include follow-up imaging time as a covariate to account for potential lesion growth/shrinkage, secondary injuries, and water accumulation differences over time, the importance of follow-up imaging time (or the post-treatment scan time) in the insular gyrus specifically, remains unclear, requiring further research. In general, the regions that are common in variance importance maps have an overall high eloquence, i.e., critical to the outcome of interest. From Figure 3B, it is clear that even though there are common regions in the importance maps for each covariate, there are differences in average importance across regions, suggesting that one covariate is likely to be relatively more important than the other two covariates.

There is a strong evidence in the stroke literature pertaining to the bias of the NIHSS assessment. More precisely, the NIHSS is biased toward the left hemisphere because of the language domains and the fact that the consciousness domains are weighted to language. The right hemisphere is reported to have a relatively less weight in NIHSS. Particularly, it was shown that the volume of a right hemispheric lesion has to be far greater than a left hemispheric insult to result in the same severity of outcome on the NIHSS scale (31). A recent VLSM analysis conducted on 216 subjects from the MR CLEAN study showed that the inclusion of lesion volume as a covariate eliminates the eloquence signal in the right hemisphere (1). They described the resulting LSM maps from three scenarios: (1) using the outcome score alone, (2) using the outcome score as the target variable and sex and age as covariates; and (3) using the outcome score as the target variable and sex, age, and lesion volume as covariates [see Figure 2 in Ernst et al. (1)]. The results clearly indicate that the right hemispheric eloquence is no longer present when lesion volume is added as a covariate in the LSM analysis using the modified Rankin score as the outcome score. Therefore, the absence of eloquence in the right hemisphere in this study is likely to stem from either the lateralization of the NIHSS assessment, the effects of lesion volume as a covariate, or both.

The limitations of the proposed method to estimate variance importance of covariates in a lesion symptom mapping approach should be discussed. First, this work should be considered exploratory in terms of the choice of covariates to be adjusted for or included in the analysis. Although the covariates selected in this work are motivated by previous clinical stroke literature and are typically considered in LSM analyses, this selection does not cover the entire repertoire of confounders that could potentially bias an LSM study. For example, sex was intentionally excluded from this study since there are established sex-specific associations with other clinical and lifestyle behaviors (9). Nevertheless, the results of this study suggest that it is of clinical interest to investigate the regional importance of covariates, and more co-variates should be investigated in future studies to improve our understanding of the structure-function relationship. Furthermore, the current implementation does not account for potential interaction terms. However, the proposed method could be extended to include interaction effects between covariates as part of the GLM as an additional regression term as follows.
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However, interpretation of interaction effects is often complicated and requires that VLSM literature accumulates sufficient evidence of the independent effects of clinically relevant covariates.

Furthermore, voxel-wise LSM requires multiple comparisons correction leading to a low statistical power (32, 33) while not accounting for similar functional deficits induced by non-overlapping lesions (i.e., the partial injury problem) (34). While LSM research is leading toward multivariate models (35, 36) to resolve these issues, the general understanding of the influence of covariates in defining the structure-function relationship in these multivariate models remains unclear. Finally, the results reported in this study may be population-specific. That is, a different sample size, unreliable segmentations of the lesions, or different lesion distributions could likely influence the VLSM analysis, and their impact cannot be easily quantified. Overall, this work should be considered as a first important step in the estimation of voxel-wise variance using the most traditional VLSM technique – general linear regression.



CONCLUSIONS

To the best of our knowledge, this is the first study investigating the regional importance of covariates typically used in VLSM. Using the proposed method, distinctive patterns of regional importance of age, lesion volume, and follow-up time were found. The generated covariate importance maps can help to improve our understanding of the lesion-deficit relationships in patients and could prove valuable for patient-specific treatment and rehabilitation planning.
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Most neurodegeneration with brain iron accumulation (NBIA) disorders can be distinguished by identifying characteristic changes on magnetic resonance imaging (MRI) in combination with clinical findings. However, a significant number of patients with an NBIA disorder confirmed by genetic testing have MRI features that are atypical for their specific disease. The appearance of specific MRI patterns depends on the stage of the disease and the patient's age at evaluation. MRI interpretation can be challenging because of heterogeneously acquired MRI datasets, individual interpreter bias, and lack of quantitative data. Therefore, optimal acquisition and interpretation of MRI data are needed to better define MRI phenotypes in NBIA disorders. The stepwise approach outlined here may help to identify NBIA disorders and delineate the natural course of MRI-identified changes.
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INTRODUCTION

Neurodegeneration with brain iron accumulation (NBIA) is a group of inherited disorders with hallmark features that include abnormal iron accumulation in the basal ganglia, mainly the globus pallidus (GP) and substantia nigra (SN) (1). Ten associated genes have been identified [Table 1; (2)]. The four most common NBIA disorders include pantothenate kinase-associated neurodegeneration (PKAN), phospholipase A2-associated neurodegeneration (PLAN), mitochondrial membrane protein-associated neurodegeneration (MPAN), and beta-propeller protein-associated neurodegeneration (BPAN) (3). Recently, new candidate genes have been described with the advent of next-generation sequencing (4). However, the scarcity of cases makes it impossible to determine their relevance to NBIA disorders (5).


Table 1. MRI characteristics of NBIA subtypes.
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Evidence by magnetic resonance imaging (MRI) of excessive brain iron indicates the possibility of NBIA. One established hallmark MRI feature of NBIA is the presence of T2 hypointense lesions in the GP and SN on T2-weighted images (T2WI) (3, 6). Certain MRI abnormalities may help distinguish among the NBIA disorders and facilitate more definitive diagnosis (1, 7). However, mutations in NBIA-related genes may not always lead to pronounced iron deposition (1, 7, 8). A significant number of patients confirmed to have an NBIA disorder by genetic testing have MRI features that are atypical for their specific disease (7, 9, 10). The appearance of specific MRI patterns depends on the stage of the disease and the patient's age at evaluation (1, 10), and evidence for iron accumulation may be absent or subtle early in the disease course. This phenomenon is particularly common in younger patients, where whole exome sequencing often leads to early diagnosis (3). Minor lesions visible in the early stages of disease and more extensive lesions in the late stages often are non-specific.

MRI interpretation can be challenging in rare brain diseases and can be limited by heterogeneously acquired MRI datasets, individual interpreter bias, and a lack of quantitative and longitudinal data. Therefore, optimal acquisition and interpretation of MRI data are needed to better define MRI phenotypes in the NBIA disorders. We describe here the evolution of MRI characteristics and provide a practical approach to identify NBIA subtypes.



IDENTIFICATION OF IRON-SPECIFIC BASAL GANGLIA T2 HYPOINTENSITY

A routine brain MRI, without iron-sensitive sequences, is often suboptimal for evaluating for a possible NBIA disorder (7). Iron-sensitive sequences, especially susceptibility weighted imaging (SWI) and T2*-weighted imaging (T2*WI), can more clearly depict the increase and extent of iron deposition, even in small gray matter nuclei (10, 11). High-field strength MRI can detect iron with improved sensitivity (12).

To correctly diagnose abnormal brain iron accumulation, the interpreting physician should have a working knowledge of normal age-dependent signal hypointensities on MRI (7). The GP and SN normally become hypointense on T2WI around the end of the first decade of life when compared with signal in the adjacent normal-appearing white matter (13). Iron concentration in the basal ganglia increases with age. An “internal signal-intensity reference” that we empirically use to determine if iron is indeed increased over “normal” is to compare the GP and SN to the red nucleus (RN). They normally appear slightly more hypointense relative to the RN based on their higher iron content at all ages (14). If the signal in GP or SN is significantly more hypointense than in RN, then there is likely to be increased iron. To correct for inconsistencies in the reference standard, signal hypointensity can also be normalized by dividing the structure signal intensity by the mean signal intensity of the cerebrospinal fluid (15, 16).

Once T2 hypointensity is identified, iron-sensitive sequences should be reviewed to distinguish excessive iron deposition from other causes of T2 hypointensity. Hypointense basal ganglia have been observed in hypomyelinating leukodystrophy, lysosomal storage disorders, and other metal accumulation disorders (17). Due to the paramagnetic property of iron, the degree of signal loss is profoundly enhanced in iron-sensitive sequences. Manganese is also paramagnetic, and its deposition typically causes high signal intensity on T1WI (11). Although iron has a T1-shortening effect that can appear as high signal intensity on T1WI, the degree of T1 hyperintensity is variable and is influenced by the status of iron and T1WI parameters (11). Computed tomography (CT) scans may be more useful than MRI in differentiating calcifications from iron deposits. Basal ganglia calcification can co-exist with iron accumulation in NBIA cases, although its frequency is unknown (18–21).



REGIONAL DISTRIBUTION OF EXCESSIVE IRON ACCUMULATION

In most forms of NBIA, excessive iron deposition is mainly confined to the GP and SN (Table 1). Other iron-rich deep nuclei in the gray matter, like the dentate nucleus, can occasionally be affected to a lesser extent but only in specific NBIA disorders (22).

In PKAN, iron-related hypointense signals on SWI are restricted to the GP, SN, and subthalamic nucleus (STN) and the fiber tracts between these structures (10). In BPAN, the earliest and most intense iron deposition occurs in the SN as opposed to the GP, unlike PKAN and other NBIA disorders (7). Widespread brain iron accumulation involving the basal ganglia nuclei, thalami, dentate nuclei, and cerebral and cerebellar cortices may develop in aceruloplasminemia and neuroferritinopathy (7, 22). The symptom onset for both of these diseases has been described in adults (1). All basal ganglia and thalami are more uniformly involved in aceruloplasminemia (22). Cortical iron deposition appears as thin hypointense lines on SWI, referred to as pencil-lining in neuroferritinopathy (23, 24). Even in an asymptomatic mutation carrier for this autosomal dominant disease, a characteristic pattern of iron deposition can be seen on iron-sensitive sequences (25). Of the limited number of patients reported, only a small portion of cases with Kufor-Rakeb syndrome had iron accumulation within the putamen and caudate nuclei (26, 27).



EVOLUTION OF PALLIDONIGRAL ABNORMALITIES

The characteristic pallidonigral lesions of the major NBIA disorders are established diagnostic clues (Table 1). These include the “eye-of-the-tiger” sign in PKAN, preservation of isointense signal in the medial medullary lamina in the GP of MPAN patients, the “halo” sign in the SN of BPAN patients, and “cavitation” in neuroferritinopathy. Other NBIA disorders do not have distinct pallidonigral lesions. However, the morphological patterns of pallidonigral lesions can vary according to the patient's age. Typical findings may not appear until adolescence or early adulthood and are therefore not usually useful in infancy or early childhood. For these reasons, the frequency of MRI clues varied across studies.

The detection of these specific MRI signs can also be influenced by MRI acquisition settings (10). Image planes and levels for optimal visualization should be selected for efficient identification of the signs (Figure 1).


[image: Figure 1]
FIGURE 1. MRI hallmarks of PKAN (A–C), MPAN (D,E), and BPAN (F–H). In a PKAN patient with serial MRIs, the surrounding T2 hypointensity decreases in signal intensity with age (A,B, asterix). The PKAN-specific eye-of-the-tiger sign at the level of the anterior commissure (C-1) is better defined by the region-specific pattern of iron deposition on susceptibility-weighted image (C-2). In a younger patient with MPAN, T2- and T2*-weighted images shows preservation of isointense signal in the middle of inner and outer layers of iron accumulation (D-1, D-2, thin arrows). The typical streaking of the medial medullary lamina on T2-weighted image becomes more pronounced as signal intensity in the GP decreases, which is typically visible at the level of the anterior commissure (D-1, E-1). Brain MRI scans of three BPAN patients at different ages show age-related MRI changes. Brain MRI of a patient with BPAN at the age of 2 shows no abnormality on T2-weighted (F-1, F-2) and susceptibility-weighted (F-3, F-4) images. The substantia nigra is seen as hypointense on T2-weighted image (G-1, H-1) and hyperintense on T1-weighted image, whereas the central hypointense band is not demonstrated (G-2). T1-weighted image demonstrates hyperintensity of the substantia nigra and cerebral peduncle surrounding a central linear band of hypointensity, also known as the halo sign (H-2, thick arrow).



Eye-of-the-tiger Sign in PKAN

The hallmark of PKAN is the eye-of-the-tiger sign that comprises a round hyperintense center and surrounding hypointensity in the GP on T2WI. This sign in its classic form is not observed in other NBIA disorders, including in patients with COASY protein-associated neurodegeneration (CoPAN), which affects coenzyme A metabolism, similar to PKAN (21, 28).

The earliest change observed in infancy was the linear hyperintense streak along the medial border of the GP. During early childhood, T2WI mostly shows the isolated hyperintense center in the anteromedial region, which is typically visible at the level of the anterior commissure (29). The surrounding T2 hypointensity tends to increase in size and decrease in signal intensity with age (Figures 1A,B). Signal hypointensity on SWI was first detected in a 3-year-old patient, and advanced from the medial to the lateral portion of the GP (10, 18). In adult patients, the hyperintense center varies in shape, from small and round to streaked, or is lost entirely. Furthermore, the T2 hyperintense area of the sign may be obscured by diamagnetic calcium deposits (10, 18).

This sign has been reported to occur as an imaging phenocopy in other conditions, such as carbon monoxide intoxication, neuroferritinopathy, MPAN, Wilson's disease, multiple system atrophy, as well as in healthy adults (10, 30–32). The combination of T2 hypointense and hyperintense lesions, resulting from iron deposition and gliosis, respectively, can mimic the eye-of-the-tiger sign. The PKAN-specific eye-of-the-tiger sign is better defined by the region-specific pattern of iron deposition on SWI (10).



Preserved Isointense Signal in Medial Medullary Lamina in MPAN

Iron accumulation in the GP, followed by the SN, is evident on MRI (1). A characteristic feature in MPAN is T2 iso- to hyperintense streaking in the region of the medial medullary lamina between the abnormally hypointense GP interna and externa (33, 34), typically visible at the level of the anterior commissure (Figure 1). However, this MRI finding is present only in some MPAN patients (33, 35, 36). In recent reports, this sign was detectable in about half of patients and brain MRI may be normal in the early stages of MPAN (9, 37, 38).

Typical linear streaking (Figure 1E) develops over time and becomes more pronounced as signal intensity in the GP decreases due to iron accumulation. Initially, the GP appears as three signal layers consisting of the isointense signal layer in the middle of the hypointense inner and outer signal layers of iron accumulation, and is more contrasted on iron-sensitive T2*WI (Figure 1D).



Substantia Nigra Halo Sign in BPAN

A unique feature of BPAN is the presence of a hyperintense halo surrounding a central band of hypointensity on axial T1WI within the SN [Figure 1H; (19, 39, 40)]. T1 hyperintensity extends to the cerebral peduncles. T2WI shows prominent hypointense signal in the SN and cerebral peduncles. The SN is more hypointense relative to the GP, indicating higher levels of iron.

MRI changes in BPAN develop as age-dependent phenomena (Figures 1F–H). A serial MRI study demonstrated that SWI hypointensity in the GP and SN was observed after 2–7 years old, whereas T2 hypointensity after 4–7 years old (41). Here, the T1 hyperintense signal in the SN was detectable by early in the second decade of life (40, 42, 43). A characteristic halo sign appears later in the disease course, particularly as parkinsonism becomes evident in early adulthood (1).



Cavitation in Neuroferritinopathy

Cavitation involving the GP and putamen is unique to neuroferritinopathy among the NBIA disorders. A neuropathological study has demonstrated fluid accumulation within these cysts (22). Cavitary lesions with T2 hyperintensity are lined by hypointense rims secondary to prominent iron deposition (23). In a case report, Fluid-attenuated inversion recovery (FLAIR) images exhibited a tri-lamellar intensity consisting of an outer layer with iron deposition, a middle layer with gliosis, and a cystic core (44). This may represent different stages of expanding pathology. Cavitary lesions occur late in the disease, usually after excessive iron deposition, and evolve with time (22, 45).




NON-IRON AND EXTRAPALLIDAL ABNORMALITIES

Besides excessive iron, extrapallidal MRI abnormalities are helpful to facilitate diagnoses [Table 1; (7, 17)]. Neuroradiographic anatomic regions where non-iron and extrapallidal abnormalities are common in the NBIA disorders are summarized in Supplementary Figure 1.


The Extent and Magnitude of the Cerebral Atrophy

The extent of atrophy may depend on the nature of the underlying pathology (8, 46). Widespread α-synuclein-positive Lewy pathology has been identified in PLAN and MPAN (47, 48). Tau-positive neurofibrillary tangles are common in the brains of patients with BPAN (49). Indeed, pathologic α-synuclein and tau can spread extensively across the brain using a prion-like mechanism of propagation (50). Therefore, neurodegenerative changes can be more widely distributed throughout the brain. Serial MRI studies showed that brain atrophy progresses with the disease course (9, 34). On the contrary, in PKAN, neuronal loss, and astrogliosis are largely restricted to the GP in the absence of misfolded protein aggregates (49).

Visual rating scales are useful tools in assessing the severity of atrophy objectively. An established 4-point rating scale (51–53) is applicable for the assessment of cerebral and cerebellar cortical atrophy in NBIA disorders. In addition, planimetric analysis using sagittal T1WI can be used to evaluate volumetric changes in midsagittal structures including the corpus callosum, cerebellar vermis, and brainstem.



Disproportionate Cerebellar Atrophy in PLAN

In the majority of NBIA disorders, brain atrophy, if present, is usually generalized and has been commonly described without regional dominance. Cerebellar atrophy is a hallmark feature in PLAN, and is often the earliest sign on MRI (7, 54). It has been seen in up to 95% of patients with PLA2G6 mutations (55). In infantile neuroaxonal dystrophy (NAD) and childhood-onset PLAN (juvenile NAD), cerebellar atrophy is a near universal feature (56, 57). Patients with an earlier disease onset showed a more severe cerebellar atrophy, which was assessed using the ratio of the mid-sagittal vermis size over the total posterior cranial fossa size (57). T2 or FLAIR hyperintensity in the cerebellar cortex often accompanies cerebellar atrophy (54, 58). In contrast, excessive iron deposition in the GP is seen in only up to half of PLAN cases (7, 55). Disproportionate cerebellar atrophy and iron deposition can be absent in adult-onset PLAN (56, 59, 60), where there may be only frontally predominant atrophy (61) and MRI may even appear normal (56).



Thin Corpus Callosum

Thinning of the corpus callosum is a uniform feature in fatty acid hydroxylase-associated neurodegeneration (FAHN) (7, 62). Abnormal posterior corpus callosum that are thin and vertically oriented were noted in some cases of PLAN (54). Corpus callosum thinning may be an early sign of BPAN in the absence of excessive iron during infancy and early childhood (39, 40, 63).

It is important to evaluate the thickness and the morphology of corpus callosum in association with other findings observed in NBIA disorders, such as cerebral atrophy, myelination defect, or white matter damage (64).



White Matter Hyperintensities

T2 hyperintensities in white matter have been reported in most NBIA subtypes (1, 7, 8, 17) and are prominent in FAHN, Woodhouse-Sakati syndrome (WSS), and aceruloplasminemia. In a large cohort of patients with FAHN, the most common findings were white matter changes (100%), followed by ponto-cerebellar atrophy, GP hypointensity, and thin corpus callosum (62). T2 hyperintense white matter abnormalities were consistently found in the periventricular white matter with parietal predominance. In WSS, frontoparietal and periventricular white matter lesions were the most common non-iron abnormalities (65). And, older age was associated with a more severe degree of white matter lesions. In this study, the extent of white matter lesions was graded as none, mild (small focal), moderate (patchy scattered), or severe (diffuse confluent) according to their site, shape, confluency, and multifocality (65, 66). Prominent white matter hyperintensity is frequently noted in aceruloplasminemia (7). White matter hyperintensities in the posterior frontal and parieto-occipital regions extend caudally to the brainstem along the corticospinal tracts in a patient with aceruloplasminemia (67). Confluent T2 hyperintensities in white matter, localized mostly to the periventricular region, may be observed to a lesser extent in MPAN, BPAN, PLAN, and neuroferritinopathy (7–9, 40).

Although white matter T2 hyperintensity may be observed in NBIA disorders, diffuse cerebral hypomyelination is generally not a feature of these disorders (17). Delayed myelination has been reported in some cases of BPAN diagnosed in infancy and childhood (63, 68). However, the MRI findings in these cases were not described in enough detail to assess myelination. Hypomyelination is defined as an unchanged pattern of deficient myelination on two successive MRI scans at least 6 months apart in a child older than 1 year (69, 70). Myelinated white matter structures have a higher signal than do gray matter structures on T1WI and a lower signal on T2WI (69).



Miscellaneous Findings

Apparent hypertrophy of the clavum has been proposed as an important early feature of PLAN and may precede cerebellar atrophy (57, 71). Confirmation of clavum enlargement was made by comparison of its largest anteroposterior dimension on mid-sagittal T1WI with age-matched controls (71). Hypoplastic optic tracts and chiasms are seen in infantile NAD (72). SN swelling in the absence of iron deposition has been described as an early sign of BPAN (73), although the reason for SN enlargement is unknown. In a serial MRI study, transient T2 hyperintensity and swelling in the SN, GP, and/or deep cerebellar nuclei was observed during the episodes of pyrexia and seizures (41). Similarly, swelling and T2 hyperintensity of the caudate nucleus, putamen, and thalamus have been found in CoPAN (28). Small pituitary glands are common MRI abnormalities in WSS (65).




CURRENT LIMITATIONS AND FUTURE DIRECTIONS

Visual inspection of MRI can be highly subjective, and results can be varied. Objective interpretation is limited due to a lack of consistent methods to quantify the severity of MRI findings. A feasible way to objectively assess MRI severity is to use established visual rating scales or planimetric analysis as described above.

Iron quantification can be challenging, particularly within routine clinical settings. T2WI and SWI do not directly reflect iron concentrations (74). Instead, both the transverse relaxation rate (R2*) and quantitative susceptibility mapping are highly sensitive and accurate for measuring iron content in the brain (75). In a recent randomized trial of deferiprone for PKAN, iron concentrations in the GP were measured by MRI-R2* mapping (76). Diffusion-tensor imaging study demonstrated a significant increase of FA in patients with PKAN suggest the presence of abnormal iron in deep gray matter nuclei, even in the absence of its demonstration on T2*WI (77). An optimized protocol for quantitative MRI analysis is needed to monitor disease progression and treatment response.

Finally, studies that have investigated the pathological correlates of MRI signal alterations are rare. In some NBIA disorders, excessive iron deposition has not yet been demonstrated pathologically due to lack of autopsy-proven cases. Further research is needed to verify the exact underlying pathology of MRI abnormalities.



CONCLUSION

Specific NBIA disorders can be diagnosed by identifying characteristic MRI changes in combination with clinical findings. If an NBIA disorder is suspected or in the differential diagnosis, then iron-sensitive sequences should be included in an initial MRI. It is important to consider that MRI features specific to each NBIA disorder develop in an age-dependent manner and evolve during the disease course. The stepwise pattern-recognition approach outlined here may help to distinguish specific NBIA disorders as well as to delineate the natural course of MRI changes.
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Aims: To explore differences in advanced brain magnetic resonance imaging (MRI) characteristics between myelin oligodendrocyte (MOG) immunoglobulin (IgG) and aquaporin-4 (AQP4) IgG seropositive (+) neuromyelitis optica spectrum disorders (NMOSD).

Methods: 33 AQP4-IgG and 18 MOG-IgG seropositive NMOSD patients and 61 healthy control (HC) subjects were included. All 112 participants were scanned with the same standardized MRI-protocol on a 3-Tesla MRI-scanner. Brain volume and diffusion tensor imaging (DTI) parameters were assessed.

Results: MOG-IgG+ patients showed reduced parallel diffusivity within white matter tracts compared to HC whereas AQP4-IgG+ showed no significant brain parenchymal damage in DTI analysis. AQP4-IgG+ patients showed reduced whole brain volumes and reduced volumes of several deep gray matter structures compared to HC whereas MOG-IgG+ patients did not show reduced brain or deep gray matter volumes compared to HC.

Conclusions: Microstructural brain parenchymal damage in MOG-IgG+ patients was more pronounced than in AQP4-IgG+ patients, compared with HC, whereas normalized brain volume reduction was more severe in AQP4-IgG+ patients. Longitudinal imaging studies are warranted to further investigate this trend in NMOSD. Our results suggest that MOG-IgG+ and AQP4-IgG+ NMOSD patients differ in cerebral MRI characteristics. Advanced MRI analysis did not help to differentiate between MOG-IgG+ and AQP4-IgG+ patients in our study.

Keywords: NMOSD, AQP4, MOG, MRI, DTI, advanced imaging


INTRODUCTION

Neuromyelitis optica spectrum disorders (NMOSD) are autoimmune diseases that present with longitudinally extensive transverse myelitis (LETM) and or optic neuritis (ON). They can also present with area postrema, diencephalic, cerebral or acute brainstem syndromes (1–6). The proof of serum autoantibodies directed against aquaporin-4 (AQP4-IgG) in around 80% of cases established NMOSD as a distinct disease from multiple sclerosis (MS) (7–10). In a subgroup of AQP4-IgG negative NMOSD patients serum antibodies targeting the myelin oligodendrocyte glycoprotein (MOG-IgG) were detected (11–16). MOG-IgG+ patients with clinical and neuroimaging characteristics of NMOSD are currently discussed as a different disease entity (17–23). Cortical encephalitis and seizures or cranial nerve involvement have also been reported in MOG-IgG+ patients (24–27).

While brain atrophy and microstructural tissue damage occur in MS from earliest disease stages (28–30), non-conventional MRI studies have shown conflicting results in NMOSD (31–35), and advanced imaging, such as diffusion tensor imaging (DTI) analysis, have not been reported from MOG-IgG+ patients.

Thus, the goal of our study was to further investigate possible MRI differences between MOG-IgG+ and AQP4-IgG+ mediated pathology in NMOSD patients and to compare these effects to a group of HCs.



MATERIALS AND METHODS


Study Participants and Controls

Data for this cross-sectional study were extracted from an ongoing longitudinal observational study following patients with NMOSD and HCs performed at the NeuroCure Clinical Research Center, Charité Universitaetsmedizin Berlin.

Inclusion criteria were diagnosis of NMOSD according to the international consensus diagnostic criteria for NMOSD 2015 (36) or positive proof of MOG-IgG serum antibodies in a live cell-based assay and an associated demyelinating CNS disease with a clinical phenotype equivalent to NMOSD diagnosis criteria in patients over 18 years (17). In this regard, we treated MOG-IgG positivity as equivalent to positive AQP4-IgG for fulfilling the diagnostic criteria. All MOG-IgG+ patients met the currently proposed criteria for MOG encephalomyelitis (26). Exclusion criteria were a relapse within 3 months prior to MRI examination. Patients from the outpatient clinics of the Experimental and Clinical Research Center, NeuroCure Clinical Research Center and from the Department of Neurology, Charité – Universitätsmedizin Berlin were screened for eligibility.



Ethics Statement

The study was approved by the Charité-Universitätsmedizin Berlin ethics committee (EA1/041/14) and was conducted in accordance to the Declaration of Helsinki in its currently applicable version and applicable German laws. All participants gave written informed consent to participate in the study.




CLINICAL DATA


Clinical Assessment

The expanded disability status scale (EDSS) and further clinical characteristics were assessed on the day the MRI scan was performed as part of a study protocol. All patients included were enrolled into a prospective observational cohort study of NMOSD at NeuroCure Clinical Research Center and received a MRI scan annually as part of this cohort study. All patients were examined with the same standardized MRI protocol at the same MRI scanner for study purposes. From the majority of patients no MRI at disease onset was available because most of the included patients were referred from other hospitals and the department of neurology - Charité – Universitätsmedizin Berlin.



MRI Acquisition Protocol

The multimodal brain MRIs all were acquired from a 3 T MRI (MAGNETOM Trio Tim, Siemens, Erlangen, Germany) and included a 3-dimensional T1-weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence (1 × 1 × 1 mm resolution, TR = 1,900 ms, TE = 3.03 ms), a 3-dimensional fluid attenuated inversion recovery (3D FLAIR) sequence (1 × 1 × 1 mm resolution, TR = 6,000 ms, TE = 388 ms) and a single-shot echo planar imaging DTI sequence (TR/TE = 7,500/86 ms; FOV = 240 × 240 mm; matrix 96 × 96, 61 slices no gap, slice thickness 2.3 mm, 64 non-collinear directions, b-value = 1,000 s/mm2).



MRI-Data Post-processing


Brain and Deep Gray Matter Volumes

Gray and white matter volumes were calculated from MPRAGE scans, after lesion filling, using FSL SIENAX for normalized whole brain gray matter and white matter and with FSL FIRST for deep gray matter volumes (37–40).





DTI PARAMETERS

FSL DTIFIT (41) was used for DTI data processing, which included brain extraction and correction for eddy current distortions. Fractional anisotropy (FA) and parallel diffusivity were calculated by fitting a tensor model to the diffusion data using the tools from FSL. All data were then further processed with the tract based spatial statistics (TBSS) (42, 43).


Statistical Analysis

Statistical analyses was were performed with R version 3.3.0 using the packages geepack and ggplot2 (44). Differences in demographics and clinical characteristics between patients and HC were tested using Welch's two-sample t-test. Differences in gender, clinical phenotype and immunosuppressive therapy were tested with the Fisher Exact Test. Group differences (brain volume and DTI measures) were analyzed using a linear regression model, including age, female sex and disease duration as a covariate. A p-value of <0.05 was considered significant. Due to the exploratory nature of the study, no correction for multiple comparisons was made.




RESULTS

From the 51 included patients, 33 had a diagnosis of AQP4-IgG seropositive NMOSD according to the 2015 IPND diagnostic criteria (36). From the 18 patients with positive MOG-IgG serology, five patients fulfilled the criteria for AQP4-IgG seronegative NMOSD. Another 13 patients were tested positive for serum MOG-IgG and had recurrent ON or at least one episode of LETM, but did not formally fulfill the 2015 IPND criteria for NMOSD. Demographics and clinical characteristics of AQP4-IG+ and MOG-IgG+ patients are summarized in Table 1. AQP4-IgG+ and MOG-IgG+ patients showed differences in sex and EDSS score, with no significant difference in age, disease duration, annualized relapse rate and further clinical characteristics (see Table 1).


Table 1. Demographics and clinical characteristics of AQP4-IgG+ and MOG-IgG+ patients.

[image: Table 1]


Brain Volume Analysis

AQP4-IgG+ patients showed a trend for reduced normalized whole brain volumes compared to HC (p = 0.087, see Figure 1). There was no difference between AQP4-IgG+ patients, MOG-IgG+ patients and HC normalized gray matter volumes and white matter volumes.


[image: Figure 1]
FIGURE 1. Normalized Brain Volumes. Y-axis: normalized brain volume in ml. X-axis: patient groups and healthy controls. AQP4, Aquaporin-4-IgG+ patients; HC, healthy control; MOG, Myelin oligodendrocyte glycoprotein IgG+ patients.




Brain Volume Analysis of Deep Gray Matter Structures

MOG-IgG+ patients did not show any volume reduction in deep gray matter structures compared to HC. A significant volume reduction for AQP4-IgG+ patients compared to HC was found in the putamen (p = 0.035, see Figure 2), the thalamus (p = 0.019, see Figure 3) and the pallidum (p = 0.008, see Figure 4).


[image: Figure 2]
FIGURE 2. Y-axis: Normalized putamen volume in ml. X-axis: patient groups and healthy controls. AQP4, Aquaporin-4-IgG+ patients; HC, healthy control; MOG, Myelin oligodendrocyte glycoprotein IgG+ patients.



[image: Figure 3]
FIGURE 3. Y-axis: Normalized thalamus volume in ml. X-axis: patient groups and healthy controls. AQP4, Aquaporin-4-IgG+ patients; HC, healthy control; MOG, Myelin oligodendrocyte glycoprotein IgG+ patients.



[image: Figure 4]
FIGURE 4. Y-Axis: Normalized pallidum volume in ml. X-axis: patient groups and healthy controls. AQP4, Aquaporin-4-IgG+ patients; HC, healthy control; MOG, Myelin oligodendrocyte glycoprotein IgG+ patients.




Diffusion Tensor Imaging

MOG-IgG+ patients showed reduced parallel diffusivity compared to HC while AQP4-IgG+ patients showed no difference in parallel diffusivity compared to HC (see Figure 5). No difference was found between AQP4-IgG+ and MOG-IgG+ patients or HC in fractional anisotropy (FA), mean diffusivity, or radial diffusivity measures.


[image: Figure 5]
FIGURE 5. Y-axis: Parallel diffusivity. X-axis: patient groups and healthy controls. AQP4, Aquaporin-4-IgG+ patients; HC, healthy control; MOG, Myelin oligodendrocyte glycoprotein IgG+ patients.





DISCUSSION

How intracranial volume and brain parenchymal damage differ between MOG-IgG+ and AQP4-IgG+ patients has not been investigated in detail before.

MOG-IgG seropositive patients with clinical and neuroimaging features of NMOSD are currently under discussion as being a distinct disease entity (45–51). There are few studies investigating MRI findings of MOG-IgG+ patients, likely due to its recent discovery and rare prevalence (18, 28, 46–48).

This is the first study that compares advanced MRI analysis of a larger cohort of MOG-IgG+ patients against AQP4-IgG+ patients along with HC. Other studies demonstrated that MRI brain lesion distribution criteria may help to distinguish MOG-IgG+ and AQP4-IgG+ patients from multiple sclerosis patients (28, 32, 45, 47, 48, 52). However, these studies did not analyze differences in brain volume and brain parenchymal damage.

Interestingly, in our brain volume analyses and DTI analysis no significant differences were found between MOG-IgG+ and AQP4-IgG+ patients, although MOG-IgG+ patients showed a reduced parallel diffusivity compared to HC. Our findings of reduced parallel diffusivity in white matter tracts of MOG-IgG+ patients compared to HC are complemented by previous studies investigating C57BL/6 mice with MOG-induced experimental autoimmune encephalomyelitis (EAE) that showed significant parallel diffusivity reduction within optic nerves (53) and within the spinal chord (54) with significant associations to EAE clinical scores and greater amounts of axonal damage as confirmed by quantitative staining. Decreased parallel diffusivity within the optic nerves of human patients after acute optic neuritis (55, 56) further corroborated the notion that decreased parallel diffusivity may be associated with various mechanisms of axonal damage, such as Wallerian degeneration, and diffuse axonal injury (57) that might have similarly occurred within the white matter of our MOG-IgG+ patients. Axonal loss and atrophy might lead to a bulk reduction of the intra-axonal volume and associated anisotropic diffusion profile (58). However, the exact biophysical mechanisms of reduction in parallel diffusivity still remain uncertain and further in- and ex-vivo studies are highly warranted to elucidate the exact associations between parallel diffusivity alterations and potentially corresponding axonal damage in patients with MOG-IgG+ encephalomyelitis.

AQP4-IgG+ patients showed a trend for a reduced normalized whole brain volume and a reduced volume of the putamen, pallidum and thalamus compared to HC. In a previous study, a smaller number of AQP4-IgG+ patients from our NMOSD cohort was analyzed and no significant brain volume reduction was found compared to HC with no brain parenchymal damage (34, 59). The differences could be explained by a statistical power problem, since the AQP4-IgG+ patient cohort was smaller.

Several measures were taken to establish a homogeneous study cohort to permit a comparison of these heterogeneous autoimmune disorders. Firstly, only antibody seropositive patients were included. Also, each patient was examined with the same standardized MRI protocol at the same MRI scanner. MRI data was evaluated by the same experienced neuroradiologist blinded to the patients' diagnosis. Further, the current study was restricted to mainly Caucasian patients with NMOSD given that ethnicity likely interacts with NMOSD pathogenicity with regard to possible genetic influence (i.e., Asian opticospinal MS) (60). Finally, AQP4-IgG+ and MOG-IgG+ patients were close in age where there was no significant difference in the means, thus reducing chances of finding differences in brain volume based on age.

A limitation of our study, and most of the previous imaging NMOSD studies, is the limited sample size due to the prevalence of this rare disease, especially in Caucasians (61). One possible solution to this fact, in a rare disease like MOG-IgG+ NMOSD, would be to compile available data in an international study group and pool imaging data in a common database for analysis in multicenter studies. This would allow for the evaluation of brain damage in NMOSD patients with enhanced statistical power. Another limitation are differences in sex and EDSS score between MOG-IgG+ and AQP4-IgG+ patients in our study. Both variables might have an impact on the MRI results.

We conclude that MOG-IgG+ patients in our cohort have more structural brain parenchymal damage, as detected by DTI measures when compared to HC whereas AQP4-IgG+ patients showed reduced whole brain volumes and reduced volumes of several deep gray matter structures compared to HC. Volume sub-analyses of deep gray matter structures and DTI measurements did not help to differentiate between MOG-IgG+- and AQP4-IgG+ patients in our study.

Our results are in favor of an early immunosuppressive treatment of patients with MOG encephalomyelitis whose treatment approaches still are a matter of debate (62). Similar to the treatment strategies for AQP4-IgG+ NMOSD patients, we believe this suggestion is valid because of the increased brain parenchymal damage observed from diffusion tensor imaging measures of parallel diffusivity in MOG-IgG+ patients. Longitudinal imaging studies are warranted to further investigate this trend of increased brain parenchymal damage in MOG-IgG+ patients.
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Non-linear relations of brain amyloid beta (Aβ) with task- based functional connectivity (tbFC) measured with functional magnetic resonance imaging (fMRI) have been reported in late middle age. Our objective was to examine the association between brain Aβ and resting-state functional connectivity (rsFC) in late middle-aged adults. Global brain Aβ burden was ascertained with 18F-Florbetaben Positron Emission Tomography (PET); rsFC was ascertained on 3T Magnetic Resonance Imaging (MRI) among 333 late middle-aged Hispanics adults without dementia in four major brain functional connectivity networks: default mode network (DMN), fronto-parietal control network (FPC), salience network (SAL) and dorsal attention network (DAN). We examined the relationship of global brain Aβ with rsFC using multivariable linear regression adjusted for age, sex, education, and APOE-ε4 genotype. We quantified the non-linear associations both with quadratic terms and by categorizing Aβ into three groups: low Aβ, intermediate Aβ, and positive Aβ. We found no significant linear or non-linear associations between Aβ, measured either continuously or categorically, with rsFC in the examined networks. Our null findings may be explained by the younger age of our participants in whom amyloid burden is relatively low. It is also possible that the recently reported non-linear relationship is exclusive to task fMRI and not rsfMRI.

Keywords: Alzheimer's disease, amyloid beta, RsfMRI, fMRI, functional connectivity, middle-age, hispanic


INTRODUCTION

The deposition of amyloid beta (Aβ) in the brain starts decades before it impacts cognition (1). The effects of Aβ on brain function using resting-state functional connectivity (rsFC) magnetic reasoning imaging (fMRI) have been largely studied in cognitively normal older adults and have yielded conflicting findings with both positive and negative linear relationships reported for Aβ levels and functional connectivity (2–6). Similar results of hyperactivation and hypoactivation in association with brain Aβ are also observed with task activation (7–10). To address these mixed results, a recent study of 62 middle-aged and older adults (mean age: 67.73 years) reported a non-linear quadratic association between levels of Aβ and task-based functional connectivity (tbFC), such that intermediate levels of Aβ are associated with higher activation in regions of the default mode network (DMN), but high levels of Aβ are associated with lower activation (11). Another study from the same group (n = 68, mean age: 68.59) replicated these findings using a different functional task paradigm, suggesting that this non-linear relationship between Aβ and FC is task-independent (12). If replicated in rsFC, such a finding would provide evidence for the hypothesis that the brain dose-dependent response to levels of Aβ may also be apparent at rest when no task is performed (12).

Our primary goal in this study was to determine if the non-linear association of Aβ with functional connectivity, recently observed in tbFC, is also present at rest using fMRI in late middle-age, a critical period for the deposition of Aβ (13). Thus, we examined the association of global brain Aβ burden with rsFC among 333 late middle-aged Hispanic adults without dementia in four major cognitive networks: default mode network (DMN), fronto-parietal control network (FPC), dorsal attention network (DAN), and salience network (SAL).



MATERIALS AND METHODS


Participants

This was a cross-sectional analysis of a community-based cohort of 333 late middle-aged Hispanic adults without dementia and with functional connectivity data out of 350 recruited between 03/01/2016 and 07/31/2019 in New York City as part of a study of Alzheimer's disease biomarkers (14). We targeted Hispanics because they are the most common ethnic group in the community surrounding CUIMC (15) and because there is a paucity of AD biomarkers studies in Non-Whites (13). Inclusion criteria included ages between 55 and 69 years, men and women, able to undergo phlebotomy, clinical and neuropsychological assessments, 3T brain magnetic resonance imaging (MRI), and Positron Emission Tomography (PET) with the Aβ radioligand 18F-Florbetaben. Exclusion criteria included dementia diagnosis, cancer other than non-melanoma skin cancer, and MRI contraindications. We screened 659 potential participants; 114 (17.30%) declined to participate, 178 (27.01%) were ineligible, 16 (2.43%) did not complete study procedures; 17 participants (2.58%) were excluded due to incomplete fMRI data and one additional participant (0.15%) was excluded from analyses due to incomplete data on APOE genotype, the most important predictor of in-vivo brain amyloid burden (16) (Figure 1). The interval between amyloid PET and MRI was 15.79 ± 33.41 days. The Institutional Review Board and the Joint Radiation Safety Commission at CUIMC approved this study. Participants provided written informed consent. Funding sources had no role in study design, data collection, data analyses or interpretation.


[image: Figure 1]
FIGURE 1. Flow chart of participant recruitment.




Exposure: Global Brain Aβ

Our main exposure of interest was global brain Aβ ascertained with 18F-Florbetaben positron emission tomography (PET). The dose of 18F-Florbetaben was 300 MBq (8.1 mCi), maximum 30 mcg mass dose, administered as a single slow intravenous bolus. Images were acquired over 20 min starting 90 min after injection. Dynamic PET frames (4 scans) were aligned to the first frame using rigid-body registration and a static PET image was obtained by averaging the four registered frames. Additional information on the Aβ PET scan processing protocol has been previously published (17). The standardized uptake value (SUV), defined as the decay-corrected brain radioactivity concentration normalized for injected dose and body weight, was calculated in all regions and each voxel, which subsequently normalized to the SUV in cerebellar gray matter to derive the regional and voxel-wise SUVR. We used a standard approach to calculating global Aβ burden using Alzheimer's Disease Neuroimaging Initiative (ADNI) defined regions of interests (ROIs) to generate four lobar SUVRs (frontal, temporal, cingulate and parietal cortex) (18). We then averaged them to compute an overall mean value of global cortical Aβ. Aβ measures were examined both continuously and categorically. We examined the non-linear association of Aβ measured continuously by incorporating quadratic terms in the model. The threshold for dichotomization into Aβ positive and negative groups was 1.342 and was derived using the K-means clustering method. To classify two groups, the K-means clustering algorithm starts by identifying two Aβ SUVR values from our data at random and subsequently assigns all other observations to the group with the closest mean Aβ SUVR. Once this process has been completed for all observations, it continues to reiterate, checking if observations should be reclassified to the other cluster, until all group assignments are stable. The final classifications should minimize each within-cluster variance, equivalent to the sum of the squared Euclidean distance between each Aβ SUVR value and its within-cluster mean (19). Values under this resulting threshold (SUVR = 1.342) were further dichotomized as intermediate and low using a median split (SUVR = 1.126).



Outcome: Resting-State Functional Connectivity

Resting-state scans were collected on a 3T GE scanner during 10 min of resting state protocol where participants were instructed to lie still, keep their eyes open, and to not think about anything in particular. T1-weighted images of the whole brain were acquired for each participant with a magnetization prepared rapid gradient-echo sequence (Time of Inversion (TI) = 450 ms; Flip angle (FA) =12 degree; Field of view (FOV) = 25.6 × 25.6 cm; Matrix size = 256 × 256). Ten minutes of rsfMRI scans were collected with GRE-EPI sequence using the following parameters: TR/TE = 2,000/23 ms; FOV =19.2 × 19.2 cm; FA = 77 degree; matrix size = 96 × 96; slice thickness/gap = 3/0 mm; number of slices = 40.



fMRI Data Processing

Images were preprocessed using an in-house developed native space method (20). Briefly, “slice timing correction was done using the FSL slice timing tool (21). We then used mcflirt (a motion correction tool available in the FSL package) to register all volumes to a reference image (21, 22). The reference image was generated by registering (6 df, 256 bins mutual information, and Sinc interpolation) all volumes to the middle volume and averaging them. We then used the method described in Power et al. (23) to calculate frame-wise displacement (FWD) from the six motion parameters and root mean square difference (RMSD) of the realigned fMRI signal in the consecutive volumes for each subject. To be conservative, we lowered the threshold of our RMSD to 0.3% (it was originally suggested to be 0.5%). RMSD was computed on the motion-corrected volumes before temporal filtering. The contaminated volumes were detected by the criteria FWD > 0.5 mm or RMSD > 0.3%. Identified contaminated volumes were replaced with new volumes generated by linear interpolation of adjacent volumes. Volume replacement was done before band-pass filtering (24). The motion-corrected signals were passed through a band-pass filter with the cutoff frequencies of 0.01 and 0.09 Hz. We used flsmaths– bptf to do the filtering in this study (22). Finally, we residualized the motion-corrected, scrubbed, and temporally filtered volumes by regressing out the FWD, RMSD, left and right hemisphere white matter, and lateral ventricular signals (25).”

T1-weighted image segmentation was performed with FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) (26–28) and inspected visually for any inaccuracies. Using the state of the art non-linear registration method, advanced normalization tools (ANTs), we transferred the 264 putative functional coordinates derived from a brainwide graph described by Power et al. (29) from MNI space to subjects' native space. A conjunction mask was obtained as an intersection of a 10 mm radius spherical mask, centered at each coordinate and the native space gray-matter mask. This conjunction mask was used to compute the time-series for each coordinate by averaging the time-series of all voxels that fall within the conjunction mask. To prevent inflation of within-network functional connectivity (correlation), we also averaged all coordinates that fell within each node of the networks. For instance, all the DMN coordinates that were closely located in the left/right angular gyrus and inferior parietal regions were averaged to obtain a single time-series for left/right angular gyrus node of the DMN. This resulted in 53 separate nodes representing all the networks reported in Power et al. (29). The averaged functional time-series of each of the 53 regions were used to compute a correlation matrix for each participant preprocessed rsfMRI scan. Then, the correlations were Fisher z-transformed to generate normalized correlation matrices for each subject. In order to remove correlations between an area and itself, the diagonal of each correlation matrix was set to zero. Regions of interest (ROIs) were labeled based on their network assignment according to Power et al. (29) and within network functional connectivity was computed by averaging the inter-nodal correlation within each network. Four networks were preselected for statistical analysis based on their role on cognitive processes: default mode network (DMN; 9 nodes), salience network (SAL; 9 nodes), fronto-parietal control network (FPC; 9 nodes), and dorsal attention network (DAN; 6 nodes). For details on the location of each node within each network, see Supplemental Table 1.



Neuropsychological and Behavioral Assessment

All participants were administered a neuropsychological assessment that included tests of memory, language, visuospatial abilities, and processing speed. A Spanish version of the neuropsychological test battery was used for Spanish-speaking participants (30). The following tests were included: the Buschke Selective reminding Tests (SRT) and its components, including total recall, delayed recall, and delayed recognition (31); the Boston Naming-15 item Test (32); letter fluency; category fluency; the similarities subtest from the Wechsler Adult Intelligence Scale-Revised (33); the repetition and comprehension subtests of the Boston Diagnostic Aphasia Evaluation (34); the recognition and matching components of the Benton Visual Retention Test (35); the Rosen Drawing Test (36); the identities and oddities subtest from the Mattis Dementia Rating Scale (37); Color Trails 1 and 2 (38). To aggregate the neuropsychological test data, we performed a Principal Component Analysis (PCA). PCA is a statistical method most commonly used for data reduction on a set of collinear variables, where each principle component is a linear combination of the centered loading variables (in this case, our neuropsychological test scores) such that the variance of these variables is maximized (39). Each principle component is independent and captures a proportion of the variance in the neuropsychological tests, meaning that 15 principle components would completely capture the variance in our 15 tests. We chose to only retain the first principle component for our analysis as it captured much more variance in our tests than any other component. Additionally, the difference in the variance captured by all other principle components was not appreciable by visual inspection of the scree plot of our components (Supplemental Figure 1).



Covariates

Characteristics considered as potential covariates included age, sex, education, and APOE-ε4 genotype. We controlled for age, sex and education due to their known effects on functional connectivity (40, 41). We controlled for APOE-ε4 genotyping because it is a strong determinant of Aβ burden (42). Participants were classified as APOE-ε4 carriers if they were homozygous or heterozygous for APOE-ε4. APOE-ε4 genotyping was conducted by LGC genomics (Beverly, MA) using single nucleotide polymorphisms rs429358 and rs7412.



Statistical Analysis

RsFC values in the four networks examined were right-skewed and required logarithmic transformation to approximate a normal distribution. Bivariate comparisons across Aβ categories were made using analysis of variance (ANOVA) for continuous variables. Differences in categorical variables were evaluated using chi-squared tests. The relationship between global brain Aβ SUVR and rsFC was evaluated with a multivariable linear regression model including continuous Aβ SUVR and squared terms for Aβ SUVR, adjusted for age, sex, education, and APOE-ε4 carrier status. The relationship of Aβ categories (low, intermediate, and positive) with rsFC was examined with linear regression models adjusted for age, sex, education, and APOE-ε4 carrier status. The statistical significance was defined as p < 0.05. All statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) 26 (SPSS, Chicago, IL) and R version 3.6.0.



Sensitivity Analyses

As a sensitivity analysis, we examined the association of Aβ with rsFC among participants who were cognitively normal only. Cognitive impairment was defined according to cutoffs of 1.0 or 1.5 standard deviations below the first principal component of the neuropsychological battery of our sample (43). The rationale for conducting sensitivity analyses restricted to cognitively normal participants was to replicate prior studies, which exclusively examined these associations among cognitively normal participants (11, 12). We validated our assumption that the first principle component of the neuropsychological battery is an appropriate approximation of global cognition by verifying that better performance on all neuropsychological evaluations was significantly positively correlated with increases in this principle component.




RESULTS

Table 1 shows the characteristics of the total sample and across Aβ categories (low, intermediate, positive). The sample consisted of 237 women and 96 men, who had a mean age of 64.14 ± 3.37 years and 10.51 ± 3.95 years of education. There were no significant differences across Aβ groups with respect to age and education. There was a higher proportion of women among the intermediate and positive Aβ categories. As expected, compared to participants without the APOE-ε4 allele, APOE-ε4 carriers had higher odds of being in the intermediate or positive category as compared to the low Aβ category (Table 1, Supplemental Figure 2). Figure 2 shows the distribution of global Aβ SUVR in the sample. As expected, Aβ SUVR had a bimodal distribution and the first peak resembled a normal distribution.


Table 1. Characteristics of the entire sample and by amyloid β (Aβ) category.
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FIGURE 2. Distribution of global brain amyloid SUVR. The solid line overlaid onto the histogram represents a non-parametric kernel density estimation. The right vertical dashed line marks the threshold for amyloid positivity using the k-means clustering method (1.342) while the left vertical line marks the threshold for intermediate amyloid (1.126).


Figure 3 represents scatter plots for the association between rsFC in the four networks and global Aβ SUVR. We observed no linear or quadratic association between Aβ and rsFC in the four networks, including the DMN. Results for adjusted and unadjusted associations with continuous Aβ (SUVR) and rsFC are reported in Table 2. In Table 3, we report associations between dichotomized Aβ categories and rsFC. Results were similar in sensitivity analyses restricted to participants who were cognitively normal only based either on 1.5 (n = 318) or 1.0 SD (n = 291) below the first PCA of the sample neuropsychological performance.


[image: Figure 3]
FIGURE 3. Scatterplots for the association between rsFC and global Aβ SUVRs in four cognitive networks: DMN (A), FPC (B), SAL (C) and DAN (D). RsFC for each network has been log-transformed. The two dashed lines represent Aβ thresholds between low and intermediate (SUVR = 1.126) and between intermediate and positive (SUVR = 1.342) categories.?Abbreviations: Ln, natural logarithm; Aβ, amyloid beta; SUVR, Standardized Uptake Value Ratio; rsFC, resting state functional connectivity; DMN, default mode network; FPC, fronto-parietal control; DAN, dorsal attention network; SAL, salience.



Table 2. Coefficients and p-values from linear regression for linear and quadratic term of Aβ (SUVR) on rsFC.
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Table 3. Association between Aβ categories (low, intermediate and positive) and rsFC using linear regressions.
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DISCUSSION

Our goal in the current study was to test if the recent evidence of a dose-dependent relationship between Aβ and tbFC in regions of the DMN (11, 12) are also present at rest. We found that there is no association between Aβ burden and rsFC.

In a study of 62 middle-aged and older adults (mean age=67.73 years), Foster et al. (11) reported that the association between Aβ SUVR and tbFC is quadratic with both hyperactivation and hypoactivation phases in regions of the DMN. These findings were further replicated by the same group using a different functional task paradigm (n = 68, mean age: 68.59), suggesting that this non-linear relationship is task independent (12). However, the question on whether this observed association between Aβ and functional connectivity is actually present at rest remains unanswered. The results from our large sample of 333 found no linear or non-linear association between global brain Aβ and functional connectivity in major cognitive networks, including DMN, measured at rest.

There are several possible explanations of our findings. First, it is possible that the reported non-linear association by Foster et al. with task fMRI (11, 12), although independent of the type of task performed, may be dependent on the action of performing a task in general and therefore not an intrinsic effect apparent at rest. The fact that this was observed using different task paradigms does not entirely confirm its task independency. Alternatively, it is possible that the relatively younger age group of our sample is at its initial stages of Aβ accumulation which has not yet affected rsFC. Most of the reported studies on Aβ and rsFC were done in older adults and still yielded different results between a positive and negative associations (2–6). A null association with static rsFC, as was observed in our study, was also reported in a community-based cohort of 133 adults with a mean age of 72 years (44). A follow-up of our cohort will allow for more time for Aβ accumulation, at which point an effect on rsFC may be detected. Finally both Aβ and tau accumulation may be required for the non-linear effects when it comes to the resting brain which has been recently reported in cognitively normal older adults (45). We cannot address the effects of tau in our data. However, we are currently collecting tau PET data in this sample, which will allow us to investigate the interactive roles of tau and Aβ on functional connectivity in future analyses.

Strengths of our study include the relatively large sample of late middle-aged Hispanic adults within a relatively narrow age range, which addresses a gap in studies in late middle age and in ethnic minorities. The main limitation of our study is its cross-sectional design, which limits our ability to infer causality from our findings. It is also possible that our findings are not generalizable to other ethnic groups. However, we could also argue that our findings may be generalized to other ethnics groups since APOE-ε4 in our sample was associated with higher amyloid burden as reported in most Non-Hispanic White samples (46).

In conclusion, we found that no association between brain Aβ burden and rsFC in our cohort of late middle-aged Hispanics without dementia. Continued follow-up of the same cohort is needed to examine future effects of Aβ accumulation on brain functional networks.
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By engaging angiotensin-converting enzyme 2 (ACE2 or Ace2), the novel pathogenic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) invades host cells and affects many organs, including the brain. However, the distribution of ACE2 in the brain is still obscure. Here, we investigated the ACE2 expression in the brain by analyzing data from publicly available brain transcriptome databases. According to our spatial distribution analysis, ACE2 was relatively highly expressed in some brain locations, such as the choroid plexus and paraventricular nuclei of the thalamus. According to cell-type distribution analysis, nuclear expression of ACE2 was found in many neurons (both excitatory and inhibitory neurons) and some non-neuron cells (mainly astrocytes, oligodendrocytes, and endothelial cells) in the human middle temporal gyrus and posterior cingulate cortex. A few ACE2-expressing nuclei were found in a hippocampal dataset, and none were detected in the prefrontal cortex. Except for the additional high expression of Ace2 in the olfactory bulb areas for spatial distribution as well as in the pericytes and endothelial cells for cell-type distribution, the distribution of Ace2 in the mouse brain was similar to that in the human brain. Thus, our results reveal an outline of ACE2/Ace2 distribution in the human and mouse brains, which indicates that the brain infection of SARS-CoV-2 may be capable of inducing central nervous system symptoms in coronavirus disease 2019 (COVID-19) patients. Potential species differences should be considered when using mouse models to study the neurological effects of SARS-CoV-2 infection.

Keywords: angiotensin-converting enzyme 2, ACE2, brain, SARS-coronavirus 2, COVID-19


INTRODUCTION

Since December 2019, much attention has focused on the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the related coronavirus disease 2019 (COVID-19) pandemic, which is rapidly spreading around the world and results in a global health emergency (1). In addition to atypical pneumonia, the central nervous system (CNS) symptoms of COVID-19 patients have been observed in the clinic (2). According to a recent retrospective case series study, 53 out of 214 (24.8%) COVID-19 patients had CNS symptoms, including dizziness, headache, impaired consciousness, acute cerebrovascular disease, ataxia, and epilepsy (3). More importantly, it has been found that SARS-CoV, a previously reported similar coronavirus, spreads into the brain after it was cleared from the lung in mice, which could be more concealment than that in the lung (4). Recently, Puelles et al. found that SARS-CoV-2 has an organotropism beyond the respiratory tract, including the kidneys, liver, heart, and brain (5). Thus, it is necessary and urgent to study the CNS infection of SARS-CoV-2.

Angiotensin-converting enzyme 2 (ACE2 or Ace2) has been identified as a key entry receptor for novel pathogenic SARS-CoV-2 invasion, similar to previous SARS-CoV (6). By binding of the spike protein to ACE2, SARS-CoV-2 and SARS-CoV could invade host cells in human organs (7, 8). However, the distribution of ACE2 in the brain is still obscure and even inconsistent. In 2004, Hamming et al. found that ACE2 may be expressed only in the endothelium and vascular smooth muscle cells in the human brain tissue (9). However, some recent studies found that the human endothelial cells expressed low or undetectable levels of ACE2 (10, 11). On the other hand, a previous study has reported that Ace2 could be expressed in the mouse neuron cells, which may contribute to the development of hypertension (12); however, in another neurocytometry study, Ace2 is a potential marker for non-neurons in the zinc-fixed mouse brain cortical section (13). Thus, further clarifying the brain tissue distribution of ACE2 may help to bring to light the CNS infection of the novel SARS-CoV-2 and previous SARS-CoV.

Here, we investigated the distribution of ACE2 in the brain by analyzing publicly available brain transcriptome databases. These databases, such as those produced by the Allen Institute for Brain Science, offer an extremely valuable source of genomic data, whose processing and interpretation may facilitate translational research (14, 15). We revealed an uneven spatial and cell-type distribution of ACE2 in the human and mouse brains.



METHODS


Brain Transcriptome Databases

As listed in Table 1, 10 publicly available brain transcriptome databases that can be accessed without specialized computational expertise were used. All these databases offer extremely valuable sources of genomic data freely for academic and other non-commercial purposes. Except for the Single Cell Portal database (https://singlecell.broadinstitute.org), some of these databases have been also introduced in a recent review study (27). All databases and datasets were appropriately used and cited according to their citation policy, license, or terms of use.


Table 1. The database used for the current study.
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Analysis of the Spatial Distribution of ACE2 in the Human Brain

Three databases, including Allen Human Brain Atlas database (http://human.brain-map.org), Human Brain Transcriptome database (https://hbatlas.org), and GTEx Portal database (https://www.gtexportal.org), were used to analyze the spatial distribution of ACE2 in the human brain.



Cell-Type Distribution of ACE2 in the Human Brain

Three single-cell sequencing databases, including Single Cell Portal database (https://singlecell.broadinstitute.org, single-cell sequencing), Allen Cell Types database (http://celltypes.brain-map.org, single-cell sequencing), and Brain RNA-Seq database from Barres labs (https://www.brainrnaseq.org/, RNA-seq of cell types isolated from the human brain), were used. The summary of the included datasets for the human brain is shown in Table 2.


Table 2. Summary of cell-type or single-cell sequencing databases for the human and mouse brains.
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Spatial and Cell-Type Distribution of Ace2 in the Mouse Brain

Allen Mouse Brain Atlas database (http://mouse.brain-map.org) was used to analyze the general spatial distribution of Ace2 in the mouse brain. The hippocampus RNA-seq Atlas database (https://hipposeq.janelia.org/), Single Cell Portal database, Mouse Brain Atlas database (http://mousebrain.org), Brain RNA-Seq database from Barres lab (https://www.brainrnaseq.org/), and Brain vascular single-cell database from Betsholtz lab were used for cell-type distribution of Ace2 in the mouse brain. The summary of the used five single-cell sequencing datasets is also shown in Table 2.



Data Processing and Statistical Analysis

Datasets were independently searched and analyzed by two authors (RC and JY), and any disagreements were discussed and resolved by consensus with the corresponding author (ZX). The data from the Allen Human Brain Atlas database and Allen Cell Types database were exported to Microsoft Excel 2017 and GraphPad Prism 6.0 for further analysis. ACE2 expression data from the Allen Human and Mouse Brain Atlas databases were imported to Brain Explorer 2.0 software to get visualization. The data from the other databases were analyzed online. Where applicable, data are expressed as median or mean. Interquartile range (IQR), 95% CI, range, and/or all sample points were also provided if possible.

Positive of expression criterion: (1) to minimize false positive of expression as previous studies (32, 33), a gene with calculate counts per million (CPM), transcripts per million (TPM), unique molecular identifier (UMI) count, or fragments per kilobase million (FPKM) >1 were considered to be positive, which also is the same as log10 (CPM), log10 (TPM), or log10 (UMI) ≥0 as well as log10 (CPM + 1), log10 (TPM + 1), and log10 (UMI + 1) ≥0.3; (2) besides, as a z score being >2 corresponds to a p-value <0.05, a z score of ACE2 expression >2 was considered as high ACE2 expression in the Allen Human Brain Atlas database.




RESULTS


The General Expression of ACE2 in the Human Brain

According to the GTEx Portal database, the general expression of ACE2 was extremely low but not none in the brain according to our positive of expression criterion (Figure 1A). Excepted for the lung (38 out of 578, positive rate of 6.57%), the positive samples were also found in the amygdala (1 out of 152, 0.65%), anterior cingulate cortex (2 out of 176, 1.14%), caudate (3 out of 246, 1.22%), cortex (1 out of 255, 0.39%), frontal cortex (2 out of 209, 0.96%), hippocampus (4 out of 197, 2.03%), hypothalamus (3 out of 202, 1.49%), nucleus accumbens (NAc; 1 out of 246, 0.41%), putamen (1 out of 205, 0.48%), spinal cord (cervical c-1, 4 out of 159, 2.52%), and substantial nigra (5 out of 139, 3.60%), but none in the cerebellum (0 out of 241) and cerebellar hemisphere (0 out of 215).


[image: Figure 1]
FIGURE 1. The general expression of ACE2 in different human brain areas. (A) The expression of ACE2 in different human brain areas and the lung according to the GTEx Portal database (18). The dotted line means log10(CPM + 1) = 0.3, which means a threshold of the positive sample (>0.3 could be positive). (B,C) Change of intensity of ACE2 expression with age in different human brain areas according to the Human Brain Transcriptome database. Data are expressed as median, interquartile range (IQR), and all sample points in (A), whereas data are expressed as mean and all sample points in (B,C).


In addition, according to the Human Brain Transcriptome database, the general expression of ACE2 was also similar among the cortex and other brain regions, which may not change a lot with age (Figures 1B,C).



Two-Spatial Distribution of ACE2 in the Human Brain

By providing slice images, the Allen Human Brain Atlas may prove a more detailed spatial distribution of ACE2 in the human brain than the GTEx Portal database and Human Brain Transcriptome database. Two microarray datasets using the different probes of ACE2 (A_23_P252981, CUST_16267_PI416261804) were collected from the Allen Human Brain Atlas database (http://human.brain-map.org/microarray/search). To provide a relatively systematic analysis of the Allen Human Brain Atlas database, we analyzed the data as both separated datasets and pooled them together. By analyzing the z score and intensity of ACE2 expression as two separated datasets, we found that 6 brain areas had high ACE2 expression (with a maximal z score of ACE2 expression >2.0) in both probe datasets, 15 brain areas had high ACE2 expression only in probe 1 dataset, and 9 brain areas had high ACE2 expression only in probe 2 dataset (Figures 2A,B).


[image: Figure 2]
FIGURE 2. Spatial distribution of ACE2 in the human brain according to the Allen Human Brain Atlas. (A) 3D view of the expression of ACE2 in different human brain areas based on the data of probe A_23_P252981 (probe 1). (B) Planar view of the expression of ACE2 in the choroid plexus of the lateral ventricle. The inset shows a sampled area of the choroid plexus of the lateral ventricle (the dark area in the inset). (C) Log2 intensity of ACE2 expression in the 30 brain areas with a z score >2.0 in at least one probe dataset (probe 1: A_23_P252981; probe 2: CUST_16267_PI416261804). All data were generated from the Allen Human Brain Atlas (http://human.brain-map.org/microarray/search). Images in (A,B) were directly from the Allen Human Brain Atlas (© 2010 Allen Institute for Brain Science, Allen Human Brain Atlas, available from: http://human.brain-map.org).


To further visualize the spatial distribution of ACE2 expression and minimize the influences of the use of two different probes (such as the difference of detective sensitivity), we pooled the expression value of the two datasets and found 23 brain areas with a z score >1.0 and four of them with a z score >2.0 (Figure 3A). The spatial distribution of ACE2 expression in the human brain according to the pooled expression data is shown in Figure 3B.


[image: Figure 3]
FIGURE 3. Spatial distribution of ACE2 in the human brain according to the pooled data of the Allen Human Brain Atlas. (A) The expression intensity and z score of ACE2 in the top 10 brain areas of the pooled expression data of the two probes. (B) The distribution view of ACE2 expression in the human brain according to the pooled expression data of the two probes. Original data are available from the Allen Human Brain Atlas (http://human.brain-map.org/microarray/search). Brain region abbreviations: FL, frontal lobe; PL, parietal lobe; TL, temporal lobe; OL, occipital lobe; BF, basal forebrain; BG, basal ganglia; AmG, amygdala; HiF, hippocampal formation; EP, epithalamus; TH, thalamus; Hy, hypothalamus; MES, mesencephalon; MET, metencephalon; MY, myelencephalon.




Cell-Type Distribution of ACE2 in the Human Brain

We further collected and analyzed single-cell sequencing data, which may provide all mRNAs present in every single cell of the tested brain tissue. By analyzing the single-cell sequencing data of the human middle temporal gyrus (https://celltypes.brain-map.org/rnaseq/human/mtg), human posterior cingulate cortex (https://singlecell.broadinstitute.org/single_cell/study/SCP371), and archived human prefrontal cortex (PFC) and hippocampus samples (https://singlecell.broadinstitute.org/single_cell/study/SCP90/), the expression of ACE2 is relatively high in the human middle temporal gyrus (a total of 2.00% of the ACE2 positive cells, 309 out of 15,603) and posterior cingulate cortex (a total of 1.38% of the ACE2 positive cells, 133 out of 9,635) samples, but it is very low in the archived human PFC (no ACE2 positive cells) and hippocampus samples (a total of 0.21% of the ACE2 positive cells, 2 out of 9,530). Besides, according to the Brain RNA-Seq database from Barres lab, we also found no expression of ACE2 in all kinds of cell subtypes that were isolated from the human anterior temporal lobe cortex and hippocampus (Supplementary Figure 1).

For the cell types, most of the ACE2 positive cells were neurons in both the human middle temporal gyrus and the posterior cingulate cortex, especially excitatory neurons (72.1% for the middle temporal gyrus and 66.1% for the posterior cingulate cortex, Figures 4A,B) and interneurons (22.4% for the middle temporal gyrus and 9.8% for the posterior cingulate cortex, Figures 4A,B). The ACE2 positive percentage of excitatory neurons was also the highest among cell types (2.14% for the middle temporal gyrus and 2.18% for the posterior cingulate cortex, Figure 4C). The details of the cell-type distribution of ACE2 in the human brain are shown in Supplementary Figures 2, 3.


[image: Figure 4]
FIGURE 4. Cell-type distribution of ACE2 in the human brain. (A) The cell-type proportion of the total positive cells in the human middle temporal gyrus. (B) The cell-type proportion of the total positive cells in the human posterior cingulate cortex. (C) The percentage of positive cells in different cell subtypes in the human middle temporal gyrus and posterior cingulate cortex. Original data are from https://celltypes.brain-map.org/rnaseq/human/mtg and https://singlecell.broadinstitute.org.




Spatial and Cell-Type Distribution of Ace2 in the Mouse Brain

As shown in Figure 5, we additionally analyzed the spatial distribution of Ace2 in the mouse brain based on the Allen Mouse Brain Atlas (http://mouse.brain-map.org/gene/show/45849). Similar to the human brain, we found that the Ace2 expression is relatively high in the choroid plexus of the lateral ventricle, substantia nigra pars reticulata (SNr), and some cortical areas (such as the piriform cortex). We additionally found that the ACE2 expression is also relatively high in the olfactory bulb, whereas it was very low in the hippocampal areas.


[image: Figure 5]
FIGURE 5. Spatial distribution of ACE2 in the mouse brain. The left column means the Nissl staining of mouse brain slice, the middle column means the ACE2 expression by antisense, and the right column means the enlarged merged plots from the Brain Explorer 2.0 software. Hip, hippocampus; LV, lateral ventricle; SNR, substantia nigra pars reticulate; Pir, piriform cortex. All images are from the Allen Mouse Brain Atlas (© 2004 Allen Institute for Brain Science, Allen Mouse Brain Atlas, available from https://mouse.brain-map.org/).


We further analyze the single-cell sequencing data of the multiple mouse cortex (https://singlecell.broadinstitute.org/single_cell/study/SCP425/); archived mouse brain samples (https://singlecell.broadinstitute.org/single_cell/study/SCP60); mouse hippocampus (https://singlecell.broadinstitute.org/single_cell/study/SCP1); substantia nigra pars reticulate (SNr), substantia nigra pars compacta (SNc), and ventral tegmental area (VTA) areas (https://singlecell.broadinstitute.org/single_cell/study/SCP478); and cerebellum (https://singlecell.broadinstitute.org/single_cell/study/SCP795). Similar to human data, the expression of Ace2 is relatively high in the multiple mouse cortex samples (a total of 0.84% of the Ace2 positive cells, 84 out of 10,000), but it is relatively low in the mixed mouse PFC and hippocampus samples (a total of 0.28% of the Ace2 positive cells, 38 out of 13,313) and the mouse hippocampus samples (a total of 0.1% of the Ace2 positive cells, 2 out of 1,188). Besides, the expression of Ace2 is also found in 0.68% of the cell in the mixed SNr, SNc, and VTA areas as well as 0.52% in the cerebellum.

For the cell-type distribution, different from human brain data, the Ace2 positive rate of the endothelial cells was the highest among different cell types in the mouse brain, including the multiple mouse cortex; mixed PFC and hippocampus; mixed SNr, SNc, and VTA areas; and cerebellum (Figure 6A). Similar to human brain data, the Ace2 positive rate of the neurons was also very high among different cell types in the mouse brain, including the multiple cortex (48.8%); mixed PFC and hippocampus (15%); mixed SNr, SNc, and VTA areas (10.5%); and cerebellum (7.69%) (Figure 6A). The details of the cell-type distribution of Ace2 in the mouse brain are shown in Supplementary Figure 4. Similarly, in a comprehensive atlas of the mouse nervous system, of the 265 cell clusters, 4 had an expression z score >2 (3 pericyte clusters and 1 cluster of arterial endothelial cells, Figure 6B). According to the Brain RNA-Seq database from Barres lab, Ace2 was also highly expressed in the endothelial cells in the mouse brain (Supplementary Figure 1). Besides, according to the vascular single-cell transcriptions database from Betsholtz labs (Supplementary Figure 5), we further found: (1) ACE2 was only expressed in one kind of the endothelial cells in the brain vascular and (2) the expression level of ACE2 in the endothelial cells was much lower than that in the pericytes, smooth muscle cells, vascular fibroblast-like cells, and brain vascular.


[image: Figure 6]
FIGURE 6. Cell-type distribution of Ace2 in the mice brain. (A) Cell-type distribution of Ace2 according to the Single Cell Portal database (https://singlecell.broadinstitute.org/). (B) Top cell-type cluster expression of Ace2 according to the Mouse Brain Atlas database (http://mousebrain.org).


As the inconsistent results were found in the hippocampus based on the single-cell sequencing, we additionally analyzed the expression of Ace2 in a cell-type sequencing database of the mouse hippocampus, the Hippocampus RNA-seq Atlas database (https://hipposeq.janelia.org). As shown in Supplementary Figure 6, (1) Ace2 expression was only found in the intermediate and ventral areas of the hippocampus with a mean FPKM <1; (2) Ace2 expression was found in the ventral pyramidal cells but not in the dorsal CA1 pyramidal cells, dorsal CA3 pyramidal cells, dorsal CA2 pyramidal cells, dorsal DG granule cells, dorsal DG mossy cells, ventral CA3 pyramidal cells, and ventral DG granule cells; (3) Ace2 expression was not found in parvalbumin (PV)-positive or somatostatin (SST)-positive interneurons in the hippocampus; and (4) Ace2 expression was not found in any neurons that project to the postsubiculum, NAc, or amygdala.




DISCUSSION

ACE2 is an important entry receptor for SARS-CoV-2 and SARS-CoV infecting host organs (6). Though the infection of SARS-COV in the brain was reported in the past (34, 35), the distribution of ACE2 in the brain is still unclear. Here, we mainly found: (1) the expression of ACE2 was relatively high in several specific brain areas in human; (2) the expression of ACE2 was mainly located in many neurons (both excitatory and inhibitory neurons) in the human middle temporal gyrus and posterior cingulate cortex, but it was undetectable in the human PFC and very low in the human hippocampus; and (3) except for the additional expression of Ace2 in the olfactory bulb areas for spatial distribution and the pericytes and endothelial cells for cell-type distribution analysis, the main distribution map of Ace2 in the mouse brain was similar to that in human. Thus, our results revealed an outline of ACE2 or Ace2 distribution in the human and mouse brains, which supports the hypothesis that SARS-CoV-2 is capable to infect the brain and lead to CNS symptoms in COVID-19 patients (36). Our results indicate a heterogeneous distribution of ACE2 in different brain areas and cell types, which should be considered in further related studies.

SARS-CoV-2 shares a 77.2% amino acid identity, 72.8% sequence identity, and high structural similarity to previous SARS-CoV (37, 38). Similar to SARS-CoV, experimental affinity measurements show a high affinity of the receptor-binding domain of SARS-CoV-2 and ACE2 (37, 39). According to the GTEx Portal database, we found: (1) the total expression in the brain was much lower than that in the lung and (2) however, ACE2 positive samples were found in many brain areas, especially in the substantial nigra that the ACE2 positive sample rate was almost comparable to that in the lung. According to the Human Brain Transcriptome database, the total expression of ACE2 seems not to change with age. Moreover, according to the Allen Brain Atlas, six brain areas had relatively high expression of ACE2, especially four brain areas had high expression of ACE2 in the pooled data. Some of these high ACE2 expression brain nuclei are very important for normal brain functions, such as the paraventricular nuclei of the thalamus (involved in the control of wakefulness, feeding, appetitive motivation, drug addiction, regulation of stress and negative emotional behavior, and epilepsy) (40, 41), the raphe nuclei (the main serotoninergic nuclei in the brain) (42), and tuberomammillary nucleus (the main histaminergic nuclei in the brain) (43). Therefore, our results highlight the importance of spatial distribution rather than the overall expression of ACE2 in the brain. These results may provide some clues for further study on the brain infection of SARS-CoV-2 in COVID-19 patients and suggest that SARS-CoV-2 may result in serious CNS symptoms in COVID-19 patients (if it would infect these important brain areas by binding ACE2). Brain imaging and long-term follow-up may be required to confirm the possibility of SARS-CoV-2 brain infection and the following brain disorders in COVID-19 patients.

The routes or pathways for SARS-CoV and novel SARS-CoV-2 entering the brain are still unclear. According to experiments in mice transgenic for human ACE2, intranasal administration of SARS-CoV may enter the brain through the olfactory nerves (44). Consistent with this, we found that the expression of ACE2 in the olfactory bulb is higher than that in most other cortexes (Figure 3). In the human brain, we also found that the piriform cortex, a brain area directly connected with the olfactory bulb, had high ACE2 expression. Though no ACE2 expression data of the olfactory bulb in humans were available, our results indirectly support the hypothesis that SARS-CoV-2 might enter the human brain through the olfactory nerves. Recently, Meinhardt et al. found the olfactory transmucosal SARS-CoV-2 invasion as a port of CNS entry in individuals with COVID-19, which supports our finding (45).

On the other hand, we additionally found high ACE2 expression (z score >5) in the central glial substance and choroid plexus of the lateral ventricle in the human brain. Relatively high expression of ACE2 in the choroid plexus of the lateral ventricle was also found in the mouse brain in the current study. The central glial substance refers to an area of gray matter surrounding the central canal, which carries the cerebrospinal fluid (CSF) and helps to transport nutrients to the spinal cord (46). Besides, the choroid plexus of the ventricles is an important brain area for the generation of the CSF (47), the main location of the blood–CSF barrier (48), and serves as a crucial gateway for immune cells entering the brain (49). Recently, SARS-CoV-2 has also been found in CSF samples from a 56-year-old COVID-19 patient by genetic sequencing in China (http://www.ecns.cn/news/society/2020-03-05/detail-ifzuhesu4119860.shtml). SARS-CoV-2 may also infect the brain of a 24-year-old male patient (33). Thus, our results suggest that the high expression of ACE2 in the central glial substance and ventricles may provide another potential pathway for SARS-CoV-2 or SARS-CoV entering the CSF and/or spreading around the brain. This idea has been further confirmed by two recent studies, which found that SARS-CoV-2 infects the brain choroid plexus in human brain organoids (50, 51).

Single-nucleus RNA-seq provides a high resolution of cellular gene expression of each cell (52). According to the single-nucleus RNA-seq data, we further found that ACE2 was located in many neurons (especially excitatory neurons) and some non-neuron cells [especially astrocytes and oligodendrocytes (ODCs)] in both the posterior cingulate cortex and the middle temporal gyrus. The highest number of ACE2 positive cells was in the excitatory neurons, which may be projection neurons that make up many important brain networks. For example, excitatory neurons in the posterior cingulate cortex may project dense connections to the hippocampal formation and parahippocampal cortex, which are related to emotion and memory (53). On the other hand, the percentage of positive cells in some inhibitory neuron subtypes was comparable compared with excitatory neurons, though the total positive cell number of inhibitory neurons is lower than excitatory neurons. Inhibitory neurons are crucial for normal brain function (54). For example, the neurons in the SNr are mainly inhibitory gamma-aminobutyric acid (GABAergic) neurons, which is one important note in the neural circuits that contribute to epilepsy (41). Besides, we also found that some dopaminergic neurons and cerebellar cells in the mouse brain are also ACE2 positive. Thus, our results may help to explain the previous finding that SARS-CoV particles are mainly located in the neurons in the brain samples from SARS patients (34) and suggest that SARS-CoV-2 may also invade many neurons in the human brain and hence contribute to the CNS symptoms in COVID-19 patients.

In addition, single-nucleus RNA-seq showed that the expression of ACE2 was very low in both the endothelial cells and the pericytes from the human brain, whereas the expression of Ace2 was high in the endothelial cells and the pericytes in the mouse brain. According to RNA-seq of isolated subtype cells from the human and mouse brains, we also found that the expression of Ace2 was high in the mouse endothelial cells, but that of ACE2 was none in the human endothelial cells. Of note, previous microarray data show ACE2 expressed in the human endothelium (9), which is mainly a single layer of squamous endothelial cells. One possible reason for these differences might be that most blood vessels were excluded from the tested human brain tissues, whereas they were hard to be removed and left in the mouse brain tissues. However, some recent studies found that the human vascular endothelial cells do not express ACE2 or express relatively low levels of ACE2 (10, 11). Besides, according to the vascular single-cell transcriptions database from Betsholtz labs, the expression of Ace2 only found in one subtype of the vascular endothelial cells in the mouse brain and its level was also very low. On the contrary, the expression of Ace2 in the pericytes is very high in the mouse brain according to the database from Betsholtz labs. Thus, these results taken together suggest: (1) blood vessels may not be the main source of ACE2 expressed endothelial cells in mice; (2) the heterogeneity of ACE2 or Ace2 distribution in the subtypes of the endothelial cells or pericytes may exist in both the human and mouse brains; and (3) such a potential difference between humans and mice should be noted when using mouse models for the SARS-CoV-2 study. Further studies are need to confirm the ACE2 distribution in the specific types of the endothelial cells or pericytes (such as these nonvascular endothelial cells or pericytes in the cerebral lymphatic or ventricles), which may help SARS-CoV-2 to enter the brain and contribute to the cerebrovascular events in COVID-19 patients (55–57).



CONCLUSIONS

Our results reveal an outline of ACE2 or Ace2 distribution in the human and mouse brains, which indicates that the brain infection of SARS-CoV-2 might be capable to infect the brain and result in CNS symptoms in COVID-19 patients. The finding of high ACE2 expression in the central glial substance and brain ventricles suggests two potential novel routes for SARS-CoV-2 entering the CSF and/or spreading around the brain. A summary schematic figure is shown in Figure 7. In addition, the differences of ACE2/Ace2 distribution between humans and mice may be also useful to further “bench to bedside” translational studies regarding SARS-CoV-2. Our results may help to bring light to the brain infection of the present novel SARS-CoV-2 and previous SARS-CoV. Further studies are warranted to confirm our results and related predictions.


[image: Figure 7]
FIGURE 7. The summary schematic figure. (A) The distribution of ACE2 in the choroid plexus of the lateral ventricle (LV), hippocampus (Hip), middle temporal gyrus (MTG), and central glial substance (CGS) in the human brain. Pictures are modified from the human brain atlas (http://atlas.brain-map.org/) of the Allen Brain Atlas. (B) Representative ACE2 expression in the olfactory bulb (OB), choroid plexus of the lateral ventricle (LV), hippocampus (Hip), substantia nigra (SN), and cerebellum in the mouse brain. (C) Three potential routes for SARS-CoV-2 entering the CSF and/or spreading around the brain. Another potential route for SARS-CoV-2 entering the CSF from the CGS is not listed because of limited information regarding this brain area.
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Middle and superior temporal gyrus
Medial temporal pole

Superior medial gyrus, ACC

Middle temporal gyrus, angular gyrus
Middle temporal gyrus

Right temporal seed: Negative correlation

1197 20 -8 -22 R
1119 86 -28 88 L
774 6 -54 14 R
704 4 50 -16 R
694 —22 12 -24 L
573 46 -20 88 R
458 -4 64 -6 L
22 10 -56 10 L
258 56 14 44 R
114 50 60 28 R
107 22 30 42 R
106 62 -2 -2 L

Parietal seed: Negative correlation

98 -26 14 6 L

Hippocampus (CA. SUB, DG),
amygdala (LB, CM), fusiform gyrus

Precentral gyrus (Area 4a),
post-central gyrus(1,3b)
Precuneus, calcarine gyrus, lingual
gyrus, PCC

Rectal, middle orbital gyrus, superior
medial gyrus

Hippocampus (CA, DG, SUB, HATA,
EC), amygdala (LB, SF, CM), fusiform
gyrus

Post-central gyrus (1, 3b), precentral
gyrus (4a, p)

Middle orbital gyrus, rectal gyrus,
ACC

Precuneus, PCC
Post-central gyrus (Area 1, 3b)
Angular gyrus

Middle and superior frontal gyrus
Middle and inferior temporal gyrus

Insula lobe

ke

MNI co-ordinates*

x

y

Positive correlation

1163 60 —-36
el 36 50
527 -32 46
440 -56 -36
397 -28 —62
283 —40 [
178 26 60
173 6 20
138 44 -12
130 34 20
115 20 —4
Positive correlation

706 -32 50
367 -56 —42
282 38 -70
273 64 —40
256 36 38
197 -34 -56
126 -48 20
108 18 18

Positive correlation

610

260

159

-52

44

16

z

36

28

52

-30
-20

48
-10
12
70

30

52

42

24

-30

64

16

28

28

Lat.

o

D DD

R

R

Anatomical region

Angular gyrus

Middle frontal gyrus, inferior frontal
gyrus
Middle frontal gyrus

Inferior parietal lobe, supramarginal
gyrus

Cerebellum (Crus 1, VI, Vila)

Insula

Midde orbital gyrus, superior orbital
gyrus

Superior medial gyrus

Superior temporal gyrus, insula
Insula lobe

Superior frontal gyrus

Middle frontal gyrus, inferior frontal
gyrus (p. triangularis)

Angular gyrus

Gerebellum (Crus 1, Vila)

Supramarginal gyrus, angular gyrus

Middie frontal gyrus

Cerebellum (Crus 1, VI, Vila)

Inferior frontal gyrus (p. triangularis)

‘Superior frontal gyrus

Middle temporal, middle occipital,
angular gyrus

Middle occipital, angular, middle
temporal gyrus

Precuneus, PCC

Correlation between age and resting-state MRl connectivity of each MCl-atrophy seed (cluster-level FWE corrected at p < 0.05; cluster-forming thresholdp < 0.001).“Cluster-maxima in
MNI space. ke, cluster extent; Lat,, lateraliy; L, lef; R, right; CA, comu ammunis; EC, entorhinal cortex; SUB, subiculum; DG, dentate gyrus; HATA, hippocampus-amygdala-transition-
area; LB, laterobasal; SF, superficial; CM, centromediale; ACC, anterior cingulate cortex; PCC, posterior cingulate cortex; Id, insular dysgranuler aree; 1g, insular granuler area; IPL,

inferior parietal lobule.
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Total sample (n = 333)

Age, mean (SD), y 64.14 (3.37)
Sex, Women, N (%) 287 (71.17)
Education, mean (SD), y 10.51 (3.95)
Ethnicity, N (%)

Dominican 286 (85.88)
Other Caribbean Hispanic 20(6.0)
South American 17 6.10)
Central American 4(1.20)
Unspecified Hispanic 3(0.90)
Spanish speakers, N (%) 312 (93.69)
APOE-e4 carriers, N (%)* 117 (35.13)

SD, standard deviation; AB, Amyloid beta.

Low AB (n = 154)

63.76 (3.54)
86 (55.84)
1048 (3.77)

132(85.71)
9(5.84)
9(5.84)
1(0.65)
2(1.30)

144 (93.51)

40(25.97)

Intermediate A (n = 153)

64.40 (3.19)
132 (28.27)
10.34 (4.15)

134 (87.68)
8(5.29)
6(3.92)
3(1.96)
1(0.65)

144 (94.12)

56 (36.60)

Positive AB (n = 26)

64.83(3.27)
19 (73.08)
11.62 (3.80)

20 (76.92)
3(11.54)
2(7.69)
0(0)
6(23.08)
24 (92.31)
21(80.77)

P-value®

0.14
<0.0001
0.31
0.76

093
<0.0001

*Bivariate comparisons across Ap categories were made using analysis of variance (ANOVA) for continuous variables. Differences in categorical veriables were evaluated using

chi-squared tests.
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AB (SUVR) linear term AB (SUVR) quadratic term

B(CH P BC) P
Model 1

LnDMN 0.93 (-1.00, 2.85) 035 -0.37 (-1.07,0.34) 0.31
LnFPC  —1.46(-0.77,369) 020 -0.49(-1.31,033 024
LnDAN ~ -0.95(-350,1.60)  0.46 028(-066,122) 055
LnSAL 1.35(-087,357) 023 -0.48(-1.30,033)  0.25
Model 2

LDMN  0.25(-1.72,222)  0.80 ~0.18(-0.85,059  0.72
LnFPC  0.88(-1.41,3.17) 045 -0380(-1.13,054) 048
LnDAN  —037(-302,227) 078 0.10(-087,106) 084
LnSAL 1.45(-1.11,8.41) 032 -089(-1.21,035 036

Ln, natural logarithm; AB, amyloid beta; SUVR, Standardized Uptake Value Ratio; rsFC,
resting state functional connectivity; DMN, default mode network; FPC, fronto- parietal
control; DAN, dorsal attention network; SAL, salience.

Model 1 is unadjusted. Model 2 is adjusted for age, sex, education and APOE-¢4.
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Model 1
LnDMN
LnFPC
LnDAN
LnSAL
Model 2
LnDMN
LnFPC
LnDAN
LnSAL

Low to intermediate AB

B(Ch

0.04 (-0.01, 0.10)
0.03(-0.03,0.10)
~0.05 (-0.12, 0.02)
0.04(-0.02, 0.10)

0.02(-0.04,0.07)
0.01(~0.05, 0.08)
~0.02(~0.10, 0.05)
0.04(~0.03,0.10)

P

0.13
0.27
0.19
0.20

0.57
0.69
0.54
0.29

Low to positive Ag

B

—0.05 (~0.15, 0.05)
007 (-0.04, 0.19)
~0.07 (<0.20,0.07)
005 (007, 0.16)

—0.05 (-0.16, 0.05)
005 (007, 0.18)
~0.03(-0.18,0.11)
009 (008, 0.21)

0.36
021
0.32
0.42

031
0.40
0.64
0.15

Intermediate to positive A

B(Ch

—0.09 (-0.19, 0.01)
04 (0,08, 0.16)
~0.02 (0.15, 0.11)
0.007 (<0.11,0.12)

~0.07 (-0.17, 0.03)
0,04 (~0.08, 0.05)
~0.01 (-0.15,0.13)
005 (~0.06,0.17)

P

0.08
051
078
091

0.18
0.69
0.89
0.37

P-trend

0.12
0.33
0.34
0.40

0.39
0.69
0.79
0.29

Ln, natural logarithm; AB, amyloid beta; SUVR, Standardized Uptake Value Ratio; rsFC, resting state functional connectivity; DMN, default mode network; FPC, fronto- parietal control;

DAN, dorsal attention network; SAL, salience.

Model 1 is unadjusted. Model 2 is adjusted for age, sex, education and APOE-¢4.
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Analysis

Spatio-temporal
Spatial

Spatial

Spatial

Spatial and cel type
Celltype

Celltype

Single cel

Single cel

Single cel

Web Interface

http://hbatlas.org
http//human brain-map.org

https://www gtexportal.org

hitps://mouse.brain-map.org/

https://hipposed janelia.org

http:/mousebrain.org

https://www brainmmased.org/

https://singlecell broadinstitute.org
https://celltypes.brain-map.org/maseq/
http://betsholtziab.org/VascularSingleCells/database.htrmi

References

(16)

17

(18

(19)

(20)

@1

(22,29

Not available:
@4

(25,26)

Species

Human

Human

Human

Mouse

Mouse

Mouse

Mouse and human
Many

Human

Mouse

Brain area

Multi

Multi

Multi

Mult
Hippocampus
Multi

Mult

Mult

Cortex

Blood vessels.

Method

Microarray
Microarray
RNA-seq
Microarray
RNA-seq
RNA-seq
RNA-seq
RNA-seq
RNA-seq
SCRNA-seq
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Brain Area

Middle temporal gyrus

Posterior cingulate
cortex

Prefrontal cortex and
hippocampus
Temporal lobe cortex
and hippocampus

Whole cortex

SNr, SNe, VTA

Cerebellum

Prefrontal cortex and
hippocampus
Hippocampus

Multiple areas (265
clusters of cells)
Vascular and
vessel-associated cells
(15 of cluster cells)

References

@4
@8)

9)

(22,23)

(30)

U19—Huang BICCN
data
(1U19MH114821-01)*

©1

9

(20)
@1

(25,26)

Method

SMART-Seq
Multiplexing
snRNA-seq
DroNe-Seq

RNA-seq of
cell types
isolated from
the human
brain

10x
Chromium,
SMART-seq2,
DroNc-seq
and
sci-ANA-seq
Undlear

High-
throughput
single-
nucleus
RNA-seq
DroNc-Seq

Div-Seq
Cell-type
RNA-seq
SoRNA-seq

Nuclei

15,928
9,923

19,550

NA

13,783

13,861

611,034
(10,000 used)

29,543

1,367

500,876
(160,796 used)

3,186

Species n (age) Source

Human n =8 (24-66)  https://celltypes.brain-map.org/maseq/human/mtg
Humann =20 (>65)  https//singlecellbroadinstitute.org/single_cell/study/SCP371

Human n = 6 (40-65)  https://singlecell broadinstitute.org/single_cell/study/SCP0/

Human n =22 (8-65)  https://www.brainmaseq.org/

Mouse (1 month old)  https://singlecell.broadinstitute.org/single_cell/study/SCP425/

Mouse (unclear) https://singlecell.broadiinstitute.org/single_cell/study/SCP478

Mouse 2 female, 4 https://singlecellbroadinstitute.org/single_cellstudy/SCP795
male (60 days)

Mouse 4 (adul) https://singlecellbroadinstitute.org/single_cellstudy/SCPE0
Mouse unclear hitps://singlecell broadinstitute.org/single_cellstudy/SCP1
Mouse male and http://mousebrain.org

female (12-56 days old)

Mouse (adult) hittp://betsholtzlab.org/VascularSingleCells/database. htmi

aThis dataset is provided by Huang et al. (https://biccn.org/teams/u19-huang) and from the BRAIN Initative Cell Census Network (BICCN, https://bicon.org/). Multiplexing snRNA-seq:
nuclei muliplexing with barcoded antibodlies for single-nucleus genomics; Smart-Seq: switching mechanism at §' end of the RNA transcript; DroNe-Seq: deciphering cell types in
the human archived brain tissues by massively-prallel single-nucleus RNA-seq; sci-RNA-seq: single-cell combinatorial-indexing RNA-sequencing analysis; SNI: substantie nigra pars
reticulate; SNc: substantia nigra pars compacta; VTA: ventral tegmental area.
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Disease Gene/
inheritance

PKAN PANK2/AR

MPAN C190rf12/AR,
AD

BPAN WDR45/XD

PLAN PLA2G6/AR

FAHN FA2H/AR

Neuroferrtinopathy FTL/AD

Aceruloplaminemia CP/AR

Woodhouse- DCAF17/AR
Sakati

syndrome

Kufor-Rakeb ATP13A2/AR
syndrome

CoPAN COASY/AR

Iron distribution

GP, SN, STN

GP, SN

SN, GP

GP, SN

GP, SN

Widespread, basal
gangla, thalamus,
cerebellum, cerebral
cortex

Widespread, uniform
basal ganglia,
thalamus,
cerebellum, cerebral
cortex

GP, SN

Putamen, caudate,
GP

GP, SN

Core features

Eye-of-the-tiger sign in GP
(typically, the surrounding T2
hypointensity)

Preserved isaintense signal in
medial medulary lamina of GP

Halo sign in SN

Disproportionate cerebellar
atrophy and/or cerebelar
cortical hyperintensity

WM hyperintensities
(periventricular, parietal
predominance)
Pontocerebeliar atrophy
Thin corpus callosum

Cavitation involving GP and
putamen

Iron accumulation in the brain,
liver, pancreas, and
myocardium

WM hyperintensities
(frontoparietal/
periventricular WM)

Early features

Linear T2 hyperintense streak along
the medial border of GP in infancy [10]
Isolated hyperintense center during
early childhood [10]

Three signal layers in GP (T2°W)

T2 hyperintense “dot” in

the central part of GP [9]

Thin corpus callosum

Myelination delay

T2 hyperintensity and swelling in SN,
GP, deep cerebellar nuclei [41)

T2 (or SWI) hypointensity,
predominantly in SN and/or T1
hyperintensity

Vertically oriented thin corpus
callosum (54]

Hypertrophy of the clavum [71]

SWI hypointensity in GP, SN,
thalamus, red nucleus, and dentate
nucleus, without cavitation, and
cortical pencillining sign [45]

Additional features

Basal ganglia calcification

Diffuse brain atrophy
Variable degree of WM
involvement

Diffuse brain atrophy
Basal ganglia calcification
Variable degree of WM
involvement

Supratentorial atrophy
Variable degree of WM
involvement

Hypoplastic optic tracts and
chiasms

Supratentorial atrophy

Diffuse brain atrophy
WM hyperintensities

Diffuse brain atrophy
WM hyperintensities

Small pitutary gland

Diffuse brain atrophy

T2 hyperintensity of caudate,
putamen, and thalamus

Swollen putamen and caudate
GP calcification

PKAN, pantothenate kinase-associated neurodegeneration; MPAN, mitochondrial membrane protein-associated neurodegeneration; BPAN, beta-propeller protein-associated
neurodegeneration; PLAN, PLA2G6-associated - neurodegeneration; FAHN, fatty acid  hydroxylase-associated neurodegeneration; CoPAN, COASY  protein-associated
neurodegeneration; AR, autosomal recessive; AD, autosomal dominant; XD, X-linked dominant; GB. globus pallidus; SN, substantia nigra; WM, white matter.
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Parameter AQP4(n=33)  MOG(n=18) p-value

Sex (f/m) 30/3 177 0.02
Age in years 503+ 18,6 (24-72) 44.3 £ 12.2(22-69)  0.11
EDSS 407 2(1-6) 0.01
Annualized Relapse Rate 08x12 1812 0.28
Total number of relapses 3621 3725 0.89
Disease Duration in years 847 8+ 11 10
Immunosuppressive Therapy 28 (85%) 14 (78%) 0.70
Clinical Phenotype 14 (42%) 5(28%) 037
LETM + bilateral ON

Bilateral ON 3(9%) 4 (22%) 0.23
LETM only 12 (36%) 3(17%) 0.20

F, female; M, Male; EDSS, Expanded Disabilty Status Scale; LETM, longitudinal extensive
transverse myelits; ON, optic neuritis. EDSS is presented as median (range). Age, annual
relapse rate, total number of previous attacks and disease duration are presented as mean
< standard deviation. Clinical phenotype and immunosuppressive therapy are presented
as total numbers and in %.
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Frequency band (Hz) 1-4 4-8 8-12 12-30 30-80 80-250 250-500

Group ABABABABABAUB A B
MFC 1312 9 14111210 13 12 15 4° 11° 7 12
TC 5873834672345 2 6
PCC/pC 9 41223803 1300 0 0 0
MOC 351411241100 0 0
TH 608 69017 820 0 0 0
TPJ 22113020000 0 0 O
POT 75948787 0200 0 O
CE 12234102103 2 0 0
DBA 000O0O0OT1O0O02 18 5 11° 2

GSWD, generalized spike-wave discharge; A, interictal GSWDs; B, ictal GSWDs; MFC,
medialfrontel cortex; TC, temporal cortex; PCC, posterior cingulate cortex; pC, precuneus
cortex; MOC, medial occipitel cortex; TH, thalamus; TPJ, temporal-parietal junction; POT,
perieto-occipito-temporal junction; CE, cerebelum; DBA, deep brain aree. "Statisticall
significant at p < 0.05.
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Frequency band (Hz)

1-4
48
8-12
12-80
30-80
80-250
250-500

Interictal GSWDs

41.65 + 26.95
1115 £ 4.28
6.32 £ 5.09
7.61£501
2.83 £ 248
1.32 + 2.89
068 + 1.18

Ictal GSWDs

3591 + 11.60
13.37 £ 6.59
7183270
7.89 £ 2.49
435+ 4.52
2.54 £ 3.61
1.45 229

P-value

0.388
0214
0.076
0.052
0.108
0011
0.068

There was no significant difference after Bonferroni correction for multiple comparisons.
GSWD, generalized spike-wave discharge.
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Subject  Sex/age Durationof ~ Seizure
(F or M/years) epilepsy (months) frequency
(times/day)
1 7 1 20
2 F/6 1”2 10
3 w7 25 10
4 /10 24 57
5 /8 3 20
6 9 60 25
7 w8 2 58
8 Fr7 4 10
9 3 2 7-8
10 F/10 10 45
1 /o 3 15-20
12 M4 6 23
13 F/10 11 45
14 F/5 5 e
15 F/6.5 4 56
16 F/5.5 24 6-8
17 3 2 10
18 F/6 12 8-10
19 /8 1 45
20 w7 1 0-1
21 M40 72 45
22 /8 24 0-1
23 /6 2 5-10
24 w75 5 23
25 w8 4 10

AED at the time of

recording

None
None
VPA and LTG
uG
None
None
VPA
VPA
None
None
None
OXC
None
None
None
OXCand LTG
None
VPA
VPA
VPA
VPA
VPA
None
VPA
None

F, female; M, male; VPA, valproate; OXG, oxcarbazepine; LTG, lamotrigine; CAE, childhood
absence epilepsy; AED, antiepileptic drug.
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Animal strains

C57BL/6J mice
Lewis rats
Wistar rats

SD rats
SDrats

Mice

Marmoset

Mice
SDrats

Monkey

Wistar rats
SDrats
SDrats
C57/BL6 mice

Mice
C57BL6

SD rats

SDrats

SDrats
SDrats
SDrats
SD rats
SDrats
Rhesus macaques
SD rats
SDrats
Wistar rats
SDrats
SD rats
SDrats
SDrats
Mice

C57/BL6 mice
SDrats

SD rats, Wistar rats
Wistar rats

Wistar rats

SDrats

SDrats

Injection site

Hippocampus
Visual cortex

Entorhinal cortex
Entorhinal cortex

Raphe interpositus nucleus
Hippocampus

Forelimb primary motor
cortex

Prefrontal cortex
Ventral tegmental area

Orbitofrontal/ anterior
cingulate cortex

Sensorimotor cortex
Sensorimotor cortex
Intracortical/ Motor cortex
Striatuny/ Amygdata

Hippocampus

Primary somatosensory
cortex

Lateral geniculate nucleus/
visual cortex

Somatosensory cortex

Habenular nucleus
Raphe nucleus
Thalamus
Orbitofrontal cortex
Somatosensory cortex
Frontal eye fields
Spinal cord

Spinal cord

Spinal cord

Cisterna magna
Subarachnoid space
Cisterna magna
Cisterna magna

Cisterna magna, Lateral
ventricles

Lateral ventricle
Lateral ventricles
Lateral ventricle
Lateral ventricle
Below the dura
Transcranial
Transcranial

Dose

0.25 pl, 5-200mM
60 pg/kg, 60 mg/kg
40nl, 1M

100 nl, 100mM
0.4, 0.08M
35, 200mM

0.16 pl, 800, 400, 40, and 8
nmol

5nl, 600mM
100 nl, 200mM

0.2 ~ 0.5 pl, 800 or
120mM

02pl 1M
02pl, 1M
02pl, 1M
10 nl, 5mM

5nl, 500mM
60nl, 100mM

30 nl, 100mM; 100 nl,
100mM

200 nl, 60mM

0.005 I, 4M
0151, 0.1 M

200 rl, 10 ~60mM

200 nl, 80mM
~10nl,08M

0.3 pl, 120mM or 300 mM
10 nl, 256 mmol/l

30 or 60 i, 100 or 800 MM
500, 10mM

50 I, 25mM; 25 ul, 50mM
50 I, 10mM

80 I, 0.8mM

80, 0.8M

05pl,08

;0,25 ul, 0.8M

025 pl, 5mM
2, 0.2molt
8ul,0.17M

10 l, 5OmM

2001, 03M

500 mM or 250mM
~50pl, 100, 250, 500mM

MRI

235T
47T
47T
47T
47T
17T

30T

17T
47T

47T

47T
30T
94T
17T

17T
70T

70T

17T

70T
70T
17T
47T
30T
70T
94T
70T
47T
47T
47T
15T
15T
15T

235T
30T, 7.0T
47T
47T
70T
n7T
17T

Interest

Neural pathways
Visual cortex; corpus callosum
Hippocampus
Hippocampo-thalamic network
Lateral habenula

Hippocampal to basal forebrain
transport

Corticospinal tract

Neurocircuitry

Neuronal projections from ventral
tegmental area to forebrain

Prefrontal circuits

Neuronal connectivity
Neuronal connective pathways
Spinal core/ Corticospinal tract

Tract tracing from striatum and
amygdala

Hippocampal circuitry
Somatosensory cortex

Lateral geniculate nucleus; visual
cortex

Corticocortical and thalamocortical
connectivity

Habenular nucleus tract
Dorsal raphe forebrain tract
Cortical laminar architecture
Orbitofrontal neuronal activity
Meajor brain projection systerms
Frontal eye fields connections
Spinal cord

Spinal cord

Spinal cord

Brain

Spinal cord

Spinal cord

Spinal cord

Spinal cord

Neural pathways
Brain and spinal cord; spinal injury
Spinal cord

Hippocampal

Corticothalarmic pathway
Traumatic brain injury

Neuronal tract tracing

References

(14,34
(35)
(36)
©7)
(38)
(39)

(40)

(@1,42)
43)

(44)

(45, 46)
47)
(48, 49)
(19)

(50)
61)

&)

©2)

(53)
(54)
(15)
(55)
(56)
(1)

©7)
(58)
(59)
(60)
©1)
(62)
(63)
4

(14
(65, 66)
(67-69)
(70)
1)
&)
73)
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Characteristics HTA LTA Test statistic p-value

Gender 38 (19/19) 34(14/20)  x2=0563  0.453
(male/female)

Age (years) 20237 % 1384 20.471:£2.078 0572
™ 5450 £2.628 26177+ 2516 <0.001*
SAl 43026 £9.356 24.882 + 3.883 <0001
80I 18.421+7.366  2.204 + 2.877 <0001
CRT 66263 £4.157 660883108 t=0204 0839

SD, standard deviation; HTA, high trait anxiety; LTA, low trait anxiety; TAI, trait anxiety
inventory; SA, State Anxiety Inventory; BDI, Beck's Dapression Inventory; CRT, combined
Raven's matrix test. *p < 0.001.
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Different connections

Frontal lobe-frontal lobe

Inferior frontal gyrus
(opercular)_L

Inferior frontal gyrus
(opercular)_L

Inferior orbitofrontal gyrus_L

Frontal lobe-limbic lobe
Superior orbitofrontal gyrus_R
Superior orbitofrontal gyrus_R

Inferior frontal gyrus
(opercular) R

Supplementary motor area_R
Medial orbitofrontal gyrus_R

Paracentral lobule_R

Frontal lobe-temporal lobe
Inferior orbitofrontal gyrus _R
Midde frontal gyrus_L
Middle orbitofrontal gyrus_L
Reotus gyrus R

Hippocampus-brain regions
Hippocampus_L.
Hippocampus_L
Hippocampus_L.

ParaHippocampal gyrus_R

Temporal lobe-brain regions
Superior temporal gyrus_R
Fusiform gyrus_ R

Occipital lobe-brain regions
Middle occipital gyrus_R
Cuneus_R

Calcarine_R
Insula-brain regions
Insula_L
Insula_R
Insula_R

Inferior frontal gyrus
(opercular) R
Inferior frontal gyrus
(riangular)_R

Inferior frontal gyrus
(trianguiar)_R

Hippocampus_R

Lenticular nucleus,
palidum_R

Lenticular nucleus,
putamen_R

Thalamus_L

Lenticular nucleus,
putamen_R

Thalamus_R

Inferior temporal gyrus_R
Middie temporal gyrus_L
Temporal_Pole_Mid_L

Inferior temporal gyrus_R

Posterior cingulate gyrus_L
Thalamus_L

Caloarine_R

Middle temporal gyrus_R

Posterior cingulate gyrus_L
Middie temporal gyrus_R

Precentral gyrus_R

Lenticular nucleus,
putamen_R

Inferior occipital gyrus_R

Middle occipital gyrus_L
Postoentral gyrus_R
Superior temporal gyrus_R

p-value

0.001866*

0.001003*

0.000043**

0.000768"*
0.002447*

0.007135*

0.008487*
0.000383**

0.006736"

0.002246*
0.007896*
0.009882*
0.005715*

0.000014**
0.000824**
0.000043**
0.002421*

0.000043*
0.003185*

0.000436"*
0.007813*

0.003976*

0.009393*
0.005002*
0.005260*

FA, fractional anisotropy; FDR, false discovery rate; L, left hemisphere; R,

right hemisphere.
*p < 0.01,

< 0.001; FDR corrected.
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Different connections

Frontal lobe-frontal lobe
Inferior frontal gyrus
(opercular)_L
Inferior frontal gyrus
(trangulan)_R

Frontal lobe-limbic lobe
Superior orbitofrontal gyrus_R
Superior orbitofrontal gyrus_R

Paracentral lobule_R
Supplementary motor area_R

Medial orbitofrontal gyrus_R

Hippocampus-brain regions
Hippocampus_L
ParaHippocampal gyrus_R
Hippocampus_L
Middle cingulate gyrus_R

Insula-brain regions
Insula_L
Insula_R
Insula_L

Occipital lobe-brain regions
Galcarine_L

Lingual gyrus_R

Middle occipital gyrus_R
Precuneus_L

Temporal lobe-brain regions
Middle temporal gyrus_L
Superior temporal gyrus_R

Inferior frontal gyrus
(opercular) R
Inferior orbitofrontal gyrus _L.

Hippocampus_R
Lenticular nucleus,
palidum_R

Thalamus_R

Lenticular nucleus,
putamen_R

Lenticular nucleus,
putamen_R

Calcarine_R
Lingual gyrus_R

Posterior cingulate gyrus_L
Precuneus_L

Superior parietal gyrus_L.
Postcentral gyrus_R
Middie occipital gyrus_L

Temporal pole:Superior
temporal pole_L
Superior orbitofrontal
gyrus R

Precentral gyrus_R
Postcentral gyrus_L.

Middle frontal gyrus_L
Posterior cingulate gyrus_L

p-value

0.000009**

0.000043**

0.000025**
0.006374*

0.005746*
0.001449%

0.005243*

0.000043**
0.004239*
0.000092**
0.006184*

0.009418*
0.003178"
0.003504*

0.009510*

0.006624*

0.000493**
0.002417*

0.008624*
0.000043**

FN, fiber number; FDR, false discovery rate; L, left hemisphere; R, right hemisphere.

*p < 0.01,

< 0.001, FDR corrected.
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