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Objective: To explore the application of quantitative magnetic resonance imaging in the diagnosis of autism in children.

Methods: Sixty autistic children aged 2–3 years and 60 age- and sex-matched healthy children participated in the study. All the children were scanned using head MRI conventional sequences, 3D-T1, diffusion kurtosis imaging (DKI), enhanced T2*- weighted magnetic resonance angiography (ESWAN) and 3D-pseudo continuous Arterial Spin-Labeled (3D-pcASL) sequences. The quantitative susceptibility mapping (QSM), cerebral blood flow (CBF), and brain microstructure of each brain area were compared between the groups, and correlations were analyzed.

Results: The iron content and cerebral blood flow in the frontal lobe, temporal lobe, hippocampus, caudate nucleus, substantia nigra, and red nucleus of the study group were lower than those in the corresponding brain areas of the control group (P < 0.05). The mean kurtosis (MK), radial kurtosis (RK), and axial kurtosis (AK) values of the frontal lobe, temporal lobe, putamen, hippocampus, caudate nucleus, substantia nigra, and red nucleus in the study group were lower than those of the corresponding brain areas in the control group (P < 0.05). The mean diffusivity (MD) and fractional anisotropy of kurtosis (FAK) values of the frontal lobe, temporal lobe and hippocampus in the control group were lower than those in the corresponding brain areas in the study group (P < 0.05). The values of CBF, QSM, and DKI in frontal lobe, temporal lobe and hippocampus could distinguish ASD children (AUC > 0.5, P < 0.05), among which multimodal technology (QSM, CBF, DKI) had the highest AUC (0.917) and DKI had the lowest AUC (0.642).

Conclusion: Quantitative magnetic resonance imaging (including QSM, 3D-pcASL, and DKI) can detect abnormalities in the iron content, cerebral blood flow and brain microstructure in young autistic children, multimodal technology (QSM, CBF, DKI) could be considered as the first choice of imaging diagnostic technology.

Clinical Trial Registration: [http://www.chictr.org.cn/searchprojen.aspx], identifier [ChiCTR2000029699].
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BACKGROUND

Autism spectrum disorder (ASD) is a group of neurodevelopmental disorder with the onset in early childhood, characterized by impairment in communication, and social interaction, rigidity of interests, and repetitive stereotypical behaviors (1–4). The incidence of ASD is increasing worldwide, while the etiology and pathogenesis of autism are poorly understood and no drug is available (5, 6). Children with autism are mainly treated with rehabilitation intervention, and there is no specific treatment yet. Studies have shown that early and reasonable systematic rehabilitation intervention can improve the symptoms of most children, and even obtain a basic “recovery.” The earlier the rehabilitation intervention, the better the recovery of children, which requires clinicians to accurately diagnose children with autism at an early stage (6, 7).

Currently, the early diagnosis of ASD is mainly based on the patients’ clinical manifestations, but the clinical manifestations of most ASD children are atypical and the symptoms-based early diagnosis is difficult, especially for low-age children with ASD, which eventually leads to many ASD children missing effective early intervention expectations. Therefore, there is an urgent need for early, fast, convenient and feasible diagnostic methods for ASD (8–11).

In previous studies, only a few researchers explored whether the brain blood flow or gray matter of ASD children was abnormal by 3D-pseudo continuous Arterial Spin-Labeled (3D-pcASL), quantitative susceptibility mapping (QSM) and diffusion kurtosis imaging (DKI) sequences (7, 12–15). For example, Tang et al. (13) found a decrease in iron content in some brain regions of ASD children. Mori et al. (14) confirmed that the cerebral blood flow in some brain areas of ASD children decreased. McKenna et al. (15) demonstrated that gray matter microstructure in some brain regions of autistic children was abnormal. However, they did not prove whether there is spatial overlap in brain regions with reduced iron content, cerebral blood flow perfusion, abnormal gray matter microstructure, and whether there is a correlation between them.

In this study, we performed multimodal MRI (conventional MRI sequences, ESWAN, DKI, 3D-pcASL, and 3D-T1 MRI sequences) to scan the brains of autistic children and healthy children. The quantitative maps of the QSM, DKI, and CBF MRI data and a 3D-T1 structure map of the brain were obtained through post-processing. The quantitative and structural maps of the two groups were compared and analyzed. The correlation was analyzed to obtain a specific MRI diagnostic basis of autism in children if any differences were found.



MATERIALS AND METHODS


Ethics Statement

The study protocol was approved by the Human Ethics Committee of the Children’s Hospital of Chongqing Medical University (No. 2018-47). Written informed consent was obtained from the parents or guardians of all the patients before the examinations.



Patients

From June 2018 to December 2020, we recruited 65 2- to 3-year-old autistic children at the Children’s Hospital of Chongqing Medical University as the research group. All the children were tested for iron trace elements, hemoglobin, and the red blood cell volume at our hospital. The inclusion criteria of the study group were as follows: body mass index between 15 and 18; right handedness; fulfillment of the diagnostic criteria of autism in the American Diagnostic and Statistical Manual of Mental Disorders (DSM-IV); no evidence of neurological functional diseases; no evidence of other organ-associated diseases; no evidence of other diseases that may affect brain function and structure; no history of drug treatment in the past; and no abnormality in routine MRI examinations of the head. Five children snored with excessive breathing activity after sedation, resulting in image quality defects. Finally, the data of 60 children (32 male and 28 female; mean age, 2.72 years; mean body mass index, 16.89) were included in the study.

During the same period, we recruited 63 healthy children of matched age and sex as the control group, and all the children were tested for iron trace elements, hemoglobin, and the red blood cell volume at the laboratory in our hospital. The inclusion criteria of the control group were as follows: body mass index between 15 and 18; right handedness; no evidence of neurological functional diseases; no evidence of other organ-associated diseases; no evidence of other diseases that may affect brain function and structure; no abnormality in routine MRI examination of the head; iron trace elements in venous blood within the normal range (6.5–9.85 μmol/L); and a hemoglobin value and mean corpuscular volume (MCV) value in the normal range (Hb, 110–150 g/L; MCV, 80–100 fl). Three children snored and breathed with excessive motion after sedation, resulting in image quality defects. Finally, 60 children (31 male and 29 female; average age, 2.76 years; average body mass index, 16.54) were included in the study.



Imaging Data Collection

Data collection was performed in the MRI room of Children’s Hospital of Chongqing Medical University. A GE Discover MR750 3.0T MR scanner (GE Medical Systems, Milwaukee, WI, United States) and an 8-channel head and neck coil were used to scan the head with routine MRI sequences, 3D-pcASL, DKI, ESWAN, and 3D-T1 sequences. All the children were examined after sedation and sleeping in Sedation Center (sedation mode: Dexmedetomidine nasal drip, 2 ug/kg). The routine sequence included sagittal T2, transverse T2, T1 Flair, T2 Flair, and DWI; FOV, 24 cm, matrix of acquired images, 256*256, slice thickness, 5 mm, and 16 layers, total scanning time, 4 min and 32 s. 3D-pcASL: FOV, 24 cm; slice thickness, 4 mm; TR, 4628 ms; PLD, 1525 ms; slab, 1; and 36 layers; scanning time, 4 min and 29 s. DKI: FOV, 24 cm; matrix of acquired images, 128*128, slice thickness, 3 mm; TR, 4,500 ms; 43 layers; total diffusion direction, 30; and B values of 0, 1,000, 2,000; scanning time, 5 min and 20 s. ESWAN: FOV, 24 cm; slice thickness, 3 mm; TR, 81.8; flip angle, 20; TE, 4 ms; Locs per slab, 50; slab, 1; scanning time, 7 min and 47 s. 3D-T1: FOV, 24 cm; slice thickness, 1 mm; TR, 7.9 ms; flip angle, 12; TE, 3.1 ms; and 156 layers; scanning time, 3 min and 43 s. Before the children were scanned, the conventional sequence and study sequence were scanned once using a special magnetic resonance head water model (Model 2152220; MRS Sphere with Solution; GE, Milwaukee, WI, United States). When the image signals were uniform, the children were examined again.



Imaging Data Post-processing

To calculate the quantitative parameters, including the gray matter volume (GMV), white matter volume (WMV), QSM, cerebral blood flow (CBF), mean diffusivity (MD), fractional anisotropy (FA), fractional anisotropy of kurtosis (FAK), radial kurtosis (RK), mean kurtosis (MK), and axial kurtosis (AK) values of different brain regions, we followed an atlas-based image processing approach (Figure 1). Quantitative susceptibility mapping calculation was conducted with the phase ESWAN images using a publicly available implementation tool (STI Suite version 3.0).1 The CBF, MD, FA, FAK, MK, RK, and AK maps were further calculated from the 3D-pcASL and DKI data using an AW4.6 GE Workstation. Second, we performed a rigid registration between the QSM/ASL/DKI quantitative maps and 3D-T1WIs using SPM12 software2 based on MATLAB (MathWorks, Natick, MA, United States). Third, 3D-T1WIs were segmented and non-linearly normalized into the MNI space using the CAT12 toolbox3 implemented in SPM12 to obtain the tissue probability maps and normalized QSM/ASL/DKI quantitative maps. Finally, the brain was parcellated into 38 anatomical regions based on automated anatomical labeling atlas (AAL-3) for quantitative parameter extraction. The brain regional volumes, QSM, CBF, and DKI, including MD, FA, FAK, MK, AK, and RK, can be extracted by averaging the values from voxels in specific brain regions. The estimated global GMV and WMV were further normalized by correction of the intracranial volume.
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FIGURE 1. Schematic diagram of the image processing and parameter extraction.




Statistical Analysis

SPSS 25.0 statistical software was used, and the measurement data are expressed as mean ± standard deviation. All data were tested for normality and variance homogeneity prior to analyses, and the independent two-sample T-test was used if the data conform to the normality and variance homogeneity. The brain volume, iron content and cerebral blood flow data in the same brain area of children in the study group and control group were compared by T-test for two independent samples. The DKI data, the AK, MD, FA, FAK, MK, and RK values, in the same brain region of children in the study and control groups were compared by T-test for two independent samples. The iron, hemoglobin and red blood cell volume data of children in the study and control groups were compared by T-test for two independent samples.

Receiver operating characteristic (ROC) curve analysis was performed to evaluate the diagnostic value of ASD children. The area under the curve (AUC) of more than 0.5 indicated significant diagnostic value, and the AUC value closer to 1 was indicative of the better diagnostic value.




RESULTS


Comparison of the Cerebral Blood Flow and Iron Content Measurement Data Between the Study and Control Groups

The CBF value and iron content of the frontal lobe, temporal lobe, hippocampus, caudate nucleus, substantia nigra and red nucleus in the study group was significantly lower than that of the corresponding brain areas in the control group (P < 0.05) (Table 1 and Figure 2).


TABLE 1. Comparison of the cerebral blood flow (CBF) and iron content measurement data between the study and control groups [[image: image]± s, n = 60].
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FIGURE 2. Cerebral blood flow (CBF) value and iron content bar graphs.




Comparison of the Diffusion Kurtosis Imaging Results Between the Study and Control Groups

The MK value of the frontal lobe, temporal lobe, putamen, hippocampus, caudate nucleus, substantia nigra, and red nucleus of the study group was significantly lower than that of the corresponding brain areas in the control group (P < 0.05). The RK and FA values of the frontal lobe, temporal lobe, and hippocampus in the study group were significantly lower than those in the corresponding brain regions in the control group (P < 0.05). The MD and FAK values of the frontal lobe, temporal lobe, and hippocampus in the control group were significantly lower than those in the corresponding brain regions in the study group (P < 0.05). The AK values of the frontal lobe, temporal lobe, hippocampus and caudate nucleus in the study group were significantly lower than those in the corresponding brain regions of the control group (P < 0.05) (Table 2 and Figure 3).


TABLE 2. Comparison of the diffusion kurtosis imaging results between the study and control groups [10–4 μm2/ms[image: image]± s, n = 60].
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FIGURE 3. Diffusion kurtosis imaging (DKI) value bar graphs.




Comparison of the Brain Volume Measurement Data Between the Study and Control Groups

The volume of the caudate nucleus in the study group was significantly smaller than that in the control group (P < 0.05). No significant difference was found in the volume of whole brain between the study and control groups (P > 0.05) (Table 3).


TABLE 3. Comparison of the brain volume measurement data between the study and control groups [cm3, [image: image]± s, n = 60].
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Comparison of the Test Results of the Trace Iron, Hemoglobin Content, and Red Blood Cell Volume Between the Study and Control Groups

No significant difference was found in the trace iron, hemoglobin content and red blood cell volume between the study and control groups (P > 0.05) (Table 4).


TABLE 4. Comparison of the test results of the trace iron, hemoglobin content, and red blood cell volume between the study and control groups [[image: image]± s, n = 60].

[image: Table 4]


Correlation Analysis

The values of CBF, QSM, and DKI in frontal lobe, temporal lobe and hippocampus could distinguish ASD children (AUC > 0.5, P < 0.05), among which multimodal technology (QSM, CBF, DKI) had the highest AUC (0.917) and DKI had the lowest AUC (0.642) (Table 5 and Figure 4).


TABLE 5. Receiver operating characteristic (ROC) curve analysis results of quantitative susceptibility mapping (QSM), cerebral blood flow (CBF), and diffusion kurtosis imaging (DKI) values in frontal lobe, temporal lobe and hippocampus (n = 60).
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FIGURE 4. (A) Receiver operating characteristic (ROC) curve analysis results of quantitative susceptibility mapping (QSM), cerebral blood flow (CBF), diffusion kurtosis imaging (DKI), and multimodal technology (QSM, CBF, DKI) values in frontal lobe. (B) ROC curve analysis results of QSM, CBF, DKI, and multimodal technology (QSM, CBF, DKI) values in hippocampus. (C) ROC curve analysis results of QSM, CBF, DKI, and multimodal technology (QSM, CBF, DKI) values in temporal lobe.





DISCUSSION

Most of the routine brain MRI results of children with autism are negative, which is not helpful for the early diagnosis of children with autism (16, 17). In this study, we performed multimodal MRI scans on the brains of children with autism, and obtained the microstructures of the brains through image post-processing to understand whether the brain microstructure of children with autism is abnormal and obtain the criteria for early objective imaging diagnosis of the brain of children with autism.

Quantitative susceptibility mapping (QSM) is a relatively new technology developed based on SWI imaging technology in recent years. Compared with traditional SWI based on magnetic susceptibility differences, QSM can detect tiny changes in the iron content in the brain and provide better specific spatial image contrast; thus, it has higher sensitivity and credibility (18–22). 3D-pcASL technology is an MR perfusion imaging technology, it uses water molecules in the blood in the artery as endogenous contrast agents for vascular perfusion imaging. The images of blood water molecules reaching the target at the threshold level for imaging before and after being labeled are collected, and the two images are subtracted to obtain the final image with blood perfusion information (23–29). The iron content and cerebral blood flow in the frontal lobe, temporal lobe, hippocampus, caudate nucleus, substantia nigra, and red nucleus in the autistic children was lower than that in the healthy children. The reason for the differences may be the decrease in the iron content in these brain regions due to insufficient cerebral blood flow in the autistic children (30, 31). In the human body, iron exists mainly in the form of hemoglobin iron and non-hemoglobin iron. Hemoglobin iron exists mainly in the form of oxygenated hemoglobin, deoxyhemoglobin, and methemoglobin in the blood, accounting for approximately 2/3 of the total iron content in the human body. The levels of myoglobin and various enzymes are very small. Non-hemoglobin iron includes ferritin and hemosiderin in blood. More than 1/3 of non-pigment iron in the brain exists in the form of ferritin. The decrease in cerebral blood flow in the brain regions described above leads to a decrease in hemoglobin iron and non-hemoglobin iron in the blood of these regions, leading to a decrease in the iron content in these above brain regions (30–32).

Diffusion kurtosis imaging (DKI) is a magnetic resonance imaging technique that reflects the non-Gaussian distribution of water molecules in brain tissue. It introduces kurtosis (K) defined in terms of probability and statistics and is used to solve the problem of fiber direction at fiber intersections, which cannot be solved by the second-order tensor, and to quantify the degree of water molecular diffusion deviating from a Gaussian distribution (33–37). The comparison of MK values of DKI parameters showed that the MK value of the frontal lobe, temporal lobe, putamen, hippocampus, caudate nucleus, substantia nigra, and red nucleus in the autistic children was lower than that of the corresponding brain regions in the healthy children. The MK value depends on the structural complexity of the tissues in the region of interest. More complex structures exhibit more significant the limitations of the diffusion of non-normally distributed water molecules and larger MK values. Therefore, the low MK value in some brain regions of the autistic children may be caused by the tight and irregular brain tissue structure and destruction of tissue structure complexity, indicating that microstructural changes may have occurred in these brain regions. The comparison of DKI parameters showed that the MD and FAK values of the frontal lobe, temporal lobe and hippocampus in autistic children were higher than those in the control group, while the FA value was lower than that in the control group. The increase in the MD value and decrease in the FA value in the brains of autistic children may indicate damaged axonal integrity due to an increase in axonal membrane permeability, axonal microstructure damage, or neurogenesis defects. The increase in the FAK value may be due to neuron remodeling and the loss of special fiber bundles, changes in fiber composition or an increase in cell permeability, which all can lead to a change in the FAK value.

The AK and RK values of the frontal lobe, temporal lobe and hippocampus in the autistic children were lower than those in the healthy children. AK and RK are the average values of diffusion kurtosis parallel and perpendicular to the long axis of the diffusion tensor, respectively. Both measures describe information related to the direction of the DKI and enable comprehensive observations of micropathological changes in biological tissue structures. AK and RK are sensitive to changes in gray matter microstructure. The decrease in AK and RK values may be due to the destruction of myelin integrity, nerve fiber density and parallelism and disorder of a microstructure. In the study, we selected only the six aforementioned parameters for the DKI study because the MD, FAK and FA values represent white matter structure parameters and MK, AK, and RK values represent gray matter parameters. The results showed that all six parameters in the frontal lobe, temporal lobe, hippocampus, and other brain regions were changed, indicating that microstructures in both gray matter and white matter in the brain regions of interest in the autistic children were changed.

The blood test results showed no significant difference in the trace iron, hemoglobin content or red blood cell volume between the autistic children and healthy children (P > 0.05). However, QSM showed that the iron content in some brain regions of the autistic children was decreased (P < 0.05). This finding indicates that the iron content in some brain regions may have begun to decline with no obvious change in blood trace element iron detected in the early stage of autism in these children and that QSM technology is more sensitive to changes in the iron content in the brain regions of autistic children. Additionally, the volume of the caudate nucleus in the autistic children was lower than that in the healthy children (P < 0.05), but no significant difference was found in other brain regions (P > 0.05). However, a decrease in cerebral blood flow occurred in all the brain areas of the autistic children with a decreased iron content. This finding suggests that the decrease in the iron content in some brain regions of the autistic children may not be related to the volume in the brain regions but to the decrease in blood flow in these brain regions. The results show that the frontal lobe, temporal lobe and hippocampus not only have a decreased iron content and decreased cerebral blood flow but also have changes in the brain microstructure. Therefore, the frontal lobe, temporal lobe and hippocampal regions in autistic children may be the first to undergo changes in brain microstructure. These three brain regions may be the key areas in the brain images that can be used to diagnose autism in children.

The frontal lobe, temporal lobe, hippocampus and other brain regions in the autistic children not only showed a decreased iron content and decreased CBF but also a change in brain microstructure. We speculate that the frontal lobe, temporal lobe, and hippocampal regions may be the first areas to show microstructural changes in autistic children. The values of CBF, QSM, and DKI in frontal lobe, temporal lobe and hippocampus could distinguish ASD children (AUC > 0.5, P < 0.05), among which multimodal technology (QSM, CBF, DKI) had the highest AUC (0.917) and DKI had the lowest AUC (0.642). Therefore, these three brain regions could be served as the key areas of brain imaging in the diagnosis of ASD children, and multimodal technology (QSM, CBF, DKI) could be considered as the first choice of imaging diagnostic technology.

The frontal lobe is the most developed lobe of the brain, it determines the language ability and thinking ability of a person, if the development of the frontal lobe is damaged, these functions will be affected (38, 39). The main function of the temporal lobe is related to language comprehension, memory, and mental activity, if a person suffers from temporal lobe injury, he can’t understand the meaning of words spoken by other people and himself, and is unable to understand other people’s questions (40, 41). The hippocampus plays a role in memory and spatial orientation, and damage to the hippocampus can lead to memory decline and loss of sense of direction and perception (42). The results of the study show that the iron content and cerebral blood flow in the frontal lobe, temporal lobe, hippocampus, and other brain regions of autistic children are lower than those of healthy children, and the DKI value is also abnormal. The abnormal microstructure of the above brain regions may lead to poor development of these three brain regions in autistic children, eventually causing poor development of language, thinking, motor, comprehension, and other aspects in autistic children.

In the past, other researchers have found that the brain regions of autistic children that often undergo microstructural changes are mostly in the frontal lobe, temporal lobe, hippocampus, basal ganglia, and the above brain regions are closely related to children’s language development and intellectual development. Therefore, this study selected the above brain regions for prior study, and whether there are microstructural changes in other brain regions will be studied in the next step.


Limitations of This Study

First, we found that the autistic children who were diagnosed earlier and were given targeted treatment showed a higher attenuation rate. Therefore, we selected only 2- to 4-year-old children; other age groups were not included in the study and need to be studied in future research. Second, we collected only the data of autistic children in the local region. Thus, we did not perform a multicenter study; therefore, our data were limited to a certain extent.

In conclusion, the iron content and cerebral blood flow in the frontal lobe, temporal lobe, and hippocampus of autistic children are lower than those of healthy children, and the brain microstructures in the children with autism are changed. Quantitative magnetic resonance imaging (including QSM, 3D-pcASL, and DKI) can detect abnormalities in the iron content, cerebral blood flow and brain microstructure in young autistic children, multimodal technology (QSM, CBF, DKI) could be considered as the first choice of imaging diagnostic technology.
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