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Macromorphological and microstructural changes of gray matter (GM) happen during brain normal aging. However, the mechanism of macro-microstructure association is still unclear, which is of guidance for understanding many neurodegenerative diseases. In this study, adopting structural magnetic resonance imaging (sMRI) and diffusion kurtosis imaging (DKI), GM aging pattern was characterized and its macro-microstructure associations were revealed. For 60 subjects among the ages of 47–79, the DKI and T1-weighted images were investigated with voxel-based analysis. The results showed age-related overlapped patterns between morphological and microstructural alterations during normal aging. It was worth noting that morphological changes and mean diffusivity (MD) indexes abnormalities mainly overlapped in the following regions, superior frontal gyrus, inferior frontal gyrus, cingulum gyrus, superior temporal gyrus, insula, and thalamus. Besides, overlapped with GM atrophies, mean kurtosis (MK) abnormalities were observed in superior frontal gyrus, inferior frontal gyrus, transverse temporal gyrus, insula, and thalamus. What important was that intrinsic aging independent associations between macrostructure and microstructure were found especially in media superior frontal gyrus, which revealed the potential mechanisms in the process of aging. The physiological mechanism may be associated with the elimination of neurons and synapses and the shrinkage of large neurons. Understanding the associations of GM volume changes and microstructural changes can account for the underlying mechanisms of aging and age-related neurodegenerative diseases.
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INTRODUCTION

Normal aging is an irreversible and uncontrollable process, with a rapid increasing population in recent years. It's a common knowledge that the cognitive function gradually declines during normal aging, including memory (1), language (2), and motor control (3). Although the impact of cognitive function decline on the elderly is not fatal, it does cause inconvenience in the daily life. What' more, many studies have reported that some neurodegenerative diseases occurred easily with advanced age, such as Alzheimer's disease (4), Parkinson's disease (5) and Multiple Sclerosis disease (6). Actually, it's commonly accepted that the function decline is due to the widely degeneration of brain structure, including both microstructural and morphological changes (7–9). Morphological changes mainly refer to extensive gray matter (GM) volume atrophy, which is macroscopical. Many studies have investigated the volume decrease of cortical GM and subcortical GM, revealing a subsequent accelerating decline during normal aging (10–12). Microstructural changes mainly involve the integrity of microstructure for water diffusion, like the permeability of cell membrance or myelinsheath, the concentration of macromoleculars which all greatly support the high efficiency of orderly neuro signal conduction and processing (13–15). Literatures converge that the microstructures will gradually break down with aging procedure (16, 17). Barrick et al. (18) indicated that age-related microstructural alterations in white matter (WM) structure were detected over a relatively short follow-up period and revealed significant changes in WM integrity throughout the brain during normal aging.

The knowledge of either microstructural or macrostructural changes with aging have been well-established. However, several recent studies (19, 20) mentioned the possibly underlying relation between these two kinds of changes. There are no studies involving this issue during aging procedure yet. However, several papers have drawn pictures about the potential associated relations in aging. Tamnes et al. (21) reported regional correlations between cortical thickness and WM microstructure measures across the brain from childhood to adulthood, which directly demonstrated that cortical development to a moderate degree was descriptive of WM development measured by diffusion tensor imaging (DTI). In the aging-related neurodegenerative diseases such as Parkinson's disease, Sterling et al. (19) reported that the volume of cortical GM was negatively correlated with the diffusion indexes of subcortical. Also, evidence has shown that WM changes are considered as the results of Wallerian degeneration, which is secondary to loss of neurons in cortical GM (22). That is, the changes of GM before that of WM at the microscopic level, which deserves more attentions. These findings bring a lot that the underlying associations between micro and macro brain structural degeneration might be a newly deep knowledge about aging.

The development of magnetic resonance imaging (MRI) technology is conducive to exploring the changes of brain internal structure caused by physiological and pathological factors in the development process (23–25). T1 weighted images with high resolution is commonly used with many newly developed algorithms to measure the morphological features like volume, cortical thickness and folding pattern of gyrus (26). Diffusion weighted images are also the basic used to fit some reconstruction models like DTI, high angular resolution diffusion imaging, and diffusion spectrum imaging. Diffusion kurtosis imaging (DKI) was proposed to make up the limitations of DTI with a diffusion measure and a new kurtosis measure, which can indicate the water diffusion restriction and the diffusion heterogeneity in the microstructure (27, 28). Using DKI in Gong's recent study about Alzheimer's disease (29), spatial overlapping and underlying correlation between cortical atrophy and microstructural degeneration associated with Alzheimer's disease were observed. They suggested that this correlation may reflect the chain responses to aging. However, the correlation between brain cortical volume and microstructural changes are not directly measured yet.

In this paper, we utilized technologies mentioned above to access the age-related changes of volume and microstructural properties of GM during normal aging. With voxel-wised analysis and regional based correlation analysis, we accessed the aging related overlapped patterns and associations between this two kinds of changes. We hypothesize that there are regions, of which the volume and microstructure changes significantly correlated, may or may not due to sharing the common patterns with aging. We expect to find some aging-independent regions with significant associations between micro and macro changes of aging brain, which can support that aging is an whole aggressive procedure from micro to macro changes and provide better understanding for human brain aging mechanism.

MATERIALS AND METHODS

Subjects

All MRI data used in this study were obtained from the Tianjin First Central Hospital, China, which was approved by the ethics committee. Every subject has signed written informed consent, which is in accordance with the Human Research Committee guidelines. A total of 60 healthy participants aged 47–79 years (23 Male and 37 Female; mean age 62.2 years, standard deviation, SD = 6.8 years) were recruited. All subjects underwent rigorous clinical tests and mental evaluations and found no history of neuropathologic or psychiatric disorders. Moreover, they were examined the Mini-Mental State Examination (MMSE, Chinese version), and there was no significant difference in age between male and female participants (p = 0.587). The detailed demographic and neuropsychological information are listed in Table 1.


Table 1. Demographic and cognitive characteristics of all participants.
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Magnetic Resonance Images Acquisition

All MRI data were acquired on a 3.0 T MRI scanner (Siemens, Trio) using a 32-channel head coil. T1 and DKI images were collected when the subjects were in a calm and conscious state. Anatomic 3D-T1 images were mainly used as a reference for the anatomical structure and location, and the acquisition parameters were as follows: TR/TE = 1,900/2.5 ms, flip-angle = 9°, lice thickness = 1 mm, voxel size = 1 × 1 × 1mm3, matrix = 256 × 256, FOV = 256 × 256 mm, 176 slices. Diffusion weighted (DW) MRI images were acquired for DKI images calculating with the parameters: TR/TE = 10,500/110 ms, slices = 73, voxel size = 1.8 × 1.8 × 1.8 mm3, matrix = 128 × 128, FOV = 230 mm × 230 mm, 30 non-collinear diffusion gradient directions with b = 1,000, 2,000 s/mm2 and one non-diffusion-weighted scan (b0: b = 0 s/mm2).

Voxel Based Morphometric Analysis

Voxel-based-morphometry (VBM) (30, 31) is an automated technique that has grown in popularity because of the fact that it is relatively easy to use and has provided biologically plausible results. It uses statistics to identify differences in brain anatomy between groups of subjects, which in turn can be used to infer the presence of atrophy. First, all 60 T1-weighted MRI images entered into the same stereotactic space to correct for global brain shape differences, using the International Consortium for Brain Mapping (ICBM) templates. Then, the images were segmented into GM, WM, and cerebrospinal fluid (CSF), and normalized (affine and 16 iteration non-linear transformations) to standard space based on the Montreal Neurological Institute (MNI) template. After that, the normalized and segmented GM images were modulated to correct voxel signal intensity as follows: obtained the transformation parameters based on the registration process, calculated the Jacobian determinants of the deformation field, multiplied the grayscale of each voxel. Image intensities are scaled by the amount of contraction that has occurred during spatial normalization, so that the total amount of GM remains the same as in the original image. The obtained parameters reflected the degree of local deformation of individual anatomical images due to different degrees of GM atrophy. Finally, the images were smoothed using a 12-mm full width at half maximum (FWHM) Gaussian kernel. Smoothing makes the data conform more closely to the Gaussian field model, which is an important assumption of VBM, renders the data more normally distributed, increases the validity of parametric tests, and reduces intersubject variability (32). Data processing was performed using VBM8 (http://www.neuro.uni-jena.de/) and SPM12 (http://www.fil.ion.ucl.ac.uk/spm/) toolbox implemented in Matlab (Mathworks Inc., Natick, MA, USA) platform. Multiple linear regression was performed to define the age-related brain atrophy regions in voxel-wise, treating gender and head motion parameters as confounding variables.

Voxel Based Analysis of Diffusional Indexes

Diffusion weighted data were processed based on FMRIB Software Library (FSL, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) software package (Linux, UK), including distortion correction, eddy-current correction, head motion correction using a 12 degree of freedom FLIRT in reference to b0 images and skull stripping (removing non-brain tissues) in FSL (33–35). Diffusional indexes including mean diffusion (MD) coefficient and mean kurtosis (MK) coefficient were estimated using DKE (diffusion kurtosis estimator, https://www.nitrc.org/projects/dke/) software. Apparent diffusion and kurtosis coefficients were calculated to estimate diffusion tensor and kurtosis tensor according to DKI methods (27, 36), yielding two summary indexes: MD and MK. Then, a two-step of non-linear registration was estimated with b0 images and applied on all diffusional indexes: (1) linearly affined to high-resolution T1 weighted images in native space; (2) non-linear registration from native anatomical images to standard T1 template using the transformation estimated in VBM. All diffusional indexes were finally in a resolution of 2 × 2 × 2 mm. A gaussian kernel with FWHM = 6 mm was then used for spatial smoothing on the MD and MK images before voxel-based analysis in SPM12. Multiple linear regression was applied to find aging related regions, treating gender, and head motion parameters as confounding variables.

Atlas Based Regional Analysis

The template of automatic atlas labeling (AAL) was used to extract the regional measures of GM for both morphological and microstructural changes. The measures of voxels within each AAL regions were averaged into a mean value. Original correlations (Pearson) between morphological and diffusional measures as well as their partial correlations (Pearson) controlling age effect were accessed.

RESULTS

Aging Related Changes in Volume and Diffusional Indexes

In voxel based analysis, a false discovery rate (FDR) corrected p-value < 0.001 with cluster size more than 10 was used to define the significant results. Significant negative correlation between the volume of GM and age was observed (Figure 1A), in distinct regions as follow: prefrontal lobe (bilateral superior, middle and inferior frontal gyrus, cingulum gyrus, and olfactory cortex), frontal lobe (left central sulcus), occipital lobe (bilateral lingual gyrus), temporal lobe (most in bilateral middle temporal gyrus, also in bilateral superior and inferior temporal gyrus, fusiform gyrus, amygdala, and left hippocampus, parahippocampal cortex), and subcortical nuclei (bilateral thalamus, insula and left caudate nucleus, putamen). Besides, scatter diagrams were drawn for those significant negative correlation regions to describe the linear relationship between GM volume and age (Figure 2A). Negative linear relationship was detected in bilateral middle temporal gyrus and bilateral thalamus, which showed significant changes in the Figure 1A.
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FIGURE 1. The age-related changes of GM volume and DKI indexes at each voxel. Red color reflects increase in measures with age, and blue color reflects decrease in measures with age. L, left hemisphere; R, right hemisphere. The significant FDR corrected p-value < 0.001. (A) depicted the age-related changes of GM; (B) depicted the age-related changes of MD; (C) depicted the age-related changes of MK.
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FIGURE 2. Scatterplots of the linear age effects on (A) GM volume and DKI indexes [MD (B) and MK (C)] in representative regions. Significant decrease were observed between GM volume and age, also between MK and age. Significant increase was observed between MD and age.



The age-related changes about diffusional indexes were shown in Figures 1B,C. MD increased significantly with age (Figure 1B) almost in all lobes of GM, which mainly included prefrontal lobe (left superior frontal gyrus, inferior frontal gyrus, and anterior cingulum gyrus), frontal lobe (bilateral central sulcus and medial cingulum gyrus), parietal lobe (left precuneus), occipital lobe (bilateral cuneus, lingual gyrus and middle occipital gyrus, inferior occipital gyrus), temporal lobe (bilateral superior, middle and inferior temporal gyrus, fusiform gyrus, transverse temporal gyrus, and left hippocampus), and subcortical nuclei (bilateral thalamus and insula).

Regarding MK (Figure 1C), microstructural changes were observed negatively correlated with age. The areas of significant correlation included prefrontal lobe (left medial and lateral superior frontal gyrus, middle frontal gyrus, left inferior frontal gyrus, and bilateral anterior cingulum gyrus), frontal lobe (left central sulcus and bilateral medial cingulum gyrus), parietal lobe (bilateral precuneus, and inferior parietal gyrus), occipital lobe (bilateral cuneus and left superior occipital gyrus), temporal lobe (bilateral superior temporal gyrus, transverse temporal gyrus, fusiform gyrus and hippocampus), and subcortical nuclei (bilateral thalamus, insula, caudate nucleus, and left putamen). Scatterplots for the linear correlation between DKI indexes and age were shown in Figures 2B,C. There was a positive correlation between MD and age in the bilateral middle cingulum gyrus and bilateral inferior temporal gyrus. A negative correlation between MK and age was observed in the bilateral middle cingulum gyrus and bilateral cuneus.

Aging Related Overlapped Regions of GM Volume and Diffusion Indexes

Figure 3 showed different overlap patterns in the regions of macrostructural and microstructural changes (under p-value < 0.001). It was especially worth noting that the changes of GM volume and MD had some spatial overlap, which were located in superior frontal gyrus, inferior frontal gyrus, cingulum gyrus, central sulcus, cuneus, lingual gyrus, precentral gyrus, superior occipital gyrus, inferior occipital gyrus, hippocampus, parahippocampal gyrus, superior temporal gyrus, middle temporal gyrus, fusiform gyrus, insula, and thalamus (Figure 3A). For MK, microstructural changes overlapped with volume changes in many regions, predominantly including superior frontal gyrus, middle frontal gyrus, inferior frontal gyrus, cingulum gyrus, central sulcus, postcentral gyrus, cuneus, superior occipital gyrus, hippocampus, transverse temporal gyrus, superior temporal gyrus, insula and thalamus (Figure 3B). What's more, the macrostructural and microstructural changes also have no spatial overlap in some regions.
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FIGURE 3. The age-related regions of GM volume overlapped with MD and MK, respectively. Red areas represent GM volume changes, and yellow areas represent microstructural changes. The overlapped regions between (A) GM volume and MD and (B) GM volume and MK. The labled areas in (A) included: right superior temporal gyrus, left inferior frontal gyrus, left insula, thalamus, superior frontal gyrus, cingulum gyrus; in (B) included left inferior frontal gyrus, left insula, thalamus, superior frontal gyrus, transverse temporal gyrus.



Aging Independent Associations Between Volume and Diffusion Indexes

Using AAL atlas, Pearson correlations and partial Pearson correlations between GM volume and DKI indexes in each region were shown in Figure 4 (FDR corrected p-value < 0.05). For MD, we found negative correlations with GM volume across all lobes, and positive correlations only in few areas belonged to subcortical nuclei (Figure 4A). Eliminating the aging factor, the significant correlations between MD and GM volume greatly reduced in the non-diagonal areas. The correlations remained in prefrontal lobe, occipital lobe and subcortical nuclei. Specifically, in the diagonal areas, superior frontal gyrus, middle frontal gyrus, cingulum gyrus, calcarine, and left angular gyrus, precuneus, cuneus, and right lingual gyrus, superior occipital gyrus were observed. What's more, there was a positive correlation between the macrostructural and microstructural changes in putamen (Figure 4B). For most regions, we observed positive correlation between MK and GM volume (Figure 4C). The diagonal correlative regions were mainly located in prefrontal lobe (bilateral medial superior frontal gyrus, right medial frontal gyrus, right inferior frontal gyrus), parietal lobe (right postcentral gyrus, left precuneus), occipital lobe (right cuneus, left superior occipital gyrus) and temporal lobe (bilateral transverse temporal gyrus). After removing the common effects from age, the significant correlation disappeared in almost all regions, except left medial superior frontal gyrus remained in corresponding areas (Figure 4D). It was interesting to note that in the Figure 4B, the volume measure of right inferior temporal gyrus negatively correlated with MD in many regions, like prefrontal lobe, frontal lobe and parietal lobe. Also, there was an age-independent positive correlation between MK in left medial superior frontal gyrus and volume in some regions, such as prefrontal lobe, frontal lobe and parietal lobe (Figure 4D).
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FIGURE 4. The correlation coefficient maps between GM volume and DKI indexes. Age-dependent association between (A) GM volume and MD and (C) GM volume and MK. Age-independent association between (B) GM volume and MD and (D) GM volume and MK. Red color reflects positive correlation, and blue color reflects negative correlation. The significant level is a FDR corrected p-value < 0.05.



The regional correlations between GM volume and DKI indexes were described further via scatterplots in Figure 5. In bilateral medial superior frontal gyrus, there was a significant negative linear correlation between volume measure and MD, which was still remained after controlling for age (Figure 5A). Significant negative linear correlation between GM volume and MD was also observed in bilateral fusiform gyrus, but, what different was the correlation disappeared without the influence of age (Figure 5B). For MK, significant positive correlation with volume measure was characterized in bilateral medial superior frontal gyrus, whose pattern were similar with MD (Figure 5C). In bilateral transverse temporal gyrus, no significant positive linear correlations between kurtosis measures and GM volume existed after the control of the age (Figure 5D). The regional results conformed to the correlations and partial correlations coefficient maps.


[image: image]

FIGURE 5. The regression results of GM volume and DKI indexes in representative regions. (A,B) showed the scatterplots of GM volume and MD; (C,D) showed the scatterplots of GM volume and MK. The red lines represent a linear regression between GM volume and microstructure indexes, and the black lines represents a linear regression between GM volume and microstructure indexes after controlling for age. The significant levels of red lines and black lines were p1 and p2, respectively.



DISCUSSION

In this study, we firstly generated the aging patterns of microstructural changes and morphological alterations evaluated with diffusional and volume measures in voxel level separately. Then, spatial overlapping and partial correlation were used to describe the association between the two aspects about structural degeneration during aging. To our knowledge, it is the first to characterize the associations between microstructural and morphological changes in the progression of normal aging. The results can be summarized into two aspects: (1) the morphological and microstructural measures significantly altered with aging and overlapped in some regions especially bilateral medial superior frontal gyrus. (2) The morphological and microstructural measures were highly associated with each other independent from aging. For better knowledge about it, discussions were made in detail.

Aging Related Changes in Morphological and Microstructural Changes

Predominantly age-related decline in the GM volume of prefrontal lobe, temporal lobe, insula, and thalamus are captured, which is in line with the previous study (10, 37–39). The morphological atrophy is consistent with the functional decline that humans exhibit during aging. The previous literature reported that prefrontal lobe showed earlier decline in cognitive functions, which included optional movement and higher order psychological activity with intelligence (40). Several studies (37, 41) indicated that the cognitive processes mediated by the prefrontal lobe were impaired during the normal aging processes. The thalamus plays an important role in sensory nerve conduction process (42). To explain the decrease of GM volume, several studies about the GM physiological structure have been reported (43, 44). They proposed that the reduction in number of synapses and glial cells should mainly account for the reduction of GM volume.

Our results about the diffusion and kurtosis indexes are consistent with the previous articles also showing MD increase and MK decrease during normal aging (45, 46). Das and colleagues (47) reported that, compared with young group, the age-related changes of MD and MK were observed in almost all lobes and subcortical nuclei in elderly group. It is reported that neurodegenerative changes of GM might result in an increase in MD, such as neuron loss, reduced synaptic density, or reduced metabolic activity (48, 49). Literatures suggested MK variation depending on anatomical location as well as age dependency (50–53). The decrease in GM kurtosis index may indicate an increase of cell membrane permeability, demyelination, and decrease in cell packing density (51, 54).

Overlapping of Aging Related Morphological and Microstructural Changes

Amyloid deposition has been reported to appear in the prefrontal lobe and temporal lobe in the progression of aging (55–57). However, GM regions have received much less attention than WM from MRI studies. The spatial overlapping characteristics of regions between the macrostructure and microstructure in GM are also unclear. In one study of Alzheimer's disease, Wang et al. have captured the changes both volume and MD in subcortical nuclei (58). Our finding of the significant GM volume decrease and MD increase in insula and thalamus. The insula subserves a wide variety of functions in humans ranging from sensory and affective processing to high-level cognition (59). In normal aging, Shafto et al. (60) measured GM density at each voxel in insula. Negative correlations of age with voxel-wise GM density gave a measure of the degree and distribution of age-related atrophy and less hindrance for water molecules at a micro level. The thalamus has a complicated connections with its cortical, subcortical, and cerebellum (61–63). Also, it is a critical node in networks supporting cognitive functions known to decline in normal aging, including component processes of memory and executive functions of attention and information processing (64). Fama et al. (65) reviewed regional thalamic volume shrinkage and microstructural degradation during aging. In addition to insula and thalamus, macrostructure and microstructure alterations occurred simultaneously in prefrontal lobe, frontal lobe, temporal lobe. These areas are responsible for language, movement, auditory sense and vision, which show obvious function decline with advanced age are composed of a variety of neurons, glia and a large number of nerve fibers in and out of the cortex. In the process of aging, loss of nerve cells and disintegration of axons led to loss of microstructural complexity and increase in extracellular free diffusion space (29). These microstructural changes further manifest as increases in MD, decreases in MK. At the same time, large-scale loss of neuronal complexity results in shrinkage that will later condense the structure, which is shown as the morphological atrophy of volume in cortical GM. The physiological mechanisms of these regions need to be further explored.

Except for the overlapping regions, there many regions show different distribution without overlap. Different physiological mechanisms may lead to changes in microstructural indexes and GM volume decrease, that will present inconsistent aging related regions. In the Figure 3, microstructural changes in brain regions are clearly more than volume atrophies. We hypothesize that it is due to the differences on time scales, that is, microstructural changes precedes morphological alterations. This finding is consistent with the results in normal elderly and age-related neurodegenerative diseases (29). Besides, It can be speculated that the dominant decline of GM volume may be caused by the accumulation of microstructure degradation to a certain extent. Therefore, we hypothesize that there should be some correlations between macro-microstructure characteristics.

Aging Independent Associations Between Morphological and Microstructural Changes

As shown in Figures 4, 5, regional correlations between GM volume and diffusion index and kurtosis index are captured, respectively. What's more, the intrinsic associations between volume measure and microstructural indexes are described in the partial correlation coefficient maps. After eliminating the effect of age, it is obvious that the correlations disappear, especially in non-diagonal regions of GM. The results suggest that associated changes between GM volume and DKI indexes can conceivably be expected to occur as a consequence of age-dependent regional development.

The intrinsic associations in the diagonal regions deserve more attentions. It may be explained by changes of physiological structure at the cellular level. There are many studies have reported that neuron loss is considered as the measure of brain integrity (66–68), including prefrontal lobe which is consistent with our findings. There is also evidence that cell body shrinkage results in the decrease of GM volume (69). During normal aging, the elimination of neurons and synapses and the shrinkage of large neurons are detected to lead to the age-related microstructural changes (69–72). In this process, the atrophy of GM is captured. At the same time, the free diffusion movement of water molecules is less hindered, which is reflected as the increase of MD. Also, as the disappearance of neurons and increase of cell membrane permeability, the environment for the diffusion movement of water molecules is simpler, and the movement of water molecules is closer to the gaussian distribution, which is represented as the decrease of MK. Thus, the different patterns of intrinsic macro-microstructural relationships may be related to the physiological changes in GM, which needs further study. Specially, there is a positive correlation between the volume measure and diffusion index in putamen (Figure 4B). The microstructural compositions of the putamen are relatively simple, which is predominantly constituted by neurons and glia cells (73–75). Aging-related iron deposition is observed in putamen, which may impose extensive hindrance to free diffusion of water molecules (76). The high level of iron content may be a reason for the positive correlation between volume and MD in putamen. Another probable interpretation is that there is no significant decline in the small-cell density with aging in putamen, while the volume decrease (75).

It is interesting to note that, in addition to the diagonal regions, the correlations are acquired in the non-diagonal regions after controlling age. We speculate that there may be regional distribution heterogeneity between these regions. On the one hand, the volume of right inferior temporal gyrus is related with the MD in multiple regions from different lobes (Figure 4B). It may be explained that, in polymodal regions, varied regions such as parietal, temporal, and other frontal cortices were associated by commissural fibers (77). The literature demonstrated that connections between temporal and frontal regions were detected (78–80). As shown in Figure 4D, that MK in left medial superior frontal having a positive with volume of several areas also can be explained. On the other hand, different regions in same lobe show a negative correlation between GM volume and MD (Figure 4B). A possible explanation is that there are spatial and functional connections between adjacent areas.

LIMITATIONS

The present study has several limitations with the need for further attention. First, the same study should be carried out in longitudinal designs. Based on previous assumptions as well as current results, the biological process of GM atrophy and GM microstructural degeneration happen in different time sequence. Investigations on GM volume and microstructure development in the same sample with a wide range of age, can reveal better dynamic changes in the brain over time during aging. The second is the relatively small sample size. To further demonstrate our results, a larger cohorts study should be performed, which includes subjects of all stages in brain aging. What's more, the microstructural changes in diffusivity and kurtosis indexes are captured by DKI. However, DKI model are not sensitive to the complicated compositions like crossing fibers. Finally, more effective statistical analyses to investigate the relationship of morphological measurements and DKI indexes should be used. The effects of gender differences and laterality effects should be studied further.

CONCLUSION

To sum up, we revealed the age-independent and intrinsic associations between macrostructure and microstructure in the process of aging. The results demonstrate a possible intrinsic recession mechanisms during normal aging, including the elimination of neurons and synapses, the shrinkage of large neurons. The present study not only strengthen our understanding of potential mechanisms for normal aging, but also lay the foundation for research of neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease. Considering morphological and microstructural changes usually occur earlier than apparent clinical symptoms, such as cognitive decline and movement disorder, our results is meaningful to detect and prevent abnormal aging.

DATA AVAILABILITY

All datasets generated for this study are included in the manuscript and/or the supplementary files.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of Human Research Committee guidelines, Tianjin First Central Hospital ethics committee with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Tianjin First Central Hospital ethics committee.

AUTHOR CONTRIBUTIONS

QW: data processing and analysis, manuscript writing, and revision. YC: original idea design, data gathering, processing and analysis, provided useful guidance and ideas, and manuscript revision. XS: manuscript revision, provided useful guidance, ideas and research sponsor. HN: data gathering, manuscript revision, provided useful guidance, ideas and research sponsor. XZ and DM: project design and guidance, manuscript review and revision, and provided research sponsor.

FUNDING

Research was supported by the National Key Research and Development Program of China (grant number 2017YFB1002504), National Natural Science Foundation of China (No. 81571762, 81630051, 81801787, 30870713) and Tianjin Natural Science Foundation Project (grant number 16JCYBJC25900).

REFERENCES

 1. Nyberg L, Lövdén M, Riklund K, Lindenberger U, Bäckman L. Memory aging and brain maintenance. Trends Cogn Sci. (2012) 16:292–305. doi: 10.1016/j.tics.2012.04.005

 2. Fedorenko E. The role of domain-general cognitive control in language comprehension. Front Psychol. (2014) 5:335. doi: 10.3389/fpsyg.2014.00335

 3. Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon MT, Gwin JT, et al. Motor control and aging: links to age-related brain structural, functional, and biochemical effects. Neurosci Biobehav. (2010) 34:721–33. doi: 10.1016/j.neubiorev.2009.10.005

 4. Riedel BC, Thompson PM, Brinton RD. Age, APOE and sex Triad of risk of Alzheimer s disease. J Steroid Biochem Mol Biol. (2016) 160:134–47. doi: 10.1016/j.jsbmb.2016.03.012

 5. Webb J, Willette AA. Aging modifies the effect of GCH1 RS11158026 on DAT uptake and Parkinson's disease clinical severity. Neurobiol Aging. (2016) 50:39. doi: 10.1016/j.neurobiolaging.2016.10.006

 6. Oreja-Guevara C, Rovaris M, Iannucci G, Valsasina P, Caputo D, Cavarretta R., et al. Progressive gray matter damage in patients with relapsing-remitting multiple sclerosis: a longitudinal diffusion tensor magnetic resonance imaging study. Arch Neurol. (2005) 62:578–84. doi: 10.1001/archneur.62.4.578

 7. Driscoll I, Davatzikos C, An Y, Wu X, Shen D, Kraut M., et al. Longitudinal pattern of regional brain volume change differentiates normal aging from MCI. Neurology. (2009) 72:1906–13. doi: 10.1212/WNL.0b013e3181a82634

 8. Raz N, Lindenberger U, Rodrigue KM, Kennedy KM, Head D, Williamson A., et al. Regional brain changes in aging healthy adults: general trends, individual differences and modifiers. Cereb Cortex. (2005) 15:1676–89. doi: 10.1093/cercor/bhi044

 9. Sexton CE, Walhovd KB, Storsve AB, Tamnes CK, Westlye LT, Johansen-Berg H, et al. Accelerated changes in white matter microstructure during aging: a longitudinal diffusion tensor imaging study. J Neurosci. (2014) 34:15425–36. doi: 10.1523/JNEUROSCI.0203-14.2014

 10. Ramanoël S, Hoyau E, Kauffmann L, Renard F, Pichat C, Boudiaf N., et al. Gray matter volume and cognitive performance during normal aging. a voxel-based morphometry study. Front Aging Neurosci. (2018) 10:235. doi: 10.3389/fnagi.2018.00235

 11. Pudas S, Josefsson M, Rieckmann A, Nyberg L. Longitudinal evidence for increased functional response in frontal cortex for older adults with hippocampal atrophy and memory decline. Cereb Cortex. (2017) 28:936–48. doi: 10.1093/cercor/bhw418

 12. Lemaitre H, Goldman AL, Sambataro F, Verchinski BA, Meyer-Lindenberg A, Weinberger DR, et al. Normal age-related brain morphometric changes: nonuniformity across cortical thickness, surface area and gray matter volume? Neurobiol Aging. (2012) 33:617.e1–9. doi: 10.1016/j.neurobiolaging.2010.07.013

 13. Dickstein DL, Weaver CM, Luebke JI, Hof PR. Dendritic spine changes associated with normal aging. Neuroscience. (2013) 251:21–32. doi: 10.1016/j.neuroscience.2012.09.077

 14. Li C, Yang S, Zhang W, Lu W, Nyengaard JR, Morrison JH, et al. Demyelination induces the decline of the myelinated fiber length in aged rat white matter. Anat Rec. (2010) 292:528–35. doi: 10.1002/ar.20884

 15. Pannese E. Morphological changes in nerve cells during normal aging. Brain Struct Funct. (2011) 216:85–9. doi: 10.1007/s00429-011-0308-y

 16. Abe O, Aoki S, Hayashi N, Yamada H, Kunimatsu A, Mori H., et al. Normal aging in the central nervous system: quantitative MR diffusion-tensor analysis. Neurobiol Aging. (2002) 23:443–41. doi: 10.1016/s0197-4580(01)00318-9

 17. Chad JA, Pasternak O, Salat DH, Chen JJ. Re-examining age-related differences in white matter microstructure with free-water corrected diffusion tensor imaging. Neuroendocrinol Aging. (2018) 71:161–70.

 18. Barrick TR, Charlton RA, Clark CA, Markus HS. White matter structural decline in normal ageing: a prospective longitudinal study using tract-based spatial statistics. Neuroimage. (2010) 51:565–77. doi: 10.1016/j.neuroimage.2010.02.033

 19. Sterling NW, Du G, Lewis MM, Swavely S, Kong L, Styner M, et al. Cortical gray & subcortical white matter associations in Parkinson's disease. Neurobiol Aging. (2017) 49:100–8. doi: 10.1016/j.neurobiolaging.2016.09.015

 20. Steenwijk MD, Daams M, Pouwels PJ, J Balk L, Tewarie PK, Geurts JJ, et al. Unraveling the relationship between regional gray matter atrophy and pathology in connected white matter tracts in long-standing multiple sclerosis. Hum Brain Mapp. (2015) 36:1796–807. doi: 10.1002/hbm.22738

 21. Tamnes CK, Ostby Y, Fjell AM, Westlye LT, Due-Tønnessen P, Walhovd KB. Brain maturation in adolescence and young adulthood: regional age-related changes in cortical thickness and white matter volume and microstructure. Cereb Cortex. (2010) 20:534–48. doi: 10.1093/cercor/bhp118

 22. Bozzali M, Falini A, Franceschi M, Cercignani M, Zuffi M, Scotti G, et al. White matter damage in Alzheimer's disease assessed in vivo using diffusion tensor magnetic resonance imaging. J Neurol Neurosurg Psychiatry. (2002) 72:742–6. doi: 10.1136/jnnp.72.6.742

 23. Yoshiura T, Mihara F, Tanaka A, Togao O, Taniwaki T, Nakagawa A, et al. Age-related structural changes in the young adult brain shown by magnetic resonance diffusion tensor imaging1. Acad Radiol. (2005) 12:268–75. doi: 10.1016/j.acra.2004.12.015

 24. Guo H, Siu W, D'Arcy RC, Black SE, Grajauskas LA, Singh S, et al. MRI assessment of whole-brain structural changes in aging. Clin Interven Aging. (2017) 12:1251–70. doi: 10.2147/CIA.S139515

 25. Eastwood JD, Hudgins PA. New techniques in magnetic resonance imaging. Curr Opinn Ophthalmol. (1998) 9:54–60. doi: 10.1097/00055735-199812000-00009

 26. Morgen K, Sammer G, Weber L, Aslan B, Müller C, Bachmann GF, et al. Structural brain abnormalities in patients with parkinson disease: a comparative voxel-based analysis using T1-weighted MR imaging and magnetization transfer imaging. Am J Neuroradiol. (2011) 32:2080–6. doi: 10.3174/ajnr.A2837

 27. Jensen JH, Helpern JA. MRI quantification of non-Gaussian water diffusion by kurtosis analysis. Nmr Biomed. (2010) 23:698–710. doi: 10.1002/nbm.1518

 28. Jensen JH, Helpern JA, Ramani A, Lu H, Kaczynski K. Diffusional kurtosis imaging: the quantification of non-gaussian water diffusion by means of magnetic resonance imaging. Magnet Resonan Med. (2005) 53:1432–40. doi: 10.1002/mrm.20508

 29. Gong NJ, Chan CC, Leung LM, Wong CS, Dibb R, Liu C. Differential microstructural and morphological abnormalities in mild cognitive impairment and Alzheimer's disease: Evidence from cortical and deep gray matter. Hum Brain Mapp. (2017) 38:2495–508. doi: 10.1002/hbm.23535

 30. Wright IC, McGuire PK, Poline JB, Travere JM, Murray RM, Frith CD, et al. A voxel-based method for the statistical analysis of gray and white matter density applied to schizophrenia. Neuroimage. (1995) 2:244–52. doi: 10.1006/nimg.1995.1032

 31. Ashburner J, Friston KJ. Voxel-based morphometry—the methods. Neuroimage. (2000) 11:805–21. doi: 10.1006/nimg.2000.0582

 32. Salmond CH, Ashburner J, Vargha-Khadem F, Connelly A, Gadian DG, Friston KJ. Distributional assumptions in voxel-based morphometry. Neuroimage. (2002) 17:1027–30. doi: 10.1006/nimg.2002.1153

 33. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the robust and accurate linear registration and motion correction of brain images. NeuroImage. (2002) 17:825–41. doi: 10.1006/nimg.2002.1132

 34. Jenkinson M, Smith S. A global optimisation method for robust affine registration of brain images. Med Image Anal. (2001) 5:143–56. doi: 10.1016/S1361-8415(01)00036-6

 35. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H, et al. Advances in functional and structural MR image analysis and implementation as FSL. Neuroimage. (2004) 23(Suppl. 1):S208–19. doi: 10.1016/j.neuroimage.2004.07.051

 36. Tabesh A, Jensen JH, Ardekani BA, Helpern JA. Estimation of tensors and tensor-derived measures in diffusional kurtosis imaging. Magn Reson Med. (2011) 65:823e836. doi: 10.1002/mrm.22655

 37. Kanemura H, Aihara M, Nakazawa S. Measurements of the frontal and prefrontal lobe volumes by three dimensional magnetic resonance imaging scan–III. Analysis of sex differences with advanced age. No Hattatsu Brain Dev. (2002) 34:404. doi: 10.1016/S0895-4356(01)00509-1

 38. Marks SM, Lockhart SN, Baker SL, Jagust WJ. Tau and β-amyloid are associated with medial temporal lobe structure, function and memory encoding in normal aging. J Neurosci. (2017) 37:3192. doi: 10.1523/JNEUROSCI.3769-16.2017

 39. Serbruyns L, Leunissen I, Huysmans T, Cuypers K, Meesen RL, van Ruitenbeek P, et al. Subcortical volumetric changes across the adult lifespan: subregional thalamic atrophy accounts for age-related sensorimotor performance declines. Cortex. (2015) 65:128–38. doi: 10.1016/j.cortex.2015.01.003

 40. West RL. An application of prefrontal cortex function theory to cognitive aging. Psychol Bull. (1996) 120:272–92. doi: 10.1037/0033-2909.120.2.272

 41. Kalbitzer J, Deserno L, Schlagenhauf F, Beck A, Mell T, Bahr G, et al. Decline in prefrontal catecholamine synthesis explains age-related changes in cognitive speed beyond regional grey matter atrophy. Eur J Nuclear Med Mol Imaging. (2012) 39:1462–6. doi: 10.1007/s00259-012-2162-4

 42. Kim EJ, Kim MO, Kim CH, Joa KL, Jung HY. Abnormal ocular movement with executive dysfunction and personality change in subject with thalamic infarction: a case report. Ann Rehab Med. (2015) 39:1033–7. doi: 10.5535/arm.2015.39.6.1033

 43. Hamos JE, DeGennaro LJ, Drachman DA. Synaptic loss in Alzheimer's disease and other dementias. Neurology. (1989) 39:355–61. doi: 10.1212/WNL.39.3.355

 44. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, et al. Physical basis of cognitive alterations in alzheimer's disease: synapse loss is the major correlate of cognitive impairment. Ann Neurol. (2010) 30:572–80. doi: 10.1002/ana.410300410

 45. Gong NJ, Wong CS, Chan CC, Leung LM, Chu YC. Aging in deep gray matter and white matter revealed by diffusional kurtosis imaging. Neurobiol Aging. (2014) 35:2203–16. doi: 10.1016/j.neurobiolaging.2014.03.011

 46. Ng SH, Hsu WC, Wai YY, Lee JD, Chan HL, Chen YL, et al. Sex dimorphism of cortical water diffusion in normal aging measured by magnetic resonance imaging. Front Aging Neurosci. (2013) 5:71. doi: 10.3389/fnagi.2013.00071

 47. Das SK, Wang JL, Bing L, Bhetuwal A, Yang HF. Regional values of diffusional kurtosis estimates in the healthy brain during normal aging. Clin Neuroradiol. (2016) 27:283–98. doi: 10.1007/s00062-015-0490-z

 48. Kantarci K, Jack CR, Xu YC, Campeau NG, O'Brien PC, Smith GE, et al. Mild cognitive impairment and Alzheimer disease: regional diffusivity of water. Radiology. (2001) 219:101–7. doi: 10.1148/radiology.219.1.r01ap14101

 49. Jacobs HI, van Boxtel MP, Gronenschild EH, Uylings HB, Jolles J, Verhey FR. Decreased gray matter diffusivity: a potential early Alzheimer's disease biomarker? Alzheimers Demen. (2014) 20:3–9. doi: 10.org/10.1111/cns.12166

 50. Falangola MF, Jensen JH, Babb JS, Hu C, Castellanos FX, Di Martino A, et al. Age-related non-Gaussian diffusion patterns in the prefrontal brain. J Magn Reson Imaging. (2008) 28:1345–50. doi: 10.1002/jmri.21604

 51. Helpern JA, Adisetiyo V, Falangola MF, Hu C, Di Martino A, Williams K, et al. Preliminary evidence of altered gray and white matter microstructural development in the frontal lobe of adolescents with attention-deficit hyperactivity disorder: a diffusional kurtosis imaging study. J Magn Reson Imaging. (2011) 33:17–23. doi: 10.1002/jmri.22397

 52. Qian W, Zhang Z, Wu EX, Cheung MM, Chan Q, Khong P-L, Kim M. Characterization of neural tissues in humans using Diffusion Kurtosis Imaging. In: Proceedings of the 19th Annual Meeting of ISMRM. Montreal, (2011).

 53. Lu H, Jensen JH, Ramani A, Helpern JA. Three-dimensional characterization of non-gaussian water diffusion in humans using diffusion kurtosis imaging. Nmr Biomed. (2010) 19:236–47. doi: 10.1002/nbm.1020

 54. Huttenlocher PR, Dabholkar AS. Regional differences in synaptogenesis in human cerebral cortex. J Comp Neurol. (2015) 387:167–78. doi: 10.1002/(SICI)1096-9861(19971020)387:2<167::AID-CNE1>3.0.CO;2-Z

 55. Cornwell GG, Westermark P. Senile amyloidosis: a protean manifestation of the aging process. J Clin Pathol. (1980) 33:1146–52. doi: 10.1136/jcp.33.12.1146

 56. Damy T, Mohty D, Deux JF, Rosso J, Benhaiem N, Lellouche N, [Senile systemic amyloidosis: definition diagnosis why thinking about?] Presse Méd. (2013) 42(6 Pt 1):1003. doi: 10.1016/j.lpm.2013.03.004

 57. Falk RH. Senile systemic amyloidosis: are regional differences real or do they reflect different diagnostic suspicion and use of techniques? Amyloid. (2012) 19:68–70. doi: 10.3109/13506129.2012.674074

 58. Wang, ML, Wei XE, Fu JL, Li W, Yu MM, Li PY, et al. Subcortical nuclei in Alzheimer's disease: a volumetric and diffusion kurtosis imaging study. Acta Radiol. (2018) 11:1365–71. doi: 10.org/10.1177/0284185118758122

 59. Uddin LQ, Nomi JS, Hébert-Seropian B, Ghaziri J, Boucher O. Structure and function of the human insula. J Clin Neurophysiol. (2017) 34:300–6. doi: 10.1097/WNP.0000000000000377

 60. Shafto MA, Burke DM, Stamatakis EA, Tam PP, Tyler LK. On the tip-of-the-tongue: Neural correlates of increased word-finding failures in normal aging. J Cogn Neurosci. (2007) 19, 2060–70. doi: 10.1162/jocn.2007.19.12.2060

 61. Behrens TEJ, Johansen-Berg H, Woolrich MW, Smith SM, Wheeler-Kingshott CA, Boulby PA, et al. Noninvasive mapping of connections between human thalamus and cortex using diffusion imaging. Nat Neurosci. (2003) 6:750–7. doi: 10.1038/nn1075

 62. Schmahmann JD, Pandya DN. Disconnection syndromes of basal ganglia, thalamus, and cerebrocerebellar systems. Cortex. (2008) 44:1037–66. doi: 10.1016/j.cortex.2008.04.004

 63. Strick PL. How do the basal ganglia and cerebellum gain access to the cortical motor areas? Behav Brain Res. (1985) 18:107–23. doi: 10.1016/0166-4328(85)90067-1

 64. Philp DJ, Korgaonkar MS, Grieve SM. Thalamic volume and thalamo-cortical white matter tracts correlate with motor and verbal memory performance. NeuroImage. (2014) 91:77–83. doi: 10.1016/j.neuroimage.2013.12.057

 65. Fama R, Sullivan EV. Thalamic structures and associated cognitive functions: Relations with age and aging. Neurosci Biobehav Rev. (2015) 54:29–37. doi: 10.1016/j.neubiorev.2015.03.008

 66. Ball MJ. Topographic distribution of neurofibrillary tangles and granulovacuolar degeneration in hippocampal cortex of aging and demented patients. A quantitative study. Acta Neuropathol. (1978) 42:73–80. doi: 10.1007/BF00690970

 67. Ball MJ, Lo P. Granulovacuolar Degeneration in the ageing brain and in dementia. J Neuropathol Exp Neurol. (1977) 36:474. doi: 10.1097/00005072-197705000-00006

 68. Kemper TL. Neuroanatomical and neuropathological changes during aging and dementia. In: Albert ML and Knoefel JE, editors. Clinical neurology of aging. New York, NY: Oxford University Press (1994). p. 3–67.

 69. Ge Y, Grossman RI, Babb JS, Rabin ML, Mannon LJ, Kolson DL. Age-related total gray matter and white matter changes in normal adult brain. Part I: volumetric MR imaging analysis. Am J Neuroradiol. (2002) 23:1327–33. doi: 10.1016/S0925-4927(02)00042-2

 70. Webb SJ, Monk CS, Nelson CA. Mechanisms of postnatal neurobiological development: implications for human development. Dev Neuropsychol. (2001) 19:147–71. doi: 10.1207/S15326942DN1902_2

 71. Peters A, Morrison JH, Rosene DL, Hyman BT. Feature article: are neurons lost from the primate cerebral cortex during normal aging? Cereb Cortex. (1998) 8:295–300.

 72. Terry RD, DeTeresa R, Hansen LA. Neocortical cell counts in normal human adult aging. Ann Neurol. (2010) 21:530–9. doi: 10.1002/ana.410210603

 73. Kemp JM, Powell TP. The structure of the caudate nucleus of the cat: light and electron microscopy. Philos Trans R Soc Lond. (1971) 262:383–401. doi: 10.1098/rstb.1971.0102

 74. Bugiani O, Salvarani S, Perdelli F, Mancardi GL, Leonardi A. Nerve cell loss with aging in the putamen. Eur Neurol. (1978) 17:286–91. doi: 10.org/10.1159/000114960

 75. Pesce C, Reale A. Aging and the nerve cell population of the putamen: a morphometric study. Clin Neuropathol. (1987) 6:16–8. doi: 10.1016/S0303-8467(87)80033-1

 76. Hallgren B, Sourander P. The effect of age on the non-haemin iron in the human brain. J Neurochem. (1958) 3:11. doi: 10.1111/j.1471-4159.1958.tb12607.x

 77. Jouandet M, Gazzaniga MS. The frontal lobes. In: Gazzaniga MS, editor. Neuropsychology. Handbook of Behavioral Neurobiology, vol 2. Boston, MA: Springer (1979). p. 25–59. doi: 10.1007/978-1-4613-3944-1_2

 78. Lacruz ME, García Seoane JJ, Valentin A, Selway R, Alarcón G. Frontal and temporal functional connections of the living human brain. Eur J Neurosci. (2007) 26:1357–70. doi: 10.1111/j.1460-9568.2007.05730.x

 79. Stretton J, Thompson PJ. Frontal lobe function in temporal lobe epilepsy. Epilepsy Res. (2012) 98:1–13. doi: 10.1016/j.eplepsyres.2011.10.009

 80. Law N, Smith ML, Widjaja E. Thalamocortical connections and executive function in pediatric temporal and frontal lobe epilepsy. Am J Neuroradiol. (2018) 39:1523–9. doi: 10.3174/ajnr.A5691

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

Copyright © 2019 Zhao, Wu, Chen, Song, Ni and Ming. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-10-00184-g005.gif





OPS/images/fneur-10-00184-t001.jpg
Number
Age (year)
Education (year)
MMSE

CDR

Male

23
62.8 + 8.1
120429
289+08

0

Female

37
61.8+£58
10.1 £33
29.1£0.7

0

p-value

0.587
0.022
0.321





OPS/images/fneur-10-00184-g003.gif





OPS/images/fneur-10-00184-g004.gif
e Partial Cosrelation

P o
<« |, X
s = .
o n
s il

- .
e
. P—

e

b \\f HoW W

S S

etume Messune





OPS/images/fneur-10-00184-g001.gif
-
-G L





OPS/images/fneur-10-00184-g002.gif





OPS/images/cover.jpg
, frontiers
in Neurology

The Conjoint Analysis of
Microstructural and Morphological
Changes of Gray Matter
During Aging









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





