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Advanced age, accompanied by impaired glymphatic function, is a key risk factor for many neurodegenerative diseases. To study age-related differences in the human glymphatic system, we measured the influx and efflux activities of the glymphatic system via two non-invasive diffusion magnetic resonance imaging (MRI) methods, ultra-long echo time and low-b diffusion tensor imaging (DTIlow–b) measuring the subarachnoid space (SAS) flow along the middle cerebral artery and DTI analysis along the perivascular space (DTI-ALPS) along medullary veins in 22 healthy volunteers (aged 21–75 years). We first evaluated the circadian rhythm dependence of the glymphatic activity by repeating the MRI measurements at five time points from 8:00 to 23:00 and found no time-of-day dependence in the awake state under the current sensitivity of MRI measurements. Further test–retest analysis demonstrated high repeatability of both diffusion MRI measurements, suggesting their reliability. Additionally, the influx rate of the glymphatic system was significantly higher in participants aged >45 years than in participants aged 21–38, while the efflux rate was significantly lower in those aged >45 years. The mismatched influx and efflux activities in the glymphatic system might be due to age-related changes in arterial pulsation and aquaporin-4 polarization.
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Introduction

Advanced age is a key risk factor for many neurodegenerative diseases such as Alzheimer’s disease (Association, 2018; Hou et al., 2019), Parkinson’s disease (PD) (Poewe et al., 2017), and Huntington’s disease (Diguet et al., 2009). A common feature of these diseases is age-associated accumulation of protein aggregates, such as hyperphosphorylated tau and amyloid-β in Alzheimer’s disease (Therneau et al., 2021). The glymphatic system is a newly discovered and defined perivascular pathway that facilitates recirculation of cerebrospinal fluid (CSF) through the brain parenchyma and supports clearance of interstitial solutes, including tau and amyloid-β (Boespflug and Iliff, 2018). Impaired glymphatic function has been reported in many neurodegenerative diseases, including Alzheimer’s disease (Harrison et al., 2020) and PD (Shen et al., 2022). Thus, characterizing the glymphatic function in aging and neurodegenerative diseases may provide new biomarkers for early diagnosis of these diseases and may enable more efficient treatment (Buccellato et al., 2022).

In rodents, the glymphatic system is impaired during aging (Benveniste et al., 2019). The glymphatic system includes three essential physiological activities: (1) CSF influx from the subarachnoid space into the periarterial space (called “influx”), (2) aquaporin-4 (AQP4)-dependent exchange between periarterial CSF and the parenchymal interstitial fluid (ISF) (called “exchange”), and (3) perivenous efflux of brain interstitial waste products (called “efflux” or “clearance”) (Iliff et al., 2013b). The perivenous conduits are connected to the lymphatic circulation outside the brain via lymphatic vessels in the dura or cranial nerves (Zhou et al., 2020). Using fluorescent CSF tracers and optical imaging methods, researchers have demonstrated a dramatic decrease in glymphatic influx activity in older mice/rats compared with that of younger mice/rats (Kress et al., 2014; Giannetto et al., 2020). An immunofluorescence study revealed a loss of perivascular AQP4 polarization and reduced CSF-ISF exchange activity in aging mice (Kress et al., 2014); thus, the glymphatic efflux activity slowed with age. This was demonstrated by injecting intraparenchymal radiotracers in mice (Kress et al., 2014) and intracisternally administering MRI contrast agent along with dynamic contrast-enhanced (DCE) MRI acquisition and kinetic analysis in rats (Li et al., 2022). Because lymphatic vessels are the major outflow pathways of the glymphatic system, the significant decreases in CSF outflow in lymphatic vessels with age further supports glymphatic function impairment (Ma et al., 2017; Da Mesquita et al., 2018).

Despite advances in animal research, evidence of the glymphatic system in aging human brains remains scarce, and non-invasive imaging methods for visualizing and quantifying the human glymphatic system are limited. Previously, we administered intrathecal MRI contrast agent as a CSF tracer and performed T1-weighted MRI before and at multiple time points after tracer administration and observed decreased clearance of both the glymphatic pathway and putative meningeal lymphatic vessels during aging in human brains (Iliff et al., 2013b; Zhou et al., 2020). However, the patient composition in this observational cohort study was complex and included patients with encephalitis, peripheral neuropathy, and possible cerebral amyloid angiopathy (Iliff et al., 2013b). Studying patients without neurodegenerative pathologies is still needed, along with non-invasive imaging methods. Additionally, other physiological activities of glymphatic function, including influx and exchange activity, have not been described in aging human brains.

Taoka et al. (2017) proposed an index for diffusion tensor imaging (DTI) analysis along the perivascular (specifically perivenous) space (DTI-ALPS) to indicate the glymphatic efflux function. DTI-ALPS measures the flow-induced pseudo-diffusivity of perivascular space water along the medullary veins, which run perpendicular to the wall of the lateral ventricle body. This was further normalized by the apparent diffusivities measured perpendicular to both the medullary veins and the fibers in the region of the projection fibers and association fibers (superior longitudinal fascicles) to eliminate potential changes due to water self-diffusivity (Taoka et al., 2017). This method has revealed decreased glymphatic function in many brain disorders, including Alzheimer’s disease (Kamagata et al., 2022), PD (Shen et al., 2022), and multiple sclerosis (Carotenuto et al., 2022). We compared DTI-ALPS with DCE-MRI results after intrathecal administration of MRI contrast agent and found a good correlation between these two glymphatic efflux indexes (Zhang et al., 2021). We also found that the DTI-ALPS-index was weakly correlated with age in patients aged 64 ± 9 years with cerebral small vessel diseases (r = −0.163) (Zhang et al., 2021), indicating that glymphatic efflux activity might be impaired with aging in human brains.

Regarding glymphatic influx activity, Harrison et al. (2018) proposed a novel diffusion-weighted MRI method with ultra-long echo time (TE), a low b-value, and multiple directions (DTIlow–b) to measure CSF influx movements in the subarachnoid space surrounding the middle cerebral artery (MCA) in rats. The ultra-long TE was used to suppress non-CSF MRI signals because CSF has a much longer T2 than do vascular water and other tissue components. The low b-value and multiple directions in DWI enable detecting pseudo-diffusivity (i.e., higher apparent diffusion coefficients) induced by pseudorandom flows of the CSF in the MCA SAS (Bito et al., 2021). The SAS surrounding the MCA is one of the primary periarterial influx routes of the CSF into the parenchyma (i.e., glymphatic influx pathway), which is well characterized in several rodent studies using fluorescence CSF tracers or MRI contrast agent (Iliff et al., 2013b; Kress et al., 2014; Bedussi et al., 2017; Pizzo et al., 2018). Additionally, Iliff et al. (2013a) demonstrated that the CSF flow inside the MCA SAS measured by DTIlow–b is driven by cerebral arterial pulsation, which is consistent with previous studies using fluorescence imaging or DCE-MRI (Iliff et al., 2013a; Kress et al., 2014) and demonstrates the method’s reliability. However, implementation of DTIlow–b in human studies is limited (Bito et al., 2021), and no application has been found in human aging studies.

Several rodent studies have reported that glymphatic activity is strictly controlled by circadian rhythms (Hablitz et al., 2020). In humans, studies have reported that the total CSF volume (Trefler et al., 2016) and perivascular space (PVS) volume in white matter showed time-of-day (TOD) dependence (Barisano et al., 2021). However, whether the perivascular fluid flow shows TOD dependence in humans remains unknown. Such information is important to properly implement and interpret diffusion MRI measurements of glymphatic activity in human brains, as most studies have not reported the TOD of the acquisition.

Here, we (1) explored the age-dependence glymphatic influx and efflux activity in human brains on the same participants over a large age range using non-invasive diffusion MRI methods and (2) determined whether these glymphatic metrics showed TOD dependence. We recruited 22 healthy participants aged 21–75 years. DTIlow–b was implemented to measure the CSF flow along the SAS surrounding the MCA in human brains, which is proposed to reflect the flow properties in one of the primary CSF influx routes into the brain parenchyma. Additionally, the DTI-ALPS was implemented to measure the global glymphatic efflux activity. Finally, ten participants (aged 24 ± 4 years) underwent five DTIlow–b, DTI-ALPS, and other MRI scans in a single day (from 8:00 to 23:00) to study TOD dependence (Figure 1A).
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FIGURE 1
Diffusion MRI for measuring glymphatic influx and efflux activity. (A) Illustration of the experimental design, where 22 participates aged 21–75 years underwent MRI scanning to investigate age dependence of the glymphatic system and 10 of the 22 participates (aged 24 ± 4 years) underwent five MRI examinations at five time points to measure the circadian rhythm of the human glymphatic system. (B) Glymphatic influx activity was measured via DTIlow–b with ultra-long TE and a low b-value on the subarachnoid space (SAS) of the middle cerebral artery (MCA) M1 segment. Representative DTIlow–b b0 and axial diffusivity (ADlow–b) maps are shown. The MCA SAS is enlarged in the dashed square. (C) MCA SASfluid flow, with the flow speed evaluated with the axial diffusivity (AD) of the diffusion tensor aligning parallel to the physiological structure of the MCA SAS. (D,E) Glymphatic efflux activity was evaluated via DTI-ALPS on the PVS of the medullary veins. Representative DTI-ALPS b0 map and direction-encoded color (DEC) of the uppermost layer of the lateral ventricle body are shown, with the projection area (blue) and association fibers (green). The unilateral ALPS-index was defined as [(Dxproj + Dxassoc)/(Dyproj + Dzassoc)], The average value of the bilateral ALPS-index was calculated as the glymphatic efflux activity index, where Dxproj, Dxassoc, Dyproj, and Dzassoc are the diffusivities in the x direction of the projection fiber area, x direction of the association fiber area, y direction of the projection fiber area, and z direction of the association fiber area.




Materials and methods


Participants

We consecutively recruited healthy volunteers from our local community. All participants provided written informed consent before study commencement and after receiving approval from the Ethics Committee of the Second Affiliated Hospital, School of Medicine, Zhejiang University. The exclusion criteria were (1) any MRI contraindications; (2) serious head injury (resulting in loss of consciousness) or receipt of intracranial surgery; (3) cancer; (4) abnormal brain MRI findings such as head trauma, hemorrhaging, non-lacunar infarction and other space-occupying lesions; (5) definitive peripheral neuropathy or spinal cord disease; and (6) dementia or stroke. Twenty-two participants were finally enrolled.



MRI scanning

Each participant was examined with a 3.0 T MRI clinical scanner (MAGNETOM Prisma, Siemens Healthcare, Erlangen, Germany), using a Nova 64-channel head radio frequency (RF) coil. MRI scans included three-dimensional (3D) magnetization prepared with two rapid gradient echoes (MP2RAGE) T1-weighted images, DTI-ALPS and DTIlow–b. Total scan time was approximately 20 min per participant. The MP2RAGE images were acquired with 1.0 mm × 1.0 mm × 1.2 mm resolution, echo time (TE)/repetition time (TR): 2.9/5000 ms, flip angles: 4 and 5°, inversion times: 700 and 2500 ms, and generalized autocalibrating partially parallel acquisitions (GRAPPA): 3. Glymphatic influx activity was measured via DTIlow–b, which was acquired with b = 130 s/mm2 in 30 directions (single repetition at each direction) and b = 0 s/mm2 with a single repetition, 1.0 mm × 1.0 mm × 3.0 mm resolution, 20 slices, no slice gap, GRAPPA: 2, TE/TR: 133/4000 ms, and Δ/δ = 64.9/34 ms. Glymphatic efflux activity was measured via DTI-ALPS with b = 1000 s/mm2 in 30 directions (single repetition at each direction) and b = 0 s/mm2 with a single repetition, 2.0 mm × 2.0 mm × 2.0 mm resolution, 20 slices, no slice gap, GRAPPA: 2, TE/TR: 61/4000 ms, and Δ/δ = 29.9/14.9 ms.

For the TOD experiments (Figure 1A), 10 participates (aged 24 ± 4 years, five men, five women) underwent MRI scans at five time points (8:00, 12:00, 16:00, 20:00 and 23:00) in 1 day. During scanning, volunteers were asked to remain awake and could react to a calling system equipped on the MRI scanner.



MRI data pre-processing

Artifacts due to eddy currents and motion were corrected with the DIFFPREP (Irfanoglu et al., 2015) and EPI geometric distortion corrections along with the DWIs of the opposite phase encoding direction using DR_BUDDI (Irfanoglu et al., 2015) in TORTOISE (Pierpaoli et al., 2010). The preprocessed DWIs from each participant were then fitted to the DTI model (Basser et al., 1994) to generate DTI metrics. For voxel-wise analysis, the DTI metrics, including axial diffusivity (AD), fractional anisotropy (FA), mean diffusivity (MD), and direction-encoded color (DEC) maps were generated using TORTOISE. For the regions of interest (ROI)-wise analysis, the DTI metrics, including AD and FA, were generated using in-house programs developed in MATLAB (The Math-Works, Natick, MA, USA).



DTIlow–b on the SAS of the MCA

The glymphatic system influx was measured as the AD of the MCA SAS through DTIlow–b (Figures 1B, C). In the DTIlow–b analysis, the ROIs in the SAS at the M1 stage of the left and right MCA (MCA SAS) were carefully drawn by one neuroradiologist with 5-years of experience (JH) and further checked by a senior neuroradiologist with 9-years of experience (YZ), both of whom were blind to the group information, on the distortion-corrected DTIlow–b b0 image using in-house programs. The DTIlow–b voxels in each ROI in each hemisphere were averaged to construct the 3 × 3 diffusion tensor < D3 × 3 > for this ROI. Subsequently, eigenvalues and eigenvectors were calculated after diagonalizing the diffusion tensor matrix < D3 × 3 >. Given the three eigenvalues (λ1, λ2, and λ3, sorted from maximum to minimum) and corresponding eigenvector, the ellipsoid was displayed in the 3D coordinate system, where the maximum eigenvalue, λ1, was defined as the ADlow–b (Figure 1C). The fractional anisotropy of DTIlow–b (FAlow–b), which reflects the flow anisotropy rather than diffusion anisotropy (FA), was derived by calculating the three eigenvalues of DTIlow–b, similar to FA in conventional DTI (Basser et al., 1994). Finally, the ADlow–b values of the bilateral MCA SAS ROIs were averaged and the mean ADlow–b was further taken for TOD-dependence, test–retest, and age-dependence analysis.



ALPS-index calculation

The glymphatic system efflux was measured as the ALPS-index through DTI-ALPS (Figures 1D, E). To calculate the DTI-ALPS index, we used a previous described protocol in the (Zhang et al., 2021), in which the DTI-ALPS index was calculated without SWI and was significantly correlation to the glymphatic efflux activity measured with DCE-MRI with intrathecal administration of MRI contrast agent. The medullary veins run perpendicular to the wall of the lateral ventricle body at the uppermost layer of the lateral ventricle body (Okudera et al., 1999), allowing measurement of the diffusivity without visualizing the veins. In the DTI-ALPS analysis, the ROIs of the projection fibers and association fiber placement were processed through registration then carefully checked and manually adjusted by the investigators. Each ROI was defined as a 4 mm × 4 mm rectangular area as per the Montreal Neurological Institute (MNI) template. MNI coordinates of the centers of the left and right ROIs were (24, −12, 24) and (−28, −12, 24) in the projection fibers and (36, −12, 24) and (−40, −12, 24) in the association fibers. For more precise registration, an MNI FA template (JHU-ICBM-FA-2 mm)1 was used for each participant’s FA images. Registration from the MNI space to the individual space was achieved via rigid registration followed by non-linear registration using Advanced Normalization Tools (ANTs).2 All ROIs for each individual were visually inspected and two experienced neurologists (JH and YZ) who were blinded to the experimental data, made minor manual corrections if necessary to confirm the accuracy of the location by ensuring that only blue voxels were included in the ROIs on the projected fibers and only green voxels were included in the ROIs on the associated fibers. The ALPS-index is calculated as the ratio of two sets of diffusivity values perpendicular to the dominant fibers in the tissue (Figure 1E), i.e., the ratio of the average x-axis diffusivity in the area of the projection fibers (Dxproj) and the x-axis diffusivity in the area of association fibers (Dxassoc) to the average y-axis diffusivity in the area of projection fibers (Dyproj) and the z-axis diffusivity in the area of association fibers (Dzaccoc) as [(Dxproj + Dxassoc) / (Dyproj + Dzassoc)]. Finally, the ALPS-indexes of each hemisphere were averaged and used for further analysis.



Circadian rhythm analysis

Circadian rhythms were evaluated via one-factor (TOD) analysis of variance (ANOVA) and cosinor analysis (Nelson et al., 1979; Minors and Waterhouse, 1988). The ANOVA enabled determining whether the variance between time points was significantly greater than the random variation within them. The cosinor analysis enabled determining whether the data are better described by a cosine curve than by a straight line. A “significant” fit (p < 0.05) is a fit where the chance that the data are as well fitted by a horizontal line as by a cosine curve is <5% (Minors and Waterhouse, 1988).



Test–retest measurement reliability

The test–retest repeatability of the scanning at different time points was evaluated using intraclass correlation coefficients (ICCs) and Bland-Altman analysis to determine the coefficients of variation (CVs), mean differences, and repeatability coefficients. The ICC ranges considered to have excellent, good, moderate, and poor repeatability were ≥0.90, 0.75–0.89, 0.50-0.74, and <0.50, respectively (Koo and Li, 2016). CVs for interscan (test–retest) reproducibility were calculated based on the variances, using the variance due to within-participant variance between scan 1 and 2 (σw2) and variances due to random noise (σe2) along the concentration mean μ (Gasparovic et al., 2011).
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Statistical analyses

Before performing the statistical analyses, we screened for outliers using the Grubbs’ test (i.e., the Extreme Studentized Deviate method) with a significance level of α = 0.01.3 For the group-level analysis, the younger group included 11 participants aged 21–38 years (mean: 25.1 years), and the older group included 11 participants aged 48–75 years (mean: 62.6 years). The ADlow–b and ALPS-index across the younger and older groups are shown as the mean ± standard deviation and compared using unpaired Student’s t-tests. The difference between the MCA SAS and quadrigeminal cistern was calculated using paired Student’s t-tests. The widths of the left and right MCA SAS across the younger and older groups are shown as the mean ± standard deviation in the Supplementary Information and compared via ANOVA. Spearman’s correlation tests were used to analyze the age dependence of and the correlation between the ADlow–b and ALPS-index. The circadian rhythm was evaluated using ANOVA and cosinor analysis. Except for the cosinor analysis, all statistical analyses were performed in GraphPad Prism 8. The cosinor analysis was performed using in-house programs developed in MATLAB. P < 0.05 was considered statistically significant.




Results


Participant demographics

We recruited 22 participants in total and divided them into two groups: the younger group (aged <45 years) and the older group (aged >45 years; Table 1).


TABLE 1    Participants’ demographic information.
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SAS fluid of the MCA M1 showed anisotropic diffusion in DTIlow–b

Figures 2A–C shows representative b0 images of DTIlow–b, the ROI of the SAS in MCA stage M1 and the quadrigeminal cistern and the reconstructed ellipsoid-shaped diffusion tensors. The quadrigeminal cistern was selected as a control region with no flow or much slower flow than those of the MCA SAS. Expectedly, the diffusion tensor of the quadrigeminal cistern water showed relatively low FAlow–b and no clear direction preference. The diffusion tensor of the SAS fluid in MCA stage M1 showed a clear anisotropic property with larger apparent diffusivity which is consistent with the findings of Sepehrband et al. (2019), who also found the diffusion of the non-parenchymal fluid within SAS was anisotropic. Both the FA and ADlow–b of DTIlow–b were significantly higher in the MCA SAS than in the quadrigeminal cistern (p < 0.001; Figures 2D, E), demonstrating the pseudo-diffusivity induced by the SAS fluid reflected anisotropic diffusivity.
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FIGURE 2
DTIlow–b detected larger apparent diffusivity in the SAS of the MCA. (A) Representative ROIs of the SAS at the MCA M1 stage (red) and quadrigeminal cistern (blue) in one participant, overlaid on the b0 images of DTIlow–b. (B,C) Ellipsoid-shaped tensor reconstructed from the two ROIs in panel (A) is displayed on the x-y-z axis. (D,E) Boxplot of FA and ADlow–b values of the MCA SAS and quadrigeminal cistern for all participates (n = 22). Statistical analysis was performed using paired Student’s t-tests, with ****p < 0.0001.




Glymphatic influx and efflux activity detected by diffusion MRI showed no TOD dependence

Figures 3A, B show the time course of the glymphatic system influx and efflux measured by DTIlow–b and DTI-ALPS, respectively. The acquired data did not significantly differ among the five time points in either the ADlow–b or ALPS-index by ANOVA (p > 0.05). Cosinor analysis also confirmed that neither the ADlow–b nor the ALPS-index differed significantly from the straight lines (p > 0.05). Thus, neither the ADlow–b nor the ALPS-index had TOD dependence from 8:00 to 23:00 for the participants while awake.
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FIGURE 3
Time-of-day (TOD) test and test–retest repeatability of the glymphatic system measurements. (A,B) Neither ADlow–b of the MCA SAS fluid nor the ALPS-index differed significantly in the data acquired at the five time points. Each participant’s data are shown as gray dots, and group-averaged results are shown as dashed lines. (C,D) Bland-Altman plots of the test–retest results (8:00 and 12:00) of ADlow–b of the MCA SAS and ALPS-index. Each participant’s data are shown as gray boxes. The ICC, CV, MD (solid dark line), and MD ± repeatability coefficient (dashed black lines) are shown. CV, coefficient of variation; ICC, intraclass correlation coefficient; MD, mean diffusivity. n = 10, aged 24 ± 4 years. ns, non-significant by ANOVA.




Test–retest repeatability of the ADlow–b and ALPS-index

To test the repeatability of the influx and efflux measured via diffusion MRI, we selected two datasets (acquired at 8:00 and 12:00) for scan-rescan analysis. Bland-Altman plots showed the test–retest repeatability of the average measurements of ADlow–b in the MCA SAS (Figure 3C) and ALPS-index (Figure 3D). ADlow–b showed good repeatability (ICC = 0.77), and the ALPS-index showed good repeatability (ICC = 0.78), demonstrating the high repeatability and reliability of both the ADlow–b and ALPS-index.



Glymphatic influx activity measured via DTIlow–b increased with aging

Group analysis was used to verify differences between the older and younger participants. The ADlow–b values of the MCA SAS fluid were significantly higher in the older group than in the younger group (p = 0.0054; Figure 4A). The ADlow–b of the quadrigeminal cistern did not significantly differ between the groups (p = 0.58, Figure 4C). Linear regression analysis showed a significant positive correlation between ADlow–b values and age in the MCA SAS region (p = 0.012, r = 0.52; Figure 4B) but not in the quadrigeminal cistern (p = 0.64, r = 0.11; Figure 4D). These results demonstrate that the ADlow–b of the SAS fluid along the MCA increased with age, suggesting that the fluid flow along the MCA SAS became faster with age.
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FIGURE 4
ADlow–b of the MCA SAS increased significantly with age. (A,B) ADlow–b values of the MCA SAS were significantly higher in the older group (n = 11) than in the younger group [n = 11, (A)] in the group analysis and were significantly positively correlated with age in the linear regression analysis (B). (C,D) For the control region (i.e., the quadrigeminal cistern), the ADlow–b did not differ significantly in the group analysis (C) or with age (D). Statistical analysis was performed using Student’s t-tests, with ns as non-significant (p ≥ 0.05), **p < 0.01.




Glymphatic efflux activity measured by DTI-ALPS decreased with age

Along the perivascular space-index values were significantly smaller in the older group than in the younger group (p < 0.001; Figure 5A). Linear correlation analysis revealed a significant negative correlation between ALPS-index and age (p = 0.0003, r = −0.78; Figure 5B). These results suggest that glymphatic efflux activity measured by the ALPS-index decreased with age. Comparing the ALPS-index and ADlow–b of the MCA SAS revealed a weak negative, but not significant, correlation (r = −0.35, p = 0.11; Figure 5C).
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FIGURE 5
The ALPS-index was negatively correlated with age. (A,B) ALPS-index values were significantly lower in the older group (n = 11) than in the younger group [n = 11, (A)] in the group analysis and significantly negatively correlated with age in the linear regression analysis (B). (C) The ALPS-index was negatively correlated (near significance) with the ADlow–b of the MCA SAS. Group analysis was performed using Student’s t-test. ns: non-significant (p ≥ 0.05), ****p < 0.0001.





Discussion

Knowledge of age-dependent glymphatic activity in the human brain is important for understanding aging. Here, we implemented and evaluated two diffusion MRI methods (DTIlow–b and DTI-ALPS) to measure glymphatic influx and efflux activity in the same participants over a large age range. DTIlow–b enabled successfully detecting a larger apparent diffusion coefficient (ADC) and diffusion anisotropy induced by the CSF flow in the MCA SAS. Glymphatic function derived from both DTIlow–b and DTI-ALPS showed no TOD dependence from 8:00 to 23:00, suggesting that these metrics are not TOD-dependent, and further implementation of these measurements will not account for TOD. Finally, the ADlow–b increased, and the ALPS-index decreased with age.

The lack of TOD dependence for both DTIlow–b and DTI-ALPS in awake participants between 8:00 and 23:00 and the low variance of the ADlow–b and ALPS-index throughout the day suggests that both diffusion methods can provide reproducible results and that the TOD effect can be ignored in the studied time range as long as patients remain awake. In anesthetized mice, the glymphatic influx activity, clearance efficiency and perivascular AQP4 polarization all show circadian rhythms, and their changes can be well described by a 24-h cosine function (Hablitz et al., 2020). Our results were unsurprising, as previous studies also demonstrated that glymphatic activity occurs mainly during sleep, whereas the awake brain has limited glymphatic activity (Xie et al., 2013; Hablitz et al., 2020). Hablitz et al. (2020) conducted the same study on awake mice and also found no circadian control of glymphatic influx. The limited sensitivity of the MRI measurements used in this study might also have induced this lack of TOD dependence.

We found that glymphatic efflux activity assessed via DTI-ALPS decreased with age over in a large age range of 21–75 years, which is consistent with our previous study on cerebral small vessel disease (CSVD) patients with a narrower age range (>60 years) using the same DTI-ALPS method. Decreased glymphatic efflux activity was also observed in patients undergoing lumbar puncture, who were administered intrathecal MRI contrast agent as a CSF tracer for T1-weighted MRI before and at multiple time points after tracer administration (Zhou et al., 2020). This is consistent with the CSF production rate, which decreases with age in both humans (May et al., 1990) and rodents (Chiu et al., 2012; Liu et al., 2020).

As the CSF runs along the SAS, evaluation of the ADlow–b of the SAS fluid around the straight portion of the MCA segment could reflect the CSF influx activity of the glymphatic pathway. This was demonstrated in a study on rats, which revealed a 300% increase in apparent diffusivity of the SAS CSF along the vessel direction as the vessels pulsated with each heartbeat (Harrison et al., 2018). No such cardiac-cycle dependence was observed on the apparent diffusivity measured perpendicular to the vessel directions, suggesting the advantages of ADlow–b in measuring CSF flow along vessel directions. This is also consistent with other glymphatic influx studies using fluorescence tracers or MRI contrast agents (Iliff et al., 2013a; Mestre et al., 2018). A recent particle-tracking velocimetry study on live mice revealed the CSF flow in the periarterial space following pipe Poiseuille flow with zero velocity at the PVS walls (Mestre et al., 2018). The effect of the velocity shear induced pseudo-diffusion with larger ADC along the flow direction. The analytical formula for the relationship between ADC (i.e., ADlow–b) and flow velocity in the case of SAS pipe Poiseuille flow (Thomas, 2019) is as follows:
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where DCSF is the self-diffusion coefficient of CSF, “a” is the inner radius of the pipe, and umax is the maximum flow velocity of the pipe (i.e., flow velocity in the pipe center). Using a = 1.5 mm (Supplementary Figure 1), DCSF = 4 mm × 10–3 mm/s as the mean diffusivity in the quadrigeminal cistern, and ADlow–b for the younger group defined as 10 mm × 10–3 mm/s, the expected umax is 45.3 μm/s, which is in the same order of the CSF flow velocity measured in the PVS of mice (10–40 μm/s) (Kelley, 2021). Because the DCSF (Figures 4C, D) and MCA SAS width showed no age dependence (Supplementary Figure 1), the increased ADlow–b suggests that the CSF influx flow velocity inside the MCA SAS increased with age.

Several factors involved with aging can induce increased flow velocity along the periarterial SAS, possibly because the cerebral artery pulsatility and stiffness increase with age owing to arteriosclerosis and other vessel degeneration (Iliff et al., 2013c; Tarumi et al., 2014; Mitchell and Powell, 2020; Fico et al., 2022). Iliff et al. found that perivascular CSF influx was mainly driven by cerebral arterial pulsation, and increased arterial pulsatility after administering the adrenergic agonist, dobutamine, significantly increased the perivascular CSF influx. Additionally, decreased arterial pulsatility after unilateral ligation of the internal carotid artery significantly decreased the perivascular CSF influx (Iliff et al., 2013c). Decreased blood flow velocities and concomitantly increased pulsatility occur in the middle, anterior and posterior cerebral arteries with advanced age, especially in those aged >40 years (Ackerstaff et al., 1990; Krejza et al., 1999; Xu et al., 2017). Further, a rodent study showed that glymphatic system influx increased with the pulsatility of vascular increase (Mestre et al., 2018; Cao et al., 2022), possibly owing to decreased intracranial pressure. Another study reported that the decrease in intracranial pressure after acute ischemic stroke could directly lead to rapid CSF influx (Xu et al., 2017). Studies have found decreased cerebral blood flow and brain atrophy in aging brains (Krejza et al., 1999; Cao et al., 2022). Both the decreased cerebral blood flow and brain atrophy can lead to decreased intracranial pressure (Krejza et al., 1999; Omileke et al., 2021), which has also been shown to decrease with age (Gur et al., 1991).

In our dataset, we observed a negative correlation between DTI-ALPS and ADlow–b (Figure 5C), although this association was not statistically significant. This mismatch between glymphatic influx and efflux activity with age is interesting. Such a mismatch was also observed in AQP4-knockout mice, in which the glymphatic efflux or clearance activity was largely suppressed, but movement of the perivascular tracer along the periarterial spaces was not significantly altered (Iliff et al., 2013b). The influx of CSF along the periarterial space (e.g., MCA SAS) is considered to be the initial driving force behind the glymphatic clearance system (Jessen et al., 2015; Wostyn et al., 2021). But, the perivascular AQP4 is the key membrane channel gating the exchange between periarterial CSF and the interstitial ISF (Iliff et al., 2013b). With perivascular AQP4 dysfunction, the unaltered or increased periarterial CSF flow can still result in decreased glymphatic clearance, as periarterial CSF cannot flow efficiently into the interstitial space. The association between AQP4 downregulation and the glymphatic efflux/clearance activity suppression has been demonstrated in many studies (Pedersen et al., 2018). Thus, the altered perivascular AQP4 function/expression along aging could be a potential factor contributing to this mismatch between periarterial and perivenular CSF motion observed in this study. Indeed, Kress et al. (2014) reported that AQP4 polarization on the astroglial end-feet processes surrounding the cortical penetrating arterioles (but not the capillaries) was significantly reduced in 18-month-old mice compared with that of 2-to 3-month-old mice. However, these data were not corroborated in a recent study reporting that AQP4 expression in membranes next to the capillary endothelial cells and arterioles was independent of age in human frontal cortex (Zeppenfeld et al., 2017). Clearly, more studies are still needed to further explore the perivascular AQP4 expression in aging in more brian regions as both AQP4 expression and glymphatic activity show spatial heterogeneity across brain regions (Iliff et al., 2013a; Li et al., 2022). In addition, the permeability of AQP4 channel should also be investigated in future as it has been reported to be gated/regulated by metal ions, intracellular signaling pathways, antiepileptic drug, etc. (Yukutake and Yasui, 2010).

Several limitations and future works of this study should be clarified. The first limitation is the small sample size, though careful statistics were performed. It is highly desired to perform such study in a large sample. Second, DTIlow–b and DTI-ALPS are presumed to measure glymphatic influx and efflux activities, respectively, mainly because of the anatomical locations of the two measurements (PVS or SAS surrounding arteries and veins, respectively). However, the flow direction of CSF in PVS was still under debate (Bakker et al., 2019), moreover, neither DTIlow–b nor DTI-ALPS can show the CSF flow directions because they both measure the pseudo diffusivity induced by slow flow motion, which can be unidirectional or bidirectional or change direction over time. Third, both DTIlow–b and DTI-ALPS were acquired without cardiac gating and presumed to be the average of the entire cardiac cycle. Glymphatic activity has been demonstrated to be largely driven by arterial pulsation (Mestre et al., 2018). For DTIlow–b, Harrison et al. (2018) demonstrated that the ADlow–b of the MCA SAS has strong cardiac-cycle dependence. Wen et al. (2022) found the cardiac-cycle dependence of whole-brain PVS ADC, although their DTIlow–b protocol differed from that used in our study (their protocol included shorter TE and lower spatial resolution). However, the non-gated diffusivity measured via DTIlow–b still showed sensitivity to manipulation of the glymphatic activity (injection of adrenoceptor agonist, dobutamine) (Harrison et al., 2018) or to aging (Wen et al., 2022), although further physiological validation is needed to test whether the CSF in SAS MCA was caused by the arterial pulse. Fourth, in this study, though a long-TE setup was implemented in DTIlow–b to suppress non-CSF signal, there might still be non-CSF signal left. Another approach is to acquire DTIlow–b at multiple b-values and fit the data with a bi-tensor model, in which one tensor is to describe CSF component considering perfusion effect and another tensor is to describe non-CSF tissue MR signal. Fifth, both DTIlow–b and DTI-ALPS could can reflect only the glymphatic function on fixed and specific brain regions. Non-invasive MRI methods that can characterize the glymphatic function in the whole brain are needed. Finally, although we proposed that the altered perivascular AQP4 polarization along aging could be the potential factor contributing the mismatch between the glymphatic influx and efflux functions observed in this study, the direct evidence to demonstrate this hypothesis is still lacking and the development of non-invasive MRI method to measure the glymphatic exchange process in vivo is an important future research direction.



Data availability statement

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



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the Second Affiliated Hospital, School of Medicine, Zhejiang University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work, and approved it for publication.



Funding

This study was supported by the STI2030-Major Projects of China (grant 2022ZD0206000 to RB), the National Natural Science Foundation of China (NSFC) (grant 82222032 to RB), and the Natural Science Foundation of Zhejiang Province, China (grant LR20H180001 to RB).



Acknowledgments

We thank all the subjects for their participation in the study. We also appreciate the support of Mrs. Qiuping Ding and Prof. Hongjian He from the Center for Brain Imaging Science and Technology at Zhejiang University.



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2023.1173221/full#supplementary-material


Footnotes

1     https://neurovault.org/images/1406/

2     https://stnava.github.io/ANTs/

3     https://www.graphpad.com/quickcalcs/grubbs1/


References

Ackerstaff, R. G. A., Keunen, R. W. M., Van Pelt, W., Montauban Van Swijndregt, A. D., and Stijnen, T. (1990). Influence of biological factors on changes in mean cerebral blood flow velocity in normal ageing: A transcranial doppler study. Neurol. Res. 12, 187–191. doi: 10.1080/01616412.1990.11739941

Association, A. (2018). 2018 Alzheimer’s disease facts and figures. Alzheimers Dement. 14, 367–429. doi: 10.1016/j.jalz.2018.02.001

Bakker, E. N. T. P., Naessens, D. M. P., and Vanbavel, E. (2019). Paravascular spaces?: Entry to or exit from the brain?? Exp. Physiol. 104, 1013–1017. doi: 10.1113/EP087424

Barisano, G., Sheikh-Bahaei, N., Law, M., Toga, A. W., and Sepehrband, F. (2021). Body mass index, time of day and genetics affect perivascular spaces in the white matter. J. Cereb. Blood Flow Metab. 41, 1563–1578. doi: 10.1177/0271678X20972856

Basser, P. J., Mattiello, J., and LeBihan, D. (1994). MR diffusion tensor spectroscopy and imaging. Biophys. J. 66, 259–267. doi: 10.1016/S0006-3495(94)80775-1

Bedussi, B., Van Der Wel, N. N., de Vos, J., Van Veen, H., Siebes, M., VanBavel, E., et al. (2017). Paravascular channels, cisterns, and the subarachnoid space in the rat brain: A single compartment with preferential pathways. J. Cereb. Blood Flow Metab. 37, 1374–1385. doi: 10.1177/0271678X16655550

Benveniste, H., Liu, X., Koundal, S., Sanggaard, S., Lee, H., and Wardlaw, J. (2019). The glymphatic system and waste clearance with brain aging: A review. Gerontology 65, 106–119. doi: 10.1159/000490349

Bito, Y., Harada, K., Ochi, H., and Kudo, K. (2021). Low b-value diffusion tensor imaging for measuring pseudorandom flow of cerebrospinal fluid. Magn. Reson. Med. 86, 1369–1382. doi: 10.1002/mrm.28806

Boespflug, E. L., and Iliff, J. J. (2018). The emerging relationship between interstitial fluid–cerebrospinal fluid exchange, amyloid-β and sleep. Biol. Psychiatry 83, 328–336. doi: 10.1016/j.biopsych.2017.11.031

Buccellato, F. R., D’Anca, M., Serpente, M., Arighi, A., and Galimberti, D. (2022). The role of glymphatic system in Alzheimer’s and Parkinson’s disease pathogenesis. Biomedicines 10:2261. doi: 10.3390/biomedicines10092261

Cao, J., Yao, D., Li, R., Guo, X., Hao, J., Xie, M., et al. (2022). Digoxin ameliorates glymphatic transport and cognitive impairment in a mouse model of chronic cerebral hypoperfusion. Neurosci. Bull. 38, 181–199. doi: 10.1007/s12264-021-00772-y

Carotenuto, A., Cacciaguerra, L., Pagani, E., Preziosa, P., Filippi, M., and Rocca, M. A. (2022). Glymphatic system impairment in multiple sclerosis: Relation with brain damage and disability. Brain? 145, 2785–2795. doi: 10.1093/brain/awab454

Chiu, C., Miller, M. C., Caralopoulos, I. N., Worden, M. S., Brinker, T., Gordon, Z. N., et al. (2012). Temporal course of cerebrospinal fluid dynamics and amyloid accumulation in the aging rat brain from three to thirty months. Fluids Barriers CNS 9, 3–10. doi: 10.1186/2045-8118-9-3

Da Mesquita, S., Louveau, A., Vaccari, A., Smirnov, I., Cornelison, R. C., Kingsmore, K. M., et al. (2018). Functional aspects of meningeal lymphatics in ageing and Alzheimer’s disease. Nature 560, 185–191. doi: 10.1038/s41586-018-0368-8

Diguet, E., Petit, F., Escartin, C., Cambon, K., Bizat, N., Dufour, N., et al. (2009). Normal aging modulates the neurotoxicity of mutant huntingtin. PLoS One 4:e4637. doi: 10.1371/journal.pone.0004637

Fico, B. G., Miller, K. B., Rivera-Rivera, L. A., Corkery, A. T., Pearson, A. G., Eisenmann, N. A., et al. (2022). The impact of aging on the association between aortic stiffness and cerebral pulsatility index. Front. Cardiovasc. Med. 9:821151. doi: 10.3389/fcvm.2022.821151

Gasparovic, C., Bedrick, E. J., Mayer, A. R., Yeo, R. A., Chen, H., Damaraju, E., et al. (2011). Test-retest reliability and reproducibility of short-echo-time spectroscopic imaging of human brain at 3T. Magn. Reson. Med. 66, 324–332. doi: 10.1002/mrm.22858

Giannetto, M., Xia, M., Stæger, F. F., Metcalfe, T., Vinitsky, H. S., Dang, J. A. M. L., et al. (2020). Biological sex does not predict glymphatic influx in healthy young, middle aged or old mice. Sci. Rep. 10:16073. doi: 10.1038/s41598-020-72621-3

Gur, R. C., Mozley, P. D., Resnick, S. M., Gottlieb, G. L., Kohn, M., Zimmerman, R., et al. (1991). Gender differences in age effect on brain atrophy measured by magnetic resonance imaging. Proc. Natl. Acad. Sci. U. S. A. 88, 2845–2849. doi: 10.1073/pnas.88.7.2845

Hablitz, L. M., Plá, V., Giannetto, M., Vinitsky, H. S., Stæger, F. F., Metcalfe, T., et al. (2020). Circadian control of brain glymphatic and lymphatic fluid flow. Nat. Commun. 11:4411. doi: 10.1038/s41467-020-18115-2

Harrison, I. F., Ismail, O., Machhada, A., Colgan, N., Ohene, Y., Nahavandi, P., et al. (2020). Impaired glymphatic function and clearance of tau in an Alzheimer’s disease model. Brain 143, 2576–2593. doi: 10.1093/brain/awaa179

Harrison, I. F., Siow, B., Akilo, A. B., Evans, P. G., Ismail, O., Ohene, Y., et al. (2018). Non-invasive imaging of CSF-mediated brain clearance pathways via assessment of perivascular fluid movement with diffusion tensor MRI. Elife 7:e34028. doi: 10.7554/eLife.34028.001

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al. (2019). Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15, 565–581. doi: 10.1038/s41582-019-0244-7

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2013b). A paravascular pathway facilitates csf flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. Sci. Transl. Med. 4:147ra111. doi: 10.1126/scitranslmed.3003748.A

Iliff, J. J., Lee, H., Yu, M., Feng, T., Logan, J., Nedergaard, M., et al. (2013a). Brain-wide pathway for waste clearance captured by contrast-enhanced MRI. J. Clin. Investig. 123, 1299–1309. doi: 10.1172/JCI67677

Iliff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A., Liao, Y., et al. (2013c). Cerebral arterial pulsation drives paravascular CSF-Interstitial fluid exchange in the murine brain. J. Neurosci. 33, 18190–18199. doi: 10.1523/JNEUROSCI.1592-13.2013

Irfanoglu, M. O., Modi, P., Nayak, A., Hutchinson, E. B., Sarlls, J., and Pierpaoli, C. (2015). DR-BUDDI (Diffeomorphic registration for blip-up blip-down diffusion imaging) method for correcting echo planar imaging distortions. Neuroimage 106, 284–299. doi: 10.1016/j.neuroimage.2014.11.042

Jessen, N. A., Munk, A. S. F., Lundgaard, I., and Nedergaard, M. (2015). The glymphatic system: A beginner’s guide. Neurochem. Res. 40, 2583–2599. doi: 10.1007/s11064-015-1581-6

Kamagata, K., Andica, C., Takabayashi, K., Saito, Y., Taoka, T., Nozaki, H., et al. (2022). Association of MRI indices of glymphatic system with amyloid deposition and cognition in mild cognitive impairment and Alzheimer disease. Neurology 99, E2648–E2660. doi: 10.1212/WNL.0000000000201300

Kelley, D. H. (2021). Brain cerebrospinal fluid flow. Phys. Rev. Fluids 6:070501. doi: 10.1103/PhysRevFluids.6.070501

Koo, T. K., and Li, M. Y. (2016). A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropract. Med. 15, 155–163. doi: 10.1016/j.jcm.2016.02.012

Krejza, J., Mariak, Z., Piotrszydlik, J., Lewko, J., and Ustymowicz, A. (1999). Transcranial color Doppler sonography of basal cerebral arteries in 182 healthy subjects: Age and sex variability and normal reference values for blood flow parameters. AJR Am. J. Roentgenol. 172, 213–218. doi: 10.2214/ajr.172.1.9888770

Kress, B. T., Iliff, J. J., Xia, M., Wang, M., Wei Bs, H. S., Zeppenfeld, D., et al. (2014). Impairment of paravascular clearance pathways in the aging brain. Ann. Neurol. 76, 845–861. doi: 10.1002/ana.24271

Li, L., Ding, G., Zhang, L., Davoodi-Bojd, E., Chopp, M., Li, Q., et al. (2022). Aging-related alterations of glymphatic transport in rat: In vivo magnetic resonance imaging and kinetic study. Front. Aging Neurosci. 14:841798. doi: 10.3389/fnagi.2022.841798

Liu, G., Mestre, H., Sweeney, A. M., Sun, Q., Weikop, P., Du, T., et al. (2020). Direct measurement of cerebrospinal fluid production in mice. Cell Rep. 33:108524. doi: 10.1016/j.celrep.2020.108524

Ma, Q., Ineichen, B. V., Detmar, M., and Proulx, S. T. (2017). Outflow of cerebrospinal fluid is predominantly through lymphatic vessels and is reduced in aged mice. Nat. Commun. 8:1434. doi: 10.1038/s41467-017-01484-6

May, C., Kaye, J. A., Atack, J. R., Schapiro, M. B., Friedland, R. P., and Rapoport, S. I. (1990). Cerebrospinal fluid production is reduced in healthy aging. Neurology 40, 500–503. doi: 10.1212/wnl.40.3_part_1.500

Mestre, H., Tithof, J., Du, T., Song, W., Peng, W., Sweeney, A. M., et al. (2018). Flow of cerebrospinal fluid is driven by arterial pulsations and is reduced in hypertension. Nat. Commun. 9:4878. doi: 10.1038/s41467-018-07318-3

Minors, D. S., and Waterhouse, J. M. (1988). Mathematical and statistical analysis of circadian rhythms. Psychoneuroendocrinology 13, 443–464. doi: 10.1016/0306-4530(88)90030-3

Mitchell, G. F., and Powell, J. T. (2020). Arteriosclerosis: A primer for “In Focus” reviews on arterial stiffness. Arterioscler. Thromb. Vasc. Biol. 40, 1025–1027. doi: 10.1161/ATVBAHA.120.314208

Nelson, W., Tong, Y. L., Lee, J. K., and Halberg, F. (1979). Methods for cosinor-rhythmometry. Chronobiologia 6, 305–323.

Okudera, T., Huang, Y. P., Fukusumi, A., Nakamura, Y., Hatazawa, J., and Uemura, K. (1999). Micro-angiographical studies of the medullary venous system of the cerebral hemisphere. Neuropathology 19, 93–111. doi: 10.1046/j.1440-1789.1999.00215.x

Omileke, D., Bothwell, S. W., Pepperall, D., Beard, D. J., Coupland, K., Patabendige, A., et al. (2021). Decreased intracranial pressure elevation and cerebrospinal fluid outflow resistance: A potential mechanism of hypothermia cerebroprotection following experimental stroke. Brain Sci. 11:1589. doi: 10.3390/brainsci11121589

Pedersen, S. H., Lilja-Cyron, A., Andresen, M., and Juhler, M. (2018). The relationship between intracranial pressure and age—chasing age-related reference values. World Neurosurg. 110, e119–e123. doi: 10.1016/j.wneu.2017.10.086

Pierpaoli, C., Walker, L., Irfanoglu, M. O., Barnett, A., and Wu, M. (2010). “TORTOISE: An integrated software package for processing of diffusion MRI data,” in ISMRM 18th Annual Meeting, (Stockholm).

Pizzo, M. E., Wolak, D. J., Kumar, N. N., Brunette, E., Brunnquell, C. L., Hannocks, M. J., et al. (2018). Intrathecal antibody distribution in the rat brain: Surface diffusion, perivascular transport and osmotic enhancement of delivery. J. Physiol. 596, 445–475. doi: 10.1113/JP275105

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann, J., et al. (2017). Parkinson disease. Nat. Rev. Dis. Primers 3, 1–21. doi: 10.1038/nrdp.2017.13

Sepehrband, F., Cabeen, R. P., Choupan, J., Barisano, G., Law, M., and Toga, A. W. (2019). Perivascular space fluid contributes to diffusion tensor imaging changes in white matter. Neuroimage 197, 243–254. doi: 10.1016/j.neuroimage.2019.04.070

Shen, T., Yue, Y., Ba, F., He, T., Tang, X., Hu, X., et al. (2022). Diffusion along perivascular spaces as marker for impairment of glymphatic system in Parkinson’s disease. Npj Parkinsons Dis. 8:174. doi: 10.1038/s41531-022-00437-1

Taoka, T., Masutani, Y., Kawai, H., Nakane, T., Matsuoka, K., Yasuno, F., et al. (2017). Evaluation of glymphatic system activity with the diffusion MR technique: Diffusion tensor image analysis along the perivascular space (DTI-ALPS) in Alzheimer’s disease cases. Jap. J. Radiol. 35, 172–178. doi: 10.1007/s11604-017-0617-z

Tarumi, T., Khan, M. A., Liu, J., Tseng, B. M., Parker, R., Riley, J., et al. (2014). Cerebral hemodynamics in normal aging?: Central artery stiffness, wave reflection, and pressure pulsatility. J. Cereb. Blood Flow Metab. 34, 971–978. doi: 10.1038/jcbfm.2014.44

Therneau, T. M., Knopman, D. S., Lowe, V. J., Botha, H., Graff-Radford, J., Jones, D. T., et al. (2021). Relationships between β-amyloid and tau in an elderly population: An accelerated failure time model. Neuroimage 242:118440. doi: 10.1016/j.neuroimage.2021.118440

Thomas, J. H. (2019). Fluid dynamics of cerebrospinal fluid flow in perivascular spaces. J. R. Soc. Interface 16:20190572. doi: 10.1098/rsif.2019.0572

Trefler, A., Sadeghi, N., Thomas, A. G., Pierpaoli, C., Baker, C. I., and Thomas, C. (2016). Impact of time-of-day on brain morphometric measures derived from T1-weighted magnetic resonance imaging. Neuroimage 133, 41–52. doi: 10.1016/j.neuroimage.2016.02.034

Wen, Q., Tong, Y., Zhou, X., Dzemidzic, M., Ho, C. Y., and Wu, Y. C. (2022). Assessing pulsatile waveforms of paravascular cerebrospinal fluid dynamics using dynamic diffusion-weighted imaging (dDWI). Neuroimage 260:119464. doi: 10.1016/j.neuroimage.2022.119464

Wostyn, P., Gibson, C. R., and Mader, T. H. (2021). The glymphatic pathway in the optic nerve: Did astronauts already reveal signs of its existence? Npj Microgravity 7, 3–4. doi: 10.1038/s41526-021-00142-y

Xie, L., Kang, H., Xu, Q., Chen, M. J., Liao, Y., Thiyagarajan, M., et al. (2013). Sleep drives metabolite clearance from the adult brain. Science 342, 373–377. doi: 10.1126/science.1241224

Xu, X., Wang, B., Ren, C., Hu, J., Greenberg, D. A., Chen, T., et al. (2017). Age-related impairment of vascular structure and functions. Aging Dis. 8, 590–610. doi: 10.14336/AD.2017.0430

Yukutake, Y., and Yasui, M. (2010). Regulation of water permeability through aquaporin-4. Neuroscience 168, 885–891. doi: 10.1016/j.neuroscience.2009.10.029

Zeppenfeld, D., Simon, M., Haswell, J., D’Abreo, D., Murchison, C., Quinn, J., et al. (2017). Association of perivascular localization of aquaporin-4 with cognition and Alzheimer disease in aging brains supplemental content. JAMA Neurol. 74, 91–99. doi: 10.1001/jamaneurol.2016.4370

Zhang, W., Zhou, Y., Wang, J., Gong, X., Chen, Z., Zhang, X., et al. (2021). Glymphatic clearance function in patients with cerebral small vessel disease. Neuroimage 238:118257. doi: 10.1016/j.neuroimage.2021.118257

Zhou, Y., Cai, J., Zhang, W., Gong, X., Yan, S., Zhang, K., et al. (2020). Impairment of the glymphatic pathway and putative meningeal lymphatic vessels in the aging human. Ann. Neurol. 87, 357–369. doi: 10.1002/ana.25670


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Age- and time-of-day dependence of glymphatic function in the human brain measured via two diffusion MRI methods



		Introduction



		Materials and methods



		Participants



		MRI scanning



		MRI data pre-processing



		DTIlow–b on the SAS of the MCA



		ALPS-index calculation



		Circadian rhythm analysis



		Test–retest measurement reliability



		Statistical analyses







		Results



		Participant demographics



		SAS fluid of the MCA M1 showed anisotropic diffusion in DTIlow–b



		Glymphatic influx and efflux activity detected by diffusion MRI showed no TOD dependence



		Test–retest repeatability of the ADlow–b and ALPS-index



		Glymphatic influx activity measured via DTIlow–b increased with aging



		Glymphatic efflux activity measured by DTI-ALPS decreased with age







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Aging Neuroscience

Age- and time-of-day
dependence of glymphatic
function in the human brain

measured via two diffusion MRl
methods





OPS/images/fnagi-15-1173221-g001.jpg
-~ ~ ~”

8:00 12:00 16:00 20:00 23:00

Q
«Q
D
Q.
D
©
D
)
Q.
D
)
O
(Dw

influx

\PPA

SAS fluid velocity measured by DTI

low-b

O

b

efflux

TE=61ms DEC map

ALPS-index=(D

Xproj " xassoc) ( yproj zassoc)





OPS/images/fnagi-15-1173221-g002.jpg
I 1 %,
. . 8
A )
. * 7
o * Q\
= X% <
o)
= - “
. \y§ b@»
. $
1 O
Lo 2,
A i _ [
© < N O
= o o o o
. V4
& o & ««\@
- * 7
R %
\ ¥* «Q
2 o)
7 P o3, y - ¥,
2 o? %% &JV\ \0®
— X )
o > A O
A = | | | |
oo o (@) (- Q) &
YN N -«

o-0LX(s/,ww) T qy






OPS/images/fnagi-15-1173221-e000.jpg






OPS/images/fnagi-15-1173221-g003.jpg
A 20- ns
S 15-
p-S
2]
o L — -8
810_ ’ ®
£
<
G 5-
)
<C
O | | | | |
8 12 16 20 24
Time
C
10- ICC=0.77 CV=0.37
— 1 12e-3
- 1.12e-3 +2.69e-3
5—- ------- e ooeseae-
O O
G o

| | |

|
S 10 15 20

Mean AD,,,,.;, (Mm?/s)x10™

w
N
i)

ns
>
T 20_
£
& g----<_8 __ 3-8
- - &
<. 1.5+ -
10 ] | | | |
8 12 16 20 24
Time
D
ICC=0.78 CV=0.149
- -0.006
0.54| == -0.006+0.192
X
)
O
g fTmsses 555"
&) 0.0 L] ::b_
%' R — a3,
-0.5-
T 1
1.0 1.9 2.0

Mean ALPS-index





OPS/images/fnagi-15-1173221-e001.jpg
ADpw_ s = Desp + a“u” max /192DcsE.






OPS/images/fnagi-15-1173221-g004.jpg
MCA SAS

MCA SAS

-8
E - N u
ee® w o
*\e © o o
° | T O
® ° - p
£
® <
. V" o
N
[ | [
o wn o w0 ()
N o -
o-0LX(s/ ww) T qy
i B
o |o O
*
*
Il (@)}
N -
" —
TTA o
: >
| | | |
) o (g} o v o
N N - -
o-0LX(s/ ww) T qy

age

Quadrigeminal Cistern

D

Quadrigeminal Cistern

ns

o
-

o-0LX(s/,ww) T qy

40 60 80

20

Old

Young

age






OPS/images/fnagi-15-1173221-g005.jpg
>

ALPS-index

25
% ok % %
2.5~
1.5
1.0+ h
0.5 I |
Young Old

B20

ALPS-index
3
|

-3
o
|

r=-0.78
P =0.0003

0.5

| | | |
20 40 60 80
age

C20

~. .
S 1.5-
© .
k= i
N
= '
<,:1.0— .
r=-0.35
p=0.11
0.5 I I
S 10 10

20

AD jou-» (MM?/5)x10™









OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience







OPS/images/fnagi-15-1173221-t001.jpg
Group Young Old
Number of participants 11 11
‘Women 54.5% 27.3%
Age range (years), (average) 21-38(25.1) 47-75 (62.6)






OPS/images/cross.jpg
@ Check for updates.





