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Introduction: It is a recent finding that glymphatic system dysfunction contributes to various neurological problems. The purpose of this research was to assess the function of the glymphatic system in neurologically asymptomatic early chronic kidney disease (CKD) patients and healthy controls, using diffusion tensor image analysis along perivascular space (DTI-ALPS) index.

Methods: In a prospective study, we included patients with early CKD who were asymptomatic for neurological issues and obtained clinical and laboratory data. In all participants, brain magnetic resonance imaging (MRI) with diffusion tensor imaging (DTI) was conducted. We used DSI program for DTI preprocessing and DTI-ALPS index estimation. The DTI-ALPS index was compared between patients with early CKD and healthy controls, and the association between clinical characteristics and the DTI-ALPS index was investigated.

Results: Eighteen patients with early CKD and 18 healthy controls were included in this study. Patients with early CKD had lower DTI-ALPS index than healthy controls (1.259 ± 0.199 vs. 1.477 ± 0.232, p = 0.004). In the correlation analysis, the DTI-ALPS index had no significant relationship with other clinical factors.

Conclusion: We suggest dysfunction of glymphatic system in patients with early chronic kidney disease using the DTI-ALPS index. This may be related to the pathophysiology of neurological problems including impairment of cognition in patients with early CKD.
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Introduction

The elimination of waste products from the brain is accomplished using the glymphatic system, which is a cerebrospinal fluid (CSF) transport mechanism (1, 2). In the glymphatic pathway, CSF in the para-arterial space in the brain moves to the brain parenchyma via aquaporin-4 (AQP-4) in the vascular end-feet of astrocytes (3). Subsequently, interstitial fluid (ISF) and waste products pass through the para-venous space and are ultimately excreted into the lymphatic system of the neck. Studies on the association between glymphatic system dysfunction and the pathogenesis of neurological diseases have been continuously conducted in recent years; glymphatic system dysfunction is known to be associated with various neurological diseases, such as Alzheimer's disease, epilepsy, stroke, and normal pressure hydrocephalus (4–7).

Several methods have been tried to evaluate the function of glymphatic system, and among them, magnetic resonance imaging (MRI) is most commonly used. Tracer studies include MRI with intrathecal gadolinium-based contrast agent (GBCA) or intravenous GBCA (8, 9). This method is mainly used in animal experiments, and its use is limited in humans because it is invasive and can cause gadolinium encephalopathy (8). In addition, MRI with intravenous GBCA requires more time to track contrast. Therefore, a non-invasive, safer and more effective method to visualize glymphatic system functions is required. Another way to evaluate glymphatic system function using MRI is phase-contrast imaging (10). It has been used to visualize fluid movement in the body, based on the principle that when a spin travels along a magnetic gradient, it undergoes a phase shift. It can be used to measure the velocity of arterial blood, venous blood, and cerebral spinal fluid (CSF). However, the phase-contrast method is limited in evaluating the dynamics of ISF in the brain (10).

To overcome these limitations of the previous methods, “diffusion tensor image analysis along the perivascular space (DTI-ALPS)” using diffusion tensor imaging (DTI) has been developed. DTI is non-invasive and has the advantage of acquiring images within minutes. The DTI-ALPS method evaluates the flow of body fluids in the direction of the perivascular space by first measuring the diffusivity of each axis and substituting this value into the formula (6). Therefore, it is a means to evaluate alterations in function of glymphatic system or dynamics of interstitial fluid in the brain. A malfunction of the glymphatic system can be inferred using this method if the DTI-ALPS index is low. Recently, the DTI-ALPS method has been applied to elucidate glymphatic system dysfunction in several neurological diseases (4–7).

Chronic kidney disease (CKD) is defined as an abnormality in the function or structure of the kidneys lasting more than 3 months that affects health (11). Criteria defined as CKD include decreased glomerular filtration rate (GFR <60 ml/min/1.73 m2), abnormal findings in urine tests such as albuminuria, or structural abnormalities confirmed by imaging tests (11). Although there is no internationally accepted definition of early CKD, we used the term early CKD as a common concept for patients with CKD at the pre-end stage renal disease (ESRD) stage.

Patients with CKD are at an increased risk of cerebrovascular diseases, such as stroke, and cognitive impairment (12). Complications of CKD such as uremia, other metabolic abnormalities, and anemia are risk factors for cognitive decline, and chronic inflammation in patients with CKD is related to dementia (13, 14). Therefore, it can be expected that dysfunction of glymphatic system may be present in patients with CKD. The DTI-ALPS index has previously been utilized to indicate glymphatic system dysfunction in ESRD patients, and the method's feasibility for assessing glymphatic system function in ESRD patients was verified (15). However, no research has been done on the function of the glymphatic system in patients with early CKD.

The goal of this study was to compare the function of the glymphatic system in neurologically asymptomatic patients with early CKD to that of healthy controls. In individuals with CKD, we expected that glymphatic system impairment occurs before neurological problems.



Methods


Participants

The institutional review board approved this investigation, which was conducted prospectively in a single tertiary hospital. All participants signed a written informed consent form. Between October 2018 and March 2021, we included neurologically asymptomatic patients with early CKD. The following were the criteria for inclusion: (1) an estimated GFR (eGFR) of > 15 ml/min/1.73 m2 determined using the CKD-EPI Creatinine Equation; and (2) no prior history of neurological or psychiatric diseases. Patients with structural brain lesions including tumors, stroke, or traumatic brain injury, as well as cognitive impairment, were excluded from the study. We gathered clinical data on patients with early CKD, including age, sex, presence of comorbidities like hypertension or diabetes, and laboratory results.

An age- and sex-matched control group of 18 healthy subjects with no medical, neurological, or psychiatric background was also enrolled. All healthy controls had normal MRI scans of their brains with no structural defects.



DTI acquisition and processing

For all subjects, the identical scanner was used for DTI (3.0 T, 32-channel head coil, AchievaTx, Phillips Healthcare, Best, Netherlands). It was done with 32 different diffusion directions using spin-echo single-shot echo-planar pulse sequences (TR/TE = 8,620/85 ms, FA = 90°, slice thickness = 2.25 mm, acquisition matrix = 120 120, FOV = 240 240 mm2, and b-value = 1,000 s/mm2).

For preprocessing of brain MRI, the DSI studio program (version 2021 May, http://dsi-studio.labsolver.org) was utilized, which featured open-source imaging, eddy current and phase distortion artifact correction, mask setup (thresholding, smoothing, and defragmentation), and reconstruction using the DTI method.



Calculation of the diffusion tensor imaging-analysis along the perivascular space index

Figure 1 shows a flowchart of the process for calculating the DTI-ALPS index. We drew a rectangular region of interest (ROI) in which the lateral projections of the medullary veins were traced orthogonally to the primary diffusion directions. The fiber orientation and diffusivities of the three directions along the x, y, and z axes were then calculated as voxel levels in the ROI. The averaged diffusivities were obtained in each ROI, excluding the maximum and minimum values, from among the various voxels for each fiber on the same x, y, and z axes (projection, association, and subcortical fibers). The DTI-ALPS index was derived using the formula below (6, 15, 17):


[image: Figure 1]
FIGURE 1
 Diagram depicting how the diffusion tensor image analysis along the perivascular space (DTI-ALPS) index is calculated (16).
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Dxxproj: diffusivity along the x-axis in the projection fiber, Dxxassoci: diffusivity along the x-axis in the association fiber, Dyyproj: diffusivity along the y-axis in the projection fiber, Dzzassoci: diffusivity along the z-axis in the association fiber.



Statistical analysis

The demographic and clinical characteristics and diffusivities were compared between groups using the chi-squared test or Fisher's exact test for categorical variables and Student's t-test for numerical variables. Categorical variables were expressed as numbers and percentages. Continuous variables with a normal distribution are represented as mean values with standard deviations. A two-tailed p-value of < 0.05 was used to determine statistical significance. When we conducted statistical analysis for diffusivities along the axis in the fibers, we applied multiple corrections [Bonferroni correction, p = 0.0055 (0.05/9)]. MedCalc® Statistical Software version 20 (MedCalc Software Ltd, Ostend, Belgium; https://www.medcalc.org; 2021) was used for all statistical analyses.




Results


Demographics and clinical characteristics

Eighteen patients with early CKD were included in this study. Table 1 represents the clinical characteristics of patients with early CKD. Patients with early CKD were classified as having CKD stages as 3a, 3b, and 4, according to eGFR. Of the 18 patients with early CKD, eight had diabetes mellitus (DM) and thirteen had hypertension (HTN), and five of these patients had both HTN and DM. Two patients had no comorbidities.


TABLE 1 Clinical characteristics of the patients with early CKD.
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Diffusivities along the axis in the fibers

Between patients with early CKD and healthy controls, there was significant alteration in diffusivity along the y-axis in projection fiber. The diffusivities in other x, y, and z axes in projection, association and subcortical fibers had no significant alteration in early CKD patients (Table 2). In addition, diffusivities were not significantly different in early CKD patients depending on DM or HTN, respectively (Table 3).


TABLE 2 The differences of the diffusivities along the axis in the fibers between patients with early CKD and healthy controls.
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TABLE 3 The differences of the diffusivities along the axis in the fibers between early CKD patients with or without comorbidities.
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Diffusion tensor imaging-analysis along the perivascular space index

The DTI-ALPS index showed a significant difference between patients with early CKD and healthy controls. Patients with early CKD had a lower DTI-ALPS index than healthy controls (1.259 ± 0.199 vs. 1.477 ± 0.232, p = 0.004) (Table 2). The DTI-ALPS index was not significantly different in early CKD patients depending on DM or HTN, respectively (Table 3).

In the correlation analysis, the DTI-ALPS index had no significant relationship with other clinical factors, such as age (r = −0.202, p = 0.422), stage of CKD (r = −0.006, p = 0.980), and other laboratory data (Hemoglobin, r = 0.314, p = 0.205; Hematocrit, r = 0.280, p = 0.261; eGFR, r = 0.129, p = 0.610; Albumin, r = 0.413, p = 0.089; serum protein level, r = −0.403, p = 0.097, Aspartate aminotransferase, r = 0.154, p = 0.542; Alanine aminotransferase, r = 0.376, p = 0.124; BUN, r = −0.032, p = 0.899; Creatinine, r = −0.108, p = 0.669; Sodium, r = −0.170, p = 0.500; Potassium, r = 0.051, p = 0.840; Chloride, r = 0.062, p = 0.808; Calcium, r = −0.298, p = 0.230; Phosphate, r = 0.034, p = 0.894; Total CO2 contents, r = −0.147, p = 0.560).




Discussion

First, we compared glymphatic system dysfunction between neurologically asymptomatic patients with early CKD and healthy controls via the DTI-ALPS method. The study's key conclusion was that the DTI-ALPS index was significantly lower in patients with early CKD than in healthy controls, which suggested that dysfunction of glymphatic system was present in patients with early CKD. In the correlation analysis, the DTI-ALPS index had no significant relationship with other clinical factors.

As previously mentioned, The DTI-ALPS method is one that can be utilized in order to do an evaluation of the diffusivity in the perivascular area. It is expected that the ratio of the x-axis diffusivity of the projection fibers and the area of the association fibers (Dxproj and Dxassoc) to the diffusivity perpendicular to them (Dyproj and Dzassoc) express the influence of water diffusion along the perivascular space, which reflects the activity of the glymphatic system in the individual cases (6). A higher ratio in the DTI-ALPS method indicates more water diffusivity along the perivascular space. Therefore, a significantly lower DTI-ALPS index in early CKD patients than in healthy controls suggests dysfunction of the glymphatic system in early CKD patients.

Neurological problems in patients with CKD are likely to originate from multifactorial factors (18). As mentioned above, cerebrovascular disease, uremic toxins, other metabolic abnormalities, anemia, and chronic inflammation in patients with CKD are the causes of neurologic complications in CKD. Pathophysiology may be divided into vascular and neurodegenerative mechanisms. In particular, neurodegenerative mechanisms may be associated with the low efficiency of elimination of metabolic waste or uremic toxins, including uric acid, p-cresyl sulfate, indoxyl sulfate, tumor necrosis factor-α, interleukin-1β and interleukin-6 in patients with CKD (19). In this study, glymphatic system dysfunction was suggested even in patients with early CKD without neurological problems. In addition, alterations of structural connectivity, accounting for information processing of neural networks, in the brains of patients with early CKD have also been observed in our previous study (20). These results suggest that alterations in structural connectivity begin relatively earlier than functional alterations in CKD patients. Dysfunction of glymphatic system may also be associated to alterations in the brain connectivity.

The exact mechanism of glymphatic dysfunction in patients with early CKD has not yet been elucidated. Two assumptions were made to explain the results of this study. In the glymphatic system, Glymphatic inflow is thought to be influenced by arterial pulsation (21). Risk factors such as DM, HTN, hypercoagulable state, chronic inflammation, oxidative stress, and uremic toxin in patients with CKD induce vascular injury and endothelial dysfunction (22, 23). Arterial stiffening and reduction in cerebral blood flow induced by vascular damage are thought to reduce glymphatic influx and may cause dysfunction of glymphatic system in patients with CKD. Another theory that may explain dysfunction of glymphatic system in patients with CKD is its association with aquaporins (AQPs). AQPs are a class of selective transmembrane channels that are responsible for transporting mostly water and, in some subtypes, low molecular weight solutes across the membranes of cells. According to research conducted on animals, AQPs have been linked to both acute kidney damage and a variety of CKDs, such as polycystic kidney disease, diabetic nephropathy, and renal cell carcinoma (24). In particular, a previous study showed of decreased kidney AQP4 expression in mice with hydronephrosis (25). Therefore, although studies on AQP-4 are insufficient, patients with early CKD may develop glymphatic system dysfunction due to decreased AQP-4 expression, which plays an important factor in the glymphatic pathway. For the above two reasons, there is dysfunction of glymphatic system in patients with CKD, which may be one of the pathophysiological mechanisms of neurological problems in patients with early CKD.

In this study, we found that DTI-ALPS index is significantly decreased in patients with early CKD, which allow us to infer that there is a glymphatic dysfunction in early CKD. However, it is well known that the main causes of CKD are DM and HTN, and each independently affect glymphatic function in previous studies (21, 26). DM and HTN induce both micro- and macro-vascular damage which increase the risk of developing small vessel disease with enlargement of the perivascular space. In addition, vascular inflammation may also play an important role in the enlargement of the perivascular space (27, 28). Recent research has indicated that carotid atherosclerosis may reduce the DTI-ALPS index and impair glymphatic system function (29). Thus, we performed analysis according to the comorbidities, requiring caution in determining whether the results of our research are due to DM or HTN or to Early CKD itself. There was no significant difference between diffusivities and DTI-ALPS index in the patient group according to DM or HTN. Nevertheless, there is a limitation in interpretation because the sample size was small and there were only two patients without both DM and HTN.

Previous studies have shown a decrease in glymphatic activity during aging (30, 31). The glymphatic system dysfunction in the elderly is associated with a decrease in CSF influx and a reduction in metabolites clearance (31). Reactive gliosis, loss of perivascular AQP4 polarization, and arterial wall stiffening reduce arterial pulsation as aging advances (1, 31–33). In this study, there was no correlation between the DTI-ALPS index and age in patients with early CKD, inconsistent with the results of previous studies, which may be mainly due to the small number of samples enrolled into the study.

This is the first study to investigate the function of the glymphatic system in patients with early CKD, and we were able to show that the glymphatic system is dysfunctional in patients with early CKD compared to healthy controls. However, this study has several limitations. First, our study‘s sample size is small. It is not easy to recommend DTI imaging for enrollment of patients with early CKD. Second, although patients with early CKD who did not undergo dialysis were included, those with CKD stages 3 and 4 were also enrolled. Further studies on glymphatic system dysfunction at each stage, including a larger number of patients, are required. Third, patients who had ischemic stroke were excluded, but cerebral artery conditions such as arteriosclerosis was not considered. MR angiography was not performed on patients and only total cholesterol was included in the lipid profile. It will be necessary to evaluate the DTI-ALPS index according to the degree of the atherosclerosis while tracking the patients with early CKD. Lastly, although we excluded patients with structural brain lesions or previous history of neurological disorders, we could not control the white matter hyper-intensity burden between patients with early CKD and healthy controls. For this reason, the difference in diffusivity along the y axis in projection fiber has been identified. And it may also be due to the small sample size.



Conclusion

Using the DTI-ALPS index, we first identified glymphatic system dysfunction in patients with early CKD. This may be related to the pathophysiology of neurological problems, including cognitive impairment, in patients with early CKD. This study also provides opportunities for advances in the pathophysiology and treatment of patients with CKD that can be used in future studies.
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Dxx 0.0011 0.0001 0.0011 0.0001 08137
Dyy 0.0007 0.0001 0.0007 0.0002 0.8667
Dzz 0.0006 0.0001 0.0007 0.0002 05735
DTI-ALPS index 12004 02321 13067 0.1662 02738
Early CKD patients with HTN (N = 13) Early CKD patients without HIN(N =5)

Mean sD Mean sD pvalue
Projection fiber
Dxx 0.0006 0.0001 0.0006 0.0001 0.1235
Dyy 0.0006 0.0002 0.0006 0.0001 09110
Dz 0.0011 0.0001 0.0010 0.0002 05258
Association fiber
Dxx 0.0007 0.0001 0.0006 0.0001 04225
Dyy 0.0011 0.0001 00011 0.0001

Dzz 0.0005 0.0001 0.0005 0.0001 0.9065

Subcortical fiber

Dxx 0.0011 0.0001 0.0010 0.0001 0.4481
Dyy 0.0007 0.0002 0.0007 0.0001 0.6660
Dz 0.0006 0.0001 0.0007 0.0002 0.1136
DTI-ALPS index 12887 0.1999 1.1834 0.1978 03307

KD, chronic kidney di
index, diffusion
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Clinical data

Demographic data
Age, years (SD)

Male, N (%)

Comorbidities

Diabetes mellitus, N (%)
Hypertension, N (%)

CKD stage

3

3b

4

Laboratory data

Hemoglobin, g/dL (SD)
Hematocrit, % (SD)

€GFR, ml/min/1.73 m* (SD)
Protein, g/dL (SD)

Albumin, g/dL (SD)

Aspartate aminotransferase, U/L (SD)
Alanine aminotransferase, U/L (SD)
BUN, mg/dL (SD)

Creatinine, mg/dL (SD)

Sodium, mmol/L (SD)

Potassium, mmol/L (SD)

Chloride, mmol/L (SD)

Calcium, mg/dL (SD)

Phosphate, mg/dL (SD)

Total CO; contents, mmol/L (SD)
Total cholesterol, , mg/dL (D)

CKD, chronic

Patients with early CKD (N = 18)

65.9(9.9)
9(50.5)

8 (44.4)
13(72.2)

5(7.8)
10 (55.6)
3(16.7)

119 (1.9)
357(55)
397 (9.4)
7.2(0.6)
40(0.4)
22.4(6.6)
18.8(8.2)
260 (6.4)
1.7 (0.4)
1409 26)
4705
106.1 (4.0)
84(1.2)
36(05)
239(3.0)
153.1(35.1)

imated GFR.

Healthy controls (N = 18)

66.4(63)
11(61.1)

p-value

0842
0508
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