
Frontiers in Neurology 01 frontiersin.org
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Objectives: To explore the effectiveness of diffusion quantitative parameters 
derived from advanced diffusion models in detecting brain microstructural 
changes in patients with chronic kidney disease (CKD).

Methods: The study comprised 44 CKD patients (eGFR<59  mL/min/1.73  m2) 
and 35 age-and sex-matched healthy controls. All patients underwent diffusion 
spectrum imaging (DSI) and conventional magnetic resonance imaging. 
Reconstructed to obtain diffusion MRI models, including diffusion tensor 
imaging (DTI), neurite orientation dispersion and density imaging (NODDI) 
and Mean Apparent Propagator (MAP)-MRI, were processed to obtain multi-
parameter maps. The Tract-Based Spatial Statistics (TBSS) analysis was utilized for 
detecting microstructural differences and Pearson correlation analysis assessed 
the relationship between renal metabolism markers and diffusion parameters 
in the brain regions of CKD patients. Receiver operating characteristic (ROC) 
curve analysis assessed the diagnostic performance of diffusion models, with 
AUC comparisons made using DeLong’s method.

Results: Significant differences were noted in DTI, NODDI, and MAP-MRI 
parameters between CKD patients and controls (p < 0.05). DTI indicated a decrease 
in Fractional Anisotropy(FA) and an increase in Mean and Radial Diffusivity (MD 
and RD) in CKD patients. NODDI indicated decreased Intracellular and increased 
Extracellular Volume Fractions (ICVF and ECVF). MAP-MRI identified extensive 
microstructural changes, with elevated Mean Squared Displacement (MSD) and 
Q-space Inverse Variance (QIV) values, and reduced Non-Gaussianity (NG), 
Axial Non-Gaussianity (NGAx), Radial Non-Gaussianity (NGRad), Return-to-
Origin Probability (RTOP), Return-to-Axis Probability (RTAP), and Return-to-
Plane Probability (RTPP). There was a moderate correlation between serum uric 
acid (SUA) and diffusion parameters in six brain regions (p  <  0.05). ROC analysis 
showed the AUC values of DTI_FA ranged from 0.70 to 0.793. MAP_NGAx in the 
Retrolenticular part of the internal capsule R reported a high AUC value of 0.843 
(p  <  0.05), which was not significantly different from other diffusion parameters 
(p  >  0.05).

Conclusion: The advanced diffusion models (DTI, NODDI, and MAP-MRI) are 
promising for detecting brain microstructural changes in CKD patients, offering 
significant insights into CKD-affected brain areas.
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1 Introduction

Chronic kidney disease (CKD) is a long-term condition marked 
by renal damage or a reduced glomerular filtration rate (eGFR) under 
60 mL/min/1.73m2 for over 3 months. With a global prevalence of 
about 9.1%, CKD presents a major public health issue (1). CKD 
increases the risk of cerebrovascular diseases (2, 3) and leads to 
oxidative stress escalation and vascular integrity compromise, 
resulting in neurological decline and structural brain damage, 
including cognitive impairment, brain atrophy, cerebral 
microhemorrhage and demyelination changes (4–6). Consequently, 
early detection of neuroimaging changes in CKD patients is vital for 
effective treatment and prognosis.

Magnetic resonance imaging (MRI) is a non-invasive technique 
extensively employed in clinical settings to identify structure and 
function changes in the brain. Studies on diffusion tensor imaging 
(DTI) have confirmed that the integrity of brain white matter in 
patients with CKD is altered (7–9). Among others, Liu et  al. also 
pointed out the existence of an association between abnormal WM 
integrity and clinical indicators (such as hemoglobin, serum urea, 
serum creatinine, serum calcium, and serum potassium levels).

However, DTI has certain limitations when analyzing nerve fiber 
intersection areas. Recently, more advanced models have been 
developed, such as neurite oriented diffusion and density imaging 
(NODDI) and mean apparent spread volume (MAP-MRI), able to 
provide clinically more specific characterization about the internal 
and external environment of nerve cells and the configuration of nerve 
fibers. Notably, the human body comprises different tissue types, each 
characterized by distinct dispersion sizes and directions. NODDI, 
enhances the understanding of the microstructural features of tissues 
by transcending the limitations of traditional DTI and non-Gaussian 
model-based approaches, categorizing brain tissue into three different 
compartments: intracellular volume fraction (ICVF), extracellular 
volume fraction (ECVF), and cerebrospinal fluid (10). In contrast to 
DTI and NODDI, MAP-MRI represents a cutting-edge, advanced 
quantitative diffusion model. MAP-MRI encompasses several key 
parameters, including return-to-origin probability (RTOP), return-to-
axis probability (RTAP), return-to-plane probability (RTPP), mean 
squared displacement (MSD), q-space inverse variance (QIV) and 
non-Gaussianity (NG). These parameters are sensitive to diffusion 
restriction and tissue composition variations (11).

Currently, NODDI and MAP-MRI have been applied in studying 
central nervous system diseases such as Alzheimer’s disease (12–15) 
and Parkinson’s disease (16–19), showing more advantages than DTI 
in describing complex nerve fiber structures in some studies. Research 
also extends to the identification, grading, and evaluation of central 
nervous system tumors (20, 21). Some researchers have asserted that 
NODDI and MAP-MRI represent formidable tools for in vivo 
assessment of brain microstructure, and they can provide new insights 
into the intricacies of cerebral tissue (10, 11). Nevertheless, to our 

knowledge, there have been limited reports on the application of 
NODDI and MAP-MRI models in evaluating both the microstructure 
and function of the brain in CKD patients (22). Moreover, there is a 
scarcity of studies comparing the diagnostic efficacy of DTI, NODDI 
and MAP in detecting changes in brain microstructure among CKD 
patients. Therefore, we intend to do a preliminary exploration of using 
diffusion MRI models to detect brain microstructure information 
among individuals with CKD.

Additionally, these diffusion MRI models can be simultaneously 
derived from diffusion spectral imaging (DSI), a grid acquisition 
model that reconstructs various diffusion MRI models through the 
raw diffusion data. This method not only epitomizes efficiency and 
cost-effectiveness but also facilitates the comparative evaluation of 
different models in discerning the brain’s microstructural nuances.

However, this study did not include diffusion kurtosis imaging 
(DKI), instead DTI, NODDI, and MAP-MRI were chosen because of 
their proven track record, clinical applicability, and the distinct but 
complementary information they provide about brain tissue 
microstructure. From general diffusion features (DTI) and neurite 
structure (NODDI) to complex water molecular diffusion patterns 
(MAP-MRI), this selection fits into our initial exploration of the 
expected microscopic changes in the brain in patients with 
CKD. Moreover, the inclusion of DKI, would require additional 
validation and analysis, potentially complicating the interpretation of 
our primary endpoints without significantly enhancing our 
understanding of CKD-related changes. However, we acknowledge the 
utility of DKI in broader neuroimaging research and suggest that 
future studies could include DKI to provide a more comprehensive 
assessment of microstructural alterations in CKD.

In this study, we conduct a preliminary prospective analysis using 
the DSI data,16 quantitative microstructural parameters derived from 
DTI, NODDI, MAP-MRI diffusion models to explore the changes in 
brain microstructure in CKD patients, and evaluate the correlation of 
these diffusion parameters with clinical experimental indicators 
related to renal function in CKD patients. Ultimately, we aimed to 
evaluate the diagnostic value of these parameters in reflecting 
CKD-related brain alterations.

2 Materials and methods

2.1 Participants

This study received approval from the Ethics Committee, and all 
subjects signed informed consent forms. A total of 44 CKD patients 
diagnosed were recruited in the study. The exclusion criteria were as 
follows: (1) obvious neurological disease, mental disease; (2) 
Traumatic brain injury, cerebral infarction, brain tumor; (3) Magnetic 
resonance imaging (MRI) to examine contraindications; (4) Audio-
visual impairment, (5) poor-quality MR images due to movement 
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artifacts. The inclusion criteria were as follows: (1) CKD patients 
diagnosed in the Department of Nephrology of our hospital followed 
the kidney disease outcomes quality initiative (K/DOQI) criteria with 
eGFR<59 mL/min/1.73 m2; (2) No history of kidney transplantation; 
(3) No drug abuse. In addition, 35 healthy volunteers, matched for sex 
and age, were recruited in this study.

2.2 Data acquisition

All subjects underwent structural MRI and DSI on a 3.0 T MRI 
scanner (MAGNETOM VIDA, Siemens Healthcare, Erlangen, 
Germany) with a 64-channel head coil. The DSI sequence was 
obtained in the axial plane using a half q-space Cartesian grid 
sampling procedure under the following parameters: TR/
TE = 4400/97 ms; FOV = 220 × 220 mm2; SMS factor = 2; slice 
thickness = 2.0 mm; voxel size = 2.0× 2.0× 2.0mm3; number of 
slices = 60; a total of 18 b-values = 0, 200, 350, 400, 550, 750, 950, 1,150, 
1,500, 1,700, 1,850, 1,900, 2,050, 2,100, 2,250, 2,450, 2,650, and 3,000 s/
mm2; a total of 128 diffusion sampling were acquired. High resolution 
3D T1-weighted imaging was performed using the MPRAGE 
sequence, with the following parameters: TR = 2,300 ms, TE = 2.45 ms, 
flip angle = 9°, FOV = 256 × 256 mm2, thickness = 0.9 mm, number of 
slices = 176, voxel size = 1 × 1 × 1 mm3, and the total scan time was 
4 min 8 s.

2.3 Diffusion data analysis

Multiple parameter maps of DTI, MAP-MRI and NODDI were 
obtained from DSI data calculated using an in-house prototype 
software developed by MR Station (Chengdu Zhongying Medical 
Technology Co., Ltd.). All raw diffusion imaging data need to 
be  converted to NIFTI format and subjected to eddy current 
correction (FSL). The maps of quantitative microstructural parameters 
are shown in Figure 1. The quantitative microstructural parameters 
are as follows:

DTI: axial diffusivity (AD), fractional anisotropy (FA), mean 
diffusivity (MD), Radial diffusivity (RD).

NODDI: extracellular volume fraction (ECVF), intracellular 
volume fraction (ICVF), isotropic volume fraction (ISOVF), 
orientation dispersion index (ODI).

MAP-MRI: mean squared displacement (MSD), non-Gaussianity 
(NG), Axial non-Gaussianity (NGAx), radial non-Gaussianity 
(NGRad), q-space inverse variance (QIV), return-to-axis probability 
(RTAP), return-to-origin probability (RTOP), return-to-plane 
probability (RTPP).

2.4 Tract-based spatial statistics processing

In order to evaluate the difference between CKD patients and 
healthy controls, diffusion parameter maps underwent processing 
through the Tract-Based Spatial Statistics (TBSS) pipeline within the 
FSL toolbox from the Oxford Center for Functional MRI of the Brain.1 
This involved: (a) nonlinear registration of FA maps for CKD and 
healthy controls to the FMRIB58_FA template; (b) affine alignment of 
all subjects to the 1 × 1 × 1 mm3 Montreal Neurological Institute 
(MNI152) standard space; (c) averaging, skeletonizing, and creating a 
mean FA skeleton from aligned images; (d) projecting FA and other 
parameter maps onto this mean FA skeleton. The brain was segmented 
into 50 regions using Johns Hopkins University (JHU) White Matter-
labels as masks.

2.5 Statistical analysis

For group difference analysis, nonparametric permutation tests 
were performed utilizing the randomize tool. The random 
permutations were set to 5,000. Threshold-free cluster enhancement 
(TFCE) was used for multiple comparison correction. The statistical 
threshold was set at p < 0.001. Finally, the results of comparison 
between groups were overlaid on JHU-White Matter-labels templates 
to localization of significant brain regions.

Statistical analyses were performed by using the IBM SPSS 23.0 
(IBM Corp, Armonk, NY, United States) software package. Pearson 
correction analysis was used to evaluate relationship between clinical 
data and diffusion parameter maps. The criterion for statistical 
significance was p < 0.05, with false discovery rate (FDR) used to 
correct for multiple comparisons.

1 http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

FIGURE 1

Comparison of three diffusion MRI maps showing brain 
microstructure. The top panel shows DTI parameters with Axial 
Diffusivity (AD), Fractional Anisotropy (FA), Mean Diffusivity (MD), and 
Radial Diffusivity (RD). The middle panel presents NODDI parameters: 
Extracellular Volume Fraction (ECVF), Intracellular Volume Fraction 
(ICVF), Isotropic Volume Fraction (ISOVF), and Orientation Dispersion 
Index (ODI). The bottom panel displays MAP-MRI parameters: Mean 
Squared Displacement (MSD), Non-Gaussianity (NG), Axial Non-
Gaussianity (NGAx), Radial Non-Gaussianity (NGRad), Q-space 
Inverse Variance (QIV), Return-to-Axis Probability (RTAP), Return-to-
Origin Probability (RTOP), and Return-to-Plane Probability (RTPP). 
Each parameter map reveals specific aspects of brain tissue 
microstructure.
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Receiver operating characteristic (ROC) curves were obtained and 
the area under the receiver operating characteristic curves (AUC) was 
calculated to measure the predictive performance of the diffusion MRI 
models in identifying structural changes in the CKD brain. The AUCs 
of different diffusion models were compared using Delong’s method. 
A significance threshold of p < 0.05 was applied, with differences 
reaching this level considered statistically significant.

3 Results

3.1 Study population

44 patients of CKD (27 males and 17 females; mean age, 
61.205 ± 11.496 years; age range, 43–86 years) and 35 healthy 
volunteers (12 males and 23 females; mean age, 63.286 ± 11.052 years; 
age, 42–87 years) were included in our study. There were no significant 
differences observed in terms of age and gender between the two 
groups. The demographic data results are presented in Table 1.

3.2 Diffusion quantitative parameters of 
DTI, NODDI and MAP-MRI

For the DTI model, brain areas with significantly higher AD 
values were mainly located in the Superior corona radiata L, Superior 
longitudinal fasciculus L, Inferior fronto-occipital fasciculus L in the 
CKD group compared to the HC group (p < 0.001). The FA values were 
significantly lower in the Middle cerebellar peduncle, Genu of corpus 
callosum, Body of corpus callosum, Splenium of corpus callosum, 
Anterior corona radiata R/L, Superior corona radiata R/L, Posterior 
thalamic radiation R/L in the CKD group compared to the HC group. 
However, the MD and RD values of these brain areas were increased 
(p < 0.001; Figure 2A).

For the NODDI model, brain areas with significantly higher 
ECVF values were mainly located in the Genu of corpus callosum, 
Body of corpus callosum, Splenium of corpus callosum, and bilateral 
Posterior limb of internal capsule, Retrolenticular part of internal 
capsule, Anterior corona radiata, Superior corona radiata, Posterior 
corona radiata, Posterior thalamic radiation, Superior longitudinal 
fasciculus. The ICVF values of these brain areas were decreased 
(p < 0.001; Figure 2B).

For the MAP-MRI model, the MSD and QIV values of frontal and 
occipital lobes were significantly higher in the CKD group compared 
to the HC group (p < 0.001). Compared with HC group, the NG, 
NGAx, NGRad values of the occipital and parietal lobes were lower in 
the CKD group (p < 0.001). Meanwhile, the RTAP and RTOP values 

of frontal, occipital and parietal lobes were also significantly decreased 
in the CKD (p < 0.001). The RTPP values of the left Superior corona 
radiata and Superior longitudinal fasciculus were lower in the CKD 
compared to the HC group (p < 0.001; Figure 2C).

3.3 Correlation between diffusion 
quantitative parameters and clinical 
indicators

Associations were found between Serum Uric Acid (SUA) and 
diffusion parameters, including MD, ECVF, ICVF, NGRad, QIV and 
RTOP across multiple fiber tracts. MD values in Superior cerebellar 
peduncle L were negatively correlated with SUA (r = −0.522, p < 0.001). 
ECVF values in Cerebral peduncle L, Retrolenticular part of internal 
capsule R, and Fornix L were negatively correlated with SUA 
(r = −0.431 to-0.496, p ≤ 0.003). ICVF values in Cerebral peduncle R/L 
and Fornix L showed positive correlations with SUA (r = 0.483 to 
0.546, p < 0.001). NGRad values in Corticospinal tract L, Cerebral 
peduncle R/L, and Fornix L were positively correlated with SUA 
(r = 0.444 to 0.535, p ≤ 0.001). QIV values in Cerebral peduncle R had 
a negative correlation with SUA (r = −0.511, p < 0.001). RTOP values 
in Cerebral peduncle R/L also correlated positively with SUA (r = 0.461 
to 0.540, p ≤ 0.002; Figure 3).

3.4 Diagnostic performances of advanced 
diffusion models

ROC analysis evaluated the diagnostic capabilities of diffusion 
parameters in six brain regions linked to SUA, namely Corticospinal 
tract L, Superior cerebellar peduncle R, Cerebral peduncles R/L, 
Retrolenticular part of internal capsule R, and Fornix L. The AUC 
values varied across these regions. The DTI model’s FA parameter 
showed comparable performance in the above brain regions 
(AUC = 0.707 to 0.793, p < 0.05). In addition, RD of the DTI performed 
well in Cerebral peduncle L, with an AUC value of 0.814. In the 
NODDI model, the AUC values of the ECVF and ICVF of the 
Retrolenticular part of internal capsule R were 0.771 and 0.743, 
respectively (p < 0.05). In the MAP-MRI model, NG and NGAx in the 
Retrolenticular part of internal capsule R performed well (AUC = 0.80, 
0.843, p < 0.05). MSD, QIV, and RTAP in Cerebral peduncle L, and 
RTOP and RTPP in Fornix L performed well (AUC = 0.714 to 0.793, 
p < 0.05; Figure 4). The results of DeLong’s tests showed that MAP_
NGAx (the highest AUC value) had no statistical significance with 
other diffusion parameters (p > 0.05). Detailed DeLong’s statistical 
analysis results are provided in Supplementary Material 1.

TABLE 1 Characteristics of subjects.

CKD (n  =  44) HC (n  =  35) p-value

Age(years) 43–86(61.205 ± 11.496) 42–87 (60.731 ± 10.654) p = 0.425

Gender (Male/Female) 27/17 12/23 p = 0.690

Hypertension 24 (54.5%) 0 NA

Diabetes 19 (43.2%) 0 NA

Duration (years) 0–15 (3.984 ± 4.422) 0 NA

Values are expressed as mean ± standard deviation. CKD, chronic kidney disease; HC, healthy controls; NA, not applicable.

https://doi.org/10.3389/fneur.2024.1387021
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Han et al. 10.3389/fneur.2024.1387021

Frontiers in Neurology 05 frontiersin.org

4 Discussion

Utilizing 3 different diffusion MRI models (DTI, NODDI, 
MAP-MRI), our study investigated the brain microstructure in CKD 
patients, revealing significant differences from controls and suggesting 
impaired neural integrity. We found a moderate correlation between 
serum uric acid (SUA) and diffusion parameters in key brain areas 
primarily the corticospinal tract L, cerebral peduncle, retrolenticular 
part of internal capsule R and fornix L. These findings illuminate the 
complex relationship between renal function and brain structure, 
indicating the potential of advanced imaging in probing CKD’s 
neurological impacts and SUA’s role as a biomarker.

4.1 Diffusion quantitative parameters

For DTI, the brain of CKD patients displayed alterations in the 
diffusion characteristics of corpus callosum, anterior and superior 
corona radiata, and posterior thalamic radiation, marked by reduced 
FA and elevated MD and RD. In addition, we found that AD values 
increased in Superior corona radiata L, Superior longitudinal 
fasciculus L, Inferior fronto-occipital fasciculus L. The decrease of FA 
signifies a disruption in the microstructural integrity of the white 
matter. The increase in MD, which represents the mean diffusivity of 

water molecules, may be due to the loss of axons and myelin sheaths 
and the increase in extracellular fluid. Such alterations align with 
previous studies that reported decreased FA and increased MD in 
CKD patients’ white matter (8, 23, 24). The inclusion of AD and RD 
in our analysis offers a more comprehensive understanding, as they 
indicate water molecules dispersion parallel and perpendicular to the 
fiber orientation, hinting at axon integrity and myelin damage. 
Moreover, our study uniquely identified reduced FA in the middle 
cerebellar peduncle, with only one similar finding reported 
previously (24).

In our NODDI analysis, CKD patients showed higher ECVF and 
lower ICVF values compared to controls. The increase of ECVF is 
related to the diffusion of neurite blocking molecules. ICVF, 
correlating with neurite density (NDI) (25), decreases when nerve 
cells are destroyed or lost, resulting in a smaller volume of the 
intracellular space. In our results, NODDI detected microstructural 
changes in areas not identified by DTI, like the posterior limb of the 
internal capsule and posterior radiative crown. A study comparing 
DTI and NODDI to assess brain white matter abnormalities found 
significant differences in NDI in certain voxels not detected by DTI_
FA (26). And they suggested that NODDI should be used in addition 
to DTI. Another previous research has also demonstrated that FA is 
less effective in areas with complex fiber structures (27). Obviously, 
our result is the support for their proposal. However, no significant 
changes in ODI were observed, possibly due to the limited statistical 

FIGURE 2

Diffusion parameter maps displaying microstructural differences between CKD patients and healthy controls. (A) Illustrates diffusion tensor imaging 
(DTI) parameters: axial diffusivity (AD), fractional anisotropy (FA), mean diffusivity (MD), and radial diffusivity (RD). (B) Depicts Neurite Orientation 
Dispersion and Density Imaging (NODDI) parameters: extracellular volume fraction (ECVF) and intracellular volume fraction (ICVF). (C) Shows Mean 
Apparent Propagator MRI (MAP-MRI) parameters: mean squared displacement (MSD), non-Gaussianity (NG), axial non-Gaussianity (NGAx), radial non-
Gaussianity (NGRad), and q-space inverse variance (QIV). Each column represents axial brain slices at different Z-coordinates, indicating the spatial 
distribution of these parameters within the brain. Green represents the mean FA skeleton of all subjects. Red–blue represent regions with significant 
statistical values (p  <  0.05).
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power resulting from the small sample size. This warrants further 
investigation through future longitudinal studies.

In complex biological tissues, water molecules’ diffusion often 
shows a non-Gaussian distribution due to cellular constraints (28). 
These microstructures cannot be adequately obtained by DTI and 
NODDI, but MAP-MRI can overcome this limitation. Our study 
revealed higher MSD and QIV values in CKD patients than in healthy 
individuals. MSD, is closely related to the MD metric (29, 30). But 
MSD is more sensitive to restricted diffusion components than MD 
(21, 29). The lower NG value in CKD patients, indicating neurite 
density, suggests reduced tissue complexity, possibly signifying axonal 
loss and demyelination. At present, there are limited studies on the 

direct relevance of MAP-MRI for chronic kidney disease. However, 
our findings are similar to a study on MAP-MRI in hemodialysis 
patients (22). Supporting this, research on Alzheimer’s disease has 
indicated that a decreased NG value could be indicative of axonal loss 
and demyelination (31). Changes in axial (NGAx) and radial (NGRad) 
neurite density also indicate changes in NG (11). Additionally, CKD 
patients had lower RTAP and RTOP values across most of the 
cerebrum. A previous study has reported that the family of zero 
displacement probabilities, including RTOP, RTAP, and RTPP, might 
better represent tissue microstructure changes than DTI metrics (32). 
The comprehensive results highlight the potential of MAP-MRI in 
advancing our understanding of CKD’s structural changes.

FIGURE 3

Serum uric acid (SUA) levels in CKD patients were significantly correlated with diffusion parameters in six brain regions. The regions and parameters 
include the corticospinal tract L, Superior cerebellar peduncle R, cerebellar peduncles R/L, Retrolenticular part of internal capsule R, and fornix L, with 
diffusion parameters (MD, ECVF, ICVF, NGRad, QIV, and RTOP). Each scatterplot displays the relationship between SUA levels (x-axis) and specific 
diffusion imaging parameters (y-axis) for the corresponding brain region, with red lines representing positive correlations and blue lines indicating 
negative correlations. L, left; R, right.
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4.2 Correlation analysis

Our study delineates a moderate relationship between SUA levels 
and diffusion parameters in brain regions, particularly in the cerebral 
peduncle and fornix L, suggesting a link with CKD. SUA is one of the 
indicators of renal function. Elevated SUA correlates negatively with 
MD in the superior cerebellar peduncle R, hinting enhanced water 
molecule diffusion, a marker of diminished tissue density or 
microstructural impairment. Such changes are frequently linked to 
oxidative stress from high SUA (33, 34), potentially triggering 
neuronal damage and compromising brain integrity (35, 36). 
Furthermore, SUA demonstrated a negative correlation with ECVF in 
the cerebral peduncle L and fornix L, coupled with a positive 
correlation with ICVF. This underlines the potential role of SUA in 
influencing cellular stress responses or metabolic alterations. The 
NGRad values in the bilateral cerebral peduncles and fornix L were 
positively correlated with SUA. This may be due to cellular stress and 
metabolic changes caused by high SUA levels, leading to changes in 
neurons and nerve fibers, thereby increasing NGRad values. Elevated 
SUA also associates positively with RTOP values in these regions, 
implying effects on cerebral microcirculation, possibly from 
SUA-induced microvascular damage or hemodynamic changes (37, 
38). Conversely, SUA exhibits a negative correlation with QIV in the 
superior cerebral peduncle R, indicating its adverse effects on vascular 
function, possibly reducing blood flow or causing vasoconstriction.

Overall, our results are similar to previous studies. These parallels 
underscore the role of elevated SUA, often resulting from impaired 

renal function, in inducing oxidative stress and vascular changes, 
thereby affecting brain structure in CKD patients. Although our 
results show that the correlation between SUA and brain 
microstructural changes in CKD patients is not obvious, our future 
work will address this issue by expanding the sample size.

4.3 Diagnostic performances of DTI, 
NODDI and MAP-MRI

The ROC curve analysis elucidates the diagnostic capabilities of 
various diffusion imaging parameters for CKD, highlighting the 
differential effectiveness of models in detecting CKD-related brain 
changes. The DTI model, particularly its FA parameter, demonstrated 
consistent diagnostic accuracy across multiple brain regions associated 
with SUA levels, with AUC values between 0.70 and 0.793. This 
consistency emphasizes DTI’s reliability in identifying brain 
microstructural alterations due to CKD, though it has limitations in 
capturing the full complexity of these changes compared to advanced 
techniques. The good diagnostic performance (0.814) of RD in 
Cerebral peduncle L was shown in our analysis, which can also help 
provide a more comprehensive understanding.

For the NOODI model, although it did not showcase outstanding 
AUC values in multiple brain regions, it provided critical insights into 
neurite density and orientation dispersion, complementing DTI and 
MAP-MRI results. This may be  due to the small sample size of 
our study.

FIGURE 4

ROC curves of diffusion imaging parameters in corresponding brain regions of CKD patients. These plots compared the diagnostic capabilities of DTI, 
NODDI, and MAP-MRI diffusion parameters in six SUA-related brain regions (AUC  >  0.5, p  <  0.05).
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In our results, we observed that MAP-MRI’s prowess extended to 
multiple brain regions. In specific regions of the brain, such as the 
retrolenticular part of the internal capsule R, the AUC value of MAP_
NGAx (0.843), was higher than other diffusion parameters, indicating 
potential regions where MAP-MRI may offer enhanced diagnostic 
sensitivity for detecting CKD microstructural changes. However, it is 
important to note that the DeLong’s test results did not provide robust 
statistical support for the overall superiority of MAP-MRI over DTI and 
NODDI. Therefore, while the results are promising for certain parameters 
in specific regions, they do not conclusively demonstrate that MAP-MRI 
is superior to DTI and NODDI across all regions or in a general clinical 
setting. But we cannot deny the ability of MAP-MRI to detect CKD-related 
brain changes. The advantage of MAP-MRI in predicting CKD’s brain 
microstructural changes needs to be verified in future studies with larger 
sample sizes. We will continue this work in the future to validate these 
preliminary findings and explore the underlying reasons for the variability 
in diagnostic performance between different brain regions.

These findings suggest that the three advanced diffusion MRI 
models could provide more detailed information in certain brain 
regions. Their detailed parameterization offers an additional view of 
CKD’s neurological changes, potentially guiding more precise and 
effective clinical interventions in the future.

Our study encountered several limitations. Firstly, owing to the 
small sample size and medication use, we  found no significant 
differences in serum creatinine and blood urea nitrogen levels between 
groups. Larger future studies or those involving varied populations 
could further explore the relationships between these biomarkers and 
CKD. In addition, the cross-sectional design of our study limits causal 
inferences about the severity of CKD and white matter integrity. 
Longitudinal studies tracking the progression of CKD will enhance 
our understanding of its impact on white matter microstructures. 
Additionally, future studies requiring more refined statistical models 
may help elucidate the differences and potential advantages of various 
diffusion MRI models, such as MAP-MRI, in detecting microstructural 
changes associated with CKD. Moreover, future research should 
integrate broader clinical indicators for a more comprehensive 
correlation analysis with microstructural changes.

5 Conclusion

In conclusion, three different diffusion MRI models (DTI, NODDI, 
MAP-MRI) have potential as non-invasive tools for early detection of 
CKD-related microstructural changes. Meanwhile, further studies with 
larger cohorts are also necessary to validate these preliminary findings.

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 humans were approved by The Ethics 
Committee of Zigong First People’s Hospital. The studies were 
conducted in accordance with the local legislation and institutional 
requirements. The participants provided their written informed 
consent to participate in this study.

Author contributions

LH: Data curation, Investigation, Visualization, Writing – original 
draft. JY: Data curation, Formal analysis, Software, Validation, Writing 
– review & editing, Writing – original draft. CY: Investigation, Writing 
– review & editing. WZ: Investigation, Writing – review & editing. 
YH: Investigation, Writing – review & editing. LZ: Resources, Writing 
– review & editing. JZ: Conceptualization, Funding acquisition, 
Project administration, Supervision, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work is 
supported by grants from the Zigong City Key Science and Technology 
Plan Project (no. 2022ZCYKY03) and the Zigong Public Hospital 
Reform and High-Quality Development Demonstration Project in 
2023 (no. ZG-KY-2023-008).

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/fneur.2024.1387021/
full#supplementary-material

References
 1. Collaboration, G.B.D.C.K.D. Global, regional, and national burden of chronic 

kidney disease, 1990-2017: a systematic analysis for the global burden of disease study 
2017. Lancet. (2020) 395:709–33. doi: 10.1016/S0140-6736(20)30045-3

 2. Mogi M, Horiuchi M. Clinical interaction between brain and kidney in  
small vessel disease. Cardiol Res Pract. (2011) 2011:306189:1–5. doi: 
10.4061/2011/306189

https://doi.org/10.3389/fneur.2024.1387021
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2024.1387021/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1387021/full#supplementary-material
https://doi.org/10.1016/S0140-6736(20)30045-3
https://doi.org/10.4061/2011/306189


Han et al. 10.3389/fneur.2024.1387021

Frontiers in Neurology 09 frontiersin.org

 3. Nickolas TL, Khatri M, Boden-Albala B, Kiryluk K, Luo X, Gervasi-Franklin P, et al. 
The association between kidney disease and cardiovascular risk in a multiethnic cohort: 
findings from the northern Manhattan study (NOMAS). Stroke. (2008) 39:2876–9. doi: 
10.1161/STROKEAHA.107.513713

 4. Benjamin P, Lawrence AJ, Lambert C, Patel B, Chung AW, MacKinnon AD, et al. 
Strategic lacunes and their relationship to cognitive impairment in cerebral small vessel 
disease. Neuroimage Clin. (2014) 4:828–37. doi: 10.1016/j.nicl.2014.05.009

 5. Helmer C, Stengel B, Metzger M, Froissart M, Massy ZA, Tzourio C, et al. Chronic 
kidney disease, cognitive decline, and incident dementia: the 3C study. Neurology. (2011) 
77:2043–51. doi: 10.1212/WNL.0b013e31823b4765

 6. Pantoni L. Cerebral small vessel disease: from pathogenesis and clinical 
characteristics to therapeutic challenges. Lancet Neurol. (2010) 9:689–701. doi: 10.1016/
S1474-4422(10)70104-6

 7. Chou MC, Ko CH, Hsieh TJ, Chang JM, Chung WS. A preliminary report of 
longitudinal white matter alterations in patients with end-stage renal disease: a three-
year diffusion tensor imaging study. PLoS One. (2019) 14:e0215942. doi: 10.1371/
journal.pone.0215942

 8. Liu M, Wu Y, Wu X, Ma X, Yin Y, Fang H, et al. White matter microstructure 
changes and cognitive impairment in the progression of chronic kidney disease. Front 
Neurosci. (2020) 14:559117. doi: 10.3389/fnins.2020.559117

 9. Yin Y, Li M, Li C, Ma X, Yan J, Wang T, et al. Reduced white matter integrity with 
cognitive impairments in end stage renal disease. Front Psychol. (2018) 9:143. doi: 
10.3389/fpsyt.2018.00143

 10. Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC. NODDI: practical 
in  vivo neurite orientation dispersion and density imaging of the human brain. 
NeuroImage. (2012) 61:1000–16. doi: 10.1016/j.neuroimage.2012.03.072

 11. Ozarslan E, Koay CG, Shepherd TM, Komlosh ME, Irfanoglu MO, Pierpaoli C, et al. 
Mean apparent propagator (MAP) MRI: a novel diffusion imaging method for mapping tissue 
microstructure. NeuroImage. (2013) 78:16–32. doi: 10.1016/j.neuroimage.2013.04.016

 12. Parker TD, Slattery CF, Zhang J, Nicholas JM, Paterson RW, Foulkes AJM, et al. Cortical 
microstructure in young onset Alzheimer's disease using neurite orientation dispersion and 
density imaging. Hum Brain Mapp. (2018) 39:3005–17. doi: 10.1002/hbm.24056

 13. Shahid SS, Wen Q, Risacher SL, Farlow MR, Unverzagt FW, Apostolova LG, et al. 
Hippocampal-subfield microstructures and their relation to plasma biomarkers in 
Alzheimer's disease. Brain. (2022) 145:2149–60. doi: 10.1093/brain/awac138

 14. Vogt NM, Hunt JF, Adluru N, Dean DC, Johnson SC, Asthana S, et al. Cortical 
microstructural alterations in mild cognitive impairment and Alzheimer's disease 
dementia. Cereb Cortex. (2020) 30:2948–60. doi: 10.1093/cercor/bhz286

 15. Wen Q, Mustafi SM, Li J, Risacher SL, Tallman E, Brown SA, et al. White matter 
alterations in early-stage Alzheimer's disease: a tract-specific study. Alzheimers Dement 
(Amst). (2019) 11:576–87. doi: 10.1016/j.dadm.2019.06.003

 16. Kamagata K, Zalesky A, Hatano T, Ueda R, di Biase MA, Okuzumi A, et al. Gray 
matter abnormalities in idiopathic Parkinson's disease: evaluation by diffusional kurtosis 
imaging and neurite orientation dispersion and density imaging. Hum Brain Mapp. 
(2017) 38:3704–22. doi: 10.1002/hbm.23628

 17. le H, Zeng W, Zhang H, Li J, Wu X, Xie M, et al. Mean apparent propagator MRI 
is better than conventional diffusion tensor imaging for the evaluation of Parkinson's 
disease: a prospective pilot study. Front Aging Neurosci. (2020) 12:563595. doi: 10.3389/
fnagi.2020.563595

 18. Mitchell T, Archer DB, Chu WT, Coombes SA, Lai S, Wilkes BJ, et al. Neurite 
orientation dispersion and density imaging (NODDI) and free-water imaging in 
parkinsonism. Hum Brain Mapp. (2019) 40:5094–107. doi: 10.1002/hbm.24760

 19. Ogawa T, Hatano T, Kamagata K, Andica C, Takeshige-Amano H, Uchida W, et al. 
White matter and nigral alterations in multiple system atrophy-parkinsonian type. NPJ 
Parkinsons Dis. (2021) 7:96. doi: 10.1038/s41531-021-00236-0

 20. Gao A, Zhang H, Yan X, Wang S, Chen Q, Gao E, et al. Whole-tumor histogram 
analysis of multiple diffusion metrics for glioma genotyping. Radiology. (2022) 
302:652–61. doi: 10.1148/radiol.210820

 21. Wang P, Weng L, Xie S, He J, Ma X, LI B, et al. Primary application of mean 
apparent propagator-MRI diffusion model in the grading of diffuse glioma. Eur J Radiol. 
(2021) 138:109622. doi: 10.1016/j.ejrad.2021.109622

 22. Richerson WT, Muftuler LT, Wolfgram DF, Schmit BD. Characterization of 
diffusion MRI using the mean apparent propagator model in hemodialysis patients: a 
pilot study. Magn Reson Imaging. (2023) 102:69–78. doi: 10.1016/j.mri.2023.04.007

 23. Gupta A, Lepping RJ, Yu AS, Perea RD, Honea RA, Johnson DK, et al. Cognitive 
function and white matter changes associated with renal transplantation. Am J Nephrol. 
(2016) 43:50–7. doi: 10.1159/000444334

 24. Jiang Y, Gao Q, Liu Y, Gao B, Che Y, Lin L, et al. Reduced white matter integrity 
in patients with end-stage and non-end-stage chronic kidney disease: a tract-based 
spatial statistics study. Front Hum Neurosci. (2021) 15:774236. doi: 10.3389/
fnhum.2021.774236

 25. Adluru G, Gur Y, Anderson JS, Richards LG, Adluru N, DiBella EV. Assessment 
of white matter microstructure in stroke patients using NODDI. Annu Int Conf IEEE 
Eng Med Biol Soc. (2014) 2014:742–5. doi: 10.1109/EMBC.2014.6943697

 26. Timmers I, Roebroeck A, Bastiani M, Jansma B, Rubio-Gozalbo E, Zhang H. 
Assessing microstructural substrates of white matter abnormalities: a comparative study 
using DTI and NODDI. PLoS One. (2016) 11:e0167884. doi: 10.1371/journal.
pone.0167884

 27. Alexander AL, Hasan KM, Lazar M, Tsuruda JS, Parker DL. Analysis of partial 
volume effects in diffusion-tensor MRI. Magn Reson Med. (2001) 45:770–80. doi: 
10.1002/mrm.1105

 28. Khairnar A, Ruda-Kucerova J, Szabó N, Drazanova E, Arab A, Hutter-Paier B, et al. 
Early and progressive microstructural brain changes in mice overexpressing human 
α-Synuclein detected by diffusion kurtosis imaging. Brain Behav Immun. (2017) 
61:197–208. doi: 10.1016/j.bbi.2016.11.027

 29. Ning L, Westin CF, Rathi Y. Estimating diffusion propagator and its moments 
using directional radial basis functions. IEEE Trans Med Imaging. (2015) 34:2058–78. 
doi: 10.1109/TMI.2015.2418674

 30. Wu YC, Field AS, Alexander AL. Computation of diffusion function measures in 
q-space using magnetic resonance hybrid diffusion imaging. IEEE Trans Med Imaging. 
(2008) 27:858–65. doi: 10.1109/TMI.2008.922696

 31. Moody JF, Dean DC 3rd, Kecskemeti SR, Blennow K, Zetterberg H, Kollmorgen 
G, et al. Associations between diffusion MRI microstructure and cerebrospinal fluid 
markers of Alzheimer's disease pathology and neurodegeneration along the Alzheimer's 
disease continuum. Alzheimers Dement (Amst). (2022) 14:e12381. doi: 10.1002/
dad2.12381

 32. Avram AV, Sarlls JE, Barnett AS, Ozarslan E, Thomas C, Irfanoglu MO, et al. 
Clinical feasibility of using mean apparent propagator (MAP) MRI to characterize brain 
tissue microstructure. NeuroImage. (2016) 127:422–34. doi: 10.1016/j.
neuroimage.2015.11.027

 33. Johnson RJ, Kang DH, Feig D, Kivlighn S, Kanellis J, Watanabe S, et al. Is there a 
pathogenetic role for uric acid in hypertension and cardiovascular and renal disease? 
Hypertension. (2003) 41:1183–90. doi: 10.1161/01.HYP.0000069700.62727.C5

 34. Zhang JX, Zhang YP, Wu QN, Chen B. Uric acid induces oxidative stress via an 
activation of the renin-angiotensin system in 3T3-L1 adipocytes. Endocrine. (2015) 
48:135–42. doi: 10.1007/s12020-014-0239-5

 35. Hozawa A, Folsom AR, Ibrahim H, Nieto FJ, Rosamond WD, Shahar E. Serum 
uric acid and risk of ischemic stroke: the ARIC study. Atherosclerosis. (2006) 187:401–7. 
doi: 10.1016/j.atherosclerosis.2005.09.020

 36. Vannorsdall TD, Jinnah HA, Gordon B, Kraut M, Schretlen DJ. Cerebral ischemia 
mediates the effect of serum uric acid on cognitive function. Stroke. (2008) 39:3418–20. 
doi: 10.1161/STROKEAHA.108.521591

 37. Hwu CM, Lin KH. Uric acid and the development of hypertension. Med Sci Monit. 
(2010) 16:RA224-230.

 38. Rich MW. Uric acid: is it a risk factor for cardiovascular disease? Am J Cardiol. 
(2000) 85:1018–21. doi: 10.1016/s0002-9149(99)00922-4

https://doi.org/10.3389/fneur.2024.1387021
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1161/STROKEAHA.107.513713
https://doi.org/10.1016/j.nicl.2014.05.009
https://doi.org/10.1212/WNL.0b013e31823b4765
https://doi.org/10.1016/S1474-4422(10)70104-6
https://doi.org/10.1016/S1474-4422(10)70104-6
https://doi.org/10.1371/journal.pone.0215942
https://doi.org/10.1371/journal.pone.0215942
https://doi.org/10.3389/fnins.2020.559117
https://doi.org/10.3389/fpsyt.2018.00143
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1016/j.neuroimage.2013.04.016
https://doi.org/10.1002/hbm.24056
https://doi.org/10.1093/brain/awac138
https://doi.org/10.1093/cercor/bhz286
https://doi.org/10.1016/j.dadm.2019.06.003
https://doi.org/10.1002/hbm.23628
https://doi.org/10.3389/fnagi.2020.563595
https://doi.org/10.3389/fnagi.2020.563595
https://doi.org/10.1002/hbm.24760
https://doi.org/10.1038/s41531-021-00236-0
https://doi.org/10.1148/radiol.210820
https://doi.org/10.1016/j.ejrad.2021.109622
https://doi.org/10.1016/j.mri.2023.04.007
https://doi.org/10.1159/000444334
https://doi.org/10.3389/fnhum.2021.774236
https://doi.org/10.3389/fnhum.2021.774236
https://doi.org/10.1109/EMBC.2014.6943697
https://doi.org/10.1371/journal.pone.0167884
https://doi.org/10.1371/journal.pone.0167884
https://doi.org/10.1002/mrm.1105
https://doi.org/10.1016/j.bbi.2016.11.027
https://doi.org/10.1109/TMI.2015.2418674
https://doi.org/10.1109/TMI.2008.922696
https://doi.org/10.1002/dad2.12381
https://doi.org/10.1002/dad2.12381
https://doi.org/10.1016/j.neuroimage.2015.11.027
https://doi.org/10.1016/j.neuroimage.2015.11.027
https://doi.org/10.1161/01.HYP.0000069700.62727.C5
https://doi.org/10.1007/s12020-014-0239-5
https://doi.org/10.1016/j.atherosclerosis.2005.09.020
https://doi.org/10.1161/STROKEAHA.108.521591
https://doi.org/10.1016/s0002-9149(99)00922-4

	Assessing brain microstructural changes in chronic kidney disease: a diffusion imaging study using multiple models
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Data acquisition
	2.3 Diffusion data analysis
	2.4 Tract-based spatial statistics processing
	2.5 Statistical analysis

	3 Results
	3.1 Study population
	3.2 Diffusion quantitative parameters of DTI, NODDI and MAP-MRI
	3.3 Correlation between diffusion quantitative parameters and clinical indicators
	3.4 Diagnostic performances of advanced diffusion models

	4 Discussion
	4.1 Diffusion quantitative parameters
	4.2 Correlation analysis
	4.3 Diagnostic performances of DTI, NODDI and MAP-MRI

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

