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Purpose: The purpose of this study was to observe cerebral microstructure and microcirculation features, as well as changes in white 
matter (WM) and gray matter (GM) among patients with non-neuropsychiatric systemic lupus erythematosus (non-NPSLE).
Methods: We compared 36 female patients with non-NPSLE and 20 age- and gender-matched healthy controls (HCs) who underwent 
3.0T MRI imaging with diffusion kurtosis imaging (DKI) and 3D pseudo-continuous Arterial Spin Labeling (pCASL). Mean kurtosis 
(MK), mean kurtosis tensor (MKT), and cerebral blood flow (CBF) values were obtained from 25 brain regions, including WM and 
GM. We analyzed the correlation between imaging indicators and clinical data.
Results: When compared with HCs, patients with non-NPSLE had reduced MK and MKT values in regional WM, deep GM, and the 
left frontal lobe cortical GM, and increased CBF in the right parietal lobe WM and right semioval center (SOC). The MK and MKT 
values were weakly correlated with CBF in some regions, including WM and GM. Complement 3 (C3) and Complement 4 (C4) 
showed a weak positive correlation with MK and MKT in some regions, including WM and deep GM, while platelet (PLT) was 
positively correlated with MKT in the left frontal lobe WM; dsDNA antibody was correlated negatively with MK in the right occipital 
lobe WM; and erythrocyte sedimentation rate (ESR) was correlated negatively with CBF in the left SOC.
Conclusion: Our findings revealed the presence of brain microstructural and microvascular abnormalities in non-NPSLE patients, 
indicating microstructural damage in the cortical GM, which was less commonly reported. We found DKI and pCASL useful in 
detecting early brain lesions, and MK was a more sensitive and beneficial indicator.
Keywords: arterial spin labeling, cerebral blood flow, diffusion kurtosis imaging, gray matter, systemic lupus erythematosus, white 
matter

Introduction
Systemic lupus erythematosus (SLE) is a chronic, recurring, female-predominant autoimmune connective tissue disorder 
that affects various organ systems, including the central nervous system. In non-neuropsychiatric SLE (non-NPSLE), the 
patient does not have associated neuropsychiatric clinical symptoms. However, studies have shown that such patients 
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have abnormal functional systems such as working memory, attention, learning and memory, and language processing,1–4 

which may increase the burden of study and work to some extent. Studies have shown that cerebral microstructural and 
microcirculatory abnormalities occur in patients with non-NPSLE5–8 but the results have been inconsistent. Such 
alterations are difficult to detect and diagnose using conventional MRI, which simply shows abnormal signals in white 
matter (WM) areas and lacks specificity. We designed this study to better understand and observe cerebral microstructural 
and microvascular changes in non-NPSLE patients. These have been studied using advanced brain imaging methods such 
as MRI diffusion imaging and perfusion imaging.

Diffusion tensor imaging (DTI) is a diffusion-weighted technique for visualizing cerebral WM injury. Jung et al observed 
a reduction of the fractional anisotropy (FA) value within WM in all patients with SLE.9,10 In another study, a topology 
model that was created showed significantly lowered global and local network efficiency, prolonged feature path length, and 
reduced strength of connections.11 Furthermore, DTI indicated that the extent of brain impairment was related to the severity, 
activity, and course of the disease.12 In comparison with DTI, diffusional kurtosis imaging (DKI) is a more accurate and 
noninvasive imaging technology that can accurately detect changes in tissue structure, particularly in non-homogenous 
tissue.13 It is unaffected by environmental anisotropies and can quantify diffusion and non-Gaussian distributions within 
intricate living tissues. The mean kurtosis (MK) is defined as the average of the kurtosis coefficients in all spatial directions, 
analogous to the mean diffusivity (MD) in DTI. The determination relies on the diffusion and kurtosis tensors. The mean 
kurtosis tensor (MKT) is an averaged kurtosis measure, distinct from the diffusion tensor.14 Both the MK and the MKT 
display directional diffusion limitations and intricate organization. More pronounced diffusion limitation and more complex 
organization are indicated by higher MK and MKT values. In DKI, the MK and MKT are measured in vivo to reveal 
microstructure changes both in gray matter (GM) and WM.14–16 It has been extensively used in several studies, including in 
both pathological and normal conditions such as cerebral infarction, aging, neurodegeneration, brain injury, and tumors.17–20 

There are a few reports on using DKI techniques to explore microstructural features in patients with SLE.21,22

Perfusion imaging has been utilized to assess cerebral microvasculature changes in patients with SLE. The use of 
invasive dynamic susceptibility contrast-enhanced T2*-weighted perfusion MRI (DSC-MRI) to determine cerebral 
perfusion in SLE has been studied more frequently, but the results have been inconsistent.23–25 Pseudo-continuous 
arterial spin labeling (pCASL) MRI-perfusion is a quantitative technique to measure cerebral blood flow (CBF) by 
continuously labeling blood flowing into an artery with a series of discontinuous short radiofrequency (RF) pulses, and 
applying a gradient wave during the RF inter-emission interval to mimic a continuous pulse labeling method. Rapid 
whole-brain imaging is performed after the labeled blood has flowed into the brain tissue, and perfusion-weighted CBF 
images are obtained by calculating whole-brain perfusion changes through labeling control imaging,26 and offers several 
advantages over traditional perfusion imaging. These benefits include the fact that no contrast agent is necessary, the 
procedure is noninvasive, and repeatable scans that provide similar information can be obtained. To date, pCASL has 
been used in a variety of neurological and psychiatric diseases, including tumors, injuries, and ischemic diseases,27–29 but 
few studies have investigated its utility in assessing microcirculation changes in patients with SLEs.

In this study, we compared and investigated differences in the brain microstructure and microcirculation in non- 
NPSLE patients and healthy controls (HCs) using DKI and pCASL parameters (MK, MKT, and CBF), as well as 
explored the potential relationship between MRI findings and clinical data.

Materials and Methods
Patients and Healthy Controls
The experimental group patients were identified from the Department of Rheumatology, Longyan First Affiliated 
Hospital of Fujian Medical University, Fujian, China, as per the American College of Rheumatology (ACR) criteria 
and without any neuropsychiatric syndromes,30 diagnosed as non-NPSLE, and without any comorbidities such as other 
types of connective tissue diseases, cerebrovascular lesions, and a variety of conditions that cause brain damage, etc. (eg, 
hypertension, diabetes mellitus, stroke, and traumatic injuries), and those who met the above diagnostic criteria were 
included in the study. Individuals comprising the healthy control group were enlisted from the Department of Physical 
Examination, and were excluded if they had any autoimmune disease, serious vascular disease, head trauma, tumor, 
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alcoholism, or any other neurological disorder. All study participants were 18–60 year old females, right-handed, Han 
nationality, had at least 9 years of education, and able to fully cooperate with MRI scans, and their conventional MRI 
scanning revealed no significant abnormalities.

Clinical and Laboratory Data
Clinical and laboratory data were obtained from outpatient and inpatient medical records and then carefully reviewed by 
two researchers (Xiaojuan and Lingling) to ensure that there were no errors in the data. In this study, we collected details 
pertaining to the duration of disease, activity, serological and immunological indexes such as hemoglobin (HGB), platelet 
(PLT), erythrocyte sedimentation rate (ESR), complement 3 (C3), complement 4 (C4), antinuclear antibodies, ds-DNA 
antibody, and 24-hour proteinuria. Laboratory results for all subjects were completed within three days before and after 
the MRI scan, and disease activity was calculated within the same time frame.

MRI Acquisition and Processing
All the volunteers underwent scanning on a 3.0 T MR scanner (Ingenia CX, Philips Healthcare, Best, the Netherlands) 
with a 16-channel head coil. For each participant, foam pads were used to keep the head immobile. T1-weighted imaging 
(T1WI), 3D pCASL, and DKI images were acquired. For the 3D pCASL images, a GraSE sequence was used, with TSE 
factor = 32, EPI factor = 15, TR/TE =4116/12ms, field of view (FOV) = 240*240*84 mm3, acquisition voxel size = 
3.75*3.75*5 mm3, post-labeling delay = 1800 ms, and total acquisition time = 2 min. 36s. The pCASL images were 
processed with IntelliSpace Portal (v9, Philips Healthcare, Best, the Netherlands) to get the CBF map. For the DKI 
images, EPI factor = 41, TR/TE = 5709/99 ms, FOV = 222*222 mm2, voxel size = 2.7*2.7 mm2, slice thickness = 
2.7 mm, 45 slices. 3 b-values (0, 1000, and 2000s/mm2) with 32 directions, SENSE factor = 2, total acquisition time: 8 
min. 33s. To get the parameter maps (including MK and MKT). The DKI images were processed with ISMS 
(IntelliSpace Medicina Scientia), a software developed in-house based on the open-source tool DIPY (https://dipy.org).

We registered CBF, MK, and MKT maps to the T1WI structure image using the SPM12 toolbox (https://www.fil. 
ion.ucl.ac.uk/spm/). The Coregister function was used here. T1WI images were selected as the reference images, MK, 
MKT and CBF images were selected as the source images for the registration. MK, MKT, and CBF were calculated 
using the ImageJ software (https://imagej.nih.gov/ij/). Regions of interest (ROIs) were placed on T1WI and copied to 
the MK, MKT, and CBF images to obtain the corresponding MK, MKT, and CBF values. All participants were 
evaluated by two experienced radiologists (Xiaojuan and Lingling), who have over seven years of relevant experience. 
Based on some previous articles on studying brain microcirculation and microstructure,8,25 these 25 ROIs were 
finalized for this study, including the frontal lobe, temporal lobe, occipital lobe, parietal lobe, splenium of the corpus 
callosum (SCC), semioval center (SOC), thalamus, caudate nucleus, and lenticular nucleus (LN). Each ROI was 
manually mapped three times in a row, with each measurement spaced 3–5 days apart, and the average was taken as 
the result. Each ROI was measured in a circular range of approximately 14–20 mm2. All image data measurements 
were completed within two months.

Statistical Analysis
All statistical analyses were performed using R software (version 4.2.2). The intraclass correlation coefficient (ICC) test 
was performed to evaluate the imaging data collected by both radiologists, and the data were considered reliable when 
the ICC was ≥ 0.9. The Shapiro–Wilk test was used to check for normal distribution of all continuous variable data, and 
Levene’s test was used for checking homogeneity of variance. The Student’s t-test was used if the data followed a normal 
distribution and satisfied the variance homogeneity test; otherwise Wilcoxon test was used. MK, MKT, and CBF mean 
values were utilized to compare the non-NPSLE group and the HCs group, t-tests and Wilcoxon tests were used based on 
their normality tests and homogeneity of variance results. Spearman and Pearson correlation analyses were used to 
calculate the relationship between imaging measurements and clinical and laboratory data. For continuous variables that 
conformed to a normal distribution (eg, Age, Education, C3, C4, HGB, etc.), we used Pearson correlation analyses, and 
for all others, Spearman was used. All measurement data were presented as mean ± standard deviation if they conformed 
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to the normal distribution; otherwise, they were presented as median [1st quartile, 3rd quartile] values. Grades were 
expressed as percentages. A P-value of < 0.05 was considered statistically significant.

Results
General Demographics and Clinical Characteristics
We included 36 patients and 20 HCs in this study from a total of 38 non-NPSLE patients and 21 HCs after excluding 1 
due to image artifacts and 2 due to significant signal abnormalities in the brain. All study participants were female and 
aged between 18 and 60 years. There was no statistically significant difference in age or education between the two 
groups. The overall demographic features and clinical details are shown in Table 1. We selected one patient as 
a representative to show the image maps and the ROI-outlined area, as shown in Figure 1.

DKI and 3D pCASL Data and Analysis
In DKI, when compared with HCs, non-NPSLE study participants had lower MK and MKT levels in all WM ROIs; both 
MK and MKT decreased in the left frontal lobe WM and bilateral SOC; MK decreased in the right temporal and occipital 
lobe, and MKT decreased in the left temporal and occipital lobe, which were statistically significant. Despite this, lower 
MK of cerebral cortex GM was detected only in the left frontal lobe. Furthermore, the MK and MKT values decreased in 
deep GM, including the bilateral thalamus and LN, whereas the MK value decreased in SCC.

In 3D pCASL, when compared with HCs, non-NPSLE study participants showed increased CBF values in WM, 
which were significantly elevated in the right parietal lobe WM and right SOC, but there were no significant differences 
in CBF values in other regions. The differences between the two groups with a P value < 0.05 are shown in Table 2. 
A comparison of the mean MK, MKT, and CBF values in all ROIs between the two groups is shown in Table S1.

Correlation Between DKI and 3D pCASL and Between Imaging Metrics and Clinical 
Features
The MKT value was weakly positively correlated with CBF in the right parietal lobe WM (P = 0.045, r = 0.34), left 
thalamus (P = 0.028, r = 0.37), and the right temporal lobe GM (P = 0.032, r = 0.36), but negatively in the left parietal 

Table 1 Demographic Feature and Clinical Information of Non-NPSLE Patients and the Healthy 
Controls (HC) in This Study

Characteristics Non-NPSLE (n=36) HC (n=20) t P

Age (years) 39.4±12.0 40.9±11.4 0.458 0.65

Education (years) 12.35±3.47 11.7±4.13 −0.597 0.553

Disease duration (months) 71.3±46.7
SLEDAI (scores) 3.8 (0–16)

C3 (g/L, normal range 0.9–1.8) 0.76±0.31

C4 (g/L, normal range 0.1–0.4) 0.19±0.10
ds-DNA antibody (IU/mL, normal range 0–100) 63.90 [11.50, 472.15]

Antinuclear antibody

Negative (1:100,-) 3 (8.3%)
Weak positive (1:100,+) 6 (16.7%)

Positive (1:320,+) 17 (47.2%)

Strong positive (1:1000 or 1:3200,+) 10 (27.8%)
HGB (g/L, normal range 130–175) 113.8±23.4

PLT (109/L, normal range 125–350) 193.3±91.1

ESR (mm/H, normal range 0–20) 31.9±28.7
24 hours proteinuria (mg/24h, normal range 50–80) 257.00 [48.70, 545.12]
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lobe GM (P = 0.01, r = −0.42). The MK value was weakly positively correlated with CBF in the right occipital lobe GM 
(P = 0.044, r = 0.34), as shown in Figure 2. There were no other significant correlations between MK, MKT, and CBF.

In non-NPSLE, PLT correlated positively with MKT in the left frontal WM (P = 0.04, r = 0.34). C3 correlated 
positively with MKT in the left temporal lobe WM (P = 0.04, r = 0.34), and MK values in some regions, including the 
right occipital lobe WM (P = 0.01, r = 0.4), right temporal lobe WM (P = 0.012, r = 0.41), left LN (P = 0.01, r = 0.42), 
and the right thalamus (P = 0.017, r = 0.39); C4 correlated positively with MK in the right occipital lobe WM (P = 0.03, 
r = 0.36); ds-DNA antibody correlated negatively with MK in the right occipital lobe WM (P = 0.02, r = −0.35), and ESR 
correlated negatively with CBF in the left SOC (P = 0.03, r = −0.35), as shown in Table 3. No other significant 
correlations were observed between imaging metrics and clinical data.

Figure 1 Representative images and measurements within 25 brain regions of a non-NPSLE patient. A1–5, T1WI, level of RIOs in different brain regions; B1–5, CBF, cerebral 
blood flow (in unit mL/100g/min); C1–5, MK, mean kurtosis; D1–5, MKT, mean kurtosis tensor. The temporal lobe ROIs were selected at the level of the transcerebral horn 
in the region of the middle temporal gyrus. The frontal lobe ROIs were selected in the region of the middle and inferior frontal gyrus at the level where the distance between 
the anterior horns of the bilateral lateral ventricles was greatest. The occipital lobe ROIs were selected as the posterior occipital region at the level of the lateral ventricular 
triangle. The parietal lobe ROIs were selected from the precuneus region in axial section through the cingulate gyrus. The caudate nucleus, thalamus, and lenticular nucleus 
(LN) ROIs were chosen to be outlined in the corresponding brain regions of the inner capsule in a better section, and the splenium of the corpus callosum (SCC) ROIs were 
chosen to be outlined in the near midline region at the same level. The semioval center (SOC) ROIs were located in the white matter area adjacent to the body of the lateral 
ventricle at the upper level.
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Discussion
In this study, we used diffusion and perfusion-weighted imaging techniques to describe the early microstructural and 
microcirculatory alterations in GM and WM in the brain of non-NPSLE patients without obvious abnormal signals.

To begin with, we used DKI to evaluate brain microstructure damage in patients with non-NPSLE. MK and MKT 
values were mainly decreased in the WM and deep GM of the brain, which was consistent with previous findings.22 In 
most earlier reports, SLE brain microstructural changes were mainly concentrated in the WM and decreased FA values in 
the network fiber.12,25,31 Furthermore, it has been demonstrated that the network link efficiency and homotopic 
connectivity were significantly lowered while the feature path was lengthened in non-NPSLE.32,33 These brain damages 
may be due to a reduction in the structural complexity of the tissue and may be related to degenerative processes caused 
by axonal and myelin changes and neuronal contraction,15,34 which can be indicated by MK and MKT levels.

A notable finding of our study was the decreased MK value of the left frontal GM and the associated fiber of the SCC 
in non-NPSLE compared with HCs, which is in line with some previous reports, they proposed that reduced cortical GM 
volume and cortical thickness of the frontal cortex and frontal super cortex were mainly involved in cognitive and 
executive functions.35,36 The CC is the largest transverse fiber structure connecting the hemispheric projection fibers. 
Lower FA and higher MD values have been confirmed in the CC of patients with non-NPSLE, suggesting impairment of 
CC integrity,37 and our results were consistent with this. In another study, the function of the temporal lobe, which plays 
an important role in mood modulation, was visibly lower in non-NPSLE patients within the default mode network 
(DMN).38 The frontal cortex plays a key and not negligible role in social cognition and emotional regulation, and in our 

Table 2 MK, MKT and CBF Values Achieved Statistically Significant Differences 
Between Non-NPSLE Patients and Healthy Controls

Project Brain Region Mean P

Non-NPSLE HC

MK L frontal GM 0.98±0.05 1.00±0.04 0.04
L thalamus 1.26±0.09 1.31±0.12 0.039

R thalamus 1.24±0.09 1.3±0.1 0.036
L SOC 1.5±0.11 1.57±0.07 0.028

R SOC 1.52±0.1 1.59±0.06 0.023

SCC 1.45±0.14 1.58±0.18 0.002
L LN 1.26±0.11 1.36±0.12 0.0028

R LN 1.26±0.1 1.36±0.12 0.003

L frontal WM 1.374±0.13 1.47±0.08 0.002
R temporal WM 1.36±0.13 1.44±0.09 0.02

R occipital WM 1.39±0.1 1.44±0.06 0.012

MKT L frontal WM 1.37±0.14 1.46±0.1 0.01
L temporal WM 1.32±0.1 1.38±0.08 0.049

L occipital WM 1.35±0.11 1.4±0.07 0.01
L SOC 1.43±0.09 1.5±0.05 0.007

R SOC 1.47±0.09 1.55±0.05 0.003

L LN 1.29±0.11 1.35±0.12 0.04
R LN 1.27±0.1 1.36±0.13 0.007

L thalamus 1.26±0.08 1.32±0.11 0.023

R thalamus 1.23±0.09 1.33±0.12 <0.001

CBF [mL/100g/min] R parietal WM 32.9±5.69 29.77±5.13 0.047
R SOC 26.33±6.36 22.56±4.51 0.02

Notes: Student’s t-test and Wilcox test were used to compare the mean between two groups. P-value less than 
0.05 was considered significant. 
Abbreviations: GM, gray matter; WM, white matter; MK, mean kurtosis; MKT, mean kurtosis tensor; CBF, 
cerebral blood flow; SOC, semioval centre; LN, lenticular nucleus; SCC, splenium of corpus callosum. L/R, left/ 
right.
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study, we found that the MK value in the left frontal GM was decreased, suggesting that DKI may be useful in 
investigating the relationship between cortical injury and cognitive impairments in SLE.

Furthermore, the study found that brain volume reduction was significant in the SLE group compared to the control 
group. GM volume atrophy was more widespread and evident than WM, affecting multiple lobes and the limbic cortex.36 

Figure 2 The correlation analysis of MK and CBF as well as MKT and CBF, coefficient R and the p-value <0.05 are show in above. GM, gray matter; WM, white matter; MK, 
mean kurtosis; MKT, mean kurtosis tensor; CBF, cerebral blood flow; Spearman’s and Pearson’s correlation was used between the imaging measurements, and a P value < 
0.05 was considered to be significant. (A) The correlation analysis of MKT and CBF in left parietal lobe GM. (B) The correlation analysis of MKT and CBF in right parietal 
lobe WM. (C) The correlation analysis of MKT and CBF in left thalamus. (D) The correlation analysis of MKT and CBF in right temporal lobe GM. (E) The correlation 
analysis of MK and CBF in right occipital lobe GM.

Table 3 Correlation Between MK, MKT, CBF and Clinical Indicators in Non-NPSLE Group (n = 36) Within Abnormal Brain Regions 
ROIs, Significant Correlations Were Shown in Below

Project Brain Region PLT (109/L) ESR (mm/H) Ds-DNA Antibody (IU/mL) C3 (g/L) C4 (g/L)

P R P R P R P R P R

MKT L frontal WM 0.04 0.34 0.5 0.11 0.97 0.01 0.1 0.28 0.5 0.12
L temporal WM 0.08 0.3 0.09 0.29 0.92 −0.02 0.04 0.34 0.73 0.06

MK R occipital WM 0.96 −0.01 0.1 −0.28 0.02 −0.35 0.01 0.4 0.03 0.36
L LN 0.66 0.07 0.87 0.03 0.2 −0.22 0.01 0.42 0.08 0.29

R thalamus 0.95 0.01 0.09 −0.28 0.44 −0.13 0.017 0.39 0.09 0.29
R temporal WM 0.81 0.04 0.14 −0.25 0.08 −0.29 0.012 0.41 0.09 0.29

CBF L SOC 0.51 −0.11 0.03 −0.35 0.38 −0.15 0.26 0.19 0.32 0.17

Notes: Spearman’s and Pearson’s correlations were used between imaging and clinical indicators, with P values less than 0.05 were considered significant. 
Abbreviations: GM, gray matter; WM, white matter; MK, mean kurtosis; MKT, mean kurtosis tensor; CBF, cerebral blood flow; SOC, semioval centre; LN, lenticular 
nucleus.
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We hypothesized that the GM volume loss was primarily caused by neuronal cell body, synapse, and dendrite damage 
and death, and that these changes would lead to the increase of extracellular space and lower the complexity and integrity 
of this tissue. MK and MKT have similar capabilities to represent the complexity of tissue microstructure, which was 
calculated using two different approaches.14 Interestingly, in this study, they showed varied outcomes; for instance, with 
respect to the temporal and occipital lobe WM, MK values decreased in the right in both, while MKT values decreased in 
the left in both. Furthermore, MK showed more abnormal information in the brain regions when compared to MKT, 
implying that MK may be more sensitive in detecting microstructural lesions. We speculated that the different analysis 
methods may be one of the reasons for this discrepancy.39

Minor vascular disease or vasculitis, immune complex deposition, autoantibody-mediated damage, and cytokine- 
mediated inflammation can all contribute to tissue disruption.40 As a result, we used 3D pCASL to evaluate cerebral 
microvascular lesions in non-NPSLE and found that the CBF value was significantly increased in the right parietal WM 
and right SOC and showed a tendency to increase in WM. These results were partly consistent with Gasparovic,41 and 
similar to the findings of Zhuo,7 who concluded that brain microcirculation changes are a dynamic development process 
due to hyperperfusion in patients with non-NPSLE but hypoperfusion in neuropsychiatric SLE (NPSLE) patients. Our 
findings were inconsistent with results indicated in some previous studies where there was a tendency for perfusion to 
decrease in non-NPSLE patients compared with HCs in SPECT reports.42,43 In a DSC-MRI imaging study, the values of 
CBF and cerebral blood volume (CBV) in WM were assessed in non-NPSLE, NPSLE, and HCs; the perfusion reduction 
was evident in all NPSLE patients and more prominent in primary NPSLE, but there was no difference between non- 
NPSLE and HCs.8 Nonetheless, in a recent report, it was confirmed that the CBF value was elevated within both the GM 
and WM of non-NPSLE patients.7

As shown by a histopathologic study, focal vasculopathy occurred in the brain tissues of all patients with SLE and 
non-NPSLE, characterized by non-specific focal small vasculopathy, while NPSLE impairments were more obvious, 
including diffuse vasculopathy and microthrombi.38,44 However, the results of our study were consistent with other 
similar findings in previous studies, such as raised CBF in the right parietal WM and right SOC in non-NPSLE, which 
contradicted the above histopathological findings. It was unclear why these discrepancies arose. We proposed that this 
result could be ascribed to a similar blood vessel compensatory mechanism in response to ischemia or damage, which 
was consistent with a previous fMRI study.7 Another possibility was that the hyperperfusion inside the WM might have 
been triggered by a probable vascular dysfunction resulting from the increase in blood pressure.45

We analyzed the correlation between the results of DKI and 3D pCASL measurements and found that in some regions 
composed of WM and GM, the values of MK and MKT were weakly correlated with CBF. Studies have shown that 
neuronal activity may lead to accelerated redirection of CBF to ensure blood supply to active areas, which is important 
for maintaining brain vitality and function,46 but another study pointed out that cerebral hemodynamic disturbance 
caused by cerebral microvascular disease may lead to decreased WM perfusion and concomitant posterior axonal 
impairment. Furthermore, cerebral microvascular injury leads to reduced vascular reactivity, which may be related to 
microstructural changes in glial cells, and glial cells are involved in the regulation of the blood-brain barrier and CBF.47 

Another study of brain function in non-NPSLE patients found increased connectivity in the DMN and sensorimotor areas 
and increased hemodynamic delay in the corresponding areas.48 Moreover, in intra-voxel incoherent motion (IVIM) 
studies, regional changes in brain microvasculature and microstructure have been observed in SLE patients prior to adult 
onset, demonstrating that increased CBF can lead to enhanced diffusion parameters in the corresponding regions.49 In 
summary, the relationship between microstructure and microcirculation is complex and unclear, and further research is 
needed to corroborate these findings.

Finally, our results showed a weak positive correlation between C3, C4, and DKI metrics (including MK and MKT) 
in some brain regions. In a histopathologic study, it was found that classical and terminal complement components 
(including C1q and C4d) were frequently significant, and coexistence appeared in small vessels in the brain tissue of 
patients with NPSLE and non-NPSLE when compared with HCs.44 This indicates that this mechanism may progress the 
development of brain impairment, and serum complement levels could be used to assess brain microstructural lesions in 
the future. We also observed a negative correlation between MK in the right occipital lobe WM and ds-DNA antibody in 
non-NPSLE patients, implying that the antibody titer probably exacerbates brain lesions. Furthermore, we found a weak 
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negative correlation between CBF in the left SOC and ESR and a positive correlation between MKT in the left frontal 
lobe WM and PLT. As is well known, ESR is related to the degree of disease activity and is usually elevated clinically 
during disease onset or progression. PLT, as immune regulatory elements, can participate in immune function by 
releasing mediators or interacting with immune cells and can enhance immune function by combining with mononuclear 
cells in SLE.50 In SLE, thrombocytopenia is one of the indicators used to evaluate disease activity, indicating that it may 
be useful in evaluating brain microstructure lesions.

To the best of our knowledge, this is the first study to combine DKI and pCASL in patients with non-NPSLE. In our 
study, we have demonstrated incipient microscopic injury in both the GM and WM, as well as microvascular changes in 
the WM and evidence of cortical damage in the GM. However, there are some limitations in our study: it was a cross- 
sectional study with a relatively small sample size involving only non-NPSLE patients, and all the ROIs were manually 
measured. A multicenter study with a larger sample size consisting of non-NPSLE and NPSLE with an evaluation of the 
entire brain area is required to corroborate our findings. Additionally, a longitudinal and dynamic study of brain 
microstructure and microcirculatory changes will also help us to understand the evolution of the disease, identify and 
diagnose brain damage early using imaging technology, and intervene to treat it.

Conclusion
In conclusion, using the non-invasive DKI and pCASL techniques, we found abnormal cerebral microstructural and 
microvascular changes in non-NPSLE patients, we have demonstrated the impairment of GM in the left frontal cortex. In 
our opinion, DKI is a beneficial and promising method to detect brain microstructural damage. MK is a more sensitive 
indicator. In this study, we found that MK has the potential to evaluate non-NPSLE brain microstructural damage, which 
indicates that MK may be a useful biomarker reflecting microstructural lesions and may be used to identify NPSLE in the 
future, contributes to early clinical detection and diagnosis, and early intervention and treatment; or can be used for 
routine or dynamic detection of SLE brain injury to identify factors (drugs, illness, etc.) that aggravate or alleviate brain 
injury, which is of great significance for the identification and diagnosis of early changes in brain damage in SLE 
patients.
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