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Cerebral microvascular and microstructural
integrity is regionally altered in patients
with systemic lupus erythematosus
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Abstract

Background: To measure regional brain microvascular and microstructural changes in childhood-onset SLE (cSLE)
using diffusion-weighted imaging (DWI) at multiple b values and investigate relationships of those measures with
neurocognitive function and disease activity.

Methods: In this cross-sectional, case-control study, vascular volume fraction, effective diffusion, parenchymal
diffusion, and blood flow parameters were regionally compared in cSLE patients and matched healthy controls.
These markers of microvascular and microstructural integrity were derived by diffusion-weighted brain MRI and
intravoxel incoherent motion (IVIM) modeling. Formal neurocognitive testing was completed focused on the
domains of attention, visuoconstructional ability, working memory, and psychomotor speed. Test scores and
measures of disease severity were regressed against regional microvascular integrity parameters among cSLE
patients.

Results: Formal cognitive testing confirmed normal cognitive ability among all cSLE patients included in the
analysis (n = 11). Nevertheless, reduction in blood volume fraction coincided with increased effective diffusion and
flow parameters in cSLE patients vs. controls in posterior brain regions including the cuneus and precuneus.
Regional microvascular measures correlated (|r| = 0.54–0.66) with neuropsychiatric scores and disease activity among
cSLE patients.

Conclusions: There is imaging evidence, using IVIM, of degraded microvascular integrity in cSLE patients with
normal cognitive ability. The observed regional changes correspond with posterior vascular border zones. These
outcomes appear consistent with regional gray matter volume loss previously observed in cSLE patients with overt
neurocognitive deficits, supporting the notion that adverse vascular changes precede loss of cognitive ability in
cSLE. Longitudinal studies are needed to confirm the findings of this initial study.
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Background
Childhood-onset systemic lupus erythematosus (cSLE) is
a systemic autoimmune disease often associated with
neurocognitive deficits [1, 2]. Pathophysiological mecha-
nisms of neurodegeneration by SLE are not well under-
stood. Acquiring mechanistic insights could enable
earlier and more accurate diagnosis, improved monitor-
ing, and greater treatment efficacy. A plausible route of
brain injury by SLE is through disruption of the neuro-
vascular unit (NVU), a physiological construct describing
the interplay between neurons, glia, and supporting vas-
culature. Anti-endothelial antibodies can drive immune
responses in SLE that degrade vascular structural and
functional integrity [3, 4]. A key component of the NVU
is the blood-brain barrier (BBB), the selectively perme-
able interface between blood and parenchymal cells. Re-
cently, we and others have reported regionally increased
permeability of the BBB in SLE in comparison to
matched healthy controls [5, 6]. BBB disruption can
allow brain-reactive proteins to enter the parenchyma
and contribute to neuronal pathology [7, 8]. Various
studies have also detected alteration of cerebral blood
perfusion in association with SLE [9, 10].
This study continues assessment of NVU degradation

associated with SLE by applying intravoxel incoherent
motion (IVIM) analysis to diffusion-weighted imaging
(DWI) data at multiple diffusion weightings to deter-
mine alterations of vascular topology and flow. We com-
pare regional microstructural and microvascular
parameters, derived from the IVIM model, in cSLE pa-
tients to those of matched healthy controls, and relate
the degree of parametric alteration to clinical and cogni-
tive characteristics among members of the cSLE group.
We hypothesized that there is regional loss of vascular
fine structure and altered flow in cSLE compared to con-
trols, hence a relative decrease in vascular integrity,
which correlates with neurocognitive function and dis-
ease activity.

Methods
Subjects
This report focuses on analysis of DWI data ancillary to
a previously reported study of regional BBB differences
between SLE patients and matched healthy controls [6].
The study recruited 12 patients diagnosed with SLE [11]
prior to age 18 years (cSLE) from a tertiary pediatric
rheumatology clinic, with apparently normal cognitive
function (see Additional File 1). Exclusion criteria were
structural brain abnormalities, neuropathies, movement
disorders or seizures, and medications (besides oral cor-
ticosteroids) that could influence cognition. One healthy
control subject was enrolled for each cSLE patient,
matched by age (within 1 year), gender, ethnicity, and
socioeconomic status. The study secured Institutional

Review Board approval, with full informed consent ob-
tained from all participants.

Subject assessments
Demographic data including age, gender, ethnicity, and
annual family income were collected. ZIP code-based
median family incomes were compiled using the US
Census Bureau report, 2009–2013 (http://factfinder.cen-
sus.gov). Clinical characteristics including body mass
index (BMI) and blood pressure served as indices of
metabolic and cardiovascular status. Disease activity and
damage were characterized in cSLE patients by the SLE
disease activity index (SLEDAI) and Systemic Lupus
International Collaborating Clinics/ACR Damage Index
(SDI), respectively.
Four cognitive domains often impacted by cSLE, i.e.,

attention, working memory, visuoconstructional ability
(VCA), and psychomotor speed (PMS) [12, 13], were
assessed by formal neurocognitive testing [14] in all par-
ticipants. Details are provided in Additional File 2. Per-
formance in each cognitive domain was expressed as a
Z-score. We designated a participant as having clinically
relevant neurocognitive deficits if at least two domain Z-
scores were below − 1 or at least one domain Z-score
was below − 2 [15].

Imaging acquisition and image processing
The complete imaging session included four types of se-
quences: (1) a high-resolution T1-weighted structural
image as anatomic reference for all parametric maps and
as basis for tissue segmentation, (2) localized blood dy-
namics via arterial spin labeling (ASL) at 15 label/post-
label delay durations, (3) DWI in 3 orthogonal directions
at 15 b values for regional estimation of microvascular
and microstructural parameters, and (4) tissue T1 quan-
tification by inversion recovery (IR) acquisitions at 10 in-
version times (TI). Imaging took place on a 3-T Philips
Achieva scanner (Philips Research, Eindhoven,
Netherlands) equipped with a 32-channel head coil. The
complete imaging session had a duration of approxi-
mately 70 min, including imaging pauses between suc-
cessive individual sequences. Results from the DWI
series are the focus of this report.

Imaging parameters
The structural image was obtained from a high-resolution,
T1-weighted, inversion-prepared 3-dimensional whole
brain scan for each subject [16]. Parameters for this scan
were as follows: repetition time (TR) = 6.8 ms, echo time
(TE) = 2.9ms, inversion recovery time (TI) = 904ms, and
field of view (FOV) = 176 × 256 × 256mm, with 1mm iso-
tropic resolution (total time 6min, 46 s). DWI data were
acquired axially with the geometric parameters: FOV =
240 × 240 × 120mm, with resolution 3.75 × 3.75 × 5mm.
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DWI data were acquired with diffusion gradients applied
in three orthogonal directions with echo-planar imaging
(EPI) readout and cerebrospinal fluid (CSF) suppression
via initial inversion pulse (TR/TE/TI = 3536/48/2200ms,
number of averages (NSA) = 2, duration = 13min, 5 s).
The diffusion gradients were applied at 15 different b
values (0, 5, 10, 20, 30, 40, 60, 80, 120, 160, 200, 300, 500,
750, and 1000 s/mm2).

Image pre-processing
DWI pre-processing began with the average of the 3 gra-
dient directions for each b value. These 15 images
underwent eddy-current correction and alignment to the
b = 0 image under the FDT (FMRIB’s Diffusion Toolbox)
in FSL (FMRIB Software Library), an analytical tools li-
brary [17]. Using SPM12 software [18] under the Matlab
environment (The Mathworks, Natick, MA, USA), the
T1-weighted structural image was co-registered to the
b = 0 image before normalization to the MNI (Montreal
Neurological Institute) standard space and tissue seg-
mentation were achieved in a combined process based
on gray matter, white matter, and cerebrospinal fluid
priors [19]. The resulting nonlinear normalization trans-
formation was applied to the DWI series with preserva-
tion of the original voxel size. Finally, the DWI data
were smoothed with an 8-mm Gaussian kernel in
SPM12.
Microvascular and microstructural properties were

assessed per voxel by fitting the DWI signal vs. b value
to a bi-exponential diffusion model using in-house
Matlab scripts. The intravoxel incoherent motion model
(IVIM) was applied for fractional change in signal, S, as
a function of b value [20, 21]:

dS bð Þ
S

¼ 1−vbwð Þ exp −bDð Þ þ vbw exp −b Dþ D�ð Þð Þ;

where D is the diffusion coefficient of water in bulk tis-
sue, D∗ is the effective diffusion coefficient of water in
randomly-oriented microvasculature, and vbw is the frac-
tion of water molecules in blood. Another parameter of
interest, derived from the IVIM parameters, is the prod-
uct D∗ × vbw, which indicates blood flow [20, 21].

Statistical analysis
Descriptive statistics were used for comparison of demo-
graphic and clinical information between the two groups
(cSLE vs. controls), using the independent sample t test or
chi-square test as appropriate in SAS® software version 9.4
(SAS Institute Inc., Cary, NC, USA). Voxel-wise compari-
sons of vbw, D, D

∗, and the flow-related product, D∗ × vbw,
were made between the cSLE and control groups via inde-
pendent sample t test in SPM12 [18]. A nominal T-score
threshold was applied per voxel, resulting in contiguous

voxel clusters that were tested for significance at p < 0.05,
family-wise error corrected for multiple comparisons
based on random field theory [22].
Correlations between each IVIM parameter and neu-

rocognitive summary domain Z-scores and disease activ-
ity (SLEDAI score) were explored among the cSLE
patients, restricted to brain regions in which the IVIM
parameters were found to be impacted by cSLE. In con-
sideration of the pilot nature of this study and corre-
sponding small sample size, we report statistical
significance at the p < 0.05 level without correction for
performing multiple tests across different IVIM parame-
ters and different cognitive or disease activity scores.

Results
Participant characteristics
One control subject and one cSLE subject were excluded
from analysis due to image artifact on DWI, likely due
to motion. As expected based on the matching strategy,
demographic characteristics and cognitive performance
of the remaining 11 cSLE patients and 11 control sub-
jects were similar (Table 1). Among these participants,
none were smokers, with the exception of one of the
controls. None of the cSLE patients met criteria for clin-
ically relevant neurocognitive deficits or carried a diag-
nosis of neuropsychiatric involvement with cSLE.
All cSLE patients were taking hydroxychloroquine,

and most were also taking low-dose prednisone [n = 9,
mean (SD) = 5.8 (2.4) mg/day]. A variety of immunosup-
pressive medications were in use by the cSLE patients (3
mycophenolate mofetil, 2 leflunomide, 1 tocilizumab, 1
methotrexate).

Group comparison and correlation outcomes
Group comparisons of IVIM parameter maps, shown in
Fig. 1, revealed clusters of voxels with significantly
greater D∗ and D∗ × vbw for cSLE patients compared to
controls in the cuneus, precuneus, superior occipital,
and posterior cingulate regions. Tissue diffusion, D, was
also greater in the cSLE group for the precuneus and
right inferior parietal areas. Conversely, controls were
found to have higher values of vbw compared to cSLE pa-
tients in the cuneus, precuneus, calcarine, and mid-
occipital regions. A single posterior cluster was formed
in each comparison, reaching cluster-level significance at
corrected p < 0.05 after voxel-wise thresholding at T-
scores ranging from 1.7 to 2.0, as indicated in Fig. 1 and
detailed in Table 2.
Intersection of the significant clusters for cSLE vs.

controls for all four IVIM parameters resulted in a mid-
line posterior region in the precuneus. This region,
depicted in Fig. 2a, exhibits all of the microstructural
and microvascular changes with cSLE outlined above.
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Associations of imaging parameters with cSLE features
and cognitive performance
Focusing on the intersection region, shown in Fig. 2a,
where the spectrum of IVIM parameters was commonly
impacted by cSLE, we found some IVIM parameters to be
correlated with cognitive performance or with SLEDAI
scores. Specifically, the median flow-related product, D∗ ×
vbw, within the intersection region was inversely correlated
with VCA domain Z-scores (Fig. 2b). The median flow-

related product and diffusion, D, each had a significant in-
verse linear relationship with PMS Z-scores (Fig. 2c, d d).
Trending significance (p < 0.1) was observed in the corre-
lations of vbw and D∗ with SLEDAI scores, with vbw de-
creasing and D∗ increasing with increasing SLEDAI scores.

Discussion
We present imaging evidence of altered tissue and vas-
cular microstructure in cSLE using IVIM analysis.

Table 1 Baseline information for SLE patients and matched controls

Variable SLE patients (n = 11) Matched controls (n = 11) p value†

Demographics

Age, years* 19.5 ± 4.2 17.0 ± 6.8 0.312

Females (n) 10 10 1.000

Race (African American, n)@ 6 6 1.000

Income (n < $50,000/year)** 6 8 0.658

Median family income ($)*
(US census based on ZIP)

64,090.91 ± 41,690.42 59,857.09 ± 9700.90 0.746

Physical exam findings

Body mass index (BMI)* 23.0 ± 4.9 25.9 ± 4.1 0.148

Blood pressure (mmHg)

Systolic* 115.4 ± 15.4 120.6 ± 10.9 0.372

Diastolic* 72.2 ± 7.3 69.4 ± 5.3 0.316

Neurocognitive assessment#

Domains (Z-score)*

(1)Working memory 0.06 ± 0.72 − 0.34 ± 0.65 0.187

(2)Psychomotor speed 0.15 ± 0.88 − 0.15 ± 0.55 0.349

(3)Attention 0.34 ± 0.77 − 0.07 ± 0.90 0.264

(4)Visuoconstructional ability 0.46 ± 0.45 − 0.15 ± 0.56 0.610

SLE measures‡

Disease duration, years* 6.3 ± 4.3 –

ds DNA positive (n) 5 –

Complement C3* (mg/dl) 96.9 ± 29.3 –

Complement C4* (mg/dl) 17.4 ± 8.9 –

SLEDAI* 5.7 ± 4.7 –

SLICC-ACR damage index (median (range)) 0 (0–4) –

Prednisone use (n)

None 2 –

≤ 5 mg/day 7 –

> 5mg/day 2 –

The use of n indicates the number of patients identified in that particular group or subgroup
*Expressed in mean ± standard deviation (SD) values
**Income differences calculated using independent sample t test comparing mean incomes between the two groups
†p values are based on independent sample t tests comparing the two groups
‡Here, SLEDAI (SLE Disease Activity Index); SLICC-ACR (Systemic Lupus International Collaborating Clinics/American College of Rheumatology) Damage Index is a
measure expressed in their calculated value
@Racial distribution for the non-African Americans included Caucasian (3) and Asian (2) for the c-SLE group and Caucasian (5) for the healthy controls
#Cognitive assessment used the following tests: (1) working memory [Wechsler Intelligence Scale for Children (WISC IV) Digit Span and Letter-Number
Sequencing], (2) psychomotor speed [WISC IV Coding and Symbol Search; Conners’ Continuous Performance Test (CPT) II reaction time parameter], (3) attention
[Conners’ CPT II Stroop Color and Word Test], and (4) visuoconstructional ability [Wechsler Abbreviated Scale of Intelligence Block Design Test, Kaufman
Assessment Battery for Children, Second Edition Block Counting, Gestalt Closure]
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Fig. 1 Group difference T-score maps. Hot colors indicate cSLE group > healthy control group, and cool colors indicate healthy control group >
cSLE group. All clusters significant at the cluster-level p < 0.05, family-wise error corrected. a Blood volume fraction. b Effective diffusion
coefficient. c Parenchymal diffusion coefficient. d Flow-dependent effective diffusion × blood volume fraction product. MNI z coordinate of each
slice is indicated. Neurological orientation convention is used

Table 2 Voxel cluster characteristics (cluster-level p < 0.05 family-wise error corrected)

IVIM
parameter

Contrast Peak location [x,
y, z] mm

T-score
threshold*

Cluster size
[voxels]

Anatomic regions

vbw SLE <
HC

[8, − 82, 50] 2.0 476 Right sup. parietal, mid. occipital, bilateral sup. occipital, precuneus, cuneus,
calcarine, lingual, mid. cingulate

D∗ SLE >
HC

[− 7, − 56, 25] 2.0 629 Bilateral sup. parietal, mid. occipital, sup. occipital, angular, precuneus, cuneus,
mid. cingulate, post. cingulate, calcarine, lingual

D SLE >
HC

[38, − 52, 55] 1.8 731 Right postcentral, sup. parietal, inf. parietal, angular, supramarginal, bilateral
precuneus, cuneus

D∗ × vbw SLE >
HC

[− 52, − 86, − 5] 1.7 365 Left sup. parietal, inf. occipital, mid. occipital, sup. occipital, angular, lingual,
bilateral precuneus, post. cingulate, calcarine

Intersection – – – 29 Left cuneus, post. cingulate, bilateral precuneus

vbw = blood volume fraction, D∗ = effective diffusion coefficient, D = parenchymal diffusion coefficient, D∗ × vbw = flow parameter, Intersection = region common
to all IVIM parameter clusters
*Nominal voxel threshold used to generate significant cluster
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Parietal regions of the brain were found to have aug-
mented apparent diffusion, D∗, and flow-related product,
D∗ × vbw, coupled with decreased blood volume fraction,
vbw, among the cSLE patients. This combination of vas-
cular parametric alterations suggests regional loss of vas-
cular fine structure or ramification resulting in net
reduction of cerebral blood volume, but increased rate
of blood flow. The increased rate of blood flow may set
the stage for vasogenic edema as is reflected by the ob-
served increase in the parenchymal diffusion parameter,
D. Notably, the posterior regions with these parametric
changes were previously found to develop gray matter
loss in SLE patients with overt clinically relevant neuro-
cognitive deficits [15]. In line with our previous findings
of associations of increased BBB permeability with cog-
nitive performance in cSLE patients [6], the microvascu-
lar abnormalities reported here seem to precede the
onset of clinically overt clinically relevant neurocognitive
deficits.

Investigations of cerebral blood flow using MRI
methods such as arterial spin labeling [9] and dynamic
susceptibility contrast [23], or radioactive tracer methods
such as single photon emission computed tomography
(SPECT) [24] have shown inconsistent results for SLE.
While some studies have reported cerebral hypoperfu-
sion with SLE [9, 24, 25], others reported that SLE pa-
tients have increased regional cerebral blood flow
compared to controls [10, 23, 26, 27]. The cSLE-
associated increase in the blood flow-related product
D∗ × vbw found in posterior brain regions in this study
supports hyperperfusion, at least in the absence of clinic-
ally relevant neurocognitive deficits.
The general pattern of differences in IVIM parameters

between the cSLE and healthy control groups uncovered
in this study corresponds to the confluence of border
zones between the anterior, middle, and posterior cere-
bral artery territories [28, 29]. As in ischemic stroke
[30], these regions are particularly vulnerable to early

Fig. 2 Correlation analyses of median IVIM parameter value in a brain region formed by the intersection of IVIM parameter change clusters for
the cSLE group vs. healthy control group. a The intersection region shown in yellow. b Median flow parameter vs. VCA z-score. c Median flow
parameter vs. PMS z-score. d Median parenchymal diffusion coefficient vs. PMS z-score. e Median blood volume fraction vs. SLEDAI score. f
Median effective diffusion coefficient vs. SLEDAI score. MNI z coordinate of each slice in a is indicated, and neurological convention is used. For
each plot b–f, the regression equation, r value, and p value are provided
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microvascular degradation, given the preponderance of
distal vascular branches. Imaging evidence from this
study places the earliest microvascular changes, in cSLE
patients prior to exhibiting neuropsychiatric symptoms,
specifically in or near posterior border zones.
The posterior border zone distribution of parenchy-

mal diffusion increases and microvascular changes as-
sociated with cSLE is also consistent with features of
posterior reversible encephalopathy syndrome (PRES)
[31], a condition thought to result from endothelial
dysfunction and accompanied by vasogenic edema. In-
deed, circumstances that can lead to PRES include
SLE, hypertension, and use of certain immunosup-
pressant medication [32]. Thus, our results suggest
that despite the lack of clinically relevant neurocogni-
tive deficits, other neurological symptoms, or hyper-
tension (Table 1), there is subtle dysfunction of brain
blood flow autoregulation in the vulnerable posterior
zones for our cohort of cSLE patients.
Correlations were observed between various IVIM mea-

sures and cognitive performance scores or disease activity
among the cSLE patients. The increased mean effective
diffusion, D∗, and decreased blood volume fraction, vbw,
found in the cSLE group compared to controls were asso-
ciated with greater disease activity (SLEDAI). The flow-
related product and parenchymal diffusion increases in
cSLE were associated with diminished performance in
visuoconstructional ability and psychomotor speed, both
of which rely on parietal function [12, 33, 34].
Our study should be viewed in light of certain limi-

tations. We based our results on a small sample of
cSLE patients, which constrained statistical power.
Additionally, the impact of steroid use on the neuro-
vascular structure and function in the cSLE group
must be taken into consideration. We can point out,
however, that most of the included cSLE patients
were treated with low-dose steroids, and our previous
study suggests that oral steroids have little effect on
regional gray matter volume in cSLE [15]. Though we
cannot exclude that steroid use influences the micro-
structural and microvascular integrity, their anti-
inflammatory effects likely diminished rather than
enhanced any differences of IVIM parameters in the
cSLE group compared to healthy controls. Studies fo-
cused on the specific impact of corticosteroids on
neurovasculature are needed to rule out or correct
for potentially confounding changes on imaging pa-
rameters like those from the IVIM model.
The findings of this study also motivate further studies

to explore association of IVIM parameters in SLE pa-
tients with biomarkers such as anti-NR2 [35, 36] and
anti-ribosomal P antibody [37–39] levels, which are both
traditionally thought to be related to neuropsychiatric
SLE activity.

Conclusions
In summary, to the best of our knowledge, we are the
first to apply DWI and IVIM analyses to assess cerebral
microvascular changes in cSLE. We have identified pos-
terior brain regions with a combination of vascular and
parenchymal alterations in cSLE patients with normal
cognitive ability, which overlay areas previously associ-
ated with functional and structural alterations with
cSLE-associated NCD. These findings support the notion
that subtle loss of microvascular integrity, especially in
watershed zones between vascular territories, precedes
structural brain changes and deterioration of cognitive
performance in cSLE. Longitudinal studies are required
to explore whether these DWI-derived parameters can
combine to serve as an imaging biomarker that predicts
development of neuropsychiatric SLE.
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