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BACKGROUND AND PURPOSE: Neuropsychiatric systemic lupus erythematosus refers to central and peripheral nervous system involve-
ment, which may occur secondary to antineuronal antibodies crossing the blood-brain barrier that preferentially target cells in the
hippocampus leading to abnormal hypermetabolism and atrophy. Thus, we hypothesized that alterations in BBB permeability, detected on
dynamic contrast-enhanced MR imaging, occur in the hippocampus in patients with systemic lupus erythematosus before development of
neuropsychiatric systemic lupus erythematosus.

MATERIALS AND METHODS: Six patients with systemic lupus erythematosus without neuropsychiatric systemic lupus erythematosus
and 5 healthy controls underwent dynamic contrast-enhanced MR imaging with postprocessing into BBB permeability parameters (K"
and Ve) and CBF. Standardized methods selected ROI sampling of the abnormal brain regions detected on FDG-PET. The mean and SD of
K™ Ve, and CBF were calculated. Linear regression and nonparametric Spearman rank correlation analyses of K" and Ve with CBF were
performed. Dynamic contrast-enhanced curves and the area under the curve were generated for each brain region. Student t test

comparisons were performed.

RESULTS: Quantitative data revealed that patients with systemic lupus erythematosus have statistically increased K™ (P < .001) and Ve (P <
.001) compared with controls. In patients with systemic lupus erythematosus, statistically significant positive correlations were seen between
Ka"* (P <.001) and Ve (P < .001) with CBF. Furthermore, the mean area under the curve revealed statistically increased BBB permeability in the
hippocampus (P = .02) compared with other brain regions in patients with systemic lupus erythematosus compared with controls.

CONCLUSIONS: These initial findings are proof-of-concept to support the hypothesis that patients with systemic lupus erythematosus
have increased BBB permeability, specifically in the hippocampus, compared with other brain regions. These findings may advance our
understanding of the underlying pathophysiology affecting the brain in autoimmune diseases.

ABBREVIATIONS: ANAM = Automated Neuropsychological Assessment Metric; BBBP = BBB permeability; DCE = dynamic contrast-enhanced; DNRAb =
N-methyl-D-aspartate receptor antibodies; K" = volume transfer constant; NMDAR = N-methyl-D-aspartate receptor; NPSLE = neuropsychiatric systemic lupus

erythematosus; SLE = systemic lupus erythematosus; Ve = volume in the extravascular extracellular space per unit of tissue volume

ystemic lupus erythematosus (SLE) is a chronic inflammatory
autoimmune disorder characterized by a loss of immune tol-
erance and autoantibody production. The diverse spectrum of
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symptoms reflects involvement of multiple organ systems, in-
cluding musculoskeletal, renal, dermatologic, immunologic, and
neurologic systems. Neuropsychiatric SLE (NPSLE) refers to cen-
tral and peripheral nervous system involvement. Of the 19 clinical
syndromes’ that compose NPSLE, cognitive and mood distur-
bances are reported most frequently, with a prevalence as high as
80% and 75%, respectively,2 and, most important, have detri-
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mental effects on quality of life.” Although autoantibodies are
universal in patients with SLE, and circulating immune com-
plexes have been implicated in the pathogenesis of non-NPSLE
symptoms, to date, only 2 autoantibodies, anti-ribosomal P and
cross-reactive, anti-double stranded DNA/N-methyl D-aspartate
receptor antibodies (DNRAD), have been shown to directly affect
neuronal function.*> Both anti-ribosomal P antibodies and
DNRAD have neurotoxic effects that have been carefully studied
in murine models and electrophysiologic studies; they are medi-
ated through different mechanisms involving N-methyl-D-aspar-
tate receptor (NMDAR) activation, leading to enhanced intracel-
lular Ca++ influx and neuronal dysfunction or death.®”

DNRAbs, in particular, have been shown to preferentially target
place cells in the CA1 region of the hippocampus and are associated
with selective spatial memory deficits in the murine model.” These
results are supported by human studies in patients with SLE in which
serum DNRAD titers have correlated with deficits in spatial memory
testing,® abnormal hippocampal hypermetabolism,” and hippocam-
pal atrophy.'® Furthermore, there have been multiple studies re-
ported in the literature examining the CSF of patients with NPSLE,
which revealed high serum antibodies within the CSF."'"'® In par-
ticular, anti-NMDAR antibodies'® and anti-NR2 subunits of
NMDAR'*"'¢ were found in the CSF.

Despite compelling evidence for autoantibody-mediated CNS
dysfunction, the caveat remains that the disruption of the BBB allows
antibody access to brain tissue with subsequent neuronal alterations
and cognitive loss.'” The mouse model of DNRAb-mediated cogni-
tive dysfunction uses a nonautoimmune mouse (BALB/c strain) im-
munized to produce the anti-NMDAR antibodies/DNRAbs. In this
model, mice with circulating DNRAbs are phenotypically intact un-
less lipopolysaccharide is injected intraperitoneally to mimic infec-
tion and damage the BBB.'® Following injection with lipopolysac-
charide, there is evidence of DNRAD penetration in the brain with
antibodies specifically binding to neurons in the hippocampus.'®"?
However, little is known about BBB function in patients with SLE.
On the basis of the mouse model, we hypothesized that patients
with SLE may experience repeat BBB insults with time, medi-
ated by episodes of infection, stress, hypertension, or smoking
and that episodic damage to the BBB allows circulating auto-
antibodies, including DNRADs, to access the brain, resulting in
neuropsychiatric symptoms.

There has been increasing interest in quantitatively evaluating
BBB permeability (BBBP) using dynamic contrast-enhanced
(DCE) MR imaging. DCE-MR imaging is a technique in which
multiple TIWI images are obtained before, during, and after con-
trast administration to provide signal enhancement as a function
oftime.”>*' DCE-MR imaging uses a 2-compartment model, spe-
cifically the intravascular space and the extravascular extracellular
space, to evaluate blood flow and permeability.>* Several BBBP
parameters are derived from DCE-MR imaging model-based
quantitative analyses, such as volume transfer constant (K"*"*)
and volume in the extravascular extracellular space per unit of
tissue volume (Ve).?"** K™ is a flow parameter that measures
the volume transfer constant from the blood plasma in the intra-
vascular space to the extravascular extracellular space.”” A quan-
titative increase in the K™ and Ve values indicates leakage of
fluid across the BBB into the brain tissue. The purpose of this

study was to compare the BBBP parameters (K"*"* and Ve), as
demonstrated on DCE-MR imaging, in patients with SLE and
healthy controls with specific focus on the hippocampal region.

MATERIALS AND METHODS

Patient Cohort

We performed a prospective study of patients with SLE and
healthy controls undergoing DCE-MR imaging and clinical and
neuropsychological evaluations under our current ongoing Na-
tional Institutes of Health/National Institute of Allergy and Infec-
tious Diseases protocol (No. IPO1A1073693). Six patients with
SLE were recruited randomly from the Rheumatology Clinics at
Northwell Health; all were 18 years of age or older and fulfilled the
American College of Rheumatology revised criteria for SLE.** To
avoid confounding influences on neuroimaging and neuropsy-
chological end points, key exclusion criteria included the presence
of active or prior NPSLE or another CNS event; current use of
antidepressant, antipsychotic, or anxiolytic drugs; or a history of
excessive alcohol or illicit drug use. Additionally, subjects with
SLE were required to have stable disease activity and medication
doses for 4 weeks before the assessments. Disease activity and
accrued damage were assessed with the Safety of Estrogens in Lu-
pus Erythematosus National Assessment—Systemic Lupus Ery-
thematosus Disease Activity Index (SELENA-SLEDAI; https://
www.gsksource.com/pharma/content/micro-sites/BenSELENA-
SLEDAV/index.html)*® and the Systemic Lupus International
Collaborating Clinics Damage Index (SLICC DI https://slicc
group.org/research/slicc-damage/)*® within 2 weeks of imaging
and cognitive assessments. Cognition was assessed using the Au-
tomated Neuropsychological Assessment Metric (ANAM),*” a set
of computerized measures of sustained attention, visual search,
computational skills, concentration, spatial and cognitive pro-
cessing, and working memory. Throughput scores, representing a
combination of reaction time and accuracy, were the primary
measure of cognitive efficiency used in the analyses. Subjects were
additionally rated for depression and anxiety with the Beck De-
pression Inventory and State Trait Anxiety Inventory.”® Six age-
and sex-matched healthy controls with no comorbid illness and
no medications were recruited for comparison. Institutional re-
view board approval and subject consent were obtained.

Data Acquisition and Postprocessing

All patients and controls underwent DCE-MR imaging on a 3T
magnet (Siemens Prisma, Erlangen, Germany) dedicated to re-
search at the main hospital site. MR imaging sequences included
sagittal TIWI, axial TIWI, T2WI, FLAIR, and susceptibility- and
diffusion-weighted imaging acquired according to standard de-
partmental protocols. Whole-brain permeability imaging was
performed using a dynamic contrast technique with axial 3D fast-
spoiled gradient-recalled TIWI sequences and 80 cine phases us-
ing TR = 7.0 ms, TE = 3.08 ms, FOV = 24 cm, slice thickness =
5.0 mm, and matrix size = 128 X 256.

The gadolinium contrast-injection protocol was standardized
for all patients with SLE and healthy controls. Gadavist gadolin-
ium contrast (gadobutrol; Bayer Schering Pharma, Berlin, Ger-
many) was intravenously administered according to patient body
weight (0.1 mmol/kg) per manufacturer’s recommendations at 3
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FIG1. DCE-MRimaging data acquisition methods. Mirror ROls were placed for sampling the abnormal regions described on FDG-PET: hippocam-
pus, orbitofrontal, anterior putamen/caudate, posterior putamen/globus pallidus/thalamus, and prefrontal regions. Ant Put indicates anterior

putamen; Post Put, posterior putamen; GP, globus pallidus.

mL/s with a 45-second delay, acquiring 5 volumes, after the DCE
sequence was initiated. Immediately following contrast adminis-
tration, a saline chasing bolus of 20-mL volume was intravenously
administered at 3 mL/s. No prebolus contrast injection was per-
formed in this study protocol.

Postprocessing of the acquired images into BBBP parameters
of K™ (milliliters/100 g/min), Ve (milliliters/100 g), and CBF
(milliliters/100 g/min) was performed using Olea Sphere 2.2 and
2.3 (Olea Medical, La Ciotat, France) with the Tofts extended
permeability model by trained research personnel. The postpro-
cessing technique was standardized with the arterial input func-
tion placed at the center of the cavernous segment of the internal
carotid artery in a similar fashion for all patients with SLE and healthy
controls. A standardized method was used with selective ROI place-
ment, sampling the following abnormal regions of metabolism de-
scribed on FDG-PET?”: 1) hippocampus, 2) orbitofrontal cortex,
3) prefrontal cortex, 4) posterior putamen/globus pallidus/thal-
amus, and 5) anterior putamen/caudate. Mirror ROIs were placed
in the cerebral hemispheres for identical sampling bilaterally at
the same brain levels (Fig 1). Dynamic contrast-enhancement
curves for each brain region were generated to compare the per-
meability phases among patients with SLE and healthy controls.

Statistical Analysis
The demographic characteristics and ANAM subtest throughput
scores in patients with SLE and healthy controls were analyzed
using Student ¢ tests, nonparametric Mann-Whitney U tests,
Pearson correlations, or Fisher exact tests as appropriate. Analyses
were performed using SPSS 24 (IBM, Armonk, New York). All
tests were 2-sided, and the significance level was set at P < .05.
The mean and SD for each BBBP parameter (K"*" and Ve)
and CBF were calculated for the patients with SLE and healthy
controls. The overall mean K", Ve, and CBF for all regions were
compared between the patients with SLE and healthy controls
using the 2-sample Student ¢ test with significance at P < .05.
Linear regression analyses of each BBBP factor (K""*"* and Ve)
with CBF were performed separately to evaluate the correlation
coefficient (r), correlation of determination (R?), and the statisti-
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cal significance in patients with SLE and healthy controls. Because
a large variability among the data points of patients with SLE was
observed in the scatterplots, to confirm the results of the regres-
sion analyses, we additionally analyzed the data with the nonpara-
metric Spearman rank correlation, which is robust against non-
normally distributed data.

The mean dynamic contrast-enhancement curve for each
brain region was generated in the patients with SLE and healthy
controls. The area under the curve was computed for each brain
region in reference to the baseline before contrast arrival. The
mean area under the curve was compared in each brain region for
the patients with SLE and healthy controls using the 2-sample
Student ¢ test with significance at P < .05.

RESULTS
AllL 6 patients with SLE and 5 healthy controls were included in the
statistical analysis. One healthy control subject was excluded due
to inadequate postprocessing of the DCE-MR imaging data from
excess motion. There were no significant differences between pa-
tients with SLE and healthy controls in terms of age, race, smok-
ing, and assessments for depression and anxiety (Table 1). How-
ever, the patients with SLE demonstrated significantly lower
scores on the cognitive testing than the healthy controls. Overall,
the patients with SLE had low levels of disease activity, were on
very little prednisone, and were all serologically negative for anti-
cardiolipin antibodies and lupus anticoagulant, and 3 of them had
hypertension controlled with medication but no other comorbid
illnesses. Half of the subjects with SLE and 1 healthy control had
elevated serum DNRAD titers. A comparison of mean scores for
the Beck Depression Inventory, State Trait Anxiety Inventory,
and ANAM tests between those with high serum DNRAD titers
(DNRAb+) and those with low serum DNRAD titers demon-
strated trends of higher depression and anxiety scores and lower
throughput scores on the ANAM tests for the DNRAb+ group,
though none reached statistical significance (data not shown).
The model-based quantitative data revealed that patients with
SLE have statistically significant increases in K**"* (P < .001) and



Ve (P < .001) compared with healthy controls (Table 2) using all
brain regions. These findings indicate that patients with SLE have
increased flow across the BBB (K**"*) coupled with accumulation
of fluid in the extravascular extracellular space (Ve) in the brain.

Linear regression analyses of K"*™ and Ve with CBF, sepa-
rately, demonstrated statistically significant moderate positive
correlations between K" (r = 0.47, R* = 0.22, P < .001) and Ve

Table 1: Clinical characteristics and neuropsychological testing

Healthy
Controls P
SLE (n = 6) (n=5) Value
Age (mean) (yr) 380132 342105 619
Race 292

Caucasian 2(33%) 0

Hispanic 0 2 (40%)

African American 3(50%) 2 (40%)

Asian 1(17%) 1(20%)
Smoking 1 1 361
High serum DNRAD titer 3(50%) 1(20%) .545
ANAM testing®

Matching grids 258 9.2 404 =10.8 .042

Match to sample 164 =59 357 £151  .043

Continuous processing 65.6 =55 887 +14.0 .018
Beck Depression Inventory 4+43 18 £3.0 .362
State Trait Anxiety Inventory 274*+59 25+ 69 573
SLEDAI (mean) 23+15
SLICC DI (mean) 05+0.8
Disease duration (mean) B3]

(range, 1-33) (yr)
Medications

Prednisone 1(17%) (5 mg QD)

Immunosuppression® 2(33%)

Hydroxychloroquine 5(83%)

Note:—QD indicates once daily.

@ Automated Neuropsychological Assessment Metric: throughput scores that repre-
sent efficiency as a function of accuracy and time.

5 Both subjects were on mycophenolate mofetil; 1000 mg QD and 500 mg QD, re-
spectively.

Table 2: Comparison of the mean values (SDs) for the BBBP
parameters (K" and Ve) using all brain regions in patients with
SLE and healthy controls
Patients Healthy P
BBBP Parameters with SLE Controls Value

K" (mL/100 g/min) 0.0345 (+0.0715) 0.0008 (:0.0034) .0004

Ve (100 g/min) 0.0920 (+0.1817) 0.0006 (+0.0031) .0002
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(r=0.47,R*> = 0.23, P <.001) with CBF in patients with SLE (Fig
2). In addition, the nonparametric Spearman rank correlation of
K™ with CBF (r = 0.435, P = .0005) and Ve with CBF (r = 0.44,
P =.0004) also revealed statistically significant moderate positive
correlations. These findings are in contrast to the healthy con-
trols, which demonstrate under normal conditions, as the CBF
increases, K™*** and Ve do not significantly change (r = 0.22 and
r = 0.25 respectively) and do not correlate with CBF (P > .05). In
addition, this data demonstrates much higher variance in the
quantitative data for the patients with SLE. On the other hand, the
K" and Ve data in the healthy controls show much lower vari-
ance, with strong consistency in the data clustered in the same
quantitative range.

When we qualitatively compared the generated mean dynamic
contrast-enhancement curves in the different brain regions, pa-
tients with SLE demonstrated increased BBBP, specifically in the
hippocampal region compared with healthy controls (Fig 3).
Comparison of the mean area under the curve for patients with
SLE and healthy controls revealed a statistically significant in-
creased BBB permeability only in the hippocampal region (P =
.02). All other brain regions demonstrated no statistically signifi-
cant difference in the patients with SLE and healthy controls in the
orbitofrontal (P = .72), prefrontal (P = .55), posterior putamen/
globus pallidus/thalamus (P = .83), and anterior putamen/cau-
date (P = .60). Furthermore, model-based quantitative data re-
vealed that patients with SLE have statistically significant
increased K™ (P = .04), Ve (P = .04), and CBF (P = .01) in the
hippocampal region compared with healthy controls (Table 3).
All other brain regions did not demonstrate a statistically signifi-
cant increase in both K™ and Ve with increased CBF (P > .05).

DISCUSSION

Neuropsychiatric symptoms, mainly cognitive dysfunction and
mood disturbances, frequently occur in patients with SLE, signif-
icantly impacting their quality of life. Since neurotoxic autoanti-
bodies, DNRAD and anti-ribosomal P antibodies in particular,
have been shown to mediate cognitive and behavioral distur-
bances in murine models®” and are associated with cognitive and
behavioral dysfunctions in human SLE,? there is increasing focus
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FIG 2. Linear regression analyses of the correlation of the BBBP factors (K" and Ve) with CBF using all brain regions for patients with SLE.

Patients with SLE have a statistically significant moderate positive correlation between

K'™ and Ve with CBF separately. Higher variance seen

in patients with SLE compared with controls may be attributed to disease- and/or treatment-related variability. Healthy controls demonstrate
strong consistency in the quantitative data for both K" and Ve (not shown).
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FIG 3. Dynamic contrast-enhancement curves for patients with SLE (blue) and healthy controls (red) according to the brain regions sampled.
Signal intensity is represented on the y-axis, and the cine phase is represented on the x-axis. The hippocampus is the only brain region that
demonstrates statistically significant increased BBB permeability (P = .02) in the patients with SLE compared with the healthy controls. GP

indicates globus pallidus.

Table 3: Comparison of the mean values (SD) for the BBBP
parameters (K" and Ve) and CBF in the hippocampal region in
patients with SLE and healthy controls

Patients Healthy P
BBBP Parameters with SLE Controls Value
K™ (mL/100 g/min)  0.1100 (£0.133])  0.019 (£0.0499) .0405
Ve (100 g/min) 0.2000 (+0.3018) 0.0080 (0.0162) .0397
CBF(mL/100 g/min)  28.84(*18.82)  1314(=589)  .0128

on studying the BBB to understand how autoantibodies access the
brain as well as to develop a potential target for treatment.
Overall, this study supports the hypothesis that patients with
SLE have increased BBB permeability compared with healthy con-
trols. The model-based quantitative data revealed that patients
with SLE have statistically significant increased K"*"* and VE
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compared with healthy controls. These findings represent a per-
meable BBB profile with increased flow across the BBB (as mea-
sured by K"*"™) coupled with the accumulation of fluid in the
interstitial space in the brain (as measured by Ve). Furthermore,
the linear regression and nonparametric Spearman rank analyses
demonstrated that patients with SLE have statistically significant
positive correlations between each BBBP parameter (K"*"* and
Ve) and CBF, indicating that leakage of fluid across the BBB is
affected by CBF as would be expected with a permeable BBB.
Thus, daily changes in CBF, as may occur with fluctuations in
systemic blood pressure, will increase flow across a permeable
BBB in patients with SLE.

Additionally, this study supports the hypothesis that the hip-
pocampal region specifically has increased BBB permeability in



patients with SLE compared with healthy controls. The dynamic
contrast-enhancement curves in the hippocampal region demon-
strated statistically significant increased BBBP in patients with
SLE. All other sampled brain regions (orbitofrontal, prefrontal,
anterior putamen/caudate, and posterior putamen/globus palli-
dus/thalamus) did not demonstrate significant differences be-
tween patients with SLE and healthy controls. These findings were
confirmed with the model-based quantitative data that revealed a
statistically significant increase in both BBBP parameters in the
hippocampal region in patients with SLE, representing a perme-
able BBB profile with increased flow across the BBB (K"*") cou-
pled with accumulation of fluid in the interstitial space (Ve) in the
brain.

Several other prior studies support our findings that BBB per-
meability plays an important role in NPSLE. Hirohata et al*° eval-
uated anti-NMDAR antibody and albumin levels in CSF samples
from 81 patients with SLE with active neuropsychiatric manifes-
tations and concluded that transudation of autoantibodies
through a damaged BBB plays a crucial role in NPSLE. Gulati et
al'” studied 11 juvenile patients with SLE and 11 healthy controls
with DCE-MR imaging and found altered BBB function in the
parahippocampal gyrus, which supports our finding that the hip-
pocampus is the area of concern in patients with SLE."" In another
study by Lauvsnes et al,'® the presence of anti-NMDAR antibod-
ies in the CSF of patients with SLE and primary Sjégren syndrome
correlated significantly with reduced hippocampal volumes on
MR imaging.

This study and several others demonstrate BBB dysfunction in
patients with SLE. However, there has been no established imag-
ing technique to reliably evaluate BBB permeability. Standard CT
or MR imaging can be used to infer BBB dysfunction by evaluat-
ing the presence of contrast in the brain tissue; however, evalua-
tion of subtle leaks across the BBB is limited secondary to lack of
spatial resolution.”’ CSF analysis can provide a quantitative as-
sessment; however, a lumbar puncture is an invasive procedure
with associated risks. FDG-PET imaging can be used to evaluate
brain perfusion; however, this examination exposes patients to a
high radiation dose. Dynamic-susceptibility contrast MR imaging
can also be used to evaluate brain perfusion; however, many stud-
ies have reported conflicting results, demonstrating either in-
creased CBF and CBV in patients with SLE compared with healthy
controls,”>** decreased CBV in patients with SLE,** or no signif-
icant difference between patients with SLE and healthy controls.*
In particular, Wang et al** evaluated 24 patients with NPSLE, 21
patients with SLE, and 21 healthy controls with DSC-MR imaging
and found that patients with SLE have increased CBV and CBF in
the right posterior thalamus, right hypothalamus, left parahip-
pocampal gyrus, posterior cingulate gyrus, and left hypothalamus
compared with healthy controls. In addition, Gasparovic et al’’
studied DSC-MR imaging in 42 patients with SLE with 19 age-
and sex-matched healthy controls and also found elevated CBF
and CBV in patients with SLE in all gray and white matter of the
frontal, temporal, occipital, and parietal lobes. In contrast, Zimny
etal®* evaluated 22 patients with NPSLE and 13 patients with SLE
and 20 age-matched healthy controls using perfusion-weighted
MR imaging, which showed decreased CBV in the bilateral tem-
poral, occipital, frontal, and parietal cortices in patients with SLE

and NPSLE compared with healthy controls. Furthermore, Em-
mer et al’® evaluated 15 patients with active NPSLE, 26 patients
with inactive NPSLE, and 11 controls with DSC-MR imaging and
found that there were no differences in CBF, CBV, and MTT
between patients with active or inactive NPSLE or healthy con-
trols in the bilateral cerebral gray and white matter and thalami.

In contrast, our study used advanced imaging with dynamic
contrast-enhanced MR imaging, which relies on the micron scale
displacement of water molecules and can evaluate subtle changes
in the capillary bed that no other imaging technique can provide
with a minimal associated risk profile.”> To avoid confounding
influences on BBB assessments, we also focused on subjects with
SLE who had stable/low disease activity, were on low doses of
corticosteroids, and had no history of acute NPSLE or other CNS
events. We therefore infer that the increased BBBP identified in
our study is not attributable to acute events at the time of imaging.
Our study suggests that DCE-MR imaging may be an additional
technique to quantitate blood-brain barrier permeability in rela-
tion to perfusion, potentially gaining further understanding of the
underlying pathophysiologic mechanisms affecting the brain in
patients with SLE.

Most important, this study demonstrates increased BBB per-
meability in patients with SLE with no history of CNS compro-
mise but who demonstrate impaired function on tests of working
memory, sustained attention, and spatial processing. Half of the
subjects with SLE had elevated serum DNRAD titers as did 1
healthy control; and even in this small group, there was a trend
toward lower mean test scores and higher scores for anxiety and
depression as has been shown previously.” Although patients with
SLE with a known history of acute or chronic neuropsychiatric
disease, particularly NPSLE, were excluded from this study, the
subjects with SLE still performed worse than the healthy controls
on cognitive testing. This finding highlights the prevalence of im-
paired cognition even in patients with SLE with no known history
of neuropsychiatric disease. Increased BBB permeability that we
demonstrate in this study supports the hypothesis that circulating
neurotoxic autoantibodies may gain access to the CNS. The recent
interest in BBB permeability as a mechanism for drug delivery to
the CNS has led to an appreciation of the numerous instances in
which the BBB may be compromised as a result of normal aging,
microvascular disease, infection, stress, uncontrolled hyperten-
sion, toxic exposures, and neuroinflammatory states in which in-
flammatory molecules produced by activated microglial cells
damage the BBB.”**”

While we have controlled for many of these conditions in our
small study, we were not able to control for medication effects on
the BBB. At the time of imaging, only 2 patients with SLE were on
immunosuppressive medications (mycophenolate mofetil at
doses of 1000 and 500 mg) and only 1 patient was on prednisone,
5 mg daily. Although high doses of corticosteroids have been as-
sociated with psychosis and altered cognition, there is much con-
troversy over possible side effects of moderate corticosteroid use.
Alow dose of 5 mg daily of prednisone should not have significant
cognition-altering side effects. Two of the 6 patients were on dis-
ease-modifying drugs at low doses of 1000 and 500 mg daily of
mycophenolate mofetil, which is not known to have any cogni-
tion-altering effects. Five of 6 patients with SLE were on hydroxy-
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chloroquine, which is not immunosuppressive and also is not
associated with cognition-altering effects. However, future
DCE-MR imaging studies on newly diagnosed patients with SLE
would provide critical information regarding medication effects
on the BBB.

This initial study has several limitations, most important, the
small sample size. Thus, we cannot completely exclude the possi-
bility of false-positives on the primary analyses performed be-
tween patients with SLE and healthy controls. Nonetheless, the
proof-of-concept findings of this study provide the first evidence
supporting the hypothesis that patients with SLE have increased
BBBP in the hippocampus relative to other brain regions. The
quantitative data from patients with SLE demonstrated higher
variances compared with healthy controls, which may be due to
disease-related variability such as differences in disease severity or
duration, treatment regimen, and response to treatment. Given
our small sample size, further subanalyses could not be per-
formed. A larger prospective study is necessary to confirm our
findings and further investigate other subanalyses.

CONCLUSIONS

DCE-MR imaging quantitative BBBP parameters may be used as a
noninvasive method to indicate a permeable BBB profile, demon-
strating increased flow across the BBB (as measured by K"")
coupled with accumulation of fluid in the interstitial tissue (as
measured by Ve) in the brain. These initial data are proof-of-
concept to support our hypothesis that the BBB is selectively com-
promised, particularly in the hippocampal region, in subjects
with SLE with little to no disease activity and no history of CNS
insult who demonstrate impaired performance on cognitive test-
ing. The significance of these findings may advance our under-
standing of the underlying pathophysiologic mechanisms affect-
ing the brain in autoimmune diseases. Most important, larger
studies are necessary to validate these results and confirm the
value of DCE-MR imaging methodology as a potential biomarker
for BBB permeability imaging.
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