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Abnormal Brain Diffusivity in Patients with
Neuropsychiatric Systemic Lupus Erythematosus

Gerlof P. Th. Bosma, Tom W. J. Huizinga, Simon P. Mooijaart, and Mark A. van Buchem

BACKGROUND AND PURPOSE: Neuroimaging techniques have increased our knowledge of
the pathogenesis of neuropsychiatric systemic lupus erythematosus (NPSLE) and have been
useful in supporting the diagnosis. Nevertheless, new imaging techniques are needed to unravel
the exact pathogenesis and to provide diagnostic criteria for NPSLE. In this preliminary study,
we investigated whether diffusion-weighted imaging (DWI) can depict cerebral abnormalities in
patients with a history of NPSLE, and we assessed whether apparent diffusion coefficient
(ADC) histograms in these patients differ from those of healthy control subjects.

METHODS: Eleven female patients with a history of NPSLE (mean age [� SD], 35 years �
9) and 10 healthy control subjects (eight female, two male; mean age, 37 years � 16) underwent
DWI. DWI and ADC images were assessed by means of visual inspection, and histograms were
composed from the ADC images. From these, we derived a variety of parameters that quanti-
tatively reflect the diffusivity of brain parenchyma.

RESULTS: Visual inspection of ADC images and DWIs did not reveal any abnormalities in
either patients with NPSLE or control subjects. In contrast, ADC histograms of the NPSLE
group were, on average, significantly lower and broader, with a higher mean ADC value.

CONCLUSION: The data suggest an increased general diffusivity in brain parenchyma of
patients with NPSLE, probably based on loss of tissue integrity. In addition to increasing our
battery of highly wanted diagnostic tools and our understanding of the pathogenesis of NPSLE,
the present method seems to be useful in quantifying the disease burden, enabling monitoring
in treatment trials and the study of disease progression.

In systemic lupus erythematosus (SLE), frequency
rates of neurologic, psychiatric, and psychological
symptoms as high as 75% have been reported (1, 2).
In approximately 40% of patients with SLE, con-
founding conditions common in SLE patients, such as
infections, drug adverse effects, hypertension, and
metabolic derangements, can be held responsible for
the neuropsychiatric (NP) symptoms (3). The remain-
ing patients with SLE and NP symptoms have what is
called neuropsychiatric systemic lupus erythematosus
(NPSLE). In patients with NPSLE, clinical signs and
symptoms are focal in 25% and diffuse in the remain-
ing. In patients with focal symptoms, neuroimaging
modalities often reveal brain infarctions that are at-
tributed to increased coagulability resulting from the
presence of antiphospholipid antibodies. In patients
with diffuse symptoms, conventional MR images fail

to demonstrate abnormalities that provide an expla-
nation for these symptoms (4–7). However, by using
advanced techniques such as proton MR spectroscopy
(1H–MR spectroscopy), single photon emission CT
(SPECT), positron emission tomography (PET), T2
relaxometry, and magnetization transfer imaging
(MTI) cerebral abnormalities are found in patients
with NPSLE and diffuse symptoms. These are found
both during and after episodes with symptoms, and
such abnormalities are not observed in SLE patients
without NP symptoms (3, 8–10). Still, the nature of
the pathophysiologic processes that give rise to dif-
fuse symptoms in patients with NPSLE remains to be
elucidated.

Diffusion-weighted imaging (DWI) is another tech-
nique that can depict cerebral abnormalities when
conventional MR images fail to do so. Qualitative
evaluation (clinical reading) of DWIs permits the
detection of cytotoxic edema in the early phase of
stroke when it is invisible with conventional se-
quences (11–13). A more quantitative approach com-
prises the assessment of diffusivity in large volumes of
brain tissue, for example, by the generation of appar-
ent diffusion coefficient (ADC) histograms. With this
quantitative method, otherwise unapparent differ-
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ences are detected between populations (14). We
hypothesized that the structural cerebral changes in
NPSLE patients with diffuse symptoms might be de-
tectable and quantifiable by means of ADC histogram
analysis.

The aim of this preliminary study was to investigate
whether the subtle cerebral abnormalities that occur
in patients with NPSLE and a history of diffuse symp-
toms can be detected by using volumetric quantitative
DWI analysis.

Methods

Participants
Eleven female patients with NPSLE and a history of diffuse

symptoms (mean age [� SD], 35 years � 9) were age matched
with a group of 10 healthy volunteers (eight female, two male;
mean age, 37 years � 16). The patient characteristics, radio-
logic features, and neuropsychiatric manifestations are listed in
Table 1. All patients with SLE fulfilled the 1982 revised criteria
of the American College of Rheumatologists (ACR) for SLE
(15). The diagnosis of NPSLE was made on clinical grounds
and after the exclusion of other causes for neuropsychiatric
symptoms, as required by the ACR (16). To eliminate the
influence of thromboembolic processes on our results, patients
with radiologic evidence of infarctions other than incidental,
small (�5 mm), old infarcts were excluded. Patients with
NPSLE were not receiving medication for NPSLE, but they
might have been taking comedications for concurrent illnesses.
All participants provided informed consent, following the guide-
lines of the independent ethics committee of our institution.

Imaging
MR imaging was performed by using a 1.5-T machine (Phil-

ips Medical Systems, Best, the Netherlands). All participants
underwent conventional MR imaging, comprising T1-weighted,
T2-weighted, proton density–weighted, and fluid-attenuated
inversion recovery (FLAIR) imaging, as well as diffusion-
weighted echo-planar imaging (EPI) covering the entire brain.
DWI consisted of a multishot spin-echo EPI sequence, with an
EPI factor defined as the number of Ky profiles collected per
excitation of 15; The total TE was 114 ms with a � of 47 ms, and
the TE was 20 ms. Other parameters were as follows: 256 � 128
matrix, 20 axial sections of 6 mm with an intersection gap of 1
mm, and a field of view of 230 mm covering the whole brain.

The b factor was 800 sec/mm2 applied to measure diffusion in
three orthogonal directions. The maximum gradient strength of
the machine was 23 mT/m. The slew rate of the system was 105
T/m/sec with a rise time of 0.22 s. The DWI sequence was
triggered by the cardiac frequency through a peripheral pulse
unit to reduce flow artifacts. Total imaging time was approxi-
mately 3 min 28 s, dependent on heart frequency. From the
DWI images in each of the three orthogonal directions, an
average DWI (DWIave) was calculated. The diffusion trace,
that is, the ADC (ADCave), was calculated from the DWIave
and b0 images on a voxel-by-voxel basis. An experienced neu-
roradiologist (M.A.v.B.) interpreted the conventional images
and both the DWI and the ADC image by means of visual
inspection.

For postprocessing, the data were exported to a workstation
(Ultra 10; Sun Microsystems, Santa Clara, CA). The ADC
images were segmented to select the brain parenchyma voxels
by using 3DVIEWNIX semi-automated software (Department
of Radiology, Hospital of the University of Pennsylvania, Phil-
adelphia). Segmentation consisted of sampling CSF to calcu-
late the mean intensity of CSF in both the DWIave and b0
images because, for every individual, a different range of in-
tensity values may occur. Since brain parenchyma always has
lower signal intensity values than those of CSF on b0 images, a
threshold was applied to include all voxels with intensity values
of 0–80% of the CSF b0 intensity. To avoid the inclusion of
extracranial and background voxels, a threshold was used to
include only voxels with intensity values more than 5.5 times
the mean intensity of the CSF sample in the DWIave images.
The result of this segmentation on visual inspection was an
adequate separation of CSF and brain parenchyma, apart from
the exclusion of extracranial structures. At the CSF-parenchy-
mal interface, this method proved to be conservative in that it
segmented the brain well within the visible brain boundaries,
thereby excluding most voxels that were subjected to partial
voluming. In addition, this segmentation process never resulted
in the exclusion of voxels within the generated outline of the
brain parenchyma. The ADC values of the remaining voxels
were subsequently plotted against their matching number in a
histogram, as Nusbaum et al recently described (14).

From the ADC histograms, we derived the mean ADC value
(ADCm); the location of the peak (Ploc), which was defined as
the ADC value corresponding to the largest bin; the SD; a
value for kurtosis, which indicated the peakedness of the his-
togram; a value for skewness, which indicated the shouldering
of a histogram (for which a positive value means shouldering to
the right and a negative value means shouldering to the left);
and the leftsum, which was defined as the area under the curve
to the left of the peak. Because the peak height of the histo-

TABLE 1: Clinical characteristics, neuropsychiatric symptoms, and radiologic abnormalities of 11 patients with a history of NPSLE

Patient No./
Age/Sex MR Imaging Abnormalities

Mean
WML

size, mm NP Symptoms and Time Since Occurrence*

1/47 y/F 2 WMLs 5 � 0 Cerebrovascular disease,† 3 mo
2/6 mo/F Small cerebellar infarction, cerebral atrophy, 2 WMLs 6 � 1.4 Primary generalized tonic-clonic seizures, 6 mo
3/41 y/F 7 WMLs 3.7 � 2.0 Movement disorder, 18 mo
4/25 y/F 6 WMLs, cerebral atrophy 3.7 � 1.0 Absence seizures, 10 mo
5/27 y/F No WML NA Cerebrovascular disease,† 10 mo
6/36 y/F No WML NA Cerebrovascular Disease,† 6 mo
7/49 y/F 21 WML 3.0 � 1.1 Cranial neuropathy, 2 mo
8/32 y/F Cerebral trophy, 29 WMLs 6.3 � 3.9 Cerebrovascular disease,† cognitive dysfunction, 5 mo
9/26 y/F No WML NA Acute confusional state, 10 mo
10/24 y/F Small venous angioma, left frontal NA Absence seizures, 7 mo
11/39 y/F No WML NA Headache from intracranial hypertension, 5 mo

Note.—WML indicates white matter lesion.
* According to the American College of Rheumatology nomenclature and case definitions for NPSLE.
† No infarctions present on MR images obtained at the time of manifestation.
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gram is influenced by the individual’s brain size, the absolute
peak was normalized by dividing the number of voxels of the
largest bin (the absolute peak) by the total number of brain
voxels, that is, the area under the curve. For convenience, this
product was multiplied by 1000 to yield a normalized ADC
peak height (Hp). Repeat imaging and imaging a third time
after repositioning the participants was performed to study the
reproducibility of the DWIs and the derived ADC histograms.
Both group parameters were compared by using the indepen-
dent samples t test with a P value of .01 as level of significance.
This way we thought we would minimize the effect of multiple
testing.

Results
The abnormalities discovered on visual inspection

of the conventional MR images are listed in Table 1.
Interpretation of the ADC images and DWIs did not
reveal abnormalities that were not observed on im-
ages obtained with conventional sequences in either
the patients with a history of NPSLE or the control
subjects.

The features of the mean ADC histograms of the
patients with NPSLE and the control subjects can be
seen in Figure 1. The results of a comparison of
histogram parameters are displayed in Table 2. The
ADC histograms of the healthy control subjects were
characterized by a single sharp peak. The size and
position of this peak were similar in all healthy sub-
jects, as indicated by both the similar Hp and Ploc

values and the corresponding low SDs (Fig 1, Table
2). The sharp high peak of the ADC histogram indi-
cated that the brain parenchyma exhibited ADC ra-
tios that were within a narrow range. The other pa-
rameters that described the shape of the ADC
histograms—Hp, Ploc, SD, kurtosis, skewness, ADCm,
and leftsum—were also similar among control sub-
jects. Repeat imaging and imaging a third time after
repositioning of these subjects did not significnatly
alter the results of the histogram parameters (Hp,
Ploc, SD, kurtosis, skewness, ADCm, and leftsum), as
can be derived from Figure 2.

The shape of the ADC histograms of the NPSLE
group was also characterized by a single sharp peak at
the same position as that of the control subjects, but
the shape of the histograms differed significantly. In the
volumetric ADC analysis, the mean Hp value of the
NPSLE group was significantly lower (P � .01) than
the mean Hp value of healthy volunteers. The mean
SD and ADCm values were significantly higher (P �
.01) in the group of NPSLE patients, compared with
the mean values in the group of healthy volunteers.
The mean Ploc values, as well as mean values for
kurtosis, skewness, and leftsum, of both groups did
not differ significantly. The lower mean Hp value, in
combination with a higher mean SD value and higher
mean ADCm value, indicated that the flatter histo-
grams in the NPSLE group occurred as a result of a
preferential increase in the number of voxels with
high ADC values. When we excluded the male par-
ticipants from the healthy volunteers, the same
parameters were still significantly different. (for Hp,
P � .01; for SD, P � .01; for kurtosis, P � .01; for
skewness, P � .01; and for ADCm, P � .001). The
leftsum value did not meet the strict criteria of a
correction for multiple testing, but it was still mark-
edly different (P � .05).

Discussion
In the present study, no focal abnormalities of

diffusivity were visible on DWIs and ADC images in

FIG 1. .Mean ADC histograms for patients with a history of
NPSLE (NPSLE) and the healthy control subjects (Controls) cor-
rected for brain size. Note the lower peak height and increased
number of pixels with higher ADC values in the NPSLE group.

TABLE 2: Comparison of ADC histogram parameters in patients
with a history of NPSLE with healthy control subjects*

Parameter

NPSLE
Group

(n � 11)

Control
Group

(n � 10)

Hp 78.0 � 14.3† 92.7 � 7.4
Ploc 807.3 � 46.7 776.0 � 43.0
SD 291.7 � 43.7† 229.3 � 31.3
Kurtosis 1.4 � 0.9 1.6 � 1.2
Skewness 1.1 � 0.3 1.0 � 0.4
ADCm, � 10�6 mm2/sec 949.4 � 45.4‡ 858.9 � 37.1
Leftsum 0.40 � 0.04† 0.45 � 0.04

* Independent-samples t test.
† P � .01.
‡ P � .001.

FIG 2. .Uncorrected mean ADC histograms of the 10 control
subjects at first-time imaging (Scan 1), at repeat imaging (Scan
2), and at imaging after repositioning (Scan 3). Note the high
reproducibility of the ADC histograms.
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patients with a history of NPSLE. Neuronal tracts
restrict the movement of free water in one direction
without limiting diffusion in the perpendicular direc-
tion alongside the tract; this is called anisotropy.
Many structures in the brain, such as the thalamus,
the optic tract, and the corpus callosum, cause this
effect of anisotropy. Interruption of the unidirec-
tional structures decreases anisotropy. Both the
DWIs and ADC images used in this study are sensi-
tive to alterations in anisotropy. Still, because no focal
or regional lesions were detected by means of diffu-
sion MR imaging, our results suggest either that no
structural abnormalities were present in brain paren-
chyma of patients with a history of NPSLE or that
subtle damage was present and did not cause visible
abnormalities. To discriminate between both options,
quantitative data must be generated, as was done in
this study by means of ADC histogram analysis, to
compare the included patients with a history of
NPSLE with a group of healthy control subjects.

The ADC histogram analysis in the present study
revealed abnormal ADC histograms in patients with
NPSLE, as indicated by a decreased peak height, an
increased SD, and a higher average ADC value, com-
pared with those in the group of control subjects. The
flatter and broader histograms in the NPSLE group
indicate that, in these patients, widespread increased
motility of free-water protons (ie, diffusion) occurs.
The subtle white matter hyperintensities that were
visible on conventional MR images seemed unlikely
to be responsible for the significantly different diffu-
sion pattern in NPSLE because their number and
sizes were small. Moreover, these lesions did not
appear on DWIs and ADC images; this observation
indicates that the diffusivity in the regions with white
matter hyperintensities was not markedly altered by
their presence. The results of the histogram analysis
suggests the option of the presence of subtle and
widespread damage in the brain parenchyma of pa-
tients with a history of NPSLE. Whether this subtle
and widespread damage is confined to certain areas,
such as gray matter or white matter, or reflects global
cerebral damage should be the subject of forthcoming
studies.

The anatomic substrate that causes the deviant
diffusion pattern in NPSLE is unknown. In his-
topathologic studies, demyelination and gliosis have
been described in the brain parenchyma of patients
with NPSLE (17). Still, the most predominant abnor-
mality described in NPSLE is vasculopathy (1, 18, 19).
Vasculopathy might lead to an altered cerebral blood
flow, which has been detected by using radionuclide
brain scanning, PET, and SPECT in patients with
NPSLE (20–27). If hypoperfusion occurs, it might be
responsible for the metabolic abnormalities reported
in NPSLE patients, as suggested by decreased high-
energy phosphate levels in phosporus-31 MR spectro-
scopic studies and decreased brain oxygen consump-
tion in PET studies (28, 29). The end stage of this
process might be axonal loss and associated demyeli-
nation, which have been suggested in 1H-MR spec-
troscopy and MTI studies (9, 10, 30–32).

The results of the current study support the prob-
ability of such a pathogenetic pathway. The increased
mean ADC value, which was a representative deviant
histogram parameter in the NPSLE group, might
have been the result of reduced structural integrity
(eg, axonal loss and demyelination) in two ways. First,
the loss of solid substances permits interstitial water
molecules to move in a more unrestricted environ-
ment. Second, ADC values decrease by the restriction
of motion in a particular direction. The well-orga-
nized sheets of myelin form such a boundary. If the
structure of these sheets diminishes, ADC values in-
crease. Because the DWI technique used in this study
did not provide anisotropy information, our data do
not permit an assessment of the precise cause of the
observed increased diffusivity. Finally, apart from loss
of structural integrity of brain tissue, the observed
diffusivity changes could also have been attributed to
subtle widening of Virchow-Robin spaces, giving rise
to increased subvoxel free-water content.

Still, the exact connection between the reported
abnormalities detected with other neuroimaging tech-
niques and the current deviant diffusion patterns is
not yet clear. Because the various techniques were
applied in different patients, whether the abnormali-
ties reported to date are present in all patients with
NPSLE or only in subgroups is impossible to know,
given the probability of different pathogeneses. To
overcome this problem, studies should be performed
in which a combination of these techniques is applied
in the same patients. This research might contribute
considerably to our knowledge of the pathogenesis of
NPSLE and to the development of the best combina-
tion of tests to further early diagnosis.

In addition to its contribution to our understanding
of the pathogenesis of NPSLE and its probable diag-
nostic faculties, ADC histogram analysis might also
be a useful tool for monitoring the progression of
disease in an individual patient. Both the corrected
peak height of the ADC histogram and the mean
ADC value seem to reflect structural damage, and
they might therefore be used as markers of disease
burden. A major advantage that seems to make the
ADC suitable for both multicenter studies and for
monitoring disease progression is its high reproduc-
ibility, as indicated by the high similarity between the
histogram parameters when the healthy control sub-
jects were imaged three times in this study. Further-
more, ADC values are absolute measures, and for
that reason, they might be independent of the tech-
niques used.

Conclusion
In this preliminary study, DWIs and ADC images

did not reveal visible abnormalities in brain paren-
chyma of patients with a history of NPSLE. In con-
trast, ADC histogram analysis demonstrated in-
creased general diffusivity in these patients, as
compared with healthy control subjects. This finding
suggests that, in the brain parenchyma of these pa-
tients, a loss of tissue integrity occurs and facilitates
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motility of free-water protons. In addition to increas-
ing our understanding of the pathogenesis of NPSLE
and enlarging our battery of highly wanted diagnostic
tools, the present method seems to be useful in quan-
tifying the detected loss of tissue integrity; this ability
enables monitoring during treatment trials and the
study of disease progression.
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