
Vol.:(0123456789)1 3

Neuroradiology 
https://doi.org/10.1007/s00234-022-02924-x

FUNCTIONAL NEURORADIOLOGY

Converging evidence of impaired brain function in systemic lupus 
erythematosus: changes in perfusion dynamics and intrinsic 
functional connectivity

Efrosini Papadaki1,2  · Nicholas J. Simos2,3 · Eleftherios Kavroulakis1 · George Bertsias4,5 · Despina Antypa6 · 
Antonis Fanouriakis4,7 · Thomas Maris1,2 · Prodromos Sidiropoulos4 · Dimitrios T Boumpas4,7,8,9

Received: 12 November 2021 / Accepted: 24 February 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Purpose Τhe study examined changes in hemodynamics and functional connectivity in patients with systemic lupus erythe-
matosus (SLE) with or without neuropsychiatric manifestations.
Methods Participants were 44 patients with neuropsychiatric SLE (NPSLE), 20 SLE patients without such manifestations 
(non-NPSLE), and 35 healthy controls. Resting-state functional MRI (rs-fMRI) was used to obtain whole-brain maps of 
(a) perfusion dynamics derived through time shift analysis (TSA), (b) regional functional connectivity (intrinsic connec-
tivity contrast (ICC) coefficients), and (c) hemodynamic-connectivity coupling. Group differences were assessed through 
independent samples t-tests, and correlations of rs-fMRI indices with clinical variables and neuropsychological test scores 
were, also, computed.
Results Compared to HC, NPSLE patients demonstrated intrinsic hypoconnectivity of anterior Default Mode Network 
(DMN) and hyperconnectivity of posterior DMN components. These changes were paralleled by elevated hemodynamic 
lag. In NPSLE, cognitive performance was positively related to higher intrinsic connectivity in these regions, and to higher 
connectivity-hemodynamic coupling in posterior DMN components. Uncoupling between hemodynamics and connectivity 
in the posterior DMN was associated with worse task performance. Non-NPSLE patients displayed hyperconnectivity in 
posterior DMN and sensorimotor regions paralleled by relatively increased hemodynamic lag.
Conclusion Adaptation of regional brain function to hemodynamic changes in NPSLE may involve locally decreased or 
locally increased intrinsic connectivity (which can be beneficial for cognitive function). This process may also involve 
elevated coupling of hemodynamics with functional connectivity (beneficial for cognitive performance) or uncoupling, 
which may be detrimental for the cognitive skills of NPSLE patients.

Keywords Neuropsychiatric lupus · Resting-state fMRI · Cerebral perfusion · Time shift analysis · Intrinsic connectivity 
coefficient · Visuomotor capacity

Introduction

Systemic lupus erythematosus (SLE) is a systemic autoim-
mune inflammatory disorder which often affects the CNS 
[1]. Symptoms vary widely among patients with neuropsy-
chiatric SLE (NPSLE), ranging from overt (e.g., seizures, 
psychosis) to subtle presentations, such as headache, depres-
sion and anxiety symptoms, and cognitive dysfunction [2]. 

Microscopic brain lesions, not detectable by conventional 
brain MRI, have been found in over 50% of NPSLE patients 
in histopathological studies [3]. The development of novel, 
advanced MRI techniques has improved sensitivity to detect 
hemodynamic changes, as well as functional alterations as 
indexed by functional brain connectivity. Few MR perfu-
sion imaging studies using dynamic susceptibility contrast 
(DSC) [4–8] or arterial spin labeling (ASL) [9, 10] reported 
regional hemodynamic changes in SLE patients without 
(non-NPSLE) or with (NPSLE) neuropsychiatric clini-
cal manifestations, ranging from non-significant [4, 5] to 
hypoperfusion [6, 9, 10] or even hyperperfusion [7, 8, 10]. 
However, the significance of altered perfusion dynamics in 

 * Efrosini Papadaki 
 fpapada@otenet.gr

Extended author information available on the last page of the article

http://orcid.org/0000-0002-3428-8298
http://crossmark.crossref.org/dialog/?doi=10.1007/s00234-022-02924-x&domain=pdf


 Neuroradiology

1 3

specific brain regions for neuronal function and functional 
connectivity with other brain areas has not been explored.

Resting-state functional MRI (rs-fMRI) is a noninva-
sive imaging technique, using blood oxygenation level-
dependent (BOLD) signal, which has been widely used to 
investigate the functional deficits in various CNS diseases. 
Studies in patients with SLE with or without neuropsychi-
atric symptoms have reported altered functional connectiv-
ity was shown both within and between several key brain 
networks [11–21]. Interestingly, rs-fMRI could provide evi-
dence not only about neural activity, but also about regional 
cerebral perfusion alterations, through time-shift analysis 
(TSA), a promising new method that has been used to assess 
hemodynamics in previous studies [22–29]. According to 
this method, the hemodynamic transfer speed is indexed 
through the temporal shift of low-frequency BOLD signal 
fluctuations of rs-fMRI. A disturbance of local blood flow 
is reflected in these fluctuations as a localized delay (i.e., 
hemodynamic lag) or temporal gain (i.e., hemodynamic 
lead) in relation to the blood flow in major cerebral veins. 
Substantial shifts, in the order of seconds, have been shown 
to provide information about local brain hemodynamics 
similar to established MR perfusion techniques [25, 27, 28].

To this date, this technique has been applied not only 
to neurological conditions characterized by severe perfu-
sion disturbances, such as stroke [22–24, 27, 28] but, also, 
in patients with Alzheimer’s dementia or mild cognitive 
impairment displaying smaller variations of hemodynamic 
impairment [29]. More recently, whole-brain TSA and 
intrinsic connectivity contrast (ICC) maps were computed 
in a group of NPSLE patients to identify potential correlated 
with emotional disturbances which are quite common in this 
disorder. We showed that anxiety and depression symptom 
severity was associated with accelerated hemodynamic 
response in limbic and ventromedial orbitofrontal regions, 
respectively [30]. These changes were paralleled by reduced 
intrinsic connectivity in dorsolateral prefrontal and medial 
orbitofrontal regions, respectively. In this context, potential 
interdependencies between relative subtle hemodynamic 
disturbances and regional brain function, as indexed by the 
overall degree of connectivity of a given region with the 
rest of the brain, have not been explored systematically. For 
instance, is overall functional connectivity of a given region 
reduced when venous drainage of this region is delayed by 
several seconds? Conversely, when venous drainage in a 
given region is accelerated, is functional connectivity of 
increased accordingly?

In the present study, we integrated estimates of regional 
hemodynamic status with indices of functional connectiv-
ity derived from rs-fMRI data in non-NPSLE and NPSLE 
patients and healthy age- and gender-matched controls. 
These indices were studied separately, as well as in com-
bination through anatomical overlay maps, to explore the 

possible hemodynamic alterations underlying functional 
connectedness changes in patients with SLE. In addition, 
the potential functional significance of such changes for the 
clinical and cognitive status of non-NPSLE and NPSLE 
patients was addressed through correlational analyses.

Methods

Participants

Patients diagnosed with NPSLE (n = 44) or non-NPSLE 
(n = 20), who regularly visited the outpatient clinic of the 
University Hospital of Heraklion and met the inclusion 
criteria, were invited to participate in the study by their 
attending physician. All patients met the revised ACR 1997 
classification criteria for SLE [31]. NPSLE diagnosis was 
based on physician judgment, following multidisciplinary 
approach and considering patient age and risk factors for 
NPSLE (anti-phospholipid antibodies, prior neuropsychi-
atric manifestation, generalized disease activity, findings 
of conventional MRI imaging, and other diagnostic proce-
dures). Additional inclusion criteria were age over 18 years, 
negative history of thromboembolic cardiovascular disease, 
or other primary CNS diseases.

As shown in Table 1, the vast majority of SLE patients 
were women, aged 19 to 65 years (IQR = 37.3–54 years) 
ranging between 1 and 25 years since SLE diagnosis (IQR 
= 2.0 to 9.3 years). The majority of patients presented with 
relatively mild disease activity (only 5 patients had SLEDAI 
scores ≥ 9) and organ damage at the time of testing (only 3 
patients had SLICC scores ≥ 1).

Comparison rs-fMRI data were available on 35 age- (p 
> .1) and gender-matched (p > .4) healthy volunteers (HC) 
(see Table 1). The hospital review board approved the study, 
and the procedure was thoroughly explained to all patients 
and volunteers who signed informed consent.

Laboratory parameters, disease activity, 
and neuropsychological tests

Relevant laboratory tests, including antiphospholipid anti-
bodies, ESR, CRP, C3, and C4, were performed at the time of 
assessment. The SLE Disease Activity Index (SLEDAI-2000) 
was used to assess disease activity [32] and the Systemic 
Lupus International Collaborating Clinics/American Col-
lege of Rheumatology (SLICC/ACR) Damage Index (SDI) 
for organ damage [33]. Neuropsychological testing was per-
formed on 35 NPSLE patients specifically aiming to include 
tests recommended by the ACR [34] (described in more 
detail in the Supplementary Material). Corresponding neu-
ropsychological data were available on only 12 non-NPSLE 
patients which were not sufficient for correlational analyses.
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MR imaging

Brain MRI examinations were performed on a clinical 1.5 
T whole-body superconducting imaging system (Vision/
Sonata, Siemens/Erlangen), equipped with high-perfor-
mance gradients (gradient strength: 40 mT/m, slew rate: 200 
mT/m/ms) and a two-element circularly polarized head array 
coil. Conventional MR imaging protocol consisted of a 3D 
T1-w MPRAGE, a T2wTSE, and a Turbo FLAIR sequence. 
Images were interpreted by a senior neuroradiologist (XX), 
with 20 years of experience, blinded to the clinical and labo-
ratory data, who reported any incidental findings not related 
to SLE, or findings related to focal SLE-related abnormali-
ties, such as acute or old infarcts, hemorrhages, and focal 
brain atrophy. Patients with any of the aforementioned MRI 
findings were excluded from the study.

Rs-fMRI was derived from a T2*-weighted, fat-saturated 
2D-FID-EPI sequence (TR = 2300 ms, TE = 50 ms, FOV = 
192 × 192 × 108 mm. Acquisition voxel size was 3 × 3 × 3 
mm, and whole brain scans consisted of 36 transverse slices 
acquired parallel to the plane passing through the anterior 
and posterior commissures (AC-PC line with 3.0-mm slice 
thickness and no interslice gap).

fMRI data preprocessing and denoising

Each BOLD time series consisted of 150 dynamic volumes 
(the first three were ignored in all subsequent analyses). Pre-
processing steps included slice-time correction, realignment, 
segmentation of structural data, normalization into standard 
stereotactic Montreal Neurological Institute (MNI) space, 
and spatial smoothing using a Gaussian kernel of 8-mm 

Table 1  Demographic and 
clinical characteristics of lupus 
patients and healthy comparison 
group (HC)

NPSLE neuropsychiatric SLE, SLEDAI Systemic Lupus Erythematosus Disease Activity Index, SLICC 
Systemic Lupus International Collaborating Clinics, ACR  American College of Rheumatology
a Without overt athero-thrombotic disease or MRI lesions. NPSLE vs. non-NPSLE: p = .1, NPSLE vs. HC: 
p = .002, HC vs. non-NPSLE: p = .2
b As indicated by scores > 8 points on the HADS Depression subscale; NPSLE vs non-NPSLE: p = .1, 
NPSLE vs. HC: p = .01

n NPSLE non-NPSLE HC p value
44 20 35

Female 42 (95.5%) 19 (95.0%) 32 (91.4%) .1
Age, mean (SD in years) 43.8 (12.5) 48.4 (13.6) 42.9 (15.4) .4
Disease duration, mean (SD in years) 6.3 (6.2) 6.1 (6.7) – .8
Neuropsychiatric manifestation – –
▪ Mood disorder 8
▪ Depression 4
▪ Anxiety disorder 8
▪ Cognitive disorder 8
▪ Lupus headache 8
▪ Psychosis 3
▪ Cranial neuropathy 2
▪ Peripheral neuropathy 1
▪  Strokea 4
▪ DVT 1
▪ Seizures 2
SLEDAI, mean (SD) 4.5 (3.0) 4.5 (3.07) – .8
SLICC/ACR score, mean (SD) 0.34 (0.57) 0.35 (0.93) – .7
aPL (+)ve 4 (9.1%) 4 (20.0%) – .1
Treatments – –
▪ Antiplatelets 7 (15.9%) – –
▪ Anticoagulants 1 (2.3%) 1 (10.0%) –
▪ Antihypertensives 12 (27.3%) 1 (10.0%) –
▪ Glucocorticoids 21 (47.8%) 11 (55.0%) –
▪ Immunosuppressives 26 (59.0%) 9 (45.0% –
▪ Biologics 3 (6.8%) – –
Smoking 17 (38.6%) 6 (30.0%) 12 (34.3%) .4
Significant depression  symptomsb 18 (40.9%) 4 (20.0%) 6 (17.1%) .04
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full-width at half-maximum using SPM8. As functional 
connectivity is affected by head motion in the scanner, we 
accounted for motion artifact detection and rejection using 
the artifact detection tool (ART; http:// www. nitrc. org/ proje 
cts/ artif act_ detect). White matter and cerebrospinal fluid 
signal (CSF) mean signals were regressed out of all voxel 
time series in order to mitigate their effects on fMRI BOLD 
time courses. The first five principal components of white 
matter and CSF regions were regressed out of the signal 
as well as their first-order derivatives. These steps were 
completed using CompCor implemented within the CONN 
preprocessing module [35] and executed in MATLAB. The 
fMRI time series were detrended and bandpass filtered in the 
0.008–0.09 Hz range, to eliminate low-frequency drift and 
high-frequency noise [30].

Time shift analysis

After fMRI data preprocessing and denoising whole-brain 
TSA maps were calculated as described in several previ-
ous studies [22–25, 30] using in house MATLAB scripts. It 
should be noted that for the calculation of TSA, only the CSF 
signal was regressed out of the BOLD fMRI time courses, 
while all the remaining preprocessing steps were applied as 
described above. Global grey and white matter signals are 
not considered noise in the calculation of TSA, and thus, 
their influence on the voxel time series was not removed 
[30]. Firstly, a mask of the major venous sinuses was cre-
ated based on the standard brain. The reference BOLD time 
series was calculated as the mean of all the voxel time series 
included in the venous mask. Then, voxel-wise cross correla-
tions were calculated in reference to this regressor for lags 
of − 3 TRs to 3 TRs (or − 6.96 to 6.96 s). This entails the 
computation of the lagged versions of each voxel time series 
(− 3 TR to 3 TR) and of the correlation coefficient of each 
lagged version of the time series with the reference signal. 
The lag value corresponding to the highest correlation coef-
ficient was then assigned to each voxel as its time shift value. 
In this manner, in each subject’s TSA map, each voxel value 
represents the lag or lead of that voxel’s BOLD activity rela-
tive to the average signal extracted from the venous sinuses.

Voxel‑wise functional connectivity

Voxel-wise global connectivity was assessed through the 
intrinsic connectivity contrast (ICC) an estimate of the 
degree of association between the time-series of a given 
voxel with all the remaining voxels in the brain (in the pre-
sent study, voxels included in all 90 cortical regions of the 
Automated Anatomical Atlas (AAL) atlas). All preprocess-
ing steps described in “fMRI data preprocessing and denois-
ing” were implemented prior to voxel level ICC computa-
tion. MATLAB code for the calculation of ICC maps using 

Singular Value Decomposition, similar to the implementa-
tion found in CONN [35], is freely available online [36]. 
ICC is conceptually similar to the graph-theoretical measure 
of degree. Degree signifies the number of regions connected 
to each individual region, while the calculation of ICC, on 
a weighted network, takes into account the connectivity 
strengths of all connections present for each voxel. Specifi-
cally, a voxel’s ICC value is computed as the mean of that 
voxel’s time series correlation values with all other voxels’ 
time series, squared.

Connectivity‑hemodynamic coupling

We also computed two separate voxel-wise overlay masks: 
one comprising voxels displaying coupling between 
hemodynamics and intrinsic connectivity, and the second 
comprising voxels that showed uncoupling. The former 
comprised voxels displaying significant ICC (p < .001 
uncorrected in first-level analyses) coupled with hemody-
namic lead, as indicated by TSA values < − 1 TR, whereas 
the latter comprised voxels displaying significant ICC com-
bined with hemodynamic lag (TSA values > 1 TR). The 
integration of ICC and TSA metrics was implemented by 
overlaying binary voxel maps created using the statistic 
thresholds mentioned above at the subject level. The first 
map contains only voxels with concurrently high global con-
nectivity and hemodynamic lead (hyperperfusion) while the 
latter increased global connectedness and hemodynamic lag 
(hypoperfusion). These two opposite combinations of the 
measures were calculated in order to examine the direction 
of their relationship, i.e., whether hyperconnected regions 
were relatively hypo- or hyper-perfused.

Correlations with neuropsychological measures

Correlations of clinical variables and neuropsychological 
test scores were computed with ICC, TSA, and ICC-TSA 
coupling indices. Hemodynamic and connectivity indices 
used in these analyses were restricted to voxel clusters and 
corresponding aal atlas regions, where significant group dif-
ferences were found.

Regarding ICC and TSA data, four complementary indi-
ces were computed. The first reflected average TSA or ICC 
values within spherical ROIs (10 mm in diameter) centered 
at the voxel with peak value in the pairwise group com-
parisons (geometric cluster center coordinates are listed in 
Tables 2 and 3). We also computed voxel percentages within 
corresponding aal atlas regions to accommodate individual 
differences in the precise anatomical location of cluster peak 
coordinates. According to this approach, first, we identified 
the aal atlas region comprising the peak of each cluster of 
significant between-group differences. Then, we calculated 
three different measures for each selected aal region: (i) 

http://www.nitrc.org/projects/artifact_detect
http://www.nitrc.org/projects/artifact_detect
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percentage of voxels with positive time delay values (> 1 
TR) representing hemodynamic lag, (ii) percentage of vox-
els with negative time delay values (< − 1 TR) represent-
ing hemodynamic lead, and (iii) percentage of voxels with 
significant ICC values according to first level one-sample t 
tests (p < .001 uncorrected).

Finally, binary ICC-TSA overlay voxel maps were used 
to compute two additional complementary indices of cou-
pling and uncoupling, respectively: (i) percentage of voxels 
displaying high ICC values and hemodynamic lead and (ii) 
percentage of voxels displaying high ICC values and hemo-
dynamic lag.

Table 2  Results of paired t tests comparing the study groups on TSA values

All effects remained significant after controlling for age
SMA Supplementary Motor Area, MCC Middle Cingulate Cortex, SPL Superior Parietal Lobule, SMG supramarginal gyrus, MOG middle occip-
ital gyrus, pMTG posterior middle temporal gyrus, mOFC medial orbitofrontal cortex, PCL paracentral lobule, IPL inferior parietal lobule, TP 
temporal pole

Brain region MNI coordinates (x 
y z)

Brain region MNI coordinates (x 
y z)

Brain region MNI coordinates (x y z)

NPSLE > HC Non-NPSLE > HC Non-NPSLE> NPSLE
  R precuneus 10 − 61 66 R precuneus 9 − 59 56 L IPL − 38 − 43 41
  L precuneus − 5 − 62 67 L precuneus − 7 − 57 59 R postcentral 46 − 22 41
  R SMA 6 − 4 61 R PCL 5 − 51 66 L postcentral − 53 − 25 41
  L SMA − 4 − 18 65 L PCL − 6 − 45 65 R TP 47 14 − 37
  R MCC (BA24) 3 5 38 R SMA 6 − 27 70 L pMTG − 46 − 63 22
  L MCC (BA24) − 6 − 7 38 L SMA − 4 − 21 70
  R SPL 12 − 55 66 R postcentral 62 − 25 38
  R SMG 63 − 28 27 L postcentral − 63 − 21 28
  R insula (BA13) 43 14 4

HC > NPSLE HC > non-NPSLE NPSLE > non-NPSLE
  R MOG 40 − 84 14 R mOFC (BA10) 18 61 6 L caudate − 10 19 − 2
  L pMTG − 33 − 81 4 L mOFC (BA10) − 4 58 5 L putamen − 22 8 − 2
  L mOFC (BA10) − 19 56 14

Table 3  Results of paired t-tests comparing the study groups on ICC

All effects remained significant after controlling for age
SPL superior parietal lobule, SFG superior frontal gyrus, MFG middle frontal gyrus, vmFC ventromedial prefrontal cortex, TP temporal pole

Brain region MNI coordinates (x 
y z)

Brain region MNI  coordinates (x 
y z)

Brain region MNI coordinates (x y z)

NPSLE > HC Non-NPSLE > HC Non-NPSLE > NPSLE
  R precuneus 23 − 82 41 R precuneus 8 − 51 56 R precuneus 12 − 63 48
  L precuneus − 28 − 71 38 L precuneus − 4 − 56 57 L precuneus − 5 − 60 43
  R SPL 23 − 71 47 R SPL 30 − 56 59 R SPL 14 − 51 71
  L SPL − 27 − 69 47 L SPL − 22 − 60 56 L SPL − 11 − 52 68
  L angular gyrus − 41 − 68 36 R angular gyrus 49 − 60 41 L angular gyrus − 44 − 50 43

L angular gyrus − 41 − 61 40
HC> NPSLE HC > non-NPSLE Non-NPSLE < NPSLE

  R TP 46 7 − 38 R TP 48 12 − 39 – –
  L TP − 36 7 − 36 L TP − 40 13 − 35
  L SFG (BA9) − 14 59 34
  L MFG (BA10/46) − 45 46 20
  L vmPFC (BA10) − 11 66 − 14
  R SFG (BA9) 24 55 34
  R MFG (BA10/46) 48 42 23
  R vmPFC (BA10) 6 65 10
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Statistical analysis

Group comparisons Whole-brain ICC and TSA maps were 
submitted to first- and second-level one-sample t tests in 
SPM12. The latter involved (a) one-sample t-tests performed 
separately for each participant group and (b) independent-
samples t-tests comparing NPSLE vs HC, non-NPSLE vs 
HC and non-NPSLE vs NPSLE groups. Given that this is 
the first attempt to assess minimal hemodynamic changes 
combined with changes in nodal functional connectivity on 
a clinical sample, we employed a somewhat liberal statistical 
threshold of p < .05 (false discovery rate (FDR) corrected, 
which was used in a previous clinical study; 29). However, 
in order to further reduce the likelihood of finding spuri-
ous results, the additional criterion of a minimum cluster 
size of 200 voxels was imposed on all group comparisons. 
Minimum cluster size was computed via the Monte Carlo 
simulation method proposed by Slotnick et al. [37, 38] using 
the estimated smoothness of our functional data (10 mm). 
ICC-TSA coupling maps which were derived from a two-
step thresholding procedure were compared between groups 
at a more liberal criterion of p < .1 FDR-corrected.

Correlations with clinical test scores Partial correlations 
were computed between each of the five indices described 
in “Correlations with neuropsychological measures” and 
(a) clinical data (disease duration, SLEDAI score) and (b) 
age- and education-adjusted neuropsychological test stand-
ard scores (based on population norms). Age served as a 
covariate in these analyses (with the exception of correla-
tions with disease duration). These analyses were restricted 
to the group of NPSLE patients (given the insufficient group 
size of the non-NPSLE group for such analyses) and were 
performed using SPSS v. 20 (SPSS Inc., Chicago, IL, USA).

Results

Neurocognitive status of NPSLE patients

On average, NPSLE patients performed within one SD 
below the normative population average on all neuropsy-
chological test indices, although a considerable percentage 
of patients (20%) scored in the significantly impaired range 
(z < − 1.5) on at least three indices (see Supplementary 
Figure 1).

Evidence of impaired hemodynamic status in NPSLE 
and non‑NPSLE

Significantly higher TSA values in the NPSLE vs the HC 
group were found bilaterally in the supplementary motor 
area, precuneus, and middle cingulate cortex, and also in the 

right supramarginal gyrus, superior parietal lobule (SPL), 
and insula (Fig. 1b; Table 2). Inspection of the map of aver-
age TSA values in Fig. 1c reveals that NPSLE patients as a 
group displayed hemodynamic lag in all these areas (TSA > 
1TR). Compared to the non-NPSLE group, NPSLE patients 
displayed significantly greater hemodynamic lag in the cau-
date and putamen (Fig. 1 e and f).

Pairwise contrasts in the opposite direction (HC > 
NPSLE) were found in lateral occipital cortices (right mid-
dle occipital gyrus), left posterior middle temporal gyrus, 
and left medial orbitofrontal cortex, where NPSLE patients 
displayed hemodynamic lead (Fig. 1c). Significant non-
NPSLE > NPSLE contrasts were found bilaterally in the 
postcentral gyrus (Fig. 1 e and f) and also in the left infe-
rior parietal lobule and adjacent posterior middle temporal 
gyrus, and in the right temporal pole. Inspection of Fig. 1e 
suggests that these regions demonstrated significant hemo-
dynamic lag among non-NPSLE patients.

Significant non-NPSLE > HC contrasts were found bilat-
erally in the precuneus, paracentral lobule, supplementary 
motor area, and primary somatosensory cortex (Fig. 1d; 
Table 2). Inspection of the map of average TSA values in 
Fig. 1e reveals that non-NPSLE patients as a group displayed 
hemodynamic lag in all these areas (TSA > 1TR). Pairwise 
contrasts in the opposite direction (HC > non-NPSLE) were 
found in bilateral medial orbitofrontal cortex where non-
NPSLE patients displayed hemodynamic lead.

Evidence of aberrant whole-brain intrinsic connectivity 
in NPSLE and non-NPSLE

Evidence of increased intrinsic connectivity among 
NPSLE patients as compared to HC participants was found 
mainly in parietal lobe regions, as shown by the results of 
one-sample t tests (indicating clusters of voxels displaying 
significant ICC in whole-brain analyses) as well as paired-
sample t-tests (showing voxel clusters with significantly 
higher ICC in NPSLE vs HC groups) (Fig 2). Inspection of 
Table 2 indicates that regions displaying hyperconnectiv-
ity in NPSLE comprise the posterior portion of the DMN 
(precuneus, SPL, bilaterally, and the left angular gyrus). 
Conversely, reduced intrinsic connectivity was observed in 
anterior DMN components (ventromedial and superior pre-
frontal cortex and the temporal poles).

Non-NPSLE patients also displayed increased ICC, as 
compared to both the HC and NPSLE groups, in posterior 
DMN regions, although reduced intrinsic connectivity was 
restricted to the temporal poles.

Coupling of intrinsic connectivity and hemodynamic 
disturbances in NPSLE and non‑NPSLE

Compared to healthy controls, NPSLE patients displayed 
increased connectivity coupled with hemodynamic lead 
in the cuneus (bilaterally), right middle occipital, right 
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posterior middle temporal gyrus, right angular gyrus, and 
right precentral gyrus (Fig  3). Conversely, increased uncou-
pling of ICC with hemodynamics (i.e., voxels displaying 
high ICC and hemodynamic lag) in NPSLE as compared to 
the HC group was found in the precuneus and adjacent SPL 
bilaterally. The non-NPSLE group showed reduced coupling 
in pericalcarine cortex and increased uncoupling in the pre-
cuneus, bilaterally, as compared to the HC group.

Associations of clinical variables with hemodynamic 
and connectivity indices

Among NPSLE patients (as well as in the total sample 
of SLE patients), hemodynamic lag (% voxels displaying 
hemodynamic transfer lags > 1 TR) increased with longer 
disease duration in the right SMA (r = .362, p = .019) and 
paracentral lobule (r = .368, p = .018). Intrinsic connec-
tivity was also positively related to disease duration in the 
left (r = .418, p = .02) and right SPL (r = .502, p = .006). 
Further, higher percentage of voxels in the right SPL dis-
playing high ICC coupled with hemodynamic lag (> 1 TR) 
(TSA-ICC conjunction maps) was associated with greater 

impact of the disease (SLEDAI score adjusted for age; 
r = .319, p = .03).

Associations of neuropsychological test scores 
with hemodynamic and connectivity indices 
in NPSLE

Hemodynamics Significant associations (age-adjusted) with 
neuropsychological test scores were found for hemodynamic 
lag in the right middle cingulate cortex (where NPSLE 
patients displayed higher hemodynamic lag than the HC 
group). Specifically, higher lag values among NPSLE patients 
correlated with worse performance on Digits Reverse (r = − 
.34, p = .030) and AVLT Delayed Recall (r = − .49, p = .01).

Functional connectivity Positive associations of immediate 
verbal memory scores with ICC, controlling for age, were 
found in both posterior (SPL) and anterior DMN regions 
(right SFG). Specifically, ICC in the left SPL correlated with 
AVLT Delayed Recall (r = .486, p = .003), ICC in the right 
SPL with AVLT Delayed Recall (r = .551, p = .001), and ICC 
in the right SFG with Digits Reverse (r = .539, p = .001).

Fig. 1  Whole-brain TSA maps. a, c, e: Group TSA maps in healthy 
controls (HC), non-NPSLE and NPSLE patients displaying voxels 
that showed hemodynamic lag (positive TSA values > 1 TR) or lead 

(negative TSA values < − 1 TR). b, d, f: Pairwise t-contrasts on para-
metric TSA maps between study groups (thresholded at p < .05, FDR 
corrected with minimum cluster size of 200 voxels)
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Functional connectivity‑hemodynamic coupling The per-
centage of voxels in the right SPL displaying ICC-hemo-
dynamic uncoupling correlated negatively with several 
cognitive measures (controlling for age), namely, digits 
forward (r = − .43, p = .01), Digits Reverse (r = −.55, p = 
.001), AVLT Immediate Recall (r = −.50, p = .01), AVLT 
Delayed Recall (r = −.53, p = .001), Trail Making Test A 
(r = −.42, p = .01), and Trail Making Test B (r = −.40, p = 
.01). Conversely, the percentage of voxels displaying ICC-
hemodynamic coupling in the right posterior middle tem-
poral and angular gyri (which were also more predominant 
among NPSLE as compared to HC participants) correlated 
positively with performance, (AVLT Delayed Recall: r = .42, 
p = .01) and time to complete the Grooved Pegboard test (r 
= − .40, p = .01).

Discussion

In the current study, a complex interplay between hemody-
namic status and functional brain organization in SLE was 
found. Specifically, NPSLE patients demonstrated intrin-
sic hypoconnectivity in anterior DMN components and 

hyperconnectivity in posterior DMN components, as com-
pared to healthy controls. These findings are in partial agree-
ment with the limited number of rs-fMRI studies conducted 
in NPSLE patients [15, 19]. They are also in agreement with 
previous results from the same cohort of NPSLE patients, 
using a very different approach (machine learning) to iden-
tify connectivity hubs that optimally differentiate NPSLE 
patients and healthy volunteers [14]. Moreover, increased 
intrinsic connectivity in at least two posterior DMN com-
ponents (precuneus and SPL) was paralleled by elevated 
hemodynamic lag, in agreement with an earlier report of 
our group showing reduced perfusion in the semioval center 
in NPSLE patients [6]. Such regional hypoperfusion may 
reflect prominent vasculopathy, diffuse chronic ischemia, 
and neuronal loss in this region [39]. The positive associa-
tion of hemodynamic lag in some of these regions correlated 
positively with disease duration is consistent with the notion 
that possible perfusion disturbances emerge with advanced 
disease progression.

Hyperconnectivity in sensorimotor regions is also in 
agreement with the report of increased functional con-
nectivity between and within the sensorimotor network, 
although both increased and decreased connectivity was 

Fig. 2  Whole-brain ICC maps. a, c, e One-sample T maps in the 
healthy control (HC), non-NPSLE, and NPSLE groups displaying 
voxels with significant ICC values. b, d, f Pairwise t-contrasts on par-

ametric ICC maps between study groups. All tests were thresholded 
at p < .05, FDR corrected, with minimum cluster size of 200 voxels
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found with the DMN in that study [19]. A similar finding 
or increased DMN connectivity was also reported by Hou 
et al. [21] in a group of 30 non-NPSLE patients of compa-
rable disease duration and disease activity. Our findings 
are also partly consistent with the findings of Zhang et al. 
[20] who reported increased degree centrality in anterior 
components of the DMN, albeit decreased functional con-
nectivity in posterior portions of the DMN in non-NPSLE 
patients. It should be noted, however, that compared to 
the patient group studied by Zhang et al., our non-NPSLE 
sample comprised much older patients with longer disease 
duration who at the time of testing had much milder dis-
ease activity as indicated by their average SLEDAI score. 
It is noteworthy that hyperconnectivity and increased 
hemodynamic lag in posterior DMN regions in this group 
was also found in comparison to the NPSLE group that 
comprised patients with comparable disease duration and 
activity at the time of the fMRI scan. Despite their cross-
sectional nature, these preliminary findings may suggest 
greater compensatory processes—possibly in response 
to concomitant, regional hemodynamic disturbance—in 
lupus patients who do not manifest neuropsychiatric symp-
toms. Moreover, our results may help explain the recent 
finding in this population of reduced capacity to suppress 

BOLD activity in posterior DMN regions during perfor-
mance of cognitive tasks [40].

Functional role of hemodynamic and connectivity 
changes in NPSLE

Another important finding of the present study concerns the 
potential clinical significance of changes in hemodynamics 
and functional connectivity in NPSLE. Specifically, relative 
hyperconnectivity of posterior (bilateral SPL) and anterior 
DMN components (right superior frontal gyrus) correlated 
positively with immediate verbal memory scores. Moreover, 
preserved (or even increased) hemodynamic-connectivity 
coupling in posterior components of the DMN (posterior 
middle temporal and angular gyrus in the right hemisphere) 
appears to be beneficial for diverse cognitive functions 
(immediate verbal memory and visuomotor coordination). 
Conversely, evidence of hemodynamic-connectivity uncou-
pling in posterior DMN regions (right SPL) may be detri-
mental for a range of cognitive functions, including verbal 
memory (immediate and delayed), visuomotor coordination, 
and mental flexibility. It is of note that this uncoupling also 
parallels disease activity as indicated by higher SLEDAI 
scores. Thus, hemodynamic impairment in NPSLE patients 

Fig. 3  Connectivity-hemodynamic coupling in the group of healthy 
volunteers (HC), non-NPSLE, and NPSLE patients. Clusters of vox-
els that showed significantly elevated ICC (p < .1, FDR corrected 
in one-sample t tests) combined with hemodynamic lead (TSA val-

ues < − 1 TR) are plotted in the upper panels; clusters of voxels that 
showed significantly elevated ICC combined with hemodynamic lag 
(TSA values > 1 TR) are plotted in the lower panels
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could trigger a compensatory increase in functional con-
nectivity in some regions, although changes in regional 
functional connectivity (i.e., hypoconnectivity in anterior 
DMN components or hyperconnectivity in the left angular 
gyrus) may occur in the absence of concomitant changes in 
hemodynamics.

Taken together, these findings highlight a complex mech-
anism of functional adaptation of the brain to the disease, 
whereby compensatory increases in intrinsic connectivity 
formed by both posterior and anterior DMN components 
may contribute to the preservation of cognitive capacity in 
NPSLE. Conversely, an imbalance between hemodynamic 
activity and function (to the extent that the latter is reflected 
in the degree of cross-regional communication) is related 
to both higher disease activity and worse cognitive perfor-
mance. Although not directly comparable, these results are 
consistent with several, small-scale, fMRI studies revealing 
increased BOLD signal in prefrontal and parietal regions 
during performance of executive and working memory tasks 
in NPSLE [41].

Study limitations and cautionary note

The present results should be interpreted with caution in 
view of certain study limitations. Thus, we had no data 
regarding internal carotid artery atherosclerosis, which 
might affect cerebral perfusion. Furthermore, the small 
sample size of the non-NPSLE group does not permit direct 
comparisons with previous studies on functional connec-
tivity, especially in view of the highly heterogenous nature 
of the disease in terms of both inter- and intra-individual 
variability, associated in part with clinical and treatment 
variables. Although associations with clinical and neu-
ropsychological test scores found in the present study indi-
cate moderate effect size in most cases, they indicate that 
several additional factors play a critical role in determining 
cognitive performance, in addition to measurement error 
in both cognitive test scores and rs-fMRI recordings and 
derived indices. Along these lines, several confounders 
may have contributed to the observed statistical associa-
tions between TSA and ICC indices and cognitive measures. 
Among them, emotional disturbances, particularly depres-
sion symptoms, may have indirectly affected performance 
on neuropsychological tests. Moreover, structural changes 
not visible on conventional MRI sequences, such as subtle 
white matter disturbances, may underlie, at least in part, the 
observed associations. Furthermore, structural and/or func-
tional changes could be accounted for to some extent by 
clinical variables, such as disease duration, disease activ-
ity, and organ damage. Such relationships were observed 
in the present study, although the current sample size did 
not permit testing of complex models to assess mediat-
ing or moderating effects of clinical (as well as emotional 

variables) on the association between cognitive performance 
and connectivity/hemodynamics.

Longitudinal data involving multiple measurements of 
multiscale data is forthcoming in order to establish causa-
tive links between clinical and psychometric indices of the 
impact of the disease and the evolution of changes in brain 
function in SLE patients. Even more, a rather liberal mul-
tiple comparison correction method (FDR) was applied in 
the analyses. Further studies with larger samples and more 
stringent statistical thresholds (based on family-wise error 
rate; FWE) are warranted to confirm our findings.

It is also important to note that perfusion indices reported 
in the present study were derived from the analysis of time-
lags (or leads) in resting-state recordings across brain voxels. 
These measures of time shift in the phase of low-frequency 
BOLD oscillations are presumed to reflect hemodynamic 
transfer lag times and have been validated in cases of severe 
brain ischemia [22–28]. Apparently, perfusion indices 
derived from TSA of rs-fMRI data and relative cerebral 
blood flow estimated from using DSC-MRI provide comple-
mentary measures of cerebral perfusion that differ in many 
respects. Thus, the former provides voxel-based estimates 
of hemodynamic lag or lead times in both grey and underly-
ing white matter regions, as compared to the average time 
series recorded from major venous structures, whereas the 
latter relies on expertly placed measurement ROIs within the 
normal appearing cerebral white matter.

Conclusion

In conclusion, hemodynamic disturbances coupled with 
intrinsic connectivity changes were found in SLE patients 
with or without neuropsychiatric involvement, particularly 
in DMN components and sensorimotor regions, indicative of 
compensatory functional connectivity changes in response to 
hemodynamic impairment, most extensive in non-NPSLE. 
This functional adaptation of the brain positively affects ver-
bal memory and visuomotor coordination skills of NPSLE 
patients, possibly contributing to the preservation of their 
cognitive capacity.
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