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Sickle cell disease (SCD) is a red blood cell disorder that causes many complications including life-long pain.
Treatment of pain remains challenging due to a poor understanding of the mechanisms and limitations to char-
acterize and quantify pain. In the present study, we examined simultaneously recording functional MRI (fMRI)
and electroencephalogram (EEG) to better understand neural connectivity as a consequence of chronic pain in
SCD patients. We performed independent component analysis and seed-based connectivity on fMRI data. Spon-
taneous power and microstate analysis was performed on EEG-fMRI data. ICA analysis showed that patients
lacked activity in the default mode network (DMN) and executive control network compared to controls. EEG-
fMRI data revealed that the insula cortex's role in salience increases with age in patients. EEGmicrostate analysis
showed patients had increased activity in pain processing regions. The cerebellum in patients showed a stronger
connection to the periaqueductal graymatter (involved in pain inhibition), and negative connections to pain pro-
cessing areas. These results suggest that patients have reduced activity of DMN and increased activity in pain pro-
cessing regions during rest. The present findings suggest resting state connectivity differences between patients
and controls can be used as novel biomarkers of SCD pain.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Sickle cell disease (SCD) is an inherited blooddisorder that can result
in life-long pain (Platt et al., 1991). This disorder causes red blood cells
to deform into sickle shapeswith poor oxygen carrying ability leading to
recurrent ischemia-reperfusion injury, end-organ damage, and pain
(Rees et al., 2010). In SCD, treatment of pain is challenging because
pain episodes can start in infancy and progressively increase throughout
life, causing chronic pain.Moreover, recurrent episodes of acute pain re-
quires hospitalization and impairs quality of life (Platt et al., 1991). Opi-
oids remain the mainstay of analgesic therapy for chronic and acute
pain (Ballas et al., 2012). However, patients are often recalcitrant to
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opioid therapy, can be denied treatment due to “opioidphobia”, or are
over-treated. Recently, some critical peripheral and spinal mechanisms
underlying pain have been recognized using humanized sickle mouse
models (Cataldo et al., 2015; Hillery et al., 2011; Kohli et al., 2010;
Valverde et al., 2016; Vincent et al., 2015).

Recent observations suggest that “central sensitization” may un-
derlie chronic pain due to constitutive sensitization of spinal dorsal
horn neurons in sickle mice (Cataldo et al., 2015). However, the un-
derstanding of neural pathways and activities in the brain influenced
by pain remain an unmet need in SCD. It is a challenge to examine the
mechanisms in SCD patients due to disease heterogeneity and
unpredictable episodes of acute pain. We hypothesized that non-
invasive imaging methods, such as electroencephalography (EEG)
and functional magnetic resonance imaging (fMRI) (He et al., 2011;
He and Liu, 2008; Michel and He, 2011), can be utilized in order to bet-
ter understand the mechanisms of pain in SCD and develop methods to
quantify and characterize pain in patients. Non-invasive imaging has
been utilized in patients with epilepsy to localize seizure onset zones
by recording resting state data in either fMRI or EEG (Lu et al., 2014;
Zhang et al., 2015), and hence these same tools can be applied to chron-
ic pain to find alterations in brain activity. A recent study showed al-
tered neural connectivity in the brain of SCD patients using fMRI
(Darbari et al., 2015).
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Functional brain imaging studies have suggested that during resting
state the brain is active and forms patterns of activity called resting state
networks (RSN) (Fox et al., 2005). Certain RSN have been identified
using fMRI, including the defaultmodenetwork (DMN), salience, senso-
ry motor, and attention (Farmer et al., 2012; Raichle et al., 2001). Al-
tered DMN activity has been observed in a number of neurological
disorders and chronic pain (Buckner et al., 2008; Kucyi et al., 2014;
Loggia et al., 2013). These abnormalities in functional connectivity sug-
gest that chronic pain conditions alter resting state activity.

In our study,we used traditional fMRImethods to assess altered con-
nectivity in RSN. These methods included independent component
analysis (ICA) and seed-based analysis (Correa et al., 2007; Greicius et
al., 2009; Moeller et al., 2011; Vollmar et al., 2012). EEG dynamics can
be extracted by selecting unique EEG features and comparing their
time courses to fMRI data (He and Liu, 2008; Liu and He, 2008). EEG-
fMRI methods have been developed to study resting state in healthy
subjects using techniques in frequency, spatial, and time domains. To
have a more mechanistic understanding of how RSN are linked to neu-
rophysiological manifestations, we included concurrent EEG in our
study. EEG has high temporal resolution and direct measurement of
underlying neurological activity. There have been previous studies
deploying EEG-fMRI to study DMN in healthy subjects (Hlinka et al.,
2010; Laufs et al., 2003a, 2003b; Mantini et al., 2007). Our data show
that non-invasive EEG-fMRI methods are well tolerated by patients
with SCD without any adverse events; and that comparison with RSN
activity in healthy subjects can be used to examine abnormalities in
RSN activity in patients with SCD.

2. Methods

2.1. Healthy subjects

We recruited 15 healthy volunteers, 8 of which were female. The
mean age and standard deviation were 28.8 ± 10.7 years, respectively.
The healthy subjects' ethnicity included 6AfricanAmericans, 1Hispanic,
1 Asian, and 7 Caucasian. All subjects met the MR safety criteria and
gave their written informed consent. None of the subjects reported
any previous neurological or psychiatric disorders, psychoactive medi-
cation or history of drug abuse. The study was approved by the Institu-
tional Review Boards of the University of Minnesota.

2.2. SCD patients

A total of 15 patients with SCD were recruited to participate in the
study. Therewere 7 female patients, and themean age and standard de-
viation was 24.5 ± 6.8 years, respectively. There were 2 patients that
were under the age of 18 in this study. Patients were asked to rate
their pain on the day of the study on a scale of 0 to 10 (with 10 being
the worst pain imaginable) and were allowed to take all of their usual
medications, including narcotic pain medications. A MR screening
form was completed to ensure patients could safely participate in the
study. All patients participated in this study with written consent ac-
cording to a protocol approved by the Institutional Review Board of
the University of Minnesota. For the minor participants, written assent
was obtained aswell as consent fromaparent or legal guardian. Patients
were also asked if they were willing to share their medical records with
the research staff. An additional informed consent was obtained for all
patients willing to share their medical records. One patient was not
comfortable sharing their medical records.

2.3. EEG recording

A 64-channel MR-compatible EEG cap was placed on the subject's
scalp. One electrode was placed on the subject's back to record cardiac
activity for noise removal purposes later on. Electrode impedances
were brought below20 kΩ. The EEGwas amplified usingMR-compatible
amplifiers (BrainAmpMR 64 plus, BrainProducts, Germany) and record-
ed at 1000 Hz. Recordings of EEG were done outside the scanner for all
controls and all patients. EEG was recorded both inside and outside of
the scanner on the same day of the experiment for 11 patients and 13
controls. For the remaining patients and controls, fMRIwas obtained sep-
arately fromEEG recordings. During outside scanner recordings, the sub-
jectwas told to sit still and restwith eyes open in a private room. Outside
scanner recording lasted 20 min. During inside scanner recording, sub-
jects were asked to have their eyes open and lie still in the scanner and
not to fall asleep. Fig. 1 shows the schematic diagramof the experimental
procedure for EEG-fMRI. Each recording lasted for 8min.We collected at
least a total of 20min of simultaneous EEG-fMRI for each subject that re-
ceived this procedure.

2.4. MRI recording

Weused a 3 T SiemensMagnetomTrio scanner (Erlangen, Germany)
with 16 channel head coil for all but one subject. The last subject's data
was obtained on a 3 T Siemens Magnetom Prisma scanner (Erlangen,
Germany)with a 20 channel head coil due to upgrades being conducted
at the Center forMagnetic Resonance Research at the University ofMin-
nesota. Individual anatomical MRI data were collected which consisted
of 240 contiguous sagittal slices with 1 mm slice thickness (matrix size:
256 ∗ 256; FOV: 256mm ∗ 256mm;TR/TE=20ms/3.3ms) on a 3 TMRI
system (Siemens, Erlangen, Germany). Additionally, each subject was
instructed to lie quietly in the scanner for two to three functional
scans, each lasting 8 min. Whole-brain functional images with blood-
oxygen-level dependent (BOLD) contrast were acquired using gradient
echo planar imaging sequence (40 axial 3-mm thick sequential slices
with 0.3-mm gap; TR/TE = 2500 ms/30 ms; flip angle = 90°; matrix
size: 64 ∗ 64; FOV: 192 mm ∗ 192 mm).

2.5. EEG preprocessing

The MR gradient artifact was removed using a principle component
analysis (PCA)-based optimal basis set (OBS) algorithm (Niazy et al.,
2005). ECG recordings which were collected from the electrode placed
on the subject's back were used to detect and remove the cardioballistic
artifact (CBA). The timing of each heartbeat artifact in the channel was
determined using an R-peak detection algorithm adapted from (Liu et
al., 2012a). The final artifact correction procedure is based on a combi-
nation of ICA, OBS, and an information-theoretic rejection criterion
(Liu et al., 2012a). In this process the signal is decomposed into inde-
pendent components, which are rejected if the mutual information be-
tween the component's time course and the CBA artifact is sufficiently
high. The remaining components are then divided into epochs around
each heartbeat and an optimal basis set is obtained across all epochs
to fit and remove the artifacts. Detection of bad electrodes and data
epochs was performed before CBA detection, and again after CBA cor-
rection. Electrodes were first re-referenced to a common average of
electrodes connected to the same amplifier, and then to the combined
average. Together with EEG data obtained from outside of MR scanner,
the EEG signal was filtered and down-sampled to 256 Hz.

2.6. fMRI preprocessing

All fMRI data were pre-processed for slice scan time correction, 3-D
motion correction and temporal filtering using SPM8 software
(Ashburner et al., 2012). All brainswere aligned to the anterior-posteri-
or commissural line and normalized by transformation into MNI space
(Montreal Neurological Institute). The fMRI data were then spatially
co-registered to the structural MRI. Smoothing was performed in
SPM8 to three times the size of the original voxels using full width at
half maximum (FWHM). The first 10 images from each fMRI session
were removed to ensure all fMRI data had reached a steady state of
excitation.



Fig. 1. Schematic diagram of data analysis steps conducted on simultaneously recorded EEG and fMRI data. Power and microstate analysis were performed on EEG data and the resulting
time courses were convolvedwith the hemodynamic response function (HRF) to obtain activationmaps. Independent component analysis (ICA) and seed based analysis were performed
on fMRI data to find activation maps.
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2.7. BOLD signal comparison

A major concern of this study was whether the fMRI data from pa-
tients would accurately reflect neurological activity due to the nature
of their disease. The BOLD signal measures changes in blood oxygena-
tion. SCD directly affects red blood cells and this could induce changes
in BOLD signals that do not reflect neural activity. In order to determine
if alterations observed in fMRI reflect true neural activity or abnormali-
ties in blood flow caused by SCD we compared the hemodynamic re-
sponse function (HRF) of patients and controls. The spontaneous HRF
was obtained from resting state data using a previously describedmeth-
od (Wu et al., 2015, 2013). The raw BOLD signal was obtained from
Fig. 2.Blood-oxygen-level dependent (BOLD) responses in terms of percent signal change across
region. B. Average BOLD responses located in the right cerebellum. C. Average BOLD responses
supramarginal gyrus. Responses from four of the eight regions tested are shown here. No regio
several brain regions usingMarsBaR (Brett et al., 2002). The percent sig-
nal changewas calculated for each BOLD time course across all subjects.
The spontaneous HRF was found by setting a peak threshold to at least
0.6% signal change. The average HRF were found for both controls and
patients and are plotted in Fig. 2. The peakwidths and peak prominence
for each region were recorded and displayed in Table 1. No significant
differences between controls and patients were found in any of the re-
gions studied. Since the HRF seems stable in patients, we believe this
suggests that fMRI data reflects neural activity rather than abnormali-
ties in vasculature in patients. It should also be noted thatmany patients
were in no to little pain during our experiments,meaning theywere in a
relatively stable condition. Recent studies have also shown that during
time for both patients and controls. A. Average BOLD responses located in the right cuneus
located in the left inferior parietal cortex. D. Average BOLD responses located in the right
n showed significant differences between patients and controls.

Image of Fig. 1
Image of Fig. 2


Table 1
Characteristics of hemodynamic response function (HRF) for patients and controls in different brain regions.

HRF characteristic Peak width (s) Peak prominence (% change)

ROI Patients Controls p-Value Patients Controls p-Value

Cuneus 5.111293 5.655936 0.255852 1.157787 1.436841 0.137429
Fusiform 5.899524 5.229846 0.195902 0.996871 1.246177 0.070719
Inferior parietal 5.633893 5.763587 0.713935 0.906336 1.086704 0.253439
Midcingulate 5.746368 5.947603 0.592804 0.988434 1.236614 0.105184
Midoccipital 5.825247 5.762134 0.891424 0.865477 1.271622 0.061947
Cerebellum 5.295872 5.170938 0.770602 1.112825 1.165956 0.735398
Insula 5.188698 5.566975 0.318844 0.949436 1.112952 0.115258
Supramarginal gyrus 5.634376 5.578053 0.903875 0.960899 1.121443 0.175291

Summary of BOLD analysis results showing the average peak width and average peak prominence of the hemodynamic response function (HRF) of patients and controls. Eight randomly
selected regions in the brain were chosen to detect if there was any significant differences in the HRF characteristics. The peak width is measured in seconds, and the peak prominence is
measured in percent change.
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resting state, SCDpatients have increased cerebral blood flow compared
to healthy controls to compensate for decreased oxygen levels so that
oxygen delivery at rest is normal (Bush et al., 2016; Jordan et al.,
2016). This suggests fMRI measurements should be normal during rest
in SCD patients.

2.8. Independent component analysis of fMRI data

ICA in the spatial domain was performed using the Group ICA of
fMRI toolbox (GIFT) (Rachakonda et al., 2007). Detailedmethodological
principles of ICA decomposition using blind source separation, the
method implemented in GIFT, were previously described (Correa et
al., 2007, 2005). First, PCA was applied to data from each subject to re-
duce the computational cost of the analysis. Thirty independent compo-
nents were computed using the infomax algorithm. Back reconstruction
computed spatial maps and time courses for each component for all
subjects. The voxel intensities of each independent component mean
group maps were converted to z-scores. A higher z-score represents a
higher correlation coefficient. The ratio of low frequency power to
high frequency power was calculated for each component. This ratio
was used to help determine if the component was noise. The higher
the ratio value, the more likely the component is an acceptable signal.
A threshold of p= 0.05 corrected for false discovery rate (FDR) was ap-
plied to group average maps.

The “spectral group compare” toolbox in GIFT was used to calculate
the power density to evaluate the frequency distribution of the time
courses for each RSN. The frequency rangewas spaced into three equally
spaced bins between 0 and 0.25 Hz at 0.8 Hz intervals. Control and pa-
tient comparison was done using one-sample t-tests for each frequency
bin.

2.9. Seed based analysis

Connectivity was assessed using the CONN functional connectivity
toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). Functional and
anatomical data for each subject was loaded into the toolbox. First-
level analysis was done using all regions of interest (ROIs) listed in the
CONN toolbox to perform individual ROI to ROI andROI to voxel analysis
for all subjects. Second-level analysis was done for control and patient
groups. Connectivity ROI to ROI maps were plotted showing connection
strength and polarity, and a p-value of 0.05 (FDR corrected)was used to
threshold the maps. ROI to ROI maps were used to identify important
seeds that showed altered connectivity between control and patient
groups. The right cerebellum Crus I seed was identified as having signif-
icant negative connectivity differences between patients and controls
and this seed was used in a ROI to voxel analysis. The ROI to voxel anal-
ysis used a p-value of 0.05 (FDR corrected) to threshold the significant
clusters with negative connectivity to the seed region in patients. The
connectivity to these regionswas obtained in both controls and patients
to validate significant differences between the two groups. The
connectivity values of the patients were also compared to the clinical
data to find any correlations between connectivity and disease severity.

2.10. EEG-informed fMRI

Spontaneous power fluctuations over different frequency bands
were calculated from EEG data. Frequency bands include delta (2–
4 Hz), theta (5–7 Hz), alpha (8–12 Hz), beta1 (13–21 Hz), and beta2
(22–30Hz). Themethod for obtainingpowerfluctuationswas previous-
ly discussed (Laufs et al., 2003a, 2003b). An averaged time course was
obtained from the occipital electrodes,which best reflects alpha activity.
Enhancing alpha activity was done because the DMN has been linked to
this frequency band (Knyazev et al., 2011; Laufs et al., 2003a, 2003b;
Mantini et al., 2007). The average time course was used to build a spec-
trogram. The calculated power values were averaged across the speci-
fied frequency bands within the spectrogram and mean-scaled to
standardize the range of each frequency band to get the final power
fluctuation time courses; this method is shown in the bottom path of
Fig. 3. An EEG microstate analysis was also performed using methods
previously described (Yuan et al., 2012). A total of 30 microstates
were calculated for the entire group by finding the peaks in the global
field power, and the noisy ones were eliminated from further analysis.
The analysis was performed by concatenating the group data together
to get the final microstates. The normalized microstate time course,
where only one microstate is dominant at any specific time point, was
used for EEG-fMRI analysis. The top path of Fig. 3 displays the major
steps of the microstate analysis method.

EEG time courses were convolved with the HRF in order to correlate
the EEG data to the fMRI results; the time courses for both methods are
shown before and after HRF convolution in Fig. 4. Correlations were de-
termined by using a general linear model (GLM). The GLM was imple-
mented using SPM8 software. The design matrix was formed by using
the convolved EEG time courses from the methods described above as
well as the six rigid-body motion correction parameters as regressors.
The model was estimated using the classical method in SPM8. First
level analysis was used to generate single subject activation maps. For
the power analysis, both a positive and negative contrast was applied
to each frequency band regressor. Only a positive contrast was applied
to eachmicrostate regressor. Group analysis was performed using a sec-
ond level factorial design analysis in SPM. Contrast images were obtain-
ed to compare differences between controls and patients. The total
number of healthy controls was 13 and the total number of patients
was 11 for group analysis. A FDR correction was applied to the group
images. The p-valuewas set to 0.05 and these are the only voxels report-
ed as statistically significant. Statistical maps were imported into
MRIcron software for display (Rorden and Brett, 2000).

A ROI analysis was performed on the EEG-fMRI beta1 power results,
where a significant cluster was observed in the “patients N controls”
contrast image. The z-score of the ROI was obtained from back-
projected RSN maps from our previous GIFT analysis. The salience



Fig. 3. Graphic diagram of data analysis steps for simultaneous EEG-fMRI methods. The preprocessed EEG data were analyzed using two methods. The top chart shows the microstate
analysis method. The peak points of the global field power were concatenated together to identify thirty independent components using ICA. After eliminating noisy components, nine
group microstates were identified for further analysis. The time course for each microstate was normalized so that only one microstate would be active for any given time point. The
bottom chart shows the basic steps for spontaneous power analysis. An average time course was determined from a specific brain region. The averaged time course was used to
construct a spectrogram so that the average time course for EEG frequency bands could be found. The frequency band time courses were mean-scaled so that their ranges would be
comparable to each other. Finally, the normalized time courseswere convolvedwith the hemodynamic response function to be used as regressors in a general linearmodelwith fMRI data.
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network was chosen for the RSN due to the nature of the group activa-
tion for the beta1 band. The z-scores were obtained from both controls
and patients, and compared to our clinical variables to find correlations
that reflect disease severity. The average activation time of each micro-
state was calculated for both controls and patients by finding the total
times amicrostatewas dominant and dividing it by the total time points
within the EEG recording. A two-sample t-test was used to compare av-
erage activation time of each microstate between controls and patients.
The average activation time was also used to find correlations with the
clinical variables.

3. Results

3.1. Patient summary

We had 15 patients participate in our study with ages ranging from
16 to 38 years. The relevant clinical variables are listed in Table 2. One
patient did not wish to disclose their medical records. Most patients
had no pain on the day of the experiment and so the average pain
score is fairly low. Due to the lack of variability, we did not find any cor-
relations with our neural data to this parameter. Clinical parameters
reflecting pain history and disease severitywere used for all clinical cor-
relation analyses. Themedications used by the patients recruited for the
study are listed in Table 3. The most common medications used includ-
ed folate, hydroxyurea, ibuprofen, and oxycodone.

3.2. Resting state networks using ICA

Fig. 5 displays nine identified RSN detected by the ICA approach in
controls and patients. The RSN found in our subjects are similar to
RSN identified in past studies (Di and Biswal, 2014; Heine et al., 2012;
Lee et al., 2013; Van den Heuvel and Hulshoff Pol, 2010). RSN1 corre-
sponds to the cerebellum network with activity mainly in the cerebel-
lum. RSN2 and RSN3 relate to the posterior and anterior DMN,
respectively. The DMN activity is found in precuneus/posterior cingu-
late cortex (PCC), medial frontal cortex, and inferior parietal regions,
with either posterior or anterior localization. The visual network with
activation in the occipital cortex is RSN4. RSN5 has activity in the prima-
ry motor cortex (precentral gyrus), primary somatosensory cortex
(postcentral gyrus), and supplementary motor area (SMA), which cor-
responds to the sensory motor network. The right and left executive
control network (ECN) are shown in RSN6 and RSN7, respectively. The
superior parietal and superior frontal regions, either right or left
lateralized,were active for the ECN. RSN8was identified as thedorsal at-
tention network with activity mainly in the intraparietal sulcus. Finally,
RSN9 is related to the salience network with activity in bilateral insular
cortex.

The contrast images of RSN1, RSN2, RSN3, RSN6 and RSN9 are
shown in Fig. 6. The group result of patients' RSN is subtracted from
the group result of controls' RSN, where orange shows regions where
controls have greater connectivity and blue shows regions where pa-
tients have greater connectivity. For RSN1, the controls have greater
connectivity to the cerebellum, but patients have more connectivity to
the periaqueductal gray (PAG), a major node in the descending pain
pathway (Lee and Tracey, 2013; Vanegas and Schaible, 2004). The con-
trast images show that controls have stronger connectivity to DMN re-
gions for both RSN2 and RSN3, with greater connectivity in the PCC and
themedial frontal cortex, respectively. Patients had greater connectivity
in the supramarginal gyrus for the posterior DMN and greater connec-
tivity in the paracentral lobule for the anteriorDMN. Controls had great-
er connectivity in precuneus, and right posterior parietal cortex for
RSN6, where patients had greater connectivity to the basal ganglia.
For RSN9, only the patients showed greater connectivity in the right
insula cortex.

The average number of significant voxels was computed for all RSN
activation maps for both control and patient groups, shown in Fig. 7A.
Overall, controls tended to have more active voxels than patients,
where patients had more voxels than controls only in RSN1 and RSN9.
The only significant differences were found to be in RSN3 (p-value =
0.007), RSN6 (p-value = 0.038), and RSN7 (p-value = 0.020). A nega-
tive correlation was found between the number of active voxels in
RSN6 and the amount of transfused red blood cells, shown in Fig. 7B.

Image of Fig. 3


Fig. 4. EEG time course transitions to regressors. A.Mean-scaled EEG powerwaveform time courses for two selected frequency bands, alpha and beta1. B. Effect of hemodynamic response
function (HRF) convolution with EEG power time courses. C. Absolute intensity time course for one selected microstate. D. Effect of HRF convolution with normalized microstate time
course. HRF convolved time courses (B, D) are used as the final regressors for EEG informed fMRI analysis.
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A greater amount of red blood cell units indicates aworse disease sever-
ity. The executive control had significantly reduced activity in SCD pa-
tients, and this deficit was linked to disease severity.
3.3. Frequency analysis of RSN

A frequency analysis of the RSN using GIFT is shown in Fig. 8. The
power spectra between the two groups were assessed at 3 equally
spaced frequency bins (0–0.08 Hz; 0.08–0.16 Hz; 0.16–0.25 Hz). Bar
plots have a T-value contrast showingpatients subtracted from controls.
It was observed that patients' RSN1, RSN2, RSN6, RSN7, and RSN8 tend
to modulate at a higher frequency compared to controls. For these net-
works, the frequency bin ranging from 0.16–0.25 Hz had the most
power for patients. Controls had more power in the lowest frequency
bin ranging from 0 to 0.08Hz for all RSN except RSN9. Only intermittent
points were found to be significant (p b 0.01) with the RSN2 having the
only significant point showing patients having higher fluctuations.

3.4. Connectivity in cerebellum

CONN functional connectivity toolbox was used to perform an
ROI to voxel group level analysis with the seed placed in the right
cerebellum Crus I. This seed location was chosen to further explore
the cerebellum's influence on resting state in SCD patients and
based on significant differences observed in ROI to ROI maps. The
statistically significant clusters that showed negative connectivity
in the patient group are shown in Fig. 9A, where each cluster was
named ROI1-ROI3. The cluster size, MNI coordinates of the primary
peak location, and the regions within the ROI for all ROIs are shown
in Table 4. The negative connectivity values showed a significant
positive correlation with the number of units of red blood cells

Image of Fig. 4


Table 2
Patient summary of demographics and characteristics of clinical variables.

Clinical variables Value

Age (years) 24.5 (±6.8) (N = 15)
Female (%) 47 (N = 15)
Pain score 0.73 (±1.6) (N = 15)
Hydroxyurea therapy (%) 57 (N = 14)
Systolic blood pressure (mm Hg) 122 (±14) (N = 14)
Diastolic blood pressure (mm Hg) 70 (±10) (N = 14)
Hemoglobin (g/dL) 10 (±2) (N = 14)
Hemoglobin F (%) 6 (±6) (N = 14)
Reticulocyte count (k/uL) 283 (±174) (N = 14)
White blood cell count (k/uL) 10 (±3) (N = 14)
Platelet count (k/uL) 295 (±90) (N = 14)
Chronic red cell transfusion (%) 14 (N = 14)
Emergency room visits in past 2 years 11 (±14) (N = 14)
Hospitalizations in past 2 years 7 (±7) (N = 14)

Sickle cell type % N
Hemoglobin SS 57 8
Hemoglobin SC 21 3
Hemoglobin SB+ thalassemia 7 1
Hemoglobin SB0 thalassemia 14 2

Summary of recruited patients' demographic and clinical variable information. Values are
mean± standard deviation unless specified otherwise. N indicates the number of patients
included for the summary.
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transfused over the past two years for both ROI1 (R2 = 0.6215, p-
value = 0.0008) and ROI2 (R2 = 0.5566, p-value = 0.002); seen in
Fig. 9B. The amount of red blood cell transfusions is indicative of dis-
ease severity in SCD; where a zero indicates no transfusions were
needed for the patient. The connectivity values to each of these
three regions were also obtained for the controls. A box plot showing
the differences between connectivity values between controls and pa-
tients to all ROIs is displayed in Fig. 9C. Significant differences were ob-
served in all ROIs, where patients had greater negative connectivity in
all of the regions (ROI1 p-value = 0.003, ROI2 p-value = 0.03, ROI3
p-value = 0.007).
Table 3
Summary of all medications used by recruited patients.

% N

Medications
Albuterol inhaler 21 3
Aspirin 7 1
Benztropine 7 1
Celebrex 7 1
Clozapine 7 1
Deferasirox 14 2
Desyrel 7 1
Diphenhydramine 14 2
Escitalopram 7 1
Folate 57 8
Fondaparinux 7 1
Gabapentin 21 3
Haldol 7 1
Hydroxyurea 57 8
Ibuprofen 57 8
Meloxicam 14 2
Topiramate 7 1
Zolpidem 7 1

Narcotic pain medications
Dilaudid 7 1
Methadone 7 1
Morphine 7 1
MScontin 14 2
Oxycodone 57 8
Tramadol 14 2

Summary of recruited patients' medication. N indicates the number of patients using the
type of medication. Several patients were taking more than one type of medication.
3.5. EEG-fMRI power analysis

Fig. 10 compares spontaneous power analysis images of healthy
controls and SCD patients. The medial prefrontal and frontal cortex
was positively correlated with the alpha band in healthy controls. A
positive correlation means that this region activates when alpha
power increases. The dorsolateral prefrontal cortex (PFC), orbitofrontal
PFC, and PCC activity was seen in this frequency band for SCD patients.
However, no contrast image between patients and controls showed
significant clusters (Fig. 10A). The beta1 power band had a positive cor-
relation with bilateral insula cortex activation in SCD patients; this was
not seen in healthy controls. A contrast image showed that the left
insula had significantly greater activity in the beta1 band in patients
(Fig. 10B). The left insula activation was taken as a ROI to extract
z-scores from back-projected salience network maps from all sub-
jects, please see Methods Section 2.10 for more details. There was
a significant negative correlation between z-scores and age in con-
trols (R2 = 0.5927, p-value = 0.002), shown in Fig. 10C, and a sig-
nificant positive correlation between z-scores and age in patients
(R2 = 0.6337, p-value = 0.003), shown in Fig. 10D.

3.6. EEG-fMRI microstate analysis

Groupmicrostate results are shown in Fig. 11. A total of nine micro-
states were found for this group of subjects. Twomicrostates had signif-
icantly greater average activation time in patients compared to controls,
these included microstate 4 (p-value = 0.04) and microstate 5 (p-
value= 0.02), shown in Fig. 11A. The average activation timewas com-
pared to the clinical variables, and two significant relationships were
found (Fig. 11B).Microstate 5 had a positive correlation between activa-
tion time and the unit of red blood cells transfused in the past 2 years
(R2 = 0.5952, p-value = 0.03). Microstate 8 had a positive correlation
between activation time and the number of hospitalizations in the
past 2 years (R2 = 0.402, p-value = 0.04). These two microstates
were further examined by analyzing contrast images displayed in Fig.
11C–D. The controls had significant clusters in the left inferior parietal
cortex and precuneus for microstate 5, where the patients had signifi-
cant clusters in left insula, left putamen, amygdala, left superior tempo-
ral gyrus, hippocampus, and the brainstem (Fig. 11C). Microstate 8 had
no significant clusters for greater connectivity in controls; however, pa-
tients showed significant clusters in the supplementary motor area, left
precentral gyrus, left primary somatosensory cortex, dorsolateral PFC,
precuneus, and midcingulate cortex (Fig. 11D).

4. Discussion

The multimodal non-invasive imaging utilizing simultaneous EEG
and fMRI was feasible in patients with SCD, without causing any dis-
comfort or adverse events due to the procedure. To our knowledge,
this is the first multimodal fMRI-EEG study on resting state alterations
in patients with SCD. We assessed RSN connectivity using fMRI analysis
techniques and EEG-informed fMRI analysismethods. In particular, EEG
dynamics enhanced our results by identifying additional pain process-
ing areas active in patients, and detecting enriched temporal informa-
tion regarding RSN fluctuations due to the high temporal resolution of
EEG.

4.1. Imagining modalities

Chronic pain has been studied using fMRI and EEG as functional im-
agingmodalities. fMRI studies have indicated that chronic pain patients
have altered frequency activity in PFC, thalamus, and DMN (Apkarian et
al., 2005; Lee and Tracey, 2013). In SCDpatients, fMRI has demonstrated
decreased BOLD signal magnitude and greater connectivity to nocicep-
tive regions for patients with high pain (Darbari et al., 2015; Zou et al.,
2011). The high spatial resolution of fMRI allows accurate localization



Fig. 5.Resting state networks (RSN) identifiedusing ICA for healthy controls and SCDpatients. RSN1 is the cerebellumnetwork. RSN2 is the posterior DMN. RSN3 is the anterior DMN. RSN4
is the visual processing network. RSN5 is the sensorymotor network. RSN6 is the right executive control network. RSN7 is the left executive control network. RSN8 is the dorsal attention
network. RSN9 is the salience network.
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of functional areas; however, due to limited temporal resolution, fMRI
results are limited because they cannot describe the intricate temporal
patterns of activation areas (He et al., 2011). EEG studies in chronic
pain patients and SCD patients have shown altered responses to evoked
stimuli (Colombatti et al., 2015; Flor et al., 2004). EEG can better de-
scribe temporal dynamics of the pain response, but has limited spatial
resolution, so determining functional areas related to the response can
be challenging (He et al., 2011). However, by combining EEG and fMRI
we can better recover “where” and “when” a functional area was active.
EEG-fMRI was studied in acute pain, where EEG regressors helped ex-
plain additional variance (Christmann et al., 2007; Mobascher et al.,
2009). In our study, we used EEG-fMRI to analyze chronic pain. Our
EEG-fMRI analysis revealed additional frequency information about
DMN and saliency network, as well as show additional activation in
pain processing areas in patients. These results indicate that combining
these two modalities reveals more information about neural signals
than using either method alone.

4.2. Pain areas

Themost consistent regions associated with nociception across stud-
ies include the primary somatosensory cortex, secondary somatosensory

Image of Fig. 5


Fig. 6. Contrast images of resting state networks (RSN) showing patients subtracted from the healthy controls. The blue color shows activation areas where patients have more
connectivity, and the yellow color shows activation areas where controls have more connectivity. Contrast image of RSN1 shows significant differences observed in the cerebellum for
controls, and in the periaqueductal gray matter for patients. Contrast image of RSN2shows significant differences observed in posterior cingulate cortex for controls, and in
supramarginal gyrus for patients. Contrast image of RSN3 shows significant differences observed in medial frontal cortex for controls, and in the paracentral lobule for patients.
Contrast image of RSN6 shows significant differences observed in posterior parietal cortex for controls, and in basal ganglia for patients. Contrast image of RSN9 shows significant
differences observed in right insula cortex for patients.
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cortex, anterior cingulate cortex, insular cortex, PFC, thalamus, basal gan-
glia, PAG, and cerebellum (Apkarian et al., 2011, 2005; Lee and Tracey,
2013; Shao et al., 2012; Tracey et al., 2002). Different types of chronic
pain patients have shown abnormal activity in the striatum, insular cor-
tex, basal ganglia, and PFC when compared to controls (Casey et al.,
2003; Jääskeläinen et al., 2001; Napadow et al., 2010; Wood et al.,
2007). SCD patients associated with high pain intensity were found to
have greater connectivity to pronociceptive areas such as anterior cingu-
late cortex, primary somatosensory cortex, secondary somatosensory
cortex, midcingulate cortex, and insula (Darbari et al., 2015). The
dorsolateral PFC has also been implicated in pain processing and has
been shown to reflect pain characteristics in chronic back pain patients
(Apkarian et al., 2004; Graff-Guerrero et al., 2005; Lorenz et al., 2003).
Our fMRI analysis showed that SCD patients have increased connectivity
in the insular cortex, basal ganglia, and PAG regions to various RSN. Fur-
thermore, our EEG-fMRI analysis revealed additional areas of connectiv-
ity for pain processing including the primary somatosensory cortex and
dorsolateral PFC. The increased connectivity in these regions could be a
result of the chronic pain caused by SCD and supports the theory that
central mechanisms are involved in sickle pain (Darbari et al., 2015).

Image of Fig. 6


Fig. 7. Statistical analysis of voxel count for identified resting state networks (RSN). A. Bar
plot of the average number of active voxels for healthy controls and patients across all
resting state networks identified from ICA. The * shows significance where p b 0.05, and
the ** shows significance where p b 0.01. Standard deviation is displayed using error
bars. B. Scatter plot showing relationship of number of active voxels for RSN6 and the
amount of transfused red blood cells. The linear trend line is plotted and the significance
of the relationship is shown to be p b 0.05. The less amount of voxels active in RSN6
correlates to greater transfused red blood cells which indicates increased disease severity.
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4.3. Resting state network connectivity

Wewere able to identify nine RSN in patients and controls using ICA,
many of whichwere similar to a previous study using resting state fMRI
with SCD patients (Darbari et al., 2015). Differences within these RSN
were found using both traditional fMRI methods as well as using EEG-
fMRI analysis. Several RSN with altered connectivity were also shown
to have some relationshipwith clinical measures of chronic pain history
or disease severity.
4.3.1. Default mode network
The DMN function relates to internal processes including mind-

wandering, social cognition, emotional processing, and other stimulus-
independent thoughts (Heine et al., 2012; Lee et al., 2013; Van den
Heuvel and Hulshoff Pol, 2010). The anterior DMN had significantly re-
duced active voxels in patients compared to controls. Additionally, both
DMN components showed increased connectivity to sensory related re-
gions in patients. This has been observed in other chronic pain patients
(Baliki et al., 2014; Loggia et al., 2013). EEG-fMRI analysis also showed
the DMN had increased connectivity to sensory regions. While the re-
sults for alpha band showed reduced DMN activity, activity was also
shown in dorsolateral PFC. Microstate 5 had increased connectivity in
inferior parietal cortex, a DMN node, where patients had increased con-
nectivity to several regions associatedwith pain processing. Additional-
ly, the activation time of microstate 5 positively correlated with the
amount of red blood cell transfusions. Microstate 8 showed the
precuneus was connected to the primary somatosensory cortex, dorso-
lateral PFC, and other sensory regions in patients. Activation time of mi-
crostate 8 had a positive correlation to the number of hospitalizations.
These results could indicate that the DMN in patients do have increased
connectivity to sensory/pain related areas and that the activation time
of the altered DMN microstates reflect the disease severity of the pa-
tient. These findings in reduced DMN activity in both our fMRI analyses
and EEG-fMRI analyses are in agreement with other studies of chronic
back pain using fMRI (Baliki et al., 2008). Additionally, we found the
DMN had increased connectivity to sensory related areas such as
supramarginal gyrus, paracentral lobule, dorsolateral PFC, and primary
somatosensory cortex. We believe the increased connectivity is caused
by patient's chronic pain, as increased connectivity between DMN re-
gions and sensory areas have been seen in SCD patients with high
pain (Darbari et al., 2015). Chronic pain in SCD patients is suitable to
be studied from the angle of DMN as the spontaneous painful sensation
may produce salient percepts in the absence of exogenous input (Baliki
et al., 2008; Foss et al., 2006).

4.3.2. Executive control network
The right and left ECN involve external processing such as percep-

tion, nociception, and decision-making (Heine et al., 2012; Lee et al.,
2013). The right and left ECN showed significantly reduced active voxels
in our study. Chronic pain patients as well as SCD patients have been
shown to have poor cognitive performance (Colombatti et al., 2015;
Karp et al., 2006; Moriarty et al., 2011; Nes et al., 2009; Novelli et al.,
2015; Zou et al., 2011). Delayed evoked potentials and altered cortical
sources in SCD subjects have been observed, indicating a disease-specif-
ic alteration that maymodify neural networks (Colombatti et al., 2015).
One rationale theorized for reduced ECN activity in chronic pain pa-
tients is that increased pain processing is taking away resources from
the ECN, which results in poor performance in executive function
tasks (Glass et al., 2011). Our results support this theory because we
found increased connectivity to pain processing areas, such as basal
ganglia, in the ECN.Moreover,we saw a correlation to the number of ac-
tive voxels in the ECN to the amount of transfused red blood cells in SCD
patients.

4.3.3. Salience network
The salience network is involved processing noticeable stimuli,

including pain related processing, as well as being known as the
switching network, where the salience network chooses to enact ei-
ther the DMN or ECN based on external input (Di and Biswal, 2014;
Heine et al., 2012). The salience network was shown to have stronger
connectivity within patients, where both our fMRI ICA analysis and
EEG-fMRI power analysis in beta1 band showed increased connectivity
in the insula cortex. Functional neuroimaging studies have documented
insular cortex activation is associated with different functional roles in-
cludingmodulation of affective-emotional processing, cognitive and af-
fective processes during learning, and aversive pain processing (Paulus
and Stein, 2006). Emotional processing could have activated insular cor-
tex in SCD patients because mild to severe depression is frequently
(44%) seen in SCD patients (Hasan et al., 2003), and insula cortex is an
important structure involved in depression (Sprengelmeyer et al.,
2011). Chronic pain is another candidate for insular cortex activation.
Patients with chronic pain have been shown to have increased

Image of Fig. 7


Fig. 8. Bar plots showing spectral power analysis result for eachRSN. Frequency comparisonwas doneby subtracting patients from controls. The T-value of this result is displayed in the bar
plots. A negative T-value represents greater power observed in patients. The frequency was compared across three equally spaced bins with the ranges of 0–0.08 Hz, 0.08–0.16 Hz, and
0.16–0.25 Hz.
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connectivity to insula cortex either between other RSN such as DMN, or
between other pain processing regions (Baliki et al., 2006; Cifre et al.,
2012; Darbari et al., 2015; Loggia et al., 2013; Napadow et al., 2010).
We observed a relationship between age and the z-score of the left
insula to the salience network in both controls and patients. The con-
trols had a negative correlation, indicating the left insula's role in the sa-
lience network decreaseswith age. Thismost likely reflects hownormal
aging impairs the functional connectivity within the salience network
(He et al., 2014). However, the opposite trend was seen in patients,
where the left insula's role in the salience network increased with age.
It is known as SCD patients age, their chronic pain increases and their
disease severity worsens (Darbari et al., 2012; Platt et al., 1994, 1991).
This means the increased involvement of left insula in salience network
could be a result of increased pain severity. This is why we believe the
increased connectivity observed in the salience network is reflective
of chronic pain in SCD patients.

4.4. Altered frequency behavior in SCD

Frequency analysis of BOLD signals have shown that RSN are charac-
terized by low frequency oscillations (b0.1 Hz) in healthy patients
(Broyd et al., 2009; Farmer et al., 2012; Garrity et al., 2007; Hlinka et
al., 2010). The DMN has been shown to shift to higher frequencies in
the BOLD signal for patients with neural dysfunctions, such as schizo-
phrenia and chronic back pain (Farmer et al., 2012; Garrity et al.,
2007; Otti et al., 2013). The posterior DMN in our SCD patient popula-
tion showed a similar shift to higher frequencies. The cause of the fre-
quency shift is unknown, but it could result from the altered RSN
connectivity (Garrity et al., 2007). In addition to our findings, altered
RSN connectivity has been observed in SCD patients for the DMN and
salience network previously (Darbari et al., 2015).

Resting state EEG data have revealed that DMN is linked to tradition-
al EEG frequency bands including alpha, delta, beta, and theta (Hlinka et
al., 2010; Knyazev et al., 2012; Laufs et al., 2003a, 2003b, p. 200; Laufs et
al., 2006; Scheeringa et al., 2008). In our study, the DMN of healthy
controls and SCD patients positively correlated with the alpha power
band; however, the DMN of patients had reduced activity. The salient
network positively correlated with beta1 power for SCD patients, but
not for controls. These observed differences in EEG frequency bands
could reflect a similar trend in low frequency oscillations, where pa-
tients have altered frequency behavior compared to controls.

4.5. Cerebellum connectivity

The cerebellum is known to be active during pain processing, but its
actual function is not well understood (Apkarian et al., 2005; Chen,
2001; Lee and Tracey, 2013). Recent studies have tried to explore how
or if the cerebellum contributes to nociception. It has been theorized
certain regions within the cerebellum are related to sensory processing,
while others are related to other aspects of pain such as emotional pro-
cessing (Diano et al., 2016; Dimitrova et al., 2003). Our study found al-
tered activity within the cerebellum. Patients showed increased
connectivity to PAG in the cerebellum RSN. Additionally, there was sig-
nificant negative connectivity differences observed in our seed based
analysis, where the seed location was the right cerebellum crus I. SCD
patients had greater negative connectivity compared to controls and
negative connectivity had a positive correlation to the amount of trans-
fused red blood cells. Differences in negative connectivity in cerebellum
crus I have been observed in other disorders such as schizophrenia and
major depressive disorder (Liu et al., 2012b; Shinn et al., 2015). These
differences are thought to reflect impairment in emotional processing.
The relationship observed in SCD patients could reflect how negative
connectivity to each ROI, all related to sensory or emotional processing,
is acting in an antinociceptive manner and reducing chronic pain and
disease severity by impairing emotional and sensory processing. Dis-
ease severity increases as the magnitude of negative connectivity re-
duces. Irritable bowel syndrome patients have shown crus II is related
to anxiety scores from these chronic pain patients (Rosenberger et al.,
2012), which shows cerebellum regions can reflect emotional process-
ing disruptions in chronic pain patients. Recently, different regions of

Image of Fig. 8


Fig. 9.Cerebellumconnectivity analysis. Seed location placed in cerebellumcrus I. A. Significant clusters that havenegative connectivity to seed region in patients. Three different views are
shown. Regions of interest (ROI) are labeled 1–3. ROI1 included parts of the central opercular cortex, postcentral gyrus, precentral gyrus, parietal operculum, supramarginal gyrus, insular
cortex, Heschl's gyrus, planum tempolare, and planum polare. ROI2 included parts of parietal and central operculum cortex, postcentral gyrus, precentral gyrus, insular cortex, planum
tempolare, Heschl's gyrus, and supramarginal gyrus. ROI3 included parts of the supplementary motor cortex and precentral gyrus. B. Scatter plots of significant correlations with
clinical variable red blood cell units. The linear trend line of ROI1 had p b 0.001 and the linear trend line of ROI2 had p b 0.005. Both relationships showed reduced magnitude of
negative connectivity related to increased red blood cell units. C. Box plot showing differences of negative connectivity values between patients and controls. Patients all showed
significant negative connectivity in each region compared to controls. The * shows significance where p b 0.05, and the ** shows significance where p b 0.005.

Table 4
Description of significant regions with negative connectivity to the right cerebellum crus I in patients.

Region of interest ROI 1 ROI 2 ROI 3

Cluster size (voxels) 1714 648 435
MNI coordinates (x, y, z) (49, −11, 21) (−42, −24, 23) (−4, −7, 53)
Included regions Central opercular cortex Parietal operculum cortex Supplementary motor cortex

Postcentral gyrus Central opercular cortex Precentral gyrus
Precentral gyrus Postcentral gyrus
Parietal operculum Insular cortex
Supramarginal gyrus Precentral gyrus
Insular cortex Planum temporale
Heschl's gyrus Heschl's gyrus
Planum temporale Suparmarginal gyrus
Planum polare

Significant clusters in patients with functional negative connectivity to the right cerebellum crus I. The cluster size is measured in number of voxels, and the primary peak location MNI
coordinates are listed. Any regions within the cluster are also listed.
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Image of Fig. 9


Fig. 10. EEG-fMRI spontaneous power results. A. Power analysis group results for positive correlation to the alpha power band. Positive correlation clusters seen in prefrontal and frontal
cortex in controls, and in prefrontal cortex, inferior parietal cortex, and dorsolateral prefrontal cortex in patients. Contrast images revealed therewere no significant clusters in alpha band
where either controls showed more connectivity or patients showed more connectivity. B. Power analysis group results for positive correlation to the beta1 power band. Positive
correlation clusters seen in precentral gyrus in controls, and bilateral insula cortex in patients. Contrast images revealed that patients showed greater connectivity in the left insula. C.
Scatter plot of how z-scores from left insula cluster in controls relate to age. A negative correlation was observed with p b 0.005. D. Scatter plot of how z-scores from left insula cluster
in patients relate to age. A positive correlation was observed with p b 0.005. Disease severity increases with age in patients.
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the cerebellum have been shown to be linked to several RSN. In partic-
ular, crus I have been shown to be linked to the salience network and
ECN (Borsook et al., 2008; Caulfield et al., 2015). Our study showed
that both the salience network and ECN have altered connectivity in
SCD patients, and so this might also explain the negative connectivity
in the patients. Negative connectivity is theorized to correlate to the
shortest path length, where accumulated phase delays along a pathway
cause the negative functional connectivity (Chen et al., 2011). The neg-
ative connectivity observed could also be caused by the path length be-
tween the ROIs and the cerebellum. Overall, the cerebellum seems to
have altered connectivity in patients that reflects disease severity.
4.6. Study limitations

One confounding factor in our findings of changes in network con-
nectivity that may influence its specificity to pain is the role of medica-
tion. It is possible thatmedications for painmanagement are causing the
altered connectivity and frequency behavior of RSN. However, we did
not restrict patient from using their medications in order to maximize
our patient population. Another limitation of our study is the small
number of subjects, which lowers our statistical power and limits
what conclusionswe can draw due to the risk of false positives. Howev-
er, recruitment is challenging in this patient population due to the

Image of Fig. 10


Fig. 11.EEG-fMRImicrostate analysis. A. Bar plot of the average activation time of eachmicrostate or independent component (IC) for controls andpatients. The * shows significancewhere
p b 0.05, and the standard deviation is displayed using error bars. B. Scatter plots of significant correlations with clinical variables. The average activation time of microstate 5 (IC5) was
positively correlatedwith red blood cell (RBC) units with p b 0.01; the linear trend line is also plotted. The average activation time of microstate 8 (IC8) was positively correlatedwith the
number of past hospital visits with p b 0.05; the linear trend line is also plotted. C. The contrast image of microstate 5. The yellow color indicates clusters where controls had greater
connectivity and the blue color indicates clusters where patients had greater connectivity. Controls had greater connectivity in the left parietal cortex, and patients had greater
connectivity in midbrain, insular cortex, amygdala, superior temporal gyrus, hippocampus and putamen. The topography of the microstate is shown in the lower right hand corner. D.
The contrast image of microstate 8. Patients had greater connectivity in the supplementary motor area, precentral gyrus, postcentral gyrus, dorsolateral prefrontal cortex, precuneus,
and midcingulate cortex. The topography of the microstate is shown in the lower right hand corner.
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irregularity of their symptoms aswell as compliance. A national study of
pain treatment in SCD involving 31 sties was closed early due to recruit-
ment challenges, where only 38 patients were recruited after 6 months
(Dampier et al., 2013). Another concern for our study is using healthy
subjects as controls. Due to how fMRI is measured, SCD patients may
have weaker BOLD signal compared to a non-SCD subject (Zou et al.,
2011). However, we did not observe significant differences in the HRF
between our two groups and most RSN had comparable activity; the
RSN with significant differences were most likely caused by neural al-
terations due to SCD. Another study was able to identify similar RSN in
SCD patients using ICA, showing that fMRI data can detect RSN activity
in SCD patients (Darbari et al., 2015). Considering all of these limita-
tions, our results should be interpreted with caution. However, we pro-
pose that despite these limitations EEG-fMRI offers a unique and
improved approach to further explore functional brain connectivity of
SCD patients. The increased temporal and spatial resolution of this
methodmakes it desirable to further probe formarkers of disease sever-
ity and potentially chronic pain that can be used to improve treatment
strategies. Non-invasive imaging studies have shown it is possible to
use biomarkers to objectively rate acute pain in healthy controls
(Zhang et al., 2016;Wager et al., 2013). Similar techniques could be ap-
plied to chronic pain patients so that pain can be objectively measured
to improve treatment and reduce the risk of opioid therapy.

4.7. Conclusion

Resting state alterations can lead to biomarkers that can be used to
help better understand the neural pathophysiology of sickle pain. The
current study identified nine RSN in SCD patients and showed that sev-
eral of them have altered connectivity and temporal characteristics in
the patient population. In particular, the DMN and ECN were shown to
have reduced activity, while the salience network had greater

Image of Fig. 11
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connectivity in patients. Utilizing EEG-fMRI techniques enhanced our
analysis because the EEG informed fMRI methods were able to describe
additional temporal characteristics of the RSN as well as correlate to
several clinical variables that are related to disease severity and chronic
pain history. Connectivity, spatial and temporal information can all be
gathered from EEG-fMRI and may be used to identify biomarkers that
reflect SCD intensity to help improve pain treatment techniques.

Acknowledgement

This work was supported in part by NIH HL117664, AT009263,
NS096761, EB021027, EB008389, NSF DGE-1069104, and NSF CBET-
1450956.

References

Apkarian, A.V., Sosa, Y., Sonty, S., Levy, R.M., Harden, R.N., Parrish, T.B., Gitelman, D.R.,
2004. Chronic back pain is associated with decreased prefrontal and thalamic gray
matter density. J. Neurosci. 24:10410–10415. http://dx.doi.org/10.1523/JNEUROSCI.
2541-04.2004.

Apkarian, A.V., Bushnell, M.C., Treede, R.-D., Zubieta, J.-K., 2005. Human brainmechanisms
of pain perception and regulation in health and disease. Eur. J. Pain 9:463. http://dx.
doi.org/10.1016/j.ejpain.2004.11.001.

Apkarian, A.V., Hashmi, J.A., Baliki, M.N., 2011. Pain and the brain: specificity and plasticity
of the brain in clinical chronic pain. Pain 152:S49–S64. http://dx.doi.org/10.1016/j.
pain.2010.11.010.

Ashburner, J., Barnes, G., Chen, C., Daunizeau, J., Flandin, G., Friston, K., Gitelman, D.,
Kiebel, S., Kilner, J., Litvak, V., others, 2012. SPM8 manual. Funct. Imaging Lab. Inst.
Neurol.

Baliki, M.N., Chialvo, D.R., Geha, P.Y., Levy, R.M., Harden, R.N., Parrish, T.B., Apkarian, A.V.,
2006. Chronic pain and the emotional brain: specific brain activity associated with
spontaneous fluctuations of intensity of chronic back pain. J. Neurosci. 26:
12165–12173. http://dx.doi.org/10.1523/JNEUROSCI.3576-06.2006.

Baliki, M.N., Geha, P.Y., Apkarian, A.V., Chialvo, D.R., 2008. Beyond feeling: chronic pain
hurts the brain, disrupting the default-mode network dynamics. J. Neurosci. 28:
1398–1403. http://dx.doi.org/10.1523/JNEUROSCI.4123-07.2008.

Baliki, M.N., Mansour, A.R., Baria, A.T., Apkarian, A.V., 2014. Functional reorganization of
the default mode network across chronic pain conditions. PLoS One 9, e106133.
http://dx.doi.org/10.1371/journal.pone.0106133.

Ballas, S.K., Gupta, K., Adams-Graves, P., 2012. Sickle cell pain: a critical reappraisal. Blood
120:3647–3656. http://dx.doi.org/10.1182/blood-2012-04-383430.

Borsook, D., Moulton, E.A., Tully, S., Schmahmann, J.D., Becerra, L., 2008. Human cerebellar
responses to brush and heat stimuli in healthy and neuropathic pain subjects. Cere-
bellum 7:252–272. http://dx.doi.org/10.1007/s12311-008-0011-6.

Brett, M., Anton, J.-L., Valabregue, R., Poline, J.-B., 2002. Region of interest analysis using an
SPM toolbox. Presented at the 8th International Conference on Functional Mapping of
the Human Brain, Available on CD-ROM in NeuroImage, Sendai, Japan.

Broyd, S.J., Demanuele, C., Debener, S., Helps, S.K., James, C.J., Sonuga-Barke, E.J.S.,
2009. Default-mode brain dysfunction in mental disorders: a systematic review.
Neurosci. Biobehav. Rev. 33:279–296. http://dx.doi.org/10.1016/j.neubiorev.
2008.09.002.

Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The brain's default network. Ann.
N. Y. Acad. Sci. 1124:1–38. http://dx.doi.org/10.1196/annals.1440.011.

Bush, A.M., Borzage, M.T., Choi, S., Václavů, L., Tamrazi, B., Nederveen, A.J., Coates, T.D.,
Wood, J.C., 2016. Determinants of resting cerebral blood flow in sickle cell disease.
Am. J. Hematol. 91:912–917. http://dx.doi.org/10.1002/ajh.24441.

Casey, K.L., Lorenz, J., Minoshima, S., 2003. Insights into the pathophysiology of neuro-
pathic pain through functional brain imaging. Exp. Neurol. 184 (Suppl. 1):80–88.
http://dx.doi.org/10.1016/j.expneurol.2003.07.006.

Cataldo, G., Rajput, S., Gupta, K., Simone, D.A., 2015. Sensitization of nociceptive spinal
neurons contributes to pain in a transgenic model of sickle cell disease. Pain 156:
722–730. http://dx.doi.org/10.1097/j.pain.0000000000000104.

Caulfield, M.D., Zhu, D.C., McAuley, J.D., Servatius, R.J., 2015. Individual differences in rest-
ing-state functional connectivity with the executive network: support for a cerebellar
role in anxiety vulnerability. Brain Struct. Funct. 221:3081–3093. http://dx.doi.org/
10.1007/s00429-015-1088-6.

Chen, A.C.N., 2001. New perspectives in EEG/MEG brain mapping and PET/fMRI neuroim-
aging of human pain. Int. J. Psychophysiol. 42:147–159. http://dx.doi.org/10.1016/
S0167-8760(01)00163-5.

Chen, G., Chen, G., Xie, C., Li, S.-J., 2011. Negative functional connectivity and its depen-
dence on the shortest path length of positive network in the resting-state human
brain. Brain Connect. 1:195–206. http://dx.doi.org/10.1089/brain.2011.0025.

Christmann, C., Koeppe, C., Braus, D.F., Ruf, M., Flor, H., 2007. A simultaneous EEG–fMRI
study of painful electric stimulation. NeuroImage 34:1428–1437. http://dx.doi.org/
10.1016/j.neuroimage.2006.11.006.

Cifre, I., Sitges, C., Fraiman, D., Munoz, M.A., Balenzuela, P., Gonzalez-Roldan, A., Martinez-
Jauand, M., Birbaumer, N., Chialvo, D.R., Montoya, P., 2012. Disrupted functional con-
nectivity of the pain network in fibromyalgia. Psychosom. Med. 74:55–62. http://dx.
doi.org/10.1097/PSY.0b013e3182408f04.

Colombatti, R., Ermani, M., Rampazzo, P., Manara, R., Montanaro, M., Basso, G.,
Meneghetti, G., Sainati, L., 2015. Cognitive evoked potentials and neural networks
are abnormal in children with sickle cell disease and not related to the degree of
anaemia, pain and silent infarcts. Br. J. Haematol. 169:597–600. http://dx.doi.org/10.
1111/bjh.13232.

Correa, N., Adali, T., Li, Y.-O., Calhoun, V.D., 2005. Comparison of blind source separation
algorithms for FMRI using a newMatlab toolbox: GIFT. IEEE International Conference
on Acoustics, Speech, and Signal Processing, 2005. Proceedings. (ICASSP '05). Present-
ed at the IEEE International Conference on Acoustics, Speech, and Signal Processing,
2005. Proceedings. (ICASSP '05). vol. 5:pp. v/401–v/404. http://dx.doi.org/10.1109/
ICASSP.2005.1416325.

Correa, N., Adalı, T., Calhoun, V.D., 2007. Performance of blind source separation algo-
rithms for fMRI analysis using a group ICA method. Magn. Reson. Imaging 25:
684–694. http://dx.doi.org/10.1016/j.mri.2006.10.017.

Dampier, C.D., Smith, W.R., Wager, C.G., Kim, H.-Y., Bell, M.C., Miller, S.T., Weiner, D.L.,
Minniti, C.P., Krishnamurti, L., Ataga, K.I., Eckman, J.R., Hsu, L.L., McClish, D.,
McKinlay, S.M., Molokie, R., Osunkwo, I., Smith-Whitley, K., Telen, M.J., (scdcrn), for
the S.C.D.C.R.N, 2013. IMPROVE trial: a randomized controlled trial of patient-con-
trolled analgesia for sickle cell painful episodes: rationale, design challenges, initial
experience, and recommendations for future studies. Clin. Trials 10:319–331.
http://dx.doi.org/10.1177/1740774513475850.

Darbari, D.S., Onyekwere, O., Nouraie, M., Minniti, C.P., Luchtman-Jones, L., Rana, S., Sable,
C., Ensing, G., Dham, N., Campbell, A., Arteta, M., Gladwin, M.T., Castro, O., Taylor VI,
J.G., Kato, G.J., Gordeuk, V., 2012. Markers of severe Vaso-occlusive painful episode
frequency in children and adolescents with sickle cell anemia. J. Pediatr. 160:
286–290. http://dx.doi.org/10.1016/j.jpeds.2011.07.018.

Darbari, D.S., Hampson, J.P., Ichesco, E., Kadom, N., Vezina, G., Evangelou, I., Clauw, D.J.,
Taylor Vi, J.G., Harris, R.E., 2015. Frequency of hospitalizations for pain and association
with altered brain network connectivity in sickle cell disease. J. Pain 16:1077–1086.
http://dx.doi.org/10.1016/j.jpain.2015.07.005.

Di, X., Biswal, B.B., 2014. Modulatory interactions between the default mode network and
task positive networks in resting-state. PeerJ 2. http://dx.doi.org/10.7717/peerj.367.

Diano, M., D'Agata, F., Cauda, F., Costa, T., Geda, E., Sacco, K., Duca, S., Torta, D.M.,
Geminiani, G.C., 2016. Cerebellar clustering and functional connectivity during pain
processing. Cerebellum Lond. Engl. 15:343–356. http://dx.doi.org/10.1007/s12311-
015-0706-4.

Dimitrova, A., Kolb, F.P., Elles, H.-G., Maschke, M., Forsting, M., Diener, H.C., Timmann, D.,
2003. Cerebellar responses evoked by nociceptive leg withdrawal reflex as revealed
by event-related fMRI. J. Neurophysiol. 90:1877–1886. http://dx.doi.org/10.1152/jn.
00053.2003.

Farmer, M.A., Baliki, M.N., Apkarian, A.V., 2012. A dynamic network perspective of chronic
pain. Neurosci. Lett. 520:197–203. http://dx.doi.org/10.1016/j.neulet.2012.05.001.

Flor, H., Diers, M., Birbaumer, N., 2004. Peripheral and electrocortical responses to painful
and non-painful stimulation in chronic pain patients, tension headache patients and
healthy controls. Neurosci. Lett. 361:147–150. http://dx.doi.org/10.1016/j.neulet.
2003.12.064.

Foss, J.M., Apkarian, A.V., Chialvo, D.R., 2006. Dynamics of pain: fractal dimension of tem-
poral variability of spontaneous pain differentiates between pain states.
J. Neurophysiol. 95:730–736. http://dx.doi.org/10.1152/jn.00768.2005.

Fox, M.D., Snyder, A.Z., Vincent, J.L., Corbetta, M., Essen, D.C.V., Raichle, M.E., 2005. The
human brain is intrinsically organized into dynamic, anticorrelated functional net-
works. Proc. Natl. Acad. Sci. U. S. A. 102:9673–9678. http://dx.doi.org/10.1073/pnas.
0504136102.

Garrity, A.G., Pearlson, G.D., McKiernan, K., Lloyd, D., Kiehl, K.A., Calhoun, V.D., 2007. Ab-
errant “default mode” functional connectivity in schizophrenia. Am. J. Psychiatry
164:450–457. http://dx.doi.org/10.1176/ajp.2007.164.3.450.

Glass, J.M., Williams, D.A., Fernandez-Sanchez, M.-L., Kairys, A., Barjola, P., Heitzeg, M.M.,
Clauw, D.J., Schmidt-Wilcke, T., 2011. Executive function in chronic pain patients and
healthy controls: different cortical activation during response inhibition in fibromyal-
gia. J. Pain 12:1219–1229. http://dx.doi.org/10.1016/j.jpain.2011.06.007.

Graff-Guerrero, A., González-Olvera, J., Fresán, A., Gómez-Martín, D., Carlos
Méndez-Núñez, J., Pellicer, F., 2005. Repetitive transcranial magnetic stimula-
tion of dorsolateral prefrontal cortex increases tolerance to human experimen-
tal pain. Cogn. Brain Res. 25:153–160. http://dx.doi.org/10.1016/j.cogbrainres.
2005.05.002.

Greicius, M.D., Supekar, K., Menon, V., Dougherty, R.F., 2009. Resting-state functional con-
nectivity reflects structural connectivity in the default mode network. Cereb. Cortex
19:72–78. http://dx.doi.org/10.1093/cercor/bhn059.

Hasan, S.P., Hashmi, S., Alhassen, M., Lawson, W., Castro, O., 2003. Depression in sickle cell
disease. J. Natl. Med. Assoc. 95, 533–537.

He, B., Liu, Z., 2008. Multimodal functional neuroimaging: integrating functional MRI and
EEG/MEG. Biomed. Eng. IEEE Rev. In 1:23–40. http://dx.doi.org/10.1109/RBME.2008.
2008233.

He, B., Yang, L.,Wilke, C., Yuan, H., 2011. Electrophysiological imaging of brain activity and
connectivity-challenges and opportunities. IEEE Trans. Biomed. Eng. 58:1918–1931.
http://dx.doi.org/10.1109/TBME.2011.2139210.

He, X., Qin, W., Liu, Y., Zhang, X., Duan, Y., Song, J., Li, K., Jiang, T., Yu, C., 2014. Abnormal
salience network in normal aging and in amnestic mild cognitive impairment and
Alzheimer's disease. Hum. Brain Mapp. 35:3446–3464. http://dx.doi.org/10.1002/
hbm.22414.

Heine, L., Soddu, A., Gómez, F., Vanhaudenhuyse, A., Tshibanda, L., Thonnard, M.,
Charland-Verville, V., Kirsch, M., Laureys, S., Demertzi, A., 2012. Resting state net-
works and consciousness. Front. Psychol. 3. http://dx.doi.org/10.3389/fpsyg.2012.
00295.

Hillery, C.A., Kerstein, P.C., Vilceanu, D., Barabas, M.E., Retherford, D., Brandow, A.M.,
Wandersee, N.J., Stucky, C.L., 2011. Transient receptor potential vanilloid 1 mediates
pain in mice with severe sickle cell disease. Blood 118:3376–3383. http://dx.doi.
org/10.1182/blood-2010-12-327429.

http://dx.doi.org/10.1523/JNEUROSCI.2541-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.2541-04.2004
http://dx.doi.org/10.1016/j.ejpain.2004.11.001
http://dx.doi.org/10.1016/j.pain.2010.11.010
http://dx.doi.org/10.1016/j.pain.2010.11.010
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0020
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0020
http://dx.doi.org/10.1523/JNEUROSCI.3576-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.4123-07.2008
http://dx.doi.org/10.1371/journal.pone.0106133
http://dx.doi.org/10.1182/blood-2012-04-383430
http://dx.doi.org/10.1007/s12311-008-0011-6
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0050
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0050
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0050
http://dx.doi.org/10.1016/j.neubiorev.2008.09.002
http://dx.doi.org/10.1016/j.neubiorev.2008.09.002
http://dx.doi.org/10.1196/annals.1440.011
http://dx.doi.org/10.1002/ajh.24441
http://dx.doi.org/10.1016/j.expneurol.2003.07.006
http://dx.doi.org/10.1097/j.pain.0000000000000104
http://dx.doi.org/10.1007/s00429-015-1088-6
http://dx.doi.org/10.1016/S0167-8760(01)00163-5
http://dx.doi.org/10.1016/S0167-8760(01)00163-5
http://dx.doi.org/10.1089/brain.2011.0025
http://dx.doi.org/10.1016/j.neuroimage.2006.11.006
http://dx.doi.org/10.1097/PSY.0b013e3182408f04
http://dx.doi.org/10.1111/bjh.13232
http://dx.doi.org/10.1111/bjh.13232
http://dx.doi.org/10.1109/ICASSP.2005.1416325
http://dx.doi.org/10.1109/ICASSP.2005.1416325
http://dx.doi.org/10.1016/j.mri.2006.10.017
http://dx.doi.org/10.1177/1740774513475850
http://dx.doi.org/10.1016/j.jpeds.2011.07.018
http://dx.doi.org/10.1016/j.jpain.2015.07.005
http://dx.doi.org/10.7717/peerj.367
http://dx.doi.org/10.1007/s12311-015-0706-4
http://dx.doi.org/10.1007/s12311-015-0706-4
http://dx.doi.org/10.1152/jn.00053.2003
http://dx.doi.org/10.1152/jn.00053.2003
http://dx.doi.org/10.1016/j.neulet.2012.05.001
http://dx.doi.org/10.1016/j.neulet.2003.12.064
http://dx.doi.org/10.1016/j.neulet.2003.12.064
http://dx.doi.org/10.1152/jn.00768.2005
http://dx.doi.org/10.1073/pnas.0504136102
http://dx.doi.org/10.1073/pnas.0504136102
http://dx.doi.org/10.1176/ajp.2007.164.3.450
http://dx.doi.org/10.1016/j.jpain.2011.06.007
http://dx.doi.org/10.1016/j.cogbrainres.2005.05.002
http://dx.doi.org/10.1016/j.cogbrainres.2005.05.002
http://dx.doi.org/10.1093/cercor/bhn059
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0190
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0190
http://dx.doi.org/10.1109/RBME.2008.2008233
http://dx.doi.org/10.1109/RBME.2008.2008233
http://dx.doi.org/10.1109/TBME.2011.2139210
http://dx.doi.org/10.1002/hbm.22414
http://dx.doi.org/10.1002/hbm.22414
http://dx.doi.org/10.3389/fpsyg.2012.00295
http://dx.doi.org/10.3389/fpsyg.2012.00295
http://dx.doi.org/10.1182/blood-2010-12-327429


16 M. Case et al. / NeuroImage: Clinical 14 (2017) 1–17
Hlinka, J., Alexakis, C., Diukova, A., Liddle, P.F., Auer, D.P., 2010. Slow EEG pattern predicts
reduced intrinsic functional connectivity in the default mode network: an inter-sub-
ject analysis. NeuroImage 53:239–246. http://dx.doi.org/10.1016/j.neuroimage.2010.
06.002.

Jääskeläinen, S.K., Rinne, J.O., Forssell, H., Tenovuo, O., Kaasinen, V., Sonninen, P., Bergman,
J., 2001. Role of the dopaminergic system in chronic pain – a fluorodopa-PET study.
Pain 90:257–260. http://dx.doi.org/10.1016/S0304-3959(00)00409-7.

Jordan, L.C., Gindville, M.C., Scott, A.O., Juttukonda, M.R., Strother, M.K., Kassim, A.A., Chen,
S.-C., Lu, H., Pruthi, S., Shyr, Y., Donahue, M.J., 2016. Non-invasive imaging of oxygen
extraction fraction in adults with sickle cell anaemia. Brain http://dx.doi.org/10.1093/
brain/awv397.

Karp, J.F., Reynolds, C.F., Butters, M.A., Dew, M.A., Mazumdar, S., Begley, A.E., Lenze, E.,
Weiner, D.K., 2006. The relationship between pain and mental flexibility in older
adult pain clinic patients. Pain Med. 7:444–452. http://dx.doi.org/10.1111/j.1526-
4637.2006.00212.x.

Knyazev, G.G., Slobodskoj-Plusnin, J.Y., Bocharov, A.V., Pylkova, L.V., 2011. The default
mode network and EEG alpha oscillations: an independent component analysis.
Brain Res. 1402:67–79. http://dx.doi.org/10.1016/j.brainres.2011.05.052.

Knyazev, G.G., Savostyanov, A.N., Volf, N.V., Liou, M., Bocharov, A.V., 2012. EEG correlates
of spontaneous self-referential thoughts: a cross-cultural study. Int. J. Psychophysiol.
86:173–181. http://dx.doi.org/10.1016/j.ijpsycho.2012.09.002.

Kohli, D.R., Li, Y., Khasabov, S.G., Gupta, P., Kehl, L.J., Ericson, M.E., Nguyen, J., Gupta, V.,
Hebbel, R.P., Simone, D.A., Gupta, K., 2010. Pain-related behaviors and neurochemical
alterations inmice expressing sickle hemoglobin:modulation by cannabinoids. Blood
116:456–465. http://dx.doi.org/10.1182/blood-2010-01-260372.

Kucyi, A., Moayedi, M., Weissman-Fogel, I., Goldberg, M.B., Freeman, B.V., Tenenbaum,
H.C., Davis, K.D., 2014. Enhanced medial prefrontal-default mode network functional
connectivity in chronic pain and its association with pain rumination. J. Neurosci. 34:
3969–3975. http://dx.doi.org/10.1523/JNEUROSCI.5055-13.2014.

Laufs, H., Kleinschmidt, A., Beyerle, A., Eger, E., Salek-Haddadi, A., Preibisch, C., Krakow, K.,
2003a. EEG-correlated fMRI of human alpha activity. NeuroImage 19:1463–1476.
http://dx.doi.org/10.1016/S1053-8119(03)00286-6.

Laufs, H., Krakow, K., Sterzer, P., Eger, E., Beyerle, A., Salek-Haddadi, A., Kleinschmidt, A.,
2003b. Electroencephalographic signatures of attentional and cognitive default
modes in spontaneous brain activity fluctuations at rest. Proc. Natl. Acad. Sci. 100:
11053–11058. http://dx.doi.org/10.1073/pnas.1831638100.

Laufs, H., Holt, J.L., Elfont, R., Krams, M., Paul, J.S., Krakow, K., Kleinschmidt, A., 2006.
Where the BOLD signal goes when alpha EEG leaves. NeuroImage 31:1408–1418.
http://dx.doi.org/10.1016/j.neuroimage.2006.02.002.

Lee, M.C., Tracey, I., 2013. Imaging pain: a potent means for investigating pain mecha-
nisms in patients. Br. J. Anaesth. 111:64–72. http://dx.doi.org/10.1093/bja/aet174.

Lee, M.H., Smyser, C.D., Shimony, J.S., 2013. Resting-state fMRI: a review of methods and
clinical applications. Am. J. Neuroradiol. 34:1866–1872. http://dx.doi.org/10.3174/
ajnr.A3263.

Liu, Z., He, B., 2008. fMRI–EEG integrated cortical source imaging by use of time-variant
spatial constraints. NeuroImage 39:1198–1214. http://dx.doi.org/10.1016/j.
neuroimage.2007.10.003.

Liu, Z., de Zwart, J.A., van Gelderen, P., Kuo, L.-W., Duyn, J.H., 2012a. Statistical feature ex-
traction for artifact removal from concurrent fMRI-EEG recordings. NeuroImage 59:
2073–2087. http://dx.doi.org/10.1016/j.neuroimage.2011.10.042.

Liu, L., Zeng, L.-L., Li, Y., Ma, Q., Li, B., Shen, H., Hu, D., 2012b. Altered cerebellar functional
connectivity with intrinsic connectivity networks in adults with major depressive
disorder. PLoS ONE:7 http://dx.doi.org/10.1371/journal.pone.0039516.

Loggia, M.L., Kim, J., Gollub, R.L., Vangel, M.G., Kirsch, I., Kong, J., Wasan, A.D., Napadow, V.,
2013. Default mode network connectivity encodes clinical pain: an arterial spin label-
ing study. Pain 154:24–33. http://dx.doi.org/10.1016/j.pain.2012.07.029.

Lorenz, J., Minoshima, S., Casey, K.L., 2003. Keeping pain out of mind: the role of the dor-
solateral prefrontal cortex in pain modulation. Brain 126:1079–1091. http://dx.doi.
org/10.1093/brain/awg102.

Lu, Y., Worrell, G.A., Zhang, H.C., Yang, L., Brinkmann, B., Nelson, C., He, B., 2014. Non-
invasive imaging of the high frequency brain activity in focal epilepsy patients.
IEEE Trans. Biomed. Eng. 61:1660–1667. http://dx.doi.org/10.1109/TBME.2013.
2297332.

Mantini, D., Perrucci, M.G., Gratta, C.D., Romani, G.L., Corbetta, M., 2007. Electrophysiolog-
ical signatures of resting state networks in the human brain. Proc. Natl. Acad. Sci. 104:
13170–13175. http://dx.doi.org/10.1073/pnas.0700668104.

Michel, C., He, B., 2011. EEGmapping and source imaging. In: Schomer, D., Lopes da Silva,
F. (Eds.), Niedermeyer's Electroencephalography. Wolters Kluwer & Lippincott Wil-
liams & Wilkins, Philadelphia, pp. 1179–1202.

Mobascher, A., Brinkmeyer, J., Warbrick, T., Musso, F., Wittsack, H.J., Saleh, A., Schnitzler,
A., Winterer, G., 2009. Laser-evoked potential P2 single-trial amplitudes covary
with the fMRI BOLD response in the medial pain system and interconnected subcor-
tical structures. NeuroImage 45:917–926. http://dx.doi.org/10.1016/j.neuroimage.
2008.12.051.

Moeller, F., Maneshi, M., Pittau, F., Gholipour, T., Bellec, P., Dubeau, F., Grova, C., Gotman, J.,
2011. Functional connectivity in patients with idiopathic generalized epilepsy.
Epilepsia 52:515–522. http://dx.doi.org/10.1111/j.1528-1167.2010.02938.x.

Moriarty, O., McGuire, B.E., Finn, D.P., 2011. The effect of pain on cognitive function: a re-
view of clinical and preclinical research. Prog. Neurobiol. 93:385–404. http://dx.doi.
org/10.1016/j.pneurobio.2011.01.002.

Napadow, V., LaCount, L., Park, K., As-Sanie, S., Clauw, D.J., Harris, R.E., 2010. Intrinsic brain
connectivity in fibromyalgia is associated with chronic pain intensity. Arthritis
Rheum. 62:2545–2555. http://dx.doi.org/10.1002/art.27497.

Nes, L.S., Roach, A.R., Segerstrom, S.C., 2009. Executive functions, self-regulation, and
chronic pain: a review. Ann. Behav. Med. 37:173–183. http://dx.doi.org/10.1007/
s12160-009-9096-5.
Niazy, R.K., Beckmann, C.F., Iannetti, G.D., Brady, J.M., Smith, S.M., 2005. Removal of FMRI
environment artifacts from EEG data using optimal basis sets. NeuroImage 28:
720–737. http://dx.doi.org/10.1016/j.neuroimage.2005.06.067.

Novelli, E.M., Elizabeth Sarles, C., Jay Aizenstein, H., Ibrahim, T.S., Butters, M.A., Connelly
Ritter, A., Erickson, K.I., Rosano, C., 2015. Brain venular pattern by 7T MRI correlates
with memory and haemoglobin in sickle cell anaemia. Psychiatry Res. Neuroimaging
233:18–22. http://dx.doi.org/10.1016/j.pscychresns.2015.04.005.

Otti, A., Guendel, H., Wohlschläger, A., Zimmer, C., Noll-Hussong, M., 2013. Frequen-
cy shifts in the anterior default mode network and the salience network in
chronic pain disorder. BMC Psychiatry 13:84. http://dx.doi.org/10.1186/1471-
244X-13-84.

Paulus, M.P., Stein, M.B., 2006. An insular view of anxiety. Biol. Psychiatry 60:383–387.
http://dx.doi.org/10.1016/j.biopsych.2006.03.042.

Platt, O.S., Thorington, B.D., Brambilla, D.J., Milner, P.F., Rosse, W.F., Vichinsky, E., Kinney,
T.R., 1991. Pain in sickle cell disease. N. Engl. J. Med. 325:11–16. http://dx.doi.org/
10.1056/NEJM199107043250103.

Platt, O.S., Brambilla, D.J., Rosse, W.F., Milner, P.F., Castro, O., Steinberg, M.H., Klug,
P.P., 1994. Mortality in sickle cell disease – life expectancy and risk factors for
early death. N. Engl. J. Med. 330:1639–1644. http://dx.doi.org/10.1056/
NEJM199406093302303.

Rachakonda, S., Egolf, E., Correa, N., Calhoun, V., 2007. Group ICA of fMRI toolbox (GIFT)
manual. Dostupné Z Httpwww Nitrc Orgdocmanview Php55295v1 3dGIFTManual
Pdf Cit 2011-11-5.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman, G.L.,
2001. A default mode of brain function. Proc. Natl. Acad. Sci. 98:676–682. http://dx.
doi.org/10.1073/pnas.98.2.676.

Rees, D.C., Williams, T.N., Gladwin, M.T., 2010. Sickle-cell disease. Lancet 376:2018–2031.
http://dx.doi.org/10.1016/S0140-6736(10)61029-X.

Rorden, C., Brett, M., 2000. Stereotaxic display of brain lesions. Behav. Neurol. 12:
191–200. http://dx.doi.org/10.1155/2000/421719.

Rosenberger, C., Thürling, M., Forsting, M., Elsenbruch, S., Timmann, D., Gizewski, E.R.,
2012. Contributions of the cerebellum to disturbed central processing of visceral
stimuli in irritable bowel syndrome. Cerebellum 12:194–198. http://dx.doi.org/10.
1007/s12311-012-0413-3.

Scheeringa, R., Bastiaansen, M.C.M., Petersson, K.M., Oostenveld, R., Norris, D.G., Hagoort,
P., 2008. Frontal theta EEG activity correlates negatively with the default mode net-
work in resting state. Int. J. Psychophysiol. 67:242–251. http://dx.doi.org/10.1016/j.
ijpsycho.2007.05.017.

Shao, S., Shen, K., Yu, K., Wilder-Smith, E.P.V., Li, X., 2012. Frequency-domain EEG source
analysis for acute tonic cold pain perception. Clin. Neurophysiol. 123:2042–2049.
http://dx.doi.org/10.1016/j.clinph.2012.02.084.

Shinn, A.K., Baker, J.T., Lewandowski, K.E., Öngür, D., Cohen, B.M., 2015. Aberrant cerebel-
lar connectivity in motor and association networks in schizophrenia. Front. Hum.
Neurosci. 9. http://dx.doi.org/10.3389/fnhum.2015.00134.

Sprengelmeyer, R., Steele, J.D., Mwangi, B., Kumar, P., Christmas, D., Milders, M.,
Matthews, K., 2011. The insular cortex and the neuroanatomy of major depression.
J. Affect. Disord. 133:120–127. http://dx.doi.org/10.1016/j.jad.2011.04.004.

Tracey, I., Ploghaus, A., Gati, J.S., Clare, S., Smith, S., Menon, R.S., Matthews, P.M., 2002. Im-
aging attentional modulation of pain in the periaqueductal gray in humans.
J. Neurosci. 22, 2748–2752.

Valverde, Y., Benson, B., Gupta, M., Gupta, K., 2016. Spinal glial activation and oxidative
stress are alleviated by treatment with curcumin or coenzyme Q in sickle mice.
Haematologica 101:e44–e47. http://dx.doi.org/10.3324/haematol.2015.137489.

Van den Heuvel, M.P., Hulshoff Pol, H.E., 2010. Exploring the brain network: a review on
resting-state fMRI functional connectivity. Eur. Neuropsychopharmacol. 20:519–534.
http://dx.doi.org/10.1016/j.euroneuro.2010.03.008.

Vanegas, H., Schaible, H.-G., 2004. Descending control of persistent pain: inhibitory or fa-
cilitatory? Brain Res. Rev. 46:295–309. http://dx.doi.org/10.1016/j.brainresrev.2004.
07.004.

Vincent, L., Vang, D., Nguyen, J., Benson, B., Lei, J., Gupta, K., 2015. Cannabinoid receptor-
specific mechanisms to ameliorate pain in sickle cell anemia via inhibition of mast
cell activation and neurogenic inflammation. Haematologica.

Vollmar, C., O'Muircheartaigh, J., Symms, M.R., Barker, G.J., Thompson, P., Kumari, V.,
Stretton, J., Duncan, J.S., Richardson, M.P., Koepp, M.J., 2012. Altered microstructural
connectivity in juvenile myoclonic epilepsy the missing link. Neurology 78:
1555–1559. http://dx.doi.org/10.1212/WNL.0b013e3182563b44.

Wager, T.D., Atlas, L.Y., Lindquist, M.A., Roy, M.,Woo, C.-W., Kross, E., 2013. An fMRI-based
neurologic signature of physical pain. N. Engl. J. Med. 368:1388–1397. http://dx.doi.
org/10.1056/NEJMoa1204471.

Whitfield-Gabrieli, S., Nieto-Castanon, A., 2012. Conn: a functional connectivity toolbox
for correlated and anticorrelated brain networks. Brain Connect. 2:125–141. http://
dx.doi.org/10.1089/brain.2012.0073.

Wood, P.B., Schweinhardt, P., Jaeger, E., Dagher, A., Hakyemez, H., Rabiner, E.A., Bushnell,
M.C., Chizh, B.A., 2007. Fibromyalgia patients show an abnormal dopamine response
to pain. Eur. J. Neurosci. 25:3576–3582. http://dx.doi.org/10.1111/j.1460-9568.2007.
05623.x.

Wu, G.-R., Liao, W., Stramaglia, S., Ding, J.-R., Chen, H., Marinazzo, D., 2013. A blind
deconvolution approach to recover effective connectivity brain networks from rest-
ing state fMRI data. Med. Image Anal. 17:365–374. http://dx.doi.org/10.1016/j.
media.2013.01.003.

Wu, G.R., Deshpande, G., Laureys, S., Marinazzo, D., 2015. Retrieving the hemodynamic re-
sponse function in resting state fMRI: methodology and application. 2015 37th Annu-
al International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC). Presented at the 2015 37th Annual International Conference of the IEEE En-
gineering in Medicine and Biology Society (EMBC):pp. 6050–6053 http://dx.doi.org/
10.1109/EMBC.2015.7319771.

http://dx.doi.org/10.1016/j.neuroimage.2010.06.002
http://dx.doi.org/10.1016/j.neuroimage.2010.06.002
http://dx.doi.org/10.1016/S0304-3959(00)00409-7
http://dx.doi.org/10.1093/brain/awv397
http://dx.doi.org/10.1093/brain/awv397
http://dx.doi.org/10.1111/j.1526-4637.2006.00212.x
http://dx.doi.org/10.1111/j.1526-4637.2006.00212.x
http://dx.doi.org/10.1016/j.brainres.2011.05.052
http://dx.doi.org/10.1016/j.ijpsycho.2012.09.002
http://dx.doi.org/10.1182/blood-2010-01-260372
http://dx.doi.org/10.1523/JNEUROSCI.5055-13.2014
http://dx.doi.org/10.1016/S1053-8119(03)00286-6
http://dx.doi.org/10.1073/pnas.1831638100
http://dx.doi.org/10.1016/j.neuroimage.2006.02.002
http://dx.doi.org/10.1093/bja/aet174
http://dx.doi.org/10.3174/ajnr.A3263
http://dx.doi.org/10.3174/ajnr.A3263
http://dx.doi.org/10.1016/j.neuroimage.2007.10.003
http://dx.doi.org/10.1016/j.neuroimage.2007.10.003
http://dx.doi.org/10.1016/j.neuroimage.2011.10.042
http://dx.doi.org/10.1371/journal.pone.0039516
http://dx.doi.org/10.1016/j.pain.2012.07.029
http://dx.doi.org/10.1093/brain/awg102
http://dx.doi.org/10.1109/TBME.2013.2297332
http://dx.doi.org/10.1109/TBME.2013.2297332
http://dx.doi.org/10.1073/pnas.0700668104
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0320
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0320
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0320
http://dx.doi.org/10.1016/j.neuroimage.2008.12.051
http://dx.doi.org/10.1016/j.neuroimage.2008.12.051
http://dx.doi.org/10.1111/j.1528-1167.2010.02938.x
http://dx.doi.org/10.1016/j.pneurobio.2011.01.002
http://dx.doi.org/10.1002/art.27497
http://dx.doi.org/10.1007/s12160-009-9096-5
http://dx.doi.org/10.1007/s12160-009-9096-5
http://dx.doi.org/10.1016/j.neuroimage.2005.06.067
http://dx.doi.org/10.1016/j.pscychresns.2015.04.005
http://dx.doi.org/10.1186/1471-244X-13-84
http://dx.doi.org/10.1186/1471-244X-13-84
http://dx.doi.org/10.1016/j.biopsych.2006.03.042
http://dx.doi.org/10.1056/NEJM199107043250103
http://dx.doi.org/10.1056/NEJM199406093302303
http://dx.doi.org/10.1056/NEJM199406093302303
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0380
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0380
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0380
http://dx.doi.org/10.1073/pnas.98.2.676
http://dx.doi.org/10.1016/S0140-6736(10)61029-X
http://dx.doi.org/10.1155/2000/421719
http://dx.doi.org/10.1007/s12311-012-0413-3
http://dx.doi.org/10.1007/s12311-012-0413-3
http://dx.doi.org/10.1016/j.ijpsycho.2007.05.017
http://dx.doi.org/10.1016/j.ijpsycho.2007.05.017
http://dx.doi.org/10.1016/j.clinph.2012.02.084
http://dx.doi.org/10.3389/fnhum.2015.00134
http://dx.doi.org/10.1016/j.jad.2011.04.004
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0425
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0425
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0425
http://dx.doi.org/10.3324/haematol.2015.137489
http://dx.doi.org/10.1016/j.euroneuro.2010.03.008
http://dx.doi.org/10.1016/j.brainresrev.2004.07.004
http://dx.doi.org/10.1016/j.brainresrev.2004.07.004
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0445
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0445
http://refhub.elsevier.com/S2213-1582(16)30261-3/rf0445
http://dx.doi.org/10.1212/WNL.0b013e3182563b44
http://dx.doi.org/10.1056/NEJMoa1204471
http://dx.doi.org/10.1089/brain.2012.0073
http://dx.doi.org/10.1111/j.1460-9568.2007.05623.x
http://dx.doi.org/10.1111/j.1460-9568.2007.05623.x
http://dx.doi.org/10.1016/j.media.2013.01.003
http://dx.doi.org/10.1016/j.media.2013.01.003
http://dx.doi.org/10.1109/EMBC.2015.7319771


17M. Case et al. / NeuroImage: Clinical 14 (2017) 1–17
Yuan, H., Zotev, V., Phillips, R., Drevets, W.C., Bodurka, J., 2012. Spatiotemporal dynamics
of the brain at rest — exploring EEG microstates as electrophysiological signatures of
BOLD resting state networks. NeuroImage 60:2062–2072. http://dx.doi.org/10.1016/
j.neuroimage.2012.02.031.

Zhang, C.H., Lu, Y., Brinkmann, B., Welker, K., Worrell, G., He, B., 2015. Lateralization and
localization of epilepsy related hemodynamic foci using presurgical fMRI. Clin.
Neurophysiol. 126:27–38. http://dx.doi.org/10.1016/j.clinph.2014.04.011.
Zhang, C.H., Sohrabpour, A., Lu, Y., He, B., 2016. Spectral and spatial changes of brain
rhythmic activity in response to the sustained thermal pain stimulation. Hum. Brain
Mapp. 37:2976–2991. http://dx.doi.org/10.1002/hbm.23220.

Zou, P., Helton, K.J., Smeltzer, M., Li, C.-S., Conklin, H.M., Gajjar, A., Wang, W.C., Ware, R.E.,
Ogg, R.J., 2011. Hemodynamic responses to visual stimulation in children with sickle
cell anemia. Brain Imaging Behav. 5:295–306. http://dx.doi.org/10.1007/s11682-011-
9133-4.

http://dx.doi.org/10.1016/j.neuroimage.2012.02.031
http://dx.doi.org/10.1016/j.neuroimage.2012.02.031
http://dx.doi.org/10.1016/j.clinph.2014.04.011
http://dx.doi.org/10.1002/hbm.23220
http://dx.doi.org/10.1007/s11682-011-9133-4
http://dx.doi.org/10.1007/s11682-011-9133-4

	Characterization of functional brain activity and connectivity using EEG and fMRI in patients with sickle cell disease
	1. Introduction
	2. Methods
	2.1. Healthy subjects
	2.2. SCD patients
	2.3. EEG recording
	2.4. MRI recording
	2.5. EEG preprocessing
	2.6. fMRI preprocessing
	2.7. BOLD signal comparison
	2.8. Independent component analysis of fMRI data
	2.9. Seed based analysis
	2.10. EEG-informed fMRI

	3. Results
	3.1. Patient summary
	3.2. Resting state networks using ICA
	3.3. Frequency analysis of RSN
	3.4. Connectivity in cerebellum
	3.5. EEG-fMRI power analysis
	3.6. EEG-fMRI microstate analysis

	4. Discussion
	4.1. Imagining modalities
	4.2. Pain areas
	4.3. Resting state network connectivity
	4.3.1. Default mode network
	4.3.2. Executive control network
	4.3.3. Salience network

	4.4. Altered frequency behavior in SCD
	4.5. Cerebellum connectivity
	4.6. Study limitations
	4.7. Conclusion

	Acknowledgement
	References


