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1. Introduction

Sickle Cell Disease (SCD) affects between 90,000–100,000
Americans (Smith et al., 2008) and is associated with significant mor-
bidity and mortality. SCD is caused by a mutation in the human beta-
globin gene, resulting in polymerization of the oxygen transporting
protein haemoglobin (hemoglobin(Hb)S) in the deoxy state. The poly-
merization of HbS under low oxygenation conditions causes red blood
cells (RBCs) to become rigid and sickle-shaped, increasing the risk of
vascular occlusion, ischemia and vaso-occlusive pain crises (Piel et al.,
2017; Rees et al., 2010). Under adverse conditions, damaged en-
dothelium from sickle-shaped RBCs contributes to vaso-occlusion, (Platt
et al., 1984) infarctions, haemolysis, vasculopathy and cerebrovascular
disease (Rees et al., 2010).

Brain imaging studies (Balci et al., 2012; Chen et al., 2017; Schatz
and Buzan, 2006; Scott Mackin et al., 2014) have shown atrophy of the
corpus collosum, frontal lobes, thalamus, and basal ganglia, in addition
to increased resting-state functional connectivity (RS-FC) of the default-
mode network (DMN) in children, that was associated with cognitive
decline (Chen et al., 2017; Colombatti et al., 2016; Schatz and Buzan,
2006; Scott Mackin et al., 2014). Increased amplitude of low-frequency
fluctuations (ALFF) in the orbitofrontal cortex, anterior cingulate cortex
(ACC) and posterior cingulate (PCC) compared to anemic controls has
also been observed (Coloigner et al., 2017). These cortical abnormal-
ities may play key roles in rewiring central pain pathways and causing
neuroplastic alterations, resulting in vulnerability for development of
neuropathic pain (Brandow et al., 2013; Darbari et al., 2015; Dias
Antunes et al., 2017; Gustin et al., 2012). Neuropathic pain resulting
from dysfunction of the central nervous system (CNS) has been shown
to underlie SCD (Ballas et al., 2012; Brandow et al., 2014; Darbari et al.,
2015; Dias Antunes et al., 2017; Wang et al., 2010) via screening tools
(Brandow et al., 2014; Wilkie et al., 2010) and laboratory pain testing,

(Brandow et al., 2013; Jacob et al., 2015; O'Leary et al., 2014) with as
many as 40% of patients with SCD reporting neuropathic pain.
(Brandow et al., 2014).

Animal models of neuropathic pain have demonstrated that a region
in the brainstem called the locus coeruleus (LC) and its central as-
cending noradrenergic (NA) projections can facilitate and exacerbate
non-SCD neuropathic pain (Aston-Jones and Cohen, 2005; Kaushal
et al., 2016; Szabadi, 2013). LC axons project to the thalamus, anterior
cingulate (ACC), hippocampus, hypothalamus, amygdala, and medial
prefrontal cortex (mPFC). In particular, the LC innervates the
mPFC(Aston-Jones and Cohen, 2005) with respect to changes in this
corresponding (LC-dlPFC) circuit. This might contribute to the neuro-
pathic pain observed in patients with SCD, a region activated by noci-
ceptive input when transitioning from acute to chronic pain and central
sensitization in humans (Baliki et al., 2012; Kaushal et al., 2016). The
LC-mPFC circuit dysregulation is triggered in rodents by constant
noxious input (Kaushal et al., 2016). This shifts noradrenaline activity
to create a predominance of facilitative α1-adrenoreceptors rather than
inhibitory α2-adrenoreceptors, (Kaushal et al., 2016) contributing to
hypersensitivity (Martins et al., 2015, 2013). From a RS-FC perspective,
the mPFC in rodents strongly parallels the dorsolateral prefrontal cortex
(dlPFC) in primates with respect to executive function, attention and
decision making (Dalley et al., 2004; Leonard, 2016). Overall, findings
support that processes involving the mPFC in rodents are served by the
vmPFC and dlPFC in primates (Eichenbaum, 2017). As dysregulation of
the LC-mPFC circuit can facilitate pain hypersensitivity in rodents,
(Kaushal et al., 2016; Taylor and Westlund, 2017) changes in this
corresponding circuit might contribute to the neuropathic pain ob-
served in patients with SCD (Brandow et al., 2014; Dias Antunes et al.,
2017).

The aim of this study was to investigate RS-FC of the LC in patients
with SCD compared to patients having anemia without chronic pain
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(anemic controls, or AC) using neuroimaging, seed-based and graph
theory connectivity analyses. The seed-based resting-state connectivity
analysis allowed us determine where connectivity differences were
present in precise regions, while the graph-theory based connectivity
analysis allowed us to determine what differences were present in
network influence (centrality) in respect to the LC. We hypothesized
that patients with SCD would show greater functional LC connectivity
and centrality with other key brain regions that play roles in chronic
pain compared to ACs.

2. Methods

2.1. Participants

African-American (N=14), Hispanic (N=3), and Middle Eastern
(N=1) patients with SCD along with Asian (N=6), and White (N= 6)
anemic controls were recruited from the Children's Hospital Los Angeles
(CHLA) hemogloinopathy center. All procedures were approved by the
institutional review board (IRB) and all participants provided written
informed consent. A total of 12 anemic controls (mean age= 24.2,
SD=7.4, 8 females) and 18 patients with SCD (mean age= 21.2,
SD=8.6, 7 females) were included after quality control of the MRI
data. Eight patients with SCD and ten ACs were undergoing transfu-
sions. In the SCD population, 14 patients had hemoglobin SS and 4
hemoglobin SC disease. Three of the SCD patients exhibited chronic
widespread pain. In the AC population, 2 patients had E-beta tha-
lassemia, 4 patients had Beta Thalessemia Major, 2 patients had
Hereditary Spherocytosis, 1 patient had Congenital Dyserythropoietic
Anemia, 1 patient had Autoimmune Hemolytic Anemia, 1 patient had
Thalessemia Intermedia, and 1 patient had Hemoglobin H Constant
Spring. No patients with AC exhibited chronic pain. A subset of 8 sickle
cell patients had been recieving regular 2-week transfusions for at least
a year to reduce hemoglobin SS concentration and prevent progression
of vascular disease. Regular transfusions were scheduled to keep the
percent of hemoglobin SS< 30% in hopes of reducing strokes. This
stops intermittent vaso-occlusive pain crises, but does not affect chronic
regional pain syndromes. Sub-analyses of this cohort compared to SCD
patients without transfusions did not change the outcome findings.
Young adults with previous overt strokes or known cerebrovascular
disease were not included in the study. Other exclusion criteria in-
cluded pregnancy, occurrence of acute chest pain or pain crisis hospi-
talization in the past month, and additional diagnosed conditions such
as epilepsy or traumatic brain injury. SCD patients who had chronic
pain (N=3) were identified by the patient's hematologist and co-au-
thor (TC) based on clinical status and characteristics of their pain
consistent with ongoing neuropathic pain (burning, allodynia, swelling
of limb, non-response to opioids, etc.) lasting>6months. These data
were used to perform an additional exploratory analysis. All patients
were in their steady-state, and no focal neurologic deficits were docu-
mented in their medical records.

2.2. Clinical variables

In addition to recording age, gender, and body mass index (BMI), a
complete blood count (CBC) panel was recorded on all patients.

2.3. Imaging acquisition

All imaging was conducted on a 3 T Phillips Achieva. After careful
positioning of the subject, padding of the head to reduce movement,
and application of noise-reducing headphones, a standard high-re-
solution T1-weighted 3D structural scan, covering the whole brain (160
sagittal slices) was obtained; (TE: 8.20ms, TR: 3.77ms, flip angle: 8
degrees, in-plane resolution: 256mm×256mm, FOV: 256×224mm,
percent phase FOV: 87.5, slice thickness/gap: 1/1mm). Afterwards, an
8-min resting state functional scan (26 axial slices) was obtained (TE:

50ms, TR: 2000ms, flip angle: 90 degrees, in-plane resolution
2.3 mm×2.3mm, FOV: 220mm×220mm, slice thickness/gap: 5/
0mm). Subjects were instructed to close their eyes, not think of any-
thing, not fall asleep, and keep as still as possible.

2.4. Image pre-processing and quality control

Imaging data were processed using SPM12. Preprocessing for
quality control included bias-field correction, co-registration, motion
correction, spatial normalization, tissue segmentation, and Fourier
transformation. Structural images were included in subsequent analyses
based on compliance with acquisition protocol, full brain coverage,
minimal motion, Gibbs ringing, absence of flow/zipper and minor
atrophy/vascular degeneration. Functional imaging pre-processing in-
cluded transformation from DICOM into NIFTI, slice-time correction,
co-registration with high-resolution structural images, spatial normal-
ization into MNI space, realignment to correct for subject movement
and unwarping to correct for the movement-by-distortion interaction
(using Unwarp in SPM12), and resampled to a voxel size of
2×2×2mm. Functional images were included in subsequent ana-
lyses based on compliance with acquisition protocol, full brain cov-
erage, motion estimate of< 2mm in the three directions of translation
and three directions of rotation, minimal signal loss, and proper co-
registration and normalization with the structural image.

2.5. Functional network construction

The normalized resting-state functional images were then processed
using the CONN 17 toolbox in MATLAB (Whitfield-Gabrieli and Nieto-
Castanon, 2012). Resting-state images were filtered using a band-pass
filter (0.001 Hz/< f < 0.01 Hz) to reduce low and high frequency
noise. A component-based noise correction method, CompCor
(Whitfield-Gabrieli and Nieto-Castanon, 2012), was used to remove
motion artifacts - including six motion realignment parameters, as well
as confounds for white matter and cerebrospinal fluid (CSF) - for better
sensitivity and specificity of the analysis. Gray matter images for each
subject were segmented using the Destrieux (cortical) and Harvard-
Oxford Subcortical Atlases (Destrieux et al., 2010; Irimia et al., 2012)
and parceled into 165 cortical and subcortical regions. Two additional
regions of interest (ROIs) consisting of 2mm spheres located at the
bilateral LC were manually created in MarsBar based on the re-
commended location of the LC (MNI coordinates: X= ±4, Y=−36,
Z=−24) (Brett et al., 2002; Keren et al., 2009). This process resulted
in a 167×167 adjacency matrix for each subject. ROI-to-ROI func-
tional connectivity – defined as cross correlations of all ROI's blood-
oxygen-level dependent (BOLD) time series – were computed in the
CONN toolbox and then Fischer transformed to create Z values. The
connectivity between the 167 brain regions was indexed by a matrix of
Fisher Z transformed correlation coefficients reflecting the association
between average temporal BOLD time series signals across all voxels in
each brain region. Functional connections were retained at Z≥0.3 and
all values below that threshold were set to 0. The magnitude of the z-
score represents the weights in the functional network. As a sensitivity
analysis, absolute thresholding was also applied at 0.2, 0.4, 0.5, 0.6,
0.7, and 0.8 (Van Den Heuvel et al., 2017).

2.6. Computing network metrics

Thresholded single-subject functional networks were then used to
calculate network metrics using in-house scripts and Graph Theory
Toolbox (GTG) in MATLAB (Spielberg, 2014). Measures of centrality
including degree, strength, betweenness centrality and eigenvector
centrality were computed. Regions with high centrality are highly in-
fluential and communicate with many other regions, facilitate func-
tional integration, and play a key role in network resilience to insult
(Rubinov and Sporns, 2010). Indices of centrality included (1) Degree:
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reflecting the number of connections to an ROI, (2) Strength: reflecting
the weighted version of the number of connections to an ROI, (3) Be-
tweenness Centrality: reflecting the ability of an ROI to control in-
formation flow and modulate information (act as a bridge) between two
other modules, and (4) Eigenvector Centrality: reflecting the global
prominence of the region due to connections with other highly con-
nected nodes Rubinov and Sporns, 2010).

2.7. Network metrics statistical analyses

To determine group differences in network metrics, GLM-based non-
parametric permutation testing was performed, controlling for age and
sex, at 5000 iterations in MATLAB. Permuted probability values were
further corrected using the false discovery rate (FDR) to calculate sig-
nificance at p(FDR) < 0.05.

2.8. Seed-to-voxel functional connectivity analysis

The 2mm spherical seeds in the bilateral LC (Fig. 1) were used as
seeds in CONN 17 for a seed-to-voxel whole-brain connectivity analysis.
Age and sex were included as covariates. The resulting single-subject
beta maps were extracted and smoothed at 4mm full-width half max-
imum (FWHM). To compare differences between groups, a non-para-
metric independent sample t-test was conducted using Statistical non-
Parametric Mapping (Nichols and Holmes, 2001), specifying 5000
permutations with variance smoothing applied at 4mm FWHM. The
initial cluster-forming threshold was set at p < .001 and significance
level was set at p(FWE) < 0.05. To determine the effect of chronic
transfusion status on the results, we repeated the analyses including an
indicator variable representing whether a subject was receiving blood
transfusions as a covariate. Additionally, as an exploratory analysis
within patients with SCD, we compared 3 patients who actively ex-
hibited symptoms of chronic pain to patients who did not actively ex-
hibit chronic pain. This was done by exporting the eigenvalues for the
connectivity dyad within Statistical Parametric Mapping (SPM) for
every subject and then conducting a Welch's t-test between the groups.

2.9. Clinical variables

To investigate differences in CBC panel results between SCD and AC,
independent sample t-tests were conducted along with Cohen's d

calculations to measure effect size. Cohen's d, independent of sample
size, is used to indicate the magnitude of the difference between two
means, and is calculated by subtracting one group mean from another
and dividing it by the pooled standard deviation. A value of d < 0.5 is
considered a small effect, 0.5 < d < 0.8 a medium effect, and
d > 0.8 a large effect (Sullivan and Feinn, 2012).

3. Results

A summary of the clinical variables – including age, gender, vital
signs and CBC results – can be seen in Table 1. There was no significant
difference in age, sex, body habitus, or blood pressure between groups.
As expected, patients with SCD had higher white blood cell counts,
lower RBC counts, lower hematocrit percentages and higher re-
ticulocyte counts compared to anemic controls. See Table 1.

3.1. Patients with SCD exhibit greater connectivity from LC to dlPFC

Results from the seed-to-voxel analysis revealed that patients with
SCD had greater connectivity between the left LC and left dorsolateral
prefrontal cortex (dlPFC). Specifically, connectivity results showed
patients with SCD had increased connectivity between the left LC and
left dlPFC (Sallet et al., 2013). No other difference in LC connectivity
was observed. When using transfusions as a covariate, the results still
showed significant increased connectivity from the left LC to left dlPFC
in the SCD patients. Additionally, patients with SCD with chronic pain
had a trend towards greater LC-dlPFC connectivity compared to patients
with SCD without chronic pain (t (14.18)= 1.99, p= .06, d=0.66),
although this result did not achieve statistical significance). See Tables
2, 3, Figs. 2,3.

3.2. Patients with SCD exhibit greater centrality of the locus coeruleus

Results from the network metrics analysis revealed that patients
with SCD exhibited greater betweenness centrality in the left LC and
greater strength in the right LC. These results were consistent across
some (Z=0.2, 0.3, 0.5) but not all threshold levels, showing significant

Fig. 1. Bilateral spherical seeds of 2 mm each placed in the locus coeruleus.

Table 1
Summary of demographic and clinical variables.

SCD (N=18, 8 F) ACTL (N=10,
7 F)

t p d

Mean (SD) Mean (SD)

Age (yrs) 21.2 +/− 8.3 25.5 +/− 7.5 −1.41 0.17 −0.54
Height (cm) 161.6 +/− 11.3 162.8 +/− 10.4 −0.04 0.97 −0.11
Weight (kg) 57.3 +/− 9.5 60.5 +/− 17.3 −0.62 0.54 −0.23
BMI 23.0 +/− 5.9 22.1 +/− 2.3 0.55 0.59 0.20
SBP 111.3 +/− 14.2 111.5 +/− 10.3 −0.40 0.97 −0.24
DBP 62.5 +/− 8.1 62.8 +/− 9.0 −0.13 0.89 −0.03
WBC (K/mcL) 10.3 +/− 4.6 6.6 +/− 2.2 2.41 0.02 1.03
RBC (M/mcL) 3.2 +/− 0.7 3.7 +/− 0.4 −2.16 0.04 −0.87
Hb (g/dL) 9.8 +/− 1.8 10.0 +/− 1.2 −0.34 0.76 −0.13
Hbs (g/dL) 47.4 +/− 29.3 0.0 +/− 0.0 6.86 < 0.001 1.99
HbF (g/dL) 6.1 +/− 8.3 1.7 +/− 2.5 2.41 0.04 0.67
Hct (%) 27.9 +/− 4.4 30.0 +/− 3.0 −1.37 0.18 −0.55
MCV (fL) 89.4 +/− 13.9 81.5 +/− 6.0 1.71 0.10 0.73
Plt (K/mcL) 297.4 +/− 112.7 263.0 +/− 114.1 0.77 0.45 0.30
PltVol (fL) 10.0 +/− 0.8 10.6 +/− 1.1 −1.58 0.13 −0.62
Retic (%) 9.6 +/− 5.9 2.6 +/− 3.2 4.08 < 0.0001 1.47

Groups: Sickle-Cell Disease (SCD), Anemic Controls (AC), Females (F).
Variables: Body Mass Index (BMI), White Blood Cell count (WBC), Red Blood
Cell count (RBC), Heboglobin count (Hb), Hematocrit (Hct), Mean Corpuscular
Volume (MCV), Platlet count (Plt), Mean Platlet Volume (PltVol), Reticulocyte
Count (Retic).
Statistics: standard deviation (SD), t-value (t), p-value (p), Cohen's d (d).
The bolded numbers represent variables that were significantly different be-
tween groups.
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results when observing denser networks. See Table 4 and Fig. 4.

4. Discussion

As hypothesized, group differences in functional connectivity of the
LC were found in patients with SCD compared to anemic controls using
seed-to-voxel and graph theoretical methods examining LC-based con-
nectomes. Past brain imaging research has found that patients with
S.CD with high pain intensity have greater RS-FC in pronociocptive
areas such as the ACC, somatosensory cortex, and insula, (Darbari et al.,
2015) as well as greater connectivity from the insula, basal ganglia and
periaqueductal gray (PAG) brainstem regions to various resting state
networks (Case et al., 2017). These patients have also been shown to
have increased EEG activity in pain processing regions (Case et al.,
2018). Case et al.'s(Case et al., 2017) finding of greater connectivity in
the PAG runs parallel to our findings, as there is considerable evidence
that the LC receives input from PAG neurons (Cedarbaum and
Aghajanian, 1978; Lee et al., 2005; Luppi et al., 1995; Simson, 2001),
and plays a large role in the stress response (Borelli et al., 2005;
Kiyokawa et al., 2005). Future studies looking at the influence of
brainstem activity - including the PAG and LC - and neurochemistry
would serve to be beneficial in understanding how activity in the mid-
brain influences cortical processing and its influence on pain.

4.1. Differences in connectivity of the locus coeruleus in patients with SCD

Patients with SCD compared to ACs had greater LC betweenness
centrality – indicating that this region is critical for mediating com-
munication between other brain regions (Rubinov and Sporns, 2010;
Sporns, 2013) – and greater LC-dlPFC connectivity. These alterations in
LC circuitry run parallel to recent findings in rodent models of neuro-
pathic pain (Kaushal et al., 2016; Marzo et al., 2014). The LC is the
primary brain region involved in the synthesis of noradrenaline,
(Dahlström and Fuxe, 1964; Jones and Yang, 1985; Westlund et al.,
1983) and is the sole source of cortical noradrenaline to the neocortex
(Berridge and Abercrombie, 1999; Berridge and Waterhouse, 2003).
After exposure to a stressor (e.g. pain), noradrenaline is released as a
messenger to various CNS cells with adrenoreceptors. Many projections
from the noradrenergic locus coeruleus are to regions that are re-
sponsible for regulating the autonomic response to stress, arousal, and
homeostatic mechanisms (e.g. suppression of the baroreceptor reflex)
(Hwang et al., 1998; Samuels and Szabadi, 2008; Shih and Chan, 1995),
all of which can be a risk factor for vaso-occlusive pain crises in patients

Table 2
Seed-to-Voxel Analysis from Left Locus Coeruleus to Whole-Brain. XYZ re-
present MNI-Coordinates.

Contrast: SCD > AC

Seed: left locus coeruleus

Region Voxels X Y Z t p(FDR)

Left Middle Frontal Gyrus (Left dlPFC) 57 −42 6 44 5.59 0.03

Statistics: t-value (t), p-value corrected for family-wise error p(FWE) < 0.05.

Table 3
Seed-to-Voxel Analysis from Left Locus Coeruleus to Whole-Brain with
Transfusions as a covariate. XYZ represent MNI-Coordinates.

Contrast: SCD > AC - covariate: transfusions

Seed: left locus coeruleus

Region Voxels X Y Z t p(FDR)

Left Middle Frontal Gyrus (Left dlPFC) 26 −50 14 36 4.41 0.04

Statistics: t-value (t), p-value corrected for family-wise error p(FWE) < 0.05.

Fig. 2. Patients with sickle cell disease exhibit greater connectivity from the left
locus coeruleus to the left dorsolateral prefrontal cortex compared to anemic
controls.

Fig. 3. Sickle-cell disease patients with chronic pain exhibit trending greater
connectivity between the Locus Coeruleus and Dorsolateral Prefrontal Cortex
compared with sickle-cell disease patients without chronic pain (t(14.18) = 1.99,
p= .06, d=0.66).

Table 4
Summary of network metric results comparing patients with sickle-cell disease
and anemic controls, controlling for the effects of age and sex.

Betweenness centrality

ROI Threshold Variable t(29) p(FDR) B Interpretation

L_LC 0.2 Group 3.17 0.005 10.06 SCD ↑ AC ↓
L_LC 0.3 Group 2.95 0.006 6.421 SCD ↑ AC ↓

Strength
ROI Threshold Variable t(28) p(FDR) B Interpretation
R_LC 0.5 Group 2.176 0.039 0.655 SCD ↑ AC ↓

Groups: Sickle Cell Disease (SCD), AC (Anemic Controls).
ROIs: Left Locus Coeruleus (L_LC), Right Locus Coeruleus (R_LC).
Abbreviations: Betweenness Centrality (BWC).
Statistics: Network construction variable (Pearson's r vs Fisher transformed Z),
Beta (B), t-value with 29 degrees of freedom (t(29)), Cohen's d (d), p-value
corrected for false discovery rate p(FDR) < 0.05
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with SCD who have greater pain sensitivity (Brandow et al., 2013;
Coates et al., 2018).

Providing tentative support for the idea that hyperconnectivity of
the LC-dlPFC circuit may be present in chronic pain, the three SCD
patients suffering from chronic pain had greater functional connectivity
between the LC and dlPFC compared to SCD without pain (Cohen's
d= 0.66). Although compelling, this hypothesis requires further sys-
tematic study in a larger sample using systematic assessments of
chronic pain as well with assessment of frequency of vaso-occlusive
crises.

Additionally, since SCD patients overall had greater LC-dlPFC con-
nectivity compared to anemic controls, this hyperconnectivity could
possibly be a precursor to the development of vaso-occlusive crises or of
chronic pain via a hyperactive autonomic nervous system (discussed in
the next section). We pose these hypotheses for testing.

Moreover, the dlPFC is a core region in the executive control net-
work that is involved in working memory, cognitive flexibility, selective
attention and response inhibition (Elliott, 2003). One might speculate
that the observed alterations in dlPFC_LC functional connectivity might
underlie executive function deficits and associated cortical changes
reported in SCD (Chen et al., 2017; Coloigner et al., 2017; Downes
et al., 2019, Downes et al., 2018; Schatz and Buzan, 2006; Scott Mackin
et al., 2014; Swift et al., 1989; Vichinsky et al., 2010). High levels of
noradrenaline via projections from the LC to the prefrontal cortex have
been shown to impair prefrontal inhibitory functions critical for ex-
ecutive function (Xing et al., 2016). Further work is need to examine
this possibility.

4.2. Implications of the findings for the autonomic nervous system and
blood flow

Our findings also suggest clinically relevant outcomes, such as the
possibility that peripheral blood-flow may be altered due to hy-
perconnectivity of the LC and dlPFC. Since arterioles are innervated by
sympathetic neurons, increased microvascaular transit time due to in-
creased sympathetic activity – which the LC modulates (Benarroch,
2009) – can result in increased vaso-occlusion (Coates et al., 2018).
Acute stressors, such as pain, induce noradrenaline release in the PFC in

rodents (Jett and Morilak, 2012; Marzo et al., 2014), and continuous
release can result in allostatic stress overload (McEwen, 2004) and
subsequent vasoconstriction via increased sympathetic nervous system
activity (Connes and Coates, 2013; McEwen and Seeman, 2009), a
hallmark feature of SCD (Connes and Coates, 2013). Peripheral nora-
drenaline release is exacerbated by the infarcted tissue damage and
inflammation caused by the sickled RBCs. This peripheral effect causes
more tissue ischemia, further release of noradrenaline, and leads to a
debilitating top-down and bottom-up pain cycle (Ballas, 2005). We
compared the SCD group to the anemia controls with and without those
who were on transfusion protocols and the findings did not change. This
lack of effect of transfusion would suggest that there are other differ-
ences between non-SCD controls and patients with SCD that might in-
fluence central pain processing that are independent of level of he-
moglobin. These differences await further study. Humans with sickle
trait as well as sickle cell anemia have autonomic dysfunction of un-
known cause and these abnormalities are independent of transfusion
(Khaleel et al., 2017; Sangkatumvong et al., 2011). Direct measures of
nerve impulse responses to pain are greater in SCD mice than wild type.
Nerve conduction abnormalities have been seen in mice as well
(Cataldo et al., 2015a). The findings in the present work uncover yet
another pain-related alteration in SCD subjects that is not present in
control. The mechanism of this neural hypersensitization remains elu-
sive. Increased sympathetic activity, or parasympathetic withdrawal,
(Alexy et al., 2010; Connes and Coates, 2013) may be an underlying
mechanism. However, future studies investigating neurotransmitters
such as GABA and noradrenaline in the locus coeruleus and dlPFC,
using imaging techniques such as diffusion tensor imaging, PET and
spectroscopy along with measures of pain sensitivity and vasocon-
striction, would be crucial to establish causal mechanisms in humans.

4.3. Potential significance and therapeutic implications

There appears to be neurological differences in patients with SCD
that may play a role in pain mediation. Neurological hypersensitivity
has been observed in SCD subjects in response to respiratory control
(Sangkatumvong et al., 2011) and pain in humans, (Khaleel et al.,
2017) and in response to pain in transgenetic mice (Cataldo et al.,

Fig. 4. Patients with SCD exhibit greater betweenness centrality in the left Locus Coeruleus compared to Anemic Controls.
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2015b). Thus, there may be some effect of this disorder on neural
systems that plays a significant role in vascular control and pain. We
now show differences in brain connectivity in patients with SCD, and
importantly, have used anemic subjects as controls so these differences
are not due to anemia.

Future studies investigating potential therapeutic pain prevention
strategies or targeted analgesic treatments for chronic pain in SCD
should monitor the level of the LC centrality in neural connectivity. The
goal would be to reduce noradrenaline release and the strength of
connectivity of the LC with the dlPFC. Such changes could enhance
prefrontal cortical control by shifting prefrontal processes. For example,
activity in the ventromedial prefrontal cortex (vmPFC) has been shown
to be involved in the process of resilience and positive behavioral
adaptation in the face of adversity or trauma (Hänsel and Von Känel,
2008) Increased vmPFC activity has also been shown to be associated
with reduced pain (Woo et al., 2015). Future studies investigating more
nuanced prefrontal cortical activity in chronic pain are necessary to
develop therapeutic approaches that can have a beneficial effect. From
a pharmacological perspective, strategies that increase the role of re-
levant LC-mediated neurotransmitters involved in pain inhibition might
be considered. For example, tricyclic anti-depressants and nora-
drenergic reuptake inhibitors (NRIs) facilitating activity at alpha 2-
adrenoreceptors have been shown to lose analgesic efficacy over time,
(Llorca-Torralba et al., 2016) a finding that may be related to enhanced
facilitative alpha 1-adrenoceptor activity (Taylor and Westlund, 2017)
with continued pain. This latter finding suggests that current pharma-
cological treatments may be able to slow down the development of
chronic pain, but treatments aimed at diminishing alpha-1 activity
would be crucial to terminating it. Excessive alpha-1 noradrenaline
activity in the PFC has been associated with stress-induced cognitive
impairments, such as poor attention regulation and disinhibited beha-
viors (Birnbaum et al., 1999). Thus, it is hypothesized that reducing
stress-related increased connectivity within the LC-PFC pathway would
improve chronic pain symptoms.

At the level of the dlPFC, various non-invasive treatments such as
repetitive transcranial magnetic stimulation (rTMS) and transcranial
direct current stimulation (tDCS) have been shown to be effective in
patients with chronic pain (Brighina et al., 2004; Conforto, 2014;
Umezaki et al., 2016) who also have psychological symptoms, such as
depression. However, no published reports currently exist with regards
to patients with SCD (Seminowicz and Moayedi, 2017). Mindfulness
meditation and hypnosis are other non-pharmacological treatments
shown to be effective in improving blood flow, reducing activity in the
dlPFC, and decreasing pain sensitivity (Barrett et al., 2016; Bhatt et al.,
2017; Jensen et al., 2014; Jensen and Patterson, 2014; Zeidan et al.,
2015, 2012). It would be useful to test strategies that alter this neural
pathway in patients with SCD. While treatment of acute pain crises in
patients with SCD is crucial for quality of life and survival (e.g. acute
chest syndrome), the findings of this study suggest that strategies that
alter the strength of the LC-dlPFC connectome prior to the chronifica-
tion of pain would have significant impact for individuals living with
SCD. Such targeted research would also strengthen our understanding
of mechanisms involved in the transition from acute to chronic pain.

5. Conclusions

The findings of the current study support greater connectivity of the
LC-dlPFC circuit, along with a connectome showing a greater amount of
information flow in the LC to other parts of the brain in patients with
SCD. These are the first findings we know of that establish this LC-dlPFC
hyperconnectvity link in humans with SCD and provide the basis for
further investigation of cellular mechanisms such as noradrenaline ac-
tivity underlying this link, the modulatory role that the LC may play in
altering other brain networks, and associating it with chronic pain
symptoms and physiological activity in the periphery. Additionally, it
provides the basis for investigating methods of treatments to regulate

dysfunctional noradrenaline activity originating at the LC along with
non-pharmacological treatments such as TMS, tDCS, meditation, and
hypnotherapy aimed at diminishing activity in the dlPFC and reducing
painful symptoms.

Acknowledgements

Funding provided from NHLBI Multimodal biophysical markers of
vascular disease in hemoglobinopathies (U01 HL117718). The authors
have no conflicts of interest to disclose.

References

Alexy, T., Sangkatumvong, S., Connes, P., Pais, E., Tripette, J., Barthelemy, J.C., Fisher,
T.C., Meiselman, H.J., Khoo, M.C., Coates, T.D., 2010. Sickle cell disease: Selected
aspects of pathophysiology. In: Clinical Hemorheology and Microcirculation, pp.
155–166. https://doi.org/10.3233/CH-2010-1270.

Aston-Jones, G., Cohen, J.D., 2005. An Integrative Theory of Locus Coeruleus-
Norepinephrine Function: Adaptive Gain and Optimal Performance. Annu. Rev.
Neurosci. 28, 403–450. https://doi.org/10.1146/annurev.neuro.28.061604.135709.

Balci, A., Karazincir, S., Beyoglu, Y., Cingiz, C., Davran, R., Gali, E., Okuyucu, E., Egilmez,
E., Balci, A., Karazincir, S., Beyoglu, Y., 2012. Quantitative Brain Diffusion-Tensor
MRI Findings in Patients With Sickle Cell Disease. AJR Am. J. Roentgenol. 198,
1167–1174. https://doi.org/10.2214/AJR.11.7404.

Baliki, M.N., Petre, B., Torbey, S., Herrmann, K.M., Huang, L., Schnitzer, T.J., Fields, H.L.,
Vania Apkarian, A., 2012. Corticostriatal functional connectivity predicts transition
to chronic back pain. Nat. Neurosci. 15, 1117–1119. https://doi.org/10.1038/nn.
3153.

Ballas, S.K., 2005. Pain management of sickle cell disease. Hematol. Oncol. Clin. North
Am. 19, 785–802. https://doi.org/10.1016/j.hoc.2005.07.008.

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

Barrett, A.B., Palmieri, A., Parris, B.A., 2016. The Prefrontal Cortex and Suggestion:
Hypnosis vs. Placebo Effects. Front. Psychol. 7. https://doi.org/10.3389/fpsyg.2016.
00415.

Benarroch, E.E., 2009. The locus ceruleus norepinephrine system: Functional organiza-
tion and potential clinical significance. Neurology. https://doi.org/10.1212/WNL.
0b013e3181c2937c.

Berridge, C.W., Abercrombie, E.D., 1999. Relationship between locus coeruleus discharge
rates and rates of norepinephrine release within neocortex as assessed by in vivo
microdialysis. Neuroscience 93, 1263–1270.

Berridge, C.W., Waterhouse, B.D., 2003. The locus coeruleus–noradrenergic system:
modulation of behavioral state and state-dependent cognitive processes. Brain Res.
Rev. 42, 33–84.

Bhatt, R.R., Martin, S.R., Evans, S., Lung, K., Coates, T.D., Zeltzer, L.K., Tsao, J.C., 2017.
The effect of hypnosis on pain and peripheral blood flow in sickle-cell disease: a pilot
study. J. Pain Res. 10, 1635–1644.

Birnbaum, S., Gobeske, K.T., Auerbach, J., Taylor, J.R., Arnsten, A.F.T., 1999. A Role for
Norepinephrine in Stress-Induced Cognitive Deficits: a-1-Adrenoceptor Mediation in
the Prefrontal Cortex. Biol. Psychiatry 46, 1266–1274.

Borelli, K.G., Ferreira-Netto, C., Coimbra, N.C., Brandão, M.L., 2005. Fos-like im-
munoreactivity in the brain associated with freezing or escape induced by inhibition
of either glutamic acid decarboxylase or GABA A receptors in the dorsal periaque-
ductal gray. Brain Res. 1051, 100–111. https://doi.org/10.1016/j.brainres.2005.05.
068.

Brandow, A.M., Stucky, C.L., Hillery, C.A., Hoffmann, R.G., Panepinto, J.A., 2013.
Patients with sickle cell disease have increased sensitivity to cold and heat. Am. J.
Hematol. 88, 37–43. https://doi.org/10.1002/ajh.23341.

Brandow, A.M., Farley, R.A., Panepinto, J.A., 2014. Neuropathic Pain in Patients With
Sickle Cell Disease. Pediatr. Blood Cancer 61, 512–517. https://doi.org/10.1002/pbc.
24838.

Brett, M., Anton, J.-L., Valabrgue, R., Poline, J.-B., 2002. Region of interest analysis using
an SPM toolbox, in: 8th International Conference on Functional Mapping of the
Human Brain. Sendai, Japan.

Brighina, F., Piazza, A., Vitello, G., Aloisio, A., Palermo, A., Daniele, O., Fierro, B., 2004.
rTMS of the prefrontal cortex in the treatment of chronic migraine: a pilot study. J.
Neurol. Sci. 227, 67–71. https://doi.org/10.1016/j.jns.2004.08.008.

Case, M., Zhang, H., Mundahl, J., Datta, Y., Nelson, S., Gupta, K., He, B., 2017.
Characterization of functional brain activity and connectivity using EEG and fMRI in
patients with sickle cell disease. Neuroimage Clin. 14, 1–17. https://doi.org/10.
1016/j.nicl.2016.12.024.

Case, M., Shirinpour, S., Zhang, H., Datta, Y.H., Nelson, S.C., Sadak, K.T., Gupta, K., He,
B., 2018. Increased Theta Band EEG Power in Sickle Cell Disease Patients. J. Pain Res.
11, 67–76. https://doi.org/10.2147/JPR.S145581.

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

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

Cedarbaum, J.M., Aghajanian, G.K., 1978. Afferent projections to the rat locus coeruleus
as determined by a retrograde tracing technique. J. Comp. Neurol. 178, 1–16.

R.R. Bhatt et al. NeuroImage: Clinical 21 (2019) 101686

6

https://doi.org/10.3233/CH-2010-1270
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.2214/AJR.11.7404
https://doi.org/10.1038/nn.3153
https://doi.org/10.1038/nn.3153
https://doi.org/10.1016/j.hoc.2005.07.008
https://doi.org/10.1182/blood-2012-04-383430
https://doi.org/10.3389/fpsyg.2016.00415
https://doi.org/10.3389/fpsyg.2016.00415
https://doi.org/10.1212/WNL.0b013e3181c2937c
https://doi.org/10.1212/WNL.0b013e3181c2937c
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0045
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0045
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0045
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0050
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0050
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0050
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0055
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0055
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0055
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0060
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0060
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0060
https://doi.org/10.1016/j.brainres.2005.05.068
https://doi.org/10.1016/j.brainres.2005.05.068
https://doi.org/10.1002/ajh.23341
https://doi.org/10.1002/pbc.24838
https://doi.org/10.1002/pbc.24838
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0080
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0080
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0080
https://doi.org/10.1016/j.jns.2004.08.008
https://doi.org/10.1016/j.nicl.2016.12.024
https://doi.org/10.1016/j.nicl.2016.12.024
https://doi.org/10.2147/JPR.S145581
https://doi.org/10.1097/j.pain.0000000000000104
https://doi.org/10.1097/j.pain.0000000000000104


https://doi.org/10.1002/cne.901780102.
Chen, R., Krejza, J., Arkuszewski, M., Zimmerman, R.A., Herskovits, E.H., Melhem, E.R.,

2017. Brain morphometric analysis predicts decline of intelligence quotient in chil-
dren with sickle cell disease: A preliminary study. Adv. Med. Sci. 62, 151–157.
https://doi.org/10.1016/j.advms.2016.09.002.

Coates, T.D., Chalacheva, P., Zeltzer, L., Khoo, M., 2018. Autonomic Nervous System
Involvement in Sickle Cell Disease. Clin. Hemorheol. Microcirc. 68 (2-3), 251–262.

Coloigner, J., Kim, Y., Bush, A., Choi, S., Balderrama, M.C., Coates, T.D., O'neil, S.H.,
Lepore, N., Wood, J.C., 2017. Contrasting resting-state fMRI abnormalities from
sickle and non-sickle anemia. PLoS One 12. https://doi.org/10.1371/journal.pone.
0184860.

Colombatti, R., Lucchetta, M., Montanaro, M., Rampazzo, P., Ermani, M., Talenti, G.,
Baracchini, C., Favero, A., Basso, G., Manara, R., Sainati, L., 2016. Cognition and the
Default Mode Network in Children with Sickle Cell Disease: A Resting State
Functional MRI Study. PLoS One 11. https://doi.org/10.1371/journal.pone.0157090.

Conforto Jr., A.B., Gonçalves, A.L., Mercante, J.P., Guendler, V.Z., Ferreira, J.R.,
Kirschner, C.C., Peres, F., 2014. Randomized, proof-of-principle clinical trial of active
transcranial magnetic stimulation in chronic migraine. Cephalalgia 34, 464–472.
https://doi.org/10.1177/0333102413515340.

Connes, P., Coates, T.D., 2013. Autonomic nervous system dysfunction: Implication in
sickle cell disease. C. R. Biol. 336, 142–147. https://doi.org/10.1016/j.crvi.2012.09.
003.

Dahlström, A., Fuxe, K., 1964. Evidence for the existence of monoamine-containing
neurons in the central nervous system. Acta Physiol. Scand. Suppl. 1–55. https://doi.
org/10.1007/BF00160582.

Dalley, J.W., Cardinal, R.N., Robbins, T.W., 2004. Prefrontal executive and cognitive
functions in rodents: neural and neurochemical substrates. Neurosci. Biobehav. Rev.
28, 771–784. https://doi.org/10.1016/j.neubiorev.2004.09.006.

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. https://doi.org/10.1016/j.jpain.2015.07.005.

Destrieux, C., Fischl, B., Dale, A., Halgren, E., 2010. Automatic parcellation of human
cortical gyri and sulci using standard anatomical nomenclature. NeuroImage 53,
1–15. https://doi.org/10.1016/j.neuroimage.2010.06.010.

Dias Antunes, F., Goltran Sobral Propheta, V., Andrade Vasconcelos, H., Cipolotti, R.,
2017. Neuropathic pain in patients with sickle cell disease: a cross-sectional study
assessing teens and young adults. Ann. Hematol. 96, 1121–1125. https://doi.org/10.
1007/s00277-017-2984-z.

Downes, M., Kirkham, F.J., Telfer, P.T., De Haan, M., 2018. Assessment of Executive
Functions in Preschool Children With Sickle Cell Anemia. J. Int. Neuropsychol. Soc.
24, 949–954. https://doi.org/10.1017/S1355617718000255.

Downes, M., Kirkham, F.J., Berg, C., Telfer, P., De Haan, M., 2019. Executive performance
on the preschool executive task assessment in children with sickle cell anemia and
matched controls. Child Neuropsychol. 25, 278–285. https://doi.org/10.1080/
09297049.2018.1491962.

Eichenbaum, H., 2017. Prefrontal–hippocampal interactions in episodic memory. Nat.
Rev. Neurosci. https://doi.org/10.1038/nrn.2017.74.

Elliott, R., 2003. Executive functions and their disorders. Br. Med. Bull. https://doi.org/
10.1093/bmb/65.1.49.

Gustin, S.M., Peck, C.C., Cheney, L.B., Macey, P.M., Murray, G.M., Henderson, L.A., 2012.
Pain and Plasticity: Is Chronic Pain Always Associated with Somatosensory Cortex
Activity and Reorganization? J. Neurosci. 32, 14874–14884. https://doi.org/10.
1523/JNEUROSCI.1733-12.2012.

Hänsel, A., Von Känel, R., 2008. The ventro-medial prefrontal cortex: a major link be-
tween the autonomic nervous system, regulation of emotion, and stress reactivity?
Biopsychosoc. Med. 2. https://doi.org/10.1186/1751-0759-2-21.

Hwang, K.R., Chan, S.H., Chan, J.Y., 1998. Noradrenergic neurotransmission at PVN in
locus ceruleus-induced baroreflex suppression in rats. Am. J. Phys. H1284-92.
https://doi.org/10.1016/j.jbusvent.2015.01.003.

Irimia, A., Chambers, M.C., Torgerson, C.M., Van Horn, J.D., 2012. Circular representa-
tion of human cortical networks for subject and population-level connectomic vi-
sualization. NeuroImage 60, 1340–1351. https://doi.org/10.1016/j.neuroimage.
2012.01.107.

Jacob, E., Chan, V.W., Hodge, C., Zeltzer, L., Zurakowski, D., Sethna, N.F., 2015. Sensory
and thermal quantitative testing in children with sickle cell disease. J. Pediatr.
Hematol. Oncol. 37, 185–189. https://doi.org/10.1097/MPH.0000000000000214.

Jensen, M.P., Patterson, D.R., 2014. Hypnotic approaches for chronic pain management:
Clinical implications of recent research findings. Am. Psychol. 69, 167–177. https://
doi.org/10.1037/a0035644.

Jensen, M.P., Day, M.A., Miró, J., 2014. Neuromodulatory treatments for chronic pain:
efficacy and mechanisms. Nat. Rev. Neurol. 10, 167–178. https://doi.org/10.1038/
nrneurol.2014.12.

Jett, J.D., Morilak, D.A., 2012. Too Much of a Good Thing: Blocking Noradrenergic
Facilitation in Medial Prefrontal Cortex Prevents the Detrimental Effects of Chronic
Stress on Cognition. Neuropsychopharmacology 38, 585–595. https://doi.org/10.
1038/npp.2012.216.

Jones, B.E., Yang, T.Z., 1985. The efferent projections from the reticular formation and
the locus coeruleus studied by anterograde and retrograde axonal transport in the rat.
J. Comp. Neurol. 242, 56–92. https://doi.org/10.1002/cne.902420105.

Kaushal, R., Taylor, B.K., Jamal, A.B., Zhang, L., Ma, F., Donahue, R., Westlund, K.N.,
2016. GABA-A receptor activity in the noradrenergic locus coeruleus drives trigem-
inal neuropathic pain in the rat; contribution of NAÎ± 1 receptors in the medial
prefrontal cortex. Neuroscience 334, 148–159. https://doi.org/10.1016/j.
neuroscience.2016.08.005.

Keren, N.I., Lozar, C.T., Harris, K.C., Morgan, P.S., Eckert, M.A., 2009. In vivo mapping of

the human locus coeruleus. NeuroImage 47, 1261–1267. https://doi.org/10.1016/j.
neuroimage.2009.06.012.

Khaleel, M., Puliyel, M., Shah, P., Sunwoo, J., Kato, R.M., Chalacheva, P., Thuptimdang,
W., Detterich, J., Wood, J.C., Tsao, J., Zeltzer, L., Sposto, R., Khoo, M.C.K., Coates,
T.D., 2017. Individuals with sickle cell disease have a significantly greater vaso-
constriction response to thermal pain than controls and have significant vasocon-
striction in response to anticipation of pain. Am. J. Hematol. 1–22. https://doi.org/
10.1002/ajh.24858.

Kiyokawa, Y., Kikusui, T., Takeuchi, Y., Mori, Y., 2005. Mapping the neural circuit ac-
tivated by alarm pheromone perception by c-Fos immunohistochemistry. Brain Res.
1043, 145–154. https://doi.org/10.1016/j.brainres.2005.02.061.

Lee, H.S., Kim, M.A., Waterhouse, B.D., 2005. Retrograde double-labeling study of
common afferent projections to the dorsal raphe and the nuclear core of the locus
coeruleus in the rat. J. Comp. Neurol. 481, 179–193. https://doi.org/10.1002/cne.
20365.

Leonard, C.M., 2016. Finding prefrontal cortex in the rat. Brain Res. 1645, 1–3. https://
doi.org/10.1016/j.brainres.2016.02.002.

Llorca-Torralba, M., Borges, G., Neto, F., Mico, J.A., Berrocoso, E., 2016. Noradrenergic
Locus Coeruleus pathways in pain modulation. Neuroscience 338, 93–113. https://
doi.org/10.1016/j.neuroscience.2016.05.057.

Luppi, P.H., Aston-Jones, G., Akaoka, H., Chouvet, G., Jouvet, M., 1995. Afferent pro-
jections to the rat locus coeruleus demonstrated by retrograde and anterograde tra-
cing with cholera-toxin B subunit and Phaseolus vulgaris leucoagglutinin.
Neuroscience 65, 119–160. https://doi.org/10.1016/0306-4522(94)00481-J.

Martins, I., De Vries, M.G., Teixeira-Pinto, A., Fadel, J., Wilson, S.P., Westerink, C.,
Tavares, I., 2013. Noradrenaline increases pain facilitation from the brain during
inflammatory pain. Neuropharmacology 71, 299–307. https://doi.org/10.1016/j.
neuropharm.2013.04.007.

Martins, I., Carvalho, P., De Vries, M.G., Teixeira-pinto, A., Wilson, S.P., Westerink,
B.H.C., Tavares, I., 2015. Increased Noradrenergic Neurotransmission to a Pain
Facilitatory Area of the Brain Is Implicated in Facilitation of Chronic Pain.
Anesthesiology 123, 642–653. https://doi.org/10.1097/ALN.0000000000000749.

Marzo, A., Totah, N.K., Neves, R.M., Logothetis, N.K., Eschenko, O., 2014. Unilateral
electrical stimulation of rat locus coeruleus elicits bilateral response of nor-
epinephrine neurons and sustained activation of medial prefrontal cortex. J.
Neurophysiol. 111, 2570–2588. https://doi.org/10.1152/jn.00920.2013.

McEwen, B.S., 2004. Protection and damage from acute and chronic stress: Allostasis and
allostatic overload and relevance to the pathophysiology of psychiatric disorders.
Ann. N. Y. Acad. Sci. 1032, 1–7. https://doi.org/10.1196/annals.1314.001.

McEwen, B., Seeman, T., 2009. Allostatic Load and Allostasis [WWW Document].
Allostatic Load Noteb, URL. http://www.macses.ucsf.edu/research/allostatic/
allostatic.php.

Nichols, T.E., Holmes, A.P., 2001. Nonparametric Permutation Tests For Functional
Neuroimaging: A Primer with Examples. Hum. Brain Mapp. 15, 1–25.

O'Leary, J.D., Crawford, M.W., Odame, I., Shorten, G.D., McGrath, P.A., 2014. Thermal
Pain and Sensory Processing in Children With Sickle Cell Disease. Clin. J. Pain 30,
244–250. https://doi.org/10.1097/AJP.0b013e318292a38e.

Piel, F.B., Steinberg, M.H., Rees, D.C., 2017. Sickle Cell Disease. N. Engl. J. Med. 376,
1561–1573. https://doi.org/10.1056/NEJMra1510865.

Platt, O.S., Rosenstock, W., Espeland, M.A., 1984. Influence of Sickle Hemoglobinopathies
on Growth and Development. N. Engl. J. Med. 311, 7–12.

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

Rubinov, M., Sporns, O., 2010. Complex network measures of brain connectivity: Uses
and interpretations. NeuroImage 52, 1059–1069. https://doi.org/10.1016/j.
neuroimage.2009.10.003.

Sallet, J., Mars, R.B., Noonan, M.P., Neubert, F.-X., Jbabdi, S., O'reilly, J.X., Filippini, N.,
Thomas, A.G., Rushworth, M.F., 2013. The Organization of Dorsal Frontal Cortex in
Humans and Macaques. J. Neurosci. 33, 12255–12274. https://doi.org/10.1523/
JNEUROSCI.5108-12.2013.

Samuels, E.R., Szabadi, E., 2008. Functional Neuroanatomy of the Noradrenergic Locus
Coeruleus: Its Roles in the Regulation of Arousal and Autonomic Function Part I:
Principles of Functional Organisation. Curr. Neuropharmacol. 6, 235–253.

Sangkatumvong, S., Khoo, M.C.K., Kato, R., Detterich, J.A., Bush, A., Keens, T.G.,
Meiselman, H.J., Wood, J.C., Coates, T.D., 2011. Peripheral vasoconstriction and
abnormal parasympathetic response to sighs and transient hypoxia in sickle cell
disease. Am. J. Respir. Crit. Care Med. 184, 474–481. https://doi.org/10.1164/rccm.
201103-0537OC.

Schatz, J., Buzan, R., 2006. Decreased corpus callosum size in sickle cell disease:
Relationship with cerebral infarcts and cognitive functioning. J. Int. Neuropsychol.
Soc. 12, 24–33. https://doi.org/10.1017/S1355617706060085.

Scott Mackin, R., Insel, P., Diana Truran, M., Elliot Vichinsky, B.P., Neumayr, L.D.,
Armstrong, F., Gold, J.I., Kesler, K., Brewer, J., Michael Weiner, B.W., 2014.
Neuroimaging abnormalities in adults with sickle cell anemia associations with
cognition. Neurology 82, 835–841.

Seminowicz, D.A., Moayedi, M., 2017. The Dorsolateral Prefrontal Cortex in Acute and
Chronic Pain. J. Pain 18, 1027–1035. https://doi.org/10.1016/j.jpain.2017.03.008.

Shih, C., Chan, H., Chan, H., 1995. Participation of hypothalamic paraventricular nucleus
in locus ceruleus-induced baroreflex suppression in rats. Am. J. Phys. 269, H46–H52.

Simson, P.E., 2001. Blockade of a2-adrenergic receptors markedly potentiates glutamate-
evoked activity of locus coeruleus neurons. Int. J. Neurosci. 106, 95–99. https://doi.
org/10.3109/00207450109149740.

Smith, W.R., Penberthy, L.T., Bovbjerg, V.E., McClish, D.K., Roberts, J.D., Dahman, B.,
Aisiku, I.P., Levenson, J.L., Roseff, S.D., 2008. Daily assessment of pain in adults with
sickle cell disease. Ann. Intern. Med. 148, 94–101.

Spielberg, J.M., 2014. Graph theoretic general linear model (GTG): a MATLAB toolbox.

R.R. Bhatt et al. NeuroImage: Clinical 21 (2019) 101686

7

https://doi.org/10.1002/cne.901780102
https://doi.org/10.1016/j.advms.2016.09.002
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0120
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0120
https://doi.org/10.1371/journal.pone.0184860
https://doi.org/10.1371/journal.pone.0184860
https://doi.org/10.1371/journal.pone.0157090
https://doi.org/10.1177/0333102413515340
https://doi.org/10.1016/j.crvi.2012.09.003
https://doi.org/10.1016/j.crvi.2012.09.003
https://doi.org/10.1007/BF00160582
https://doi.org/10.1007/BF00160582
https://doi.org/10.1016/j.neubiorev.2004.09.006
https://doi.org/10.1016/j.jpain.2015.07.005
https://doi.org/10.1016/j.neuroimage.2010.06.010
https://doi.org/10.1007/s00277-017-2984-z
https://doi.org/10.1007/s00277-017-2984-z
https://doi.org/10.1017/S1355617718000255
https://doi.org/10.1080/09297049.2018.1491962
https://doi.org/10.1080/09297049.2018.1491962
https://doi.org/10.1038/nrn.2017.74
https://doi.org/10.1093/bmb/65.1.49
https://doi.org/10.1093/bmb/65.1.49
https://doi.org/10.1523/JNEUROSCI.1733-12.2012
https://doi.org/10.1523/JNEUROSCI.1733-12.2012
https://doi.org/10.1186/1751-0759-2-21
https://doi.org/10.1016/j.jbusvent.2015.01.003
https://doi.org/10.1016/j.neuroimage.2012.01.107
https://doi.org/10.1016/j.neuroimage.2012.01.107
https://doi.org/10.1097/MPH.0000000000000214
https://doi.org/10.1037/a0035644
https://doi.org/10.1037/a0035644
https://doi.org/10.1038/nrneurol.2014.12
https://doi.org/10.1038/nrneurol.2014.12
https://doi.org/10.1038/npp.2012.216
https://doi.org/10.1038/npp.2012.216
https://doi.org/10.1002/cne.902420105
https://doi.org/10.1016/j.neuroscience.2016.08.005
https://doi.org/10.1016/j.neuroscience.2016.08.005
https://doi.org/10.1016/j.neuroimage.2009.06.012
https://doi.org/10.1016/j.neuroimage.2009.06.012
https://doi.org/10.1002/ajh.24858
https://doi.org/10.1002/ajh.24858
https://doi.org/10.1016/j.brainres.2005.02.061
https://doi.org/10.1002/cne.20365
https://doi.org/10.1002/cne.20365
https://doi.org/10.1016/j.brainres.2016.02.002
https://doi.org/10.1016/j.brainres.2016.02.002
https://doi.org/10.1016/j.neuroscience.2016.05.057
https://doi.org/10.1016/j.neuroscience.2016.05.057
https://doi.org/10.1016/0306-4522(94)00481-J
https://doi.org/10.1016/j.neuropharm.2013.04.007
https://doi.org/10.1016/j.neuropharm.2013.04.007
https://doi.org/10.1097/ALN.0000000000000749
https://doi.org/10.1152/jn.00920.2013
https://doi.org/10.1196/annals.1314.001
http://www.macses.ucsf.edu/research/allostatic/allostatic.php
http://www.macses.ucsf.edu/research/allostatic/allostatic.php
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0300
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0300
https://doi.org/10.1097/AJP.0b013e318292a38e
https://doi.org/10.1056/NEJMra1510865
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0315
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0315
https://doi.org/10.1016/S0140-6736(10)61029-X
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1523/JNEUROSCI.5108-12.2013
https://doi.org/10.1523/JNEUROSCI.5108-12.2013
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0335
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0335
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0335
https://doi.org/10.1164/rccm.201103-0537OC
https://doi.org/10.1164/rccm.201103-0537OC
https://doi.org/10.1017/S1355617706060085
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0350
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0350
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0350
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0350
https://doi.org/10.1016/j.jpain.2017.03.008
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0360
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0360
https://doi.org/10.3109/00207450109149740
https://doi.org/10.3109/00207450109149740
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0370
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0370
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0370


Brain Connect. 4, A1–A158. https://doi.org/10.1089/brain.2014.1501.abstracts.
Sporns, O., 2013. Structure and function of complex brain networks. Dialogues Clin.

Neurosci. 15, 247–262.
Sullivan, G.M., Feinn, R., 2012. Using Effect Size—or Why the P Value Is Not Enough. J.

Grad. Med. Educ. 4, 279–282. https://doi.org/10.4300/JGME-D-12-00156.1.
Swift, A.V., Cohen, M.J., Hynd, G.W., Wisenbaker, J.M., Mckie, K.M., Makari, G., Mckie,

V.C., 1989. Neuropsychologic Impairment in Children With Sickle Cell Anemia.
Pediatrics 84, 1077–1085.

Szabadi, E., 2013. Functional neuroanatomy of the central noradrenergic system. J.
Psychopharmacol. 27, 659–693. https://doi.org/10.1177/0269881113490326.

Taylor, B.K., Westlund, K.N., 2017. The noradrenergic locus coeruleus as a chronic pain
generator. J. Neurosci. Res. 95, 1336–1346. https://doi.org/10.1002/jnr.23956.

Umezaki, Y., Badran, B.W., Devries, W.H., Moss, J., Gonzales, T., George, M.S., 2016. The
Efficacy of Daily Prefrontal Repetitive Transcranial Magnetic Stimulation (rTMS) for
Burning Mouth Syndrome (BMS): A Randomized Controlled Single-blind Study. Brain
Stimul. 9, 234–242. https://doi.org/10.1016/j.brs.2015.10.005.

Van Den Heuvel, M.P., De Lange, S.C., Zalesky, A., Seguin, C., Yeo, B.T.T., Schmidt, R.,
2017. Proportional thresholding in resting-state fMRI functional connectivity net-
works and consequences for patient-control connectome studies: Issues and re-
commendations. NeuroImage 152, 437–449. https://doi.org/10.1016/j.neuroimage.
2017.02.005.

Vichinsky, E.P., Neumayr, L.D., Gold, J.I., Weiner, M.W., Rule, R.R., Truran, D., Kasten,
J., Eggleston, B., Kesler, K., McMahon, L., Orringer, E.P., Harrington, T., Kalinyak, K.,
De Castro, L.M., Kutlar, A., Rutherford, C.J., Johnson, C., Bessman, J.D., Jordan, L.B.,
Armstrong, F.D., 2010. Neuropsychological dysfunction and neuroimaging abnorm-
alities in neurologically intact adults with sickle cell anemia. JAMA 303, 1823–1831.
https://doi.org/10.1001/jama.2010.562.

Wang, Z.J., Wilkie, D.J., Molokie, R., 2010. Neurobiological Mechanisms of Pain in Sickle
Cell Disease. Hematol. Am Soc Hematol Educ Progr. 2010, 403–408. https://doi.org/
10.1182/asheducation-2010.1.403.

Westlund, K.N., Bowker, R.M., Ziegler, M.G., Coulter, J.D., 1983. Noradrenergic projec-
tions to the spinal cord of the rat. Brain Res. 263, 15–31. https://doi.org/10.1016/
0006-8993.

Whitfield-Gabrieli, S., Nieto-Castanon, A., 2012. Conn: A Functional Connectivity
Toolbox for Correlated and Anticorrelated Brain Networks. Brain Connect. 2,
125–141. https://doi.org/10.1089/brain.2012.0073.

Wilkie, D.J., Molokie, R., Boyd-Seal, D., Suarez, M.L., Kim, Y.O., Zong, S., Wittert, H.,
Zhao, Z., Saunthararajah, Y., Wang, Z.J., 2010. Patient-reported outcomes: de-
scriptors of nociceptive and neuropathic pain and barriers to effective pain man-
agement in adult outpatients with sickle cell disease. J. Natl. Med. Assoc. 102, 18–27.

Woo, C.-W., Roy, M., Buhle, J.T., Wager, T.D., 2015. Distinct Brain Systems Mediate the
Effects of Nociceptive Input and Self-Regulation on Pain. PLoS Biol. 13. https://doi.
org/10.1371/journal.pbio.1002036.

Xing, B., Li, Y.-C., Gao, W.-J., 2016. Norepinephrine versus Dopamine and their
Interaction in Modulating Synaptic Function in the Prefrontal Cortex. Brain Res.
1641, 217–233. https://doi.org/10.1016/j.brainres.2016.01.005.

Zeidan, F., Grant, J.A., Brown, C.A., Mchaffie, J.G., Coghill, R.C., 2012. Mindfulness
meditation-related pain relief: Evidence for unique brain mechanisms in the regula-
tion of pain. Neurosci. Lett. 520, 165–173. https://doi.org/10.1016/j.neulet.2012.
03.082.

Zeidan, F., Emerson, N.M., Farris, S.R., Ray, J.N., Jung, Y., Mchaffie, J.G., Coghill, R.C.,
2015. Mindfulness Meditation-Based Pain Relief Employs Different Neural
Mechanisms Than Placebo and Sham Mindfulness Meditation-Induced Analgesia. J.
Neurosci. 35, 15307–15325.

R.R. Bhatt et al. NeuroImage: Clinical 21 (2019) 101686

8

https://doi.org/10.1089/brain.2014.1501.abstracts
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0380
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0380
https://doi.org/10.4300/JGME-D-12-00156.1
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0390
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0390
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0390
https://doi.org/10.1177/0269881113490326
https://doi.org/10.1002/jnr.23956
https://doi.org/10.1016/j.brs.2015.10.005
https://doi.org/10.1016/j.neuroimage.2017.02.005
https://doi.org/10.1016/j.neuroimage.2017.02.005
https://doi.org/10.1001/jama.2010.562
https://doi.org/10.1182/asheducation-2010.1.403
https://doi.org/10.1182/asheducation-2010.1.403
https://doi.org/10.1016/0006-8993
https://doi.org/10.1016/0006-8993
https://doi.org/10.1089/brain.2012.0073
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0435
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0435
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0435
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0435
https://doi.org/10.1371/journal.pbio.1002036
https://doi.org/10.1371/journal.pbio.1002036
https://doi.org/10.1016/j.brainres.2016.01.005
https://doi.org/10.1016/j.neulet.2012.03.082
https://doi.org/10.1016/j.neulet.2012.03.082
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0455
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0455
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0455
http://refhub.elsevier.com/S2213-1582(19)30036-1/rf0455

	Patients with sickle-cell disease exhibit greater functional connectivity and centrality in the locus coeruleus compared to anemic controls
	Introduction
	Methods
	Participants
	Clinical variables
	Imaging acquisition
	Image pre-processing and quality control
	Functional network construction
	Computing network metrics
	Network metrics statistical analyses
	Seed-to-voxel functional connectivity analysis
	Clinical variables

	Results
	Patients with SCD exhibit greater connectivity from LC to dlPFC
	Patients with SCD exhibit greater centrality of the locus coeruleus

	Discussion
	Differences in connectivity of the locus coeruleus in patients with SCD
	Implications of the findings for the autonomic nervous system and blood flow
	Potential significance and therapeutic implications

	Conclusions
	Acknowledgements
	References




