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Abstract

Sickle cell disease (SCD) is an inherited blood disorder associated with significant morbidity,
which includes severe episodic pain, and, often, chronic pain. Compared to healthy individuals,
patients with SCD report enhanced sensitivity to thermal detection and pain thresholds and have
altered inflammatory profiles, yet no studies to date have examined biomarker reactivity following
laboratory-induced pain. We sought to examine this relationship in SCD patients compared to
healthy control participants. We completed quantitative sensory testing (QST) in 83 patients with
SCD and sequential blood sampling in 27 of them, whom we matched (sex, age, race, BMI,
education) to 27 healthy controls. Surprisingly, few QST differences emerged between groups.
Heat pain tolerance, pressure pain threshold at the trapezius, thumb and quadriceps, and thermal
temporal summation at 45°C differed between groups in the expected direction, while conditioned
pain modulation and pain ratings to hot water hand immersion were counterintuitive, possibly due
to tailoring the water temperature to a perceptual level; SCD patients received milder
temperatures. In the matched subsample, group differences and group by time interactions were
observed in biomarkers including TNFa, IL-1f, IL-4, and NPY. These findings highlight the utility
of laboratory pain testing methods for understanding individual differences in inflammatory
cytokines. Our findings suggest amplified pain-evoked pro-inflammatory cytokine reactivity
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among patients with SCD relative to carefully matched controls. Future research is warranted to
evaluate the impact of enhanced pain-related cytokine response and whether it is predictive of
clinical characteristics and the frequency/severity of pain crises in SCD patients.

Summary

Sickle cell disease patients showed moderate pain sensitivity and enhanced reactivity to several
cytokines, a vasoactive peptide and a neuropeptide compared to healthy controls.
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Sickle cell disease; clinical pain; laboratory pain; QST; central sensitization; cytokines;
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Introduction

Sickle cell anemia is the most common inherited blood disorder and approximately one in
twelve African Americans carry the trait (http://www.genome.gov/10001219). Sickle cell
disease (SCD) patients suffer a number of acute and chronic health problems, including
severe pain from vaso-occlusive crises. A landmark diary study revealed that chronic pain in
SCD patients is quite common, with 30% of patients experiencing pain more than 95% of
recorded days [65]. Despite tremendous individual differences in clinical outcomes among
patients with SCD and the widespread experience of daily pain, very little is known about
pain phenotypes in SCD.

Quantitative sensory testing (QST) is the use of standardized, calibrated, consistently
applied noxious stimuli to measure individual differences in pain processing. It is
increasingly utilized to measure individual patient characteristics that might be associated
with long-term pain outcomes [30]. Reviews [1;67] highlight the value of QST, and many
studies demonstrate its clinical relevance. In general, increased sensitivity to painful stimuli
(e.g., low pain threshold and tolerance, high or increasing ratings of pain perception in
response to application of an identically intense stimulus) increases risk for poor outcomes.
Greater pain sensitivity, including lower pain tolerance [16;23] and higher levels of temporal
summation [17], are associated with more frequent, intense, and disabling episodes of recent
pain. The few studies that have examined QST in adults with sickle cell disease generally
find that SCD patients are more sensitive to thermal detection and pain thresholds than
healthy controls [7;27;28]. SCD patients also show evidence of central and/or peripheral
sensitization and even a neuropathic pain component [22].

Several reports also suggest that SCD patients have altered inflammatory biomarker profiles,
important due to their association with pain [73]. During non-crisis, “steady state”, SCD
patients show high plasma levels of a number of important pain-related cytokines and other
biomarkers of inflammation and nociception that are further increased during a painful
crisis, including tumor necrosis factor-alpha (TNFa), interleukin 1 p (IL-1 ), IL-6, IL-8,
interferon vy (IFN-vy) [58] and Substance P [50]. Thus, SCD patients are known to experience
chronic inflammation. No studies to date have examined reactivity of inflammatory
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biomarkers following noxious stimulation or their association with pain in SCD patients.
The current study sought to examine differences between patients with sickle cell disease
and healthy controls in a battery of QST measures and evaluate cytokine reactivity over a
two-hour period following QST testing in a subgroup of SCD patients compared with race,
sex, age, BMI, and education matched healthy controls. These variables were chosen due to
their relationship with pain. Of note, education was specifically chosen for multiple reasons.
Education is related to health, SES[54;75] and both clinical and laboratory measures of
pain[6;11;18;62]. Additionally, SCD patients may experience a number of SCD
complications, particularly neurological complications, and recurrent painful crises that may
interfere with schooling and result in lower educational attainment. Thus, equating groups
on education level is likely important in order to avoid unintentionally creating bias between
samples.

Methods

The current case control study is part of a larger ongoing project designed to examine pain
and crises in SCD patients. All participants were recruited for participation from the Sickle
Cell Center for Adults at Johns Hopkins Hospital or through posted advertisements. The
current analyses focused on 110 volunteers (83 with SCD and 27 healthy controls; see Table
1 for demographic data). A subgroup of SCD patients (n=27) were carefully matched with
healthy controls and provided blood samples during the QST portion of the study. Major
inclusion criteria for SCD patients included age =18 years, formal diagnosis of SCD (by
genotyping or confirmation by study hematologist), and no changes in dose (if any) of
NSAIDs or acetaminophen one month prior to pain testing. Exclusion criteria included use
of active alcohol or substance abuse/dependence; significant cognitive impairment; unstable
psychiatric illness; HIV infection, viral hepatitis, or other current infection. Additional
exclusion criteria for the SCD blood subgroup included long- and short-acting opioids and
recent blood transfusion. Each of these SCD patients were matched with a control
participant on race, sex, age, BMI, and education. Additional exclusion criteria for healthy
controls included any acute or chronic pain, regular use of anti-inflammatory medication,
opioids, or antidepressant medication; and smoking greater than 1 pack/day (as SCD patients
did not have to meet a nonsmoking requirement). Cognitive impairment and unstable
psychiatric illness was evaluated through examination of responses to medical and mental
health screening questions and through medical record review. If a question arose regarding
either of these issues, the team psychiatrist (CPC) was consulted for a decision regarding
appropriateness for inclusion in the study.

Procedures

Following initial telephone screening to ensure eligibility criteria were met, participants
attended an in-person visit. Participants were asked to attend only when their pain was
typical of their SCD pain and at no greater intensity than 5 /10, and they had not experienced
a vaso-occlusive crisis in at least the previous 3 weeks. Eligible participants completed a
standardized laboratory pain testing protocol, and the SCD subgroup and healthy controls
also underwent accompanying blood draws (see Figure 1). Sessions were conducted starting
between 9 and 11am to control for circadian variation in cytokine levels [70]. Following
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informed consent procedures, the SCD subgroup and all healthy controls had an 1.V. line
placed in the antecubital vein and a 0.45% saline solution infused to maintain catheter
patency. Blood samples (10 ml) were drawn 7 times throughout the testing period, twice
during rest and prior to the onset of the pain testing procedures (15 minutes apart, the first
being 15 minutes after 1.V. placement), and 5 times following the pain testing procedures
(immediately and then every 30 minutes for 2 hours). Samples were collected with EDTA
and heparin Vacutainers®, placed on ice and centrifuged at 4°Celsius within 30 minutes of
each blood draw. Aprotinin was mixed with the heparin collected blood, prior to
centrifuging, for Substance P assessment. Plasma was aliquoted and stored at —80°C until
batch assayed. Participants were allowed to stop or refuse any procedure at any time and all
study-related procedures were approved by the Johns Hopkins University School of
Medicine Institutional Review Board.

Brief Pain Inventory (BPI) items were used to assess self-reported clinical pain severity
based on the patients’ current, average, worst and least pain over the preceding week using a
0-10 scale (0 — No Pain to 10 — Pain as bad as it could be). Depression was measured using
the Center for Epidemiological Studies Depression scale (CES-D), greater values represent
higher levels of depression [59]. Clinical characteristics were additionally queried and/or
obtained from participant medical records.

Quantitative Sensory Testing (QST)

Pain threshold/tolerance: Heat pain threshold (HPTh) was assessed via a Peltier
element-based stimulator (Medoc, Pathway, Advanced Thermal Stimulator (ATS)
thermode), on the dominant ventral forearm, with a 9 cm? probe, using an ascending method
of limits paradigm with a 0.5°C/sec rate of rise. Subjects underwent two trials and indicated
when each stimulus first felt painful (HPTh) via button press which recorded the
temperature and turned the device off. Heat Pain Tolerance (HPTo) was conducted in a
similar manner, with participants indicating when they could no longer tolerate the pain
from the thermal device. Pressure pain threshold (PPTh) was assessed via algometer
(SBMedic, 1 cm? hard rubber probe), bilaterally and 2 times each, at the trapezius muscle,
interphalangeal joint of the thumb, the proximal third of the brachioradialis muscle
(forearm), and middle of the quadriceps insertion point according to standard procedures[8].
Mean HPTh (in °C) and PPTh (in kilopascals) values were averaged across trials,
respectively.

Temporal Summation: 7hermal Temporal Summation (TTS) was assessed via response
to three randomized series (temperatures: HPTh, HPTh+2, 45°C) of 10 heat pulses of each
temperature rated on a 0-100 scale (0=no pain; 100=worst pain imaginable), applied to the
dominant ventral forearm by the Medoc, Pathway Contact Heat-Evoked Potential Stimulator
(CHEPS) [71]. A 2.5 second inter stimulus interval (I1SI) and a 70°C/sec rate of rise was
employed. A TTS difference score (maximal rated pulse of the series minus first pulse of the
series) was created for each temperature. The thermode was moved slightly up the arm
between trials to avoid overlapping stimulation skin sites. One additional pain rating was
obtained 15 seconds following the final pulse in each series to characterize after sensations.
Mechanical Temporal Summation (MTS) was assessed at two weights via response to an
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initial single stimulus, and then to a sequence of 10 stimuli of weighted punctate probes
applied on a flat contact area of 0.2 mm diameter with a force of 128mN and 256mN, to the
middle phalanx, dorsal surface of the dominant middle finger. Each series was delivered
with an ISI of 1 second, participants were instructed to rate the “peak” pain experienced over
the train of 10 stimuli. A MTS difference score was calculated (peak rating minus initial
stimulus rating) for each probe weight.

Hot Water Immersion Tests: Pain ratings were additionally assessed using hot water.
This task is similar to the more common cold pressor testing in terms of eliciting a pain
response. Hot water was chosen to avoid the possibility of prompting a vaso-occlusive crisis
and has the added benefit of avoiding baroreflex activation [68]. Participants immersed the
dominant hand in a circulating water bath maintained at a tailored temperature designed to
be moderately painful. The tailoring process included a series of up to 5 brief hand
immersions starting at 42°C and increasing by 1-2°C until a rating of 60/100 was reached or
as high as tolerable for 20 seconds. Following the tailoring procedures, a total of 3
immersions were conducted, two in the context of CPM (as described below) and one hot
water tolerance test. Participants were permitted to remove their hand prior to the
completion of any trial if the pain became intolerable. Pain ratings on a 0-100 scale were
obtained at 30 second intervals for up to two minutes, the (uninformed) time limit during the
hot water tolerance test.

Conditioned pain modulation (CPM): Two PPTh readings were obtained on the non-
dominant side trapezius muscle immediately prior to commencing the main hot water
immersion tests. At the 20 second point during each of the hand immersion trials, a PPTh
reading was obtained on the trapezius muscle. A difference value was created for CPM, such
that the 2 PPTh values obtained during each of the CPT trials were averaged and the average
of the 2 baseline PpTh readings was subtracted from it (during-baseline to yield a positive
number if threshold increased during hand immersion).

Inflammatory Markers—The Human Prolnflammatory-9 Ultra-Sensitive multiplex
pro-inflammatory panel from MSD (Rockville, MD) was used to quantify IFN v, IL-1p,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12 and IL-13 on an MS2400 imager (MSD). Commercial
enzyme immunoassay kits from R&D Systems (Minneapolis, MN) were used to quantify
plasma levels of TNFa, NPY, ET, and SP for all pre- and post-QST time points. The two
measures collected before commencing pain testing were averaged to create a baseline level
for each marker.

Data Analysis

The initial analyses confirmed adequacy of matching the control and SCD subgroup on all
planned criteria (sex, age, race, BMI and education). Chi-square tests and Analysis of
Variance (ANOVASs) were used to determine the equivalence of the control group to the
patient subgroup. ANOVAs were used to evaluate each QST measure, using all SCD patients
(n=83) and the subgroup matched healthy controls (n=27) as the independent variable.
Because many of the tests were tailored, we also evaluated group differences in stimulus
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parameters on which testing was anchored (e.g., temperatures for the TTS and hot water
tests).

Cytokine/inflammatory biological markers were examined for subgroup analyses using
Mixed Model Repeated Measures (MMRM) analyses, conducted to evaluate group and time
main effects as well as group by time interactions for each marker (IFN v, IL-1B, IL-2, IL-4,
IL-6, IL-8, IL-10, IL-12, IL-13, TNFa, NPY, ET, and SP). One SCD participant’s IL-6
values were greater than 2 standard deviations from the pooled mean at each time point, and
were removed from analyses. Advantages of the MMRM approach for this data include its
ability to handle missing data and that it accounts for within-person correlations between
time points. Additionally, one area under the curve value was calculated for each marker
(that included each time point) in order to examine its potential association with clinical pain
and a single QST index. All QST measures were z-scored separately, reversed where
appropriate, and combined to establish one “sensitivity index,” as previously described [13],
where higher values represent greater sensitivity. Pearson bivariate correlation coefficients
were analyzed to evaluate these associations.

Participant demographics and clinical information for SCD and control participants are
presented in Table 1. All participants self-reported their race to be Black, with three in each
group additionally reporting at least one other racial category. A history of acute chest
syndrome was observed in 39% of patients with SCD and 31.7% experienced avascular
necrosis; 22.9% were prescribed hydroxyurea. Not surprisingly, between group differences
were observed in pain severity and pain interference reported on the day of pain testing (ps<
0.001). Additionally, participants in the SCD group endorsed elevated levels of depressive
symptomatology compared to controls (p = 0.008).

Quantitative Sensory Testing

Laboratory pain measures are displayed for both groups in Table 2. Significant differences
between SCD and healthy control participants were observed in several QST measures
including heat pain tolerance, pressure pain threshold at the trapezius, thumb and
quadriceps, thermal temporal summation at 45°C, hot water temperature, hot water pain
ratings and tolerance and CPM. Heat pain tolerance and pressure pain thresholds were lower
(p<0.001, p’s<0.05; respectively), and thermal temporal summation at the fixed 45°C was
higher (p=0.03) among SCD patients compared to healthy controls. As expected, the
temperature required to elicit a moderately painful response from the hot water testing
procedure was lower in SCD patients vs. controls (p<0.001). There were four unexpected
findings. In healthy controls, pain intensity ratings of the hot water were significantly higher
(p=0.003), tolerance of the hot water was lower (time to withdrawal, p=.04), hot water after-
sensations were greater (p=0.009), and conditioned pain modulation scores were lower than
in SCD patients (p=0.02). Three of these findings were rendered nonsignificant when
controlling for water temperature. After sensation pain ratings remains significantly different
between groups when controlling for water temperature.
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Biomarkers

Biomarkers for the SCD subgroup and healthy matched participants at baseline and then
following QST are presented in Table 3 and selected assays of interest are displayed
graphically in Figures 2-3. Main effects of change over time suggesting biomarker reactivity
following QST regardless of group, were observed in IL-6 (p<0.001) and Substance P, with
both groups increasing over time (p=0.02). Main effects of group and time were noted for
IL-10 (group p<0.001, time p=0.04) and ET (group p=0.02, time p<0.001), with SCD
showing greater IL-10 values and both groups declining slightly by the last blood draw; ET
was higher in controls and both groups increased over time. A main effect of time (p<0.001)
and a group by time interaction (p=0.02) were observed for IL-1f, with an increase over
time specifically in the healthy group. A group by time interaction (p=0.04) was observed in
IL-4 with an increase over time in SCD patients while the controls decreased in IL4. A main
effect of group (p<0.001) and group by time interaction (p=0.04) were observed for TNFa,
with SCD patients having higher levels overall and exhibiting an increase over time. A main
effect of group (p=0.04) and time (p<0.001) as well as a group by time interaction (p<0.001)
were observed for NPY, with healthy controls showing higher levels overall and a slight
increase over time, while SCD patients had a five-point reduction in NPY over the final hour
of testing. No interaction or group differences were observed in IFN v, IL-2, IL-6, IL-12,
IL-13 and Substance P.

Associations between biomarkers and pain

In the SCD subgroup, NPY at baseline and AUC significantly correlated with the QST index
(r=-0.55, p=0.003; r=—-0.63, p=0.009, respectively) and IL8 AUC, as well as IL12 AUC
correlated with BPI severity (r=0.57, p=0.005; r=—0.43, p=.04, respectively). In healthy
participants, IL-4 at baseline and AUC was correlated with the QST index (r=0.61, p=0.007;
r=0.68, p=0.006, respectively).

Discussion

When compared to healthy controls, we find group differences on several pain testing
parameters, and interesting effects of disease and pain testing on inflammatory markers in
the SCD subset. SCD patients were generally assigned a lower temperature for the hot water
assessment based on their responses and showed lower heat pain tolerance and pressure pain
thresholds as well as greater thermal temporal summation at 45°C. The subset of SCD
patients for whom biomarkers were collected, showed elevated resting (baseline) anti-
inflammatory (I1L-10) and pro-inflammatory activity (TNFa) and both groups showed
changes in inflammatory markers in response to pain testing, including reductions in some
anti-inflammatory measures (IL-10) and increases in some pro-inflammatory measures
(IL-6, TNFa). Group differences in response to pain testing included a differential increase
in TNFa in SCD patients, which did not correlate with general sensitivity (QST Index), and
a reduction in neuropeptide Y in response to pain testing, which inversely correlated with
general sensitivity.

Our findings are inconsistent with the literature showing increased sensitivity to thermal
thresholds in SCD compared to healthy controls. Brandow and colleagues [7] reported heat
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pain thresholds of 42.7 in SCD patients and 45.2 in controls, while our values ranged from
40.7 to 41.8. Brandow’s sample included pediatric patients and a greater percentage of
patients on hydroxyurea (42%). While they matched on sex and ethnicity, they did not match
on age, BMI or education, factors which may contribute to the discrepancies between these
two studies. Our heat pain threshold values are 2 degrees lower than Brandow’s and
consistent with a recent study evaluating differences in QST by age and between painful and
nonpainful sites [22]. An important matching characteristic for our sample likely is
education. Education is a proxy for socioeconomic status (SES) and is often reflective of
health status [54]. Lower SES/educational attainment has been associated with enhanced
clinical pain [12;39;45] and laboratory-induced pain sensitivity [19], which may explain in
part why our healthy control group showed greater pain sensitivity than seen in Brandow’s
sample. Neurocognitive testing would have been an interested addition to this study, but was
beyond the scope of this project. Future studies may wish to include an evaluation of
neurocognitive performance.

Conditioned pain modulation is thought to reflect endogenous opioid function [48], and
African Americans show reduced CPM responses when compared to non-Hispanic white
participants [10]. Cold water is the most common conditioning stimuli for eliciting CPM
effects [48]. Alterations in CPM due to chronic pain are inconsistent across a number of
clinical conditions, including chronic low back pain [40] and osteoarthritis [44] among
others. In addition to ethnicity, CPM varies according to other demographic and
psychosocial factors including sex [24;57], personality [29], and cognitive factors such as
expectations [5]. CPM also has been suspected to be altered in individuals with a history of
opioid use [60], which is particularly relevant for studies of SCD patients, many of whom
have had intermittent opioid exposure since childhood. For example, reductions in opioid
receptor binding potential from PET imaging studies seen in chronic pain conditions [31],
[37] [38;74] reflecting enhanced “endogenous opioid tone” have been related to a history of
opioid use [31]. Harris and colleagues [31] have suggested that alterations in these systems,
compared to healthy controls, could be the result of persistent pain as well as exogenous or
endogenous opioid agents.

Several biomarkers differed between groups in the resting state (TNFa, 1L-10, NPY and
endothelin) as well as show general reactivity to pain testing (IL-1Beta, IL-6, IL-10,
endothelin and Substance P). The groups differed in pain reactivity on TNFa, NPY,
IL-1Beta, and IL-4. A number of reports have documented enhanced steady state levels of
inflammation in SCD patients compared to healthy controls [51;55;58;64]. These differences
typically include elevated cytokines (e.g., TNFa, IL-6, IFN-v, and IL-1f) as well as
elevations in vasoactive peptides (e.g., endothelin) and neuropeptides (e.g., substance P)
implicated in pain transmission [64], although results are not uniform [33;61]. While SCD
participants were carefully selected to be outside of a crisis, most reported ongoing, mild
pain at the time of testing, a finding that is common in adult SCD patients [65]. Since many
of these biomarkers are also known to increase during crisis, we were particularly interested
in whether the pain elicited through laboratory testing would provoke changes in these
biomarkers. No work to date has evaluated reactivity in these biomarkers following acute,
laboratory-induced pain in sickle cell, though we have shown IL-6 reactivity in healthy
subjects [20;21;46]. We replicated this effect, finding that both SCD patients and healthy
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controls show increases in IL-6 in response to laboratory pain testing and extended this
effect to substance P and endothelin as well as declines in IL-10, an anti-inflammatory
cytokine.

TNFa and NPY were of particular interest in the current study due to their potential role in
pain sensitivity [4;9;47;61,63;66]. Pro-inflammatory cytokine levels such as IL-6 and TNF-
a correlate with intensity of pain among samples of arthritis, back pain, and fibromyalgia
patients [26;41;53;56;69]. TNFa is a key “master” pro-inflammatory cytokine and plays a
significant role in VOCs in SCD [2]. TNF inhibitors have been the subject of intensive
investigation recently as disease modifying agents for immune-mediated chronic conditions.
Specifically, 60-70% of rheumatoid arthritis patients experience a reduction in clinical
symptoms with TNF-blocking agents [72]. Biological anti-TNF agents have been approved
for a number of systemic inflammatory conditions, many of which include pain as a primary
symptom. These include rheumatoid arthritis, psoriatic arthritis, and ankylosing spondylitis.
Additionally, animal models and preliminary studies in humans suggest that anti-TNF agents
have a role in reducing central sensitivity to pain [47]. Our findings indicate a small signal
that SCD patients may show central sensitization based on the significant group difference
observed in thermal temporal summation (45deg). Given the relatively mild level of clinical
pain reported by our SCD sample (average of 1.2/10), this finding will need to be further
explored in a larger sample with more severe daily pain and thus greater likelihood of
displaying laboratory-assessed central sensitization.

Neuropeptide Y is of interest due to its widespread role in physiological actions related to
pain sensitivity, including pain modulation, cortical excitability, emotional regulation and the
stress response [4]. Consistent with our findings, NPY has been previously shown to have
primarily an antinociceptive effect [4]. Here, we find that healthy participants show higher
levels of NPY and only small changes in response to pain testing, whereas SCD patients
show lower levels that decrease further with pain testing, such that the larger the reduction in
NPY the greater the overall pain sensitivity. NPY has also been shown to have anti-stress
properties and laboratory evoked stress is inversely correlated with NPY [32;43]. Taken
together, these data suggest that NPY may be a marker of stress-resilience [52]. In our
sample, healthy participants were observed to have greater levels of NPY than SCD patients;
the stress associated with living with a chronic disease may be partially responsible for this
NPY difference and the stress from QST may have further reduced NPY in SCD patients
compared to (potentially more resilient) healthy controls. Administering NPY in basic
models suggest that it also has antianxiety-actions [32]. Several studies indicate that
intrathecally administered NPY in animal models inhibits behavioral and molecular markers
of inflammatory and neuropathic pain [36], and it is part of a network of mechanisms that
aid in natural recovery from hyperalgesia associated with inflammation or nerve injury [66].
NPY is believed to play a role in the processing of pain from the periphery to the brain stem,
including the transmission of pain sensations [9], and has been implicated in the transition
from acute to chronic pain [66]. Recent work suggests that it or its receptors may be useful
as a therapeutic agent in a number of chronic conditions [9], particularly in treating chronic
inflammatory pain [63]. Thus, these agents may deserve consideration as future therapeutic
approaches to the management of pain in SCD.
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Mouse models of SCD (HbSS) have been used to evaluate pain responses, and these mice
show hyperalgesia, with lower paw withdrawal threshold and latency to thermal and
mechanical stimulation as well as grip force compared to control mice [42]. HbSS mice also
exhibit allodynia-like behavioral responses to punctate and dynamic light touch stimuli and
amplified action potential firing to suprathreshold stimulation [25] as well as peripheral
sensitization to noxious mechanical stimulation [34]. Inflammation in these mouse models
has also been documented [49] with a CRP-like sequence elevated up to 12-fold and IL-6
nearly two fold compared to control mice [3]. Sickle cell mouse models have also been
employed to evaluate drug effects, like hydroxyurea [35] and novel compounds [14;15] on
nociception and inflammation.

One limitation of the current analyses is the exclusion of patients on chronic opioid therapy
(COT) from the biomarker subgroup, a common treatment for adult SCD. Consequently, the
biomarker data presented here may include a “healthier” cohort of SCD patients and may
not be generalizable to the larger SCD cohort. Another limitation is the variability in sample
size for the biomarker assessment. As displayed in Table 3, sample size varied according to
the assay. In particular, a number of samples showed undetectable IL-1f concentrations. Our
statistical method used procedures that accommodate missing values, yet some non-
significant findings may be due to large variability in the context of a relatively small sample
size. Despite these limitations, the current data suggest moderate differences in pain
sensitivity between SCD patients and healthy controls, yet within a subgroup of SCD
patients- notable differences in cytokines, vasoactive peptides and neuropeptides, both at rest
and in response to pain. Variations in resting and pain reactive biomarkers contribute
additional evidence that SCD is a condition of chronic and/or heightened inflammation.
Future studies may wish to examine potential therapeutic targets related to these cytokines,
vasoactive peptides or neuropeptides.
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Figure 1.

Session Timeline for the SCD subgroup that underwent blood drawing procedures and all
healthy controls. SCD participants that did not undergo blood drawing procedures

underwent QST only.
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Figure2.
NPY reactivity by group. Main effects of group and time as well as a group by time

interaction was observed for NPY (group p=0.04, time p<0.001, interaction p<0.001), with
healthy controls having higher levels overall and a slight increase over time, while the SCD
patient subgroup had a five-point reduction in NPY over the final hour of testing. Significant
differences between groups were also observed at each time point.
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Figure 3.
TNFa reactivity by group. A main effect of group (p<0.001) and group by time interaction

(p=0.04) were observed for TNFa, with the SCD patient subgroup having higher levels
overall and exhibiting an increase over time. Significant differences between groups were
also observed at each time point.
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Table 1

Demographic and clinical characteristics by group [Mean (SD) / % (n)]

Demogr aphic and SCD Patients Healthy
Clinical Variables N=83 Controls N=27
Age 38.9(12.1) 35.0(10.0)
Female 68.7% (57) 59.3% (16)

Education Level report

<High School/GED 18.3% (15) 22.2% (6)
Some College/Technical School 42.6% (35) 33.3% (9)
>Bachelor’s degree 39.0% (32) 44.4% (12)

Occupational Status

Employed Full-Time 35.4% (29) 34.6% (9)
Marital Status
% Single 56.1% (46) 76.9% (20)

Clinical Variables

Body Mass Index 25.5(5.2) 25.9 (4.0)
Nicotine Use (smoking) 16.9% (14) 14.8% (4)
Genotype
SS 63.4% (52) 0
S-Beta zero 7.3% (6) 0
S-Beta+ 9.8% (8) 0
SC 18.3% (15) 0
Trait 0 0.04 (1)
Unknown 1.2% (1) 0.04 (1)
Pain Severity (BPI) ™ 20(19) 0.60(0.9)
Pain Interference (BPI Extended) o 26(2.7) 0.30(0.7)
Depression (CES-D) ™ 14.5(10.8) 85(7.3)
Hok
(p<0.01);
A kA
(p<0.001).

Continuous measures are reported as mean (SD), proportional data are reported as percent (count).
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Table 2

Quantitative Sensory Testing (QST) measures by group[Mean (SD)]

SCD Healthy Control
QST Measures (n=83) (n=27)
Thermal Pain in °Celsius
Threshold (HPTh) 40.7 (2.8) 41.8(2.9)
Tolerance (HPTo) 44.0 (2.0) 46.5 (2.2)***
Pressure Pain Threshold in kilopascals (kPa)
Trapezius 246.1(99.1) 3109 (139.9)
Thumb 301.5 (100.0) 357.0 (112) *
Forearm 239.5(102.3) 279.1 (117.2)
Quadriceps 520.7 (230.0) 625.5 (252.7) *
Thermal Temporal Summation difference scores
At Heat Pain Threshold 3.6(7.2) 2.2(5.6)
At Threshold + 2°C 3.8(8.2) 4.8(9.7)
At 45°C 8.0 (14.2) 18(35)"
After Sensation Ratings (TTS) 11.8 (17.3) 6.4 (11.8)
M echanical Temporal Summation difference scores
128 mN (Probe 5) 12.8 (17.0) 8.3(13.2)
256 mN (Probe 6) 16.9 (19.1) 10.7 (11.3)
Hot Water Hand Immersion Tests
Temperature of Hot Water (in °Celsius) 45.2 (1.4) 48.4 (1.1)***
CPM Difference Trapezius (difference score) 71.4 (64.3) 37.6 (68.9)"
Hot Water Pain Ratings (0-100) 56.0 (26.3) 74.4 (19.1)***
Hot Water Tolerance (in seconds) 47.3(32.4) 32.3(28.2)
After Sensation Ratings (hot water; 0-100) 8.7 (12.8) 17.5 (19.9)
*
(p<.05),
A
(p<.01).

Page 19

Measures are reported as mean (SD). Difference Scores represent the maximal rated pulse (for Thermal Temporal Summation) or following the
train of 10 stimuli (for Mechanical Temporal Summation) of the series minus first pulse of the series. CPM: Conditioned Pain Modulation. CPM
Difference represents pressure pain thresholds at the trapezius obtained during water immersion of the hand minus baseline trapezius pressure pain

thresholds.
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