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Abstract

Patients with sickle cell disease (SCD) display significantly lower mean/median thermal and
mechanical pain thresholds compared to controls. This suggests impaired pain sensitivity where
stimuli produce exaggerated pain. Despite these mean/median differences, clinicians need to
understand if patients meet criteria for impaired pain sensitivity. We defined thresholds for
impaired cold, heat, and mechanical pain sensitivity in SCD patients. Using quantitative sensory
testing (QST) we assessed cold, heat, and mechanical pain thresholds in SCD patients and African
American controls = 7 years. Impaired pain sensitivity was defined as: 1) cold pain threshold one
standard deviation (SD) above control median threshold; 2) heat pain threshold one SD below
control median threshold; 3) mechanical pain threshold one SD below control median threshold.
Fifty-five SCD patients and 57 controls participated. Impaired pain sensitivity thresholds were: 1)
cold: 17.01°C, 2) heat: 43.91°C, 3) mechanical: 4.42g. Impaired cold pain sensitivity was the most
common finding (63.6%), then heat (60%), and mechanical (38.2%). Impaired pain sensitivity to
>1 testing modalities occurred in 81.8% of SCD patients. Determining impaired pain sensitivity
thresholds increases clinical utility of QST. QST could be a screening tool to phenotype SCD pain,
an outcome for pain interventional trials, or guide pain neurobiology investigations.
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Introduction

There are an increasing amount of data that peripheral and/or central nervous system
abnormalities contribute to the development and maintenance of acute and chronic pain in
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patients with sickle cell disease (SCD). Data in both the murine SCD model and patients
with SCD reveal hypersensitivity to thermal and/or mechanical stimuli compared to healthy
controls when assessed with quantitative sensory testing (QST). This suggests impaired pain
sensitivity exists in SCD.1 QST involves a psychophysical evaluation of the somatosensory
system. The premise of QST is that physical stimuli activate specific receptors and generate
signals in the sensory nervous system. QST measures sensory loss (hyposensitivity) or gain
(hypersensitivity) to stimuli (cold, heat, mechanical) that correlate with pain sensing somatic
small nerve fibers.2:3 Impaired pain sensitivity on QST is present when a defined stimulus
(cold, heat, mechanical) produces exaggerated pain in a patient compared to healthy controls
and suggests pain processing abnormalities in the peripheral and/or central nervous system.

Existing studies of QST in patients with SCD report significant differences in mean/median
thermal and mechanical pain thresholds between SCD patients and healthy controls.14-8
Reporting data in this manner is necessary and important, however, may not be the most
meaningful for clinicians. For clinical purposes clinicians want to understand if an individual
patient meets criteria for impaired pain sensitivity. This can be done by determining
thresholds for impaired pain sensitivity as measured by QST. A defined threshold would
allow a clinician to use this testing to perhaps recommend a different treatment or
intervention making the testing more clinically meaningful and clinically useful.
Determining whether a patient has impaired QST could also help guide further evaluation of
the etiology of that patient's pain or serve as an outcome for interventions that could alter
pain sensitivity. Thus, determining thresholds for impairment using QST measures is
valuable. Furthermore, determining thresholds specifically for patients with SCD with
proper race-matched controls is important as pain sensitivity is shown to vary based on
ethnicity with African American people have increased sensitivity to pain as assessed by
QST measures.%11

To date, thresholds above or below which a patient is defined as having impaired pain
sensitivity on QST have not been established in pediatric patients with SCD. Thus, in order
to make QST data more clinically meaningful and interpretable, we sought to: 1) define
thresholds for impaired cold, heat, and mechanical pain sensitivity in patients with SCD ages
=7 years and 2) determine the proportion of patients with SCD that meet criteria for
impaired pain sensitivity with each testing modality. Our secondary objective was to
compare age, gender and prior history of pain between patients with and without impaired
pain sensitivity.

Materials and Methods

Study Setting and Subjects

This was a cross-sectional study completed between January 2010 and June 2011 at the
Medical College of Wisconsin/Children's Hospital Wisconsin. The methods for this study
were published in detail previously.* Briefly, study patients included children and adults
with SCD who were recruited from the Wisconsin Sickle Cell Center during outpatient
clinic visits. Control subjects were African American and were siblings, parents/legal
guardians, friends or relatives of patients with SCD and were also recruited through the
clinic. All patients with SCD and controls were = 7 years of age. All subjects were excluded
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for the following: 1) chronic disease with associated pain manifestation other than SCD, 2)
overt or silent stroke diagnosed on available neuroimaging, 3) analgesics used within 24
hours, 4) acute SCD pain event within 2 weeks.

The study was approved by the Institutional Review Board of the Children's Hospital of
Wisconsin. Appropriate consent and assent (if applicable) were obtained. All subjects were
given stipends for participation and for transportation to the testing site.

Quantitative Sensory Testing (QST)

All patients with SCD (in baseline health) and controls underwent QST that included
assessment of cold, heat, and mechanical pain thresholds. The specific testing methodology
used for QST is outlined in detail in our prior publication in patients with SCD.# Briefly,
cold and heat pain thresholds were assessed using the Medoc Thermal Sensory Analyzer
(TSA-II) (Medoc, Israel) with a stimulus range between 0-32° Celsius.}? Mechanical pain
thresholds were assessed using vonFrey monofilaments with a stimulus range between 0.026
and 110 grams. The thermal and mechanical pain thresholds were measured using the
method of limits!® where subjects pushed a button (cold, heat) or spoke (mechanical) when
the defined stimulus became painful. All testing was performed on the thenar eminence of
the non-dominant hand in order to assess generalized pain sensitivity.

Primary Outcome

Our primary outcome was threshold for impaired pain sensitivity defined as: 1) cold pain
threshold that was one standard deviation (SD) above median cold pain threshold in the
control group; 2) heat pain threshold that was one SD below median heat pain threshold in
the control group; 3) mechanical pain threshold that was one SD below median mechanical
pain threshold in the control group. We adapted the methods published by Ezenwa et al, to
define these thresholds.” One SD was chosen to be consistent with other literature.4

Covariates of interest

Age, gender, and prior history of pain were covariates of interest due to their potential
impact on our primary outcome.15-22 Priory history of pain was determined by the total
number of emergency department visits or hospitalizations over the lifetime of the patient as
recorded in our detailed comprehensive sickle cell clinical database, from the medical
record, and/or from the patients’ self-report.

Statistical Analysis

The cold, heat, and mechanical pain thresholds previously published were skewed.* Thus, in
order to determine the thresholds for impaired pain sensitivity bootstrap resampling was
used to determine the standard deviation of the median.23 Thresholds for impaired pain
sensitivity were then determined based on the criteria described above. The proportions of
patients that had cold, heat, and mechanical pain thresholds above or below the calculated
threshold for impaired pain sensitivity were determined. Mann-Whitney Test and Pearson
Chi-square were used to compare age, gender, and prior history of pain (total number of
lifetime emergency department visits and/or hospitalizations) between those with and
without impaired pain sensitivity. Statistical significance was set at a p-value of <0.05. All
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analyses were completed by SPSS version 14.0 for Windows (SPSS, Chicago, IL) and
STATA version 11.2 (STATA, College Station, TX).

Results

Study Population

A total of 55 patients with SCD and 57 African American controls completed QST. The
demographics of the study population are displayed in Table I.

One-half to two-thirds of patients with SCD met criteria for impaired pain sensitivity

Using the previously described criteria for impaired pain sensitivity of 1 standard deviation
from the median pain threshold in the control group, Table I1 displays the values above
which patients meet criteria for being impaired in their cold pain sensitivity and below
which patients meet criteria for impaired heat and mechanical pain sensitivity. Using these
cutoff values we found that about two-thirds of patients with SCD had cold and heat pain
thresholds that met criteria for impaired pain sensitivity and almost half of patients with
SCD met criteria for impaired mechanical pain sensitivity (Table I1). In order to give
clinicians an understanding of where patients clustered above and below these thresholds for
impairment, Figure 1 displays the spread of individual patient data above and below these
thresholds.

Almost a quarter of patients with SCD had impaired pain sensitivity with all modalities
tested (cold, heat and mechanical)

The number of patients that had impaired pain sensitivity in multiple testing modalities is
displayed in Figure 2. About 22% of patients had impaired pain sensitivity with all 3 testing
modalities (cold, heat, and mechanical) and the majority (81.8%, n=45) had evidence of at
least 1 pain sensitivity abnormality. Less than 20% had no hypersensitivity to any of the
testing modalities.

No differences in clinical characteristics between those with and without evidence of

impaired pain sensitivity
When characteristics were compared between those with one or more impairments in pain
sensitivity and no impairments in pain sensitivity, there was no difference in median age [15
(IQR 10.5-19) vs. 13.5 yrs (IQR 11-21.5), p=0.939], gender [60% female in both groups], or
median number of pain encounters [9 (IQR 4-23.5) vs. 3 (IQR 0.25-19.8), p=0.132)].
Furthermore, when clinical characteristics were compared between those with impaired pain
sensitivity in all 3 testing modalities (cold, heat, mechanical) and no impairments in pain
sensitivity there was no difference in median age [11.5 (IQR 7.25-16.25) vs. 13.5 yrs (IQR
11-21.5), p=0.21], gender [60% female vs. 60% female, p=0.69], or median number of pain
encounters [6.5 (IQR 3-21) vs. 3 (IQR 0.25-19.8), p=0.44)].

Discussion

In this study, we found that impaired cold pain sensitivity was not only the most common
finding but that almost two-thirds of all patients with SCD met criteria for impaired cold
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pain sensitivity. These data provide supporting psychophysical evidence that corroborates
the epidemiological data that increased numbers of pain events occur during colder
temperatures and in fall and winter months compared to spring and summer months.2425
The reason for this cold sensitivity continues to be unknown and importantly should
continue to be an active area of investigation. We also found that the majority of patients
(82%) had evidence for impaired pain sensitivity in at least one testing modality providing
additional evidence for the existence of peripheral and/or central sensitization in patients
with SCD.

One prior study by Ezenwa et al” in adults with SCD applied the threshold principals to the
analysis of QST data. These investigators defined an abnormal thermal pain threshold as a
cold/heat pain threshold that was % standard deviation above or below the cold and heat pain
thresholds of their historical control group. They found 72% of patients had abnormal cold
pain sensitivity, 76% of patients had abnormal heat pain sensitivity, and 44% of subjects had
abnormal mechanical pain sensitivity.” Our study is unique in that it includes pediatric
patients, a larger cohort, and African American controls. This inclusion of race-matched
controls is very important in the study of pain sensitivity as pain sensitivity varies based on
ethnicity. Specifically, African Americans display increased sensitivity to QST measures.®11
In addition, unlike the Ezenwa study, we used one full standard deviation from the control
median to determine our thresholds to be more conservative and to be consistent with other
literature.14

In addition to the majority of patients displaying evidence of impaired pain sensitivity in at
least one testing modality, we also found almost a quarter of patients were impaired in all 3
modalities tested (cold, heat, and mechanical impaired pain sensitivity). It is possible that
these patients may represent a more severe cohort of patients that may be at risk for the
development of chronic pain. Importantly, less than 20% of patients had no evidence of
impaired pain sensitivity, thus these patients may represent a less severe cohort of patients
with SCD in regards to pain. These data raise the question of whether the modality that is
impaired (cold, heat, mechanical) provides clues to the underlying neurobiology that may
result in the variation in pain expression that is seen from patient to patient. As QST
continues to be used to phenotypically characterize the variability in pain sensitivity and
expression in patients with SCD, opportunities to therapeutically target specific cellular and
neurobiological processes may arise and should be considered when treating patients with
pain.26-28

We did not find differences in the age, gender, or prior history of pain in patients that had
one or more impairments in pain sensitivity. This was contrary to our hypotheses, however,
these were secondary analyses and thus the study is likely underpowered to find differences
in these clinical characteristics. Furthermore, using total number of health care utilization
encounters for pain defined as emergency department visits and hospitalizations for pain
likely underestimates the amount of pain that patients experience. Data reveal that health
care utilization only marks the tip of the iceberg of sickle cell pain as many pain events are
managed at home and health care utilization is not sought.29 In addition, markers of pain
hypersensitivity revealed by QST impairment may also reflect chronic pain and patients
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suffering from chronic pain may not be as likely to always seek medical care for treatment
of their pain.

As additional QST research is conducted and further evidence from this contributes to the
discovery of the neurobiological mechanisms for abnormal pain sensitivity in patients with
SCD, determining a cutoff for impaired pain sensitivity is clinically meaningful. Eventually,
QST could become a screening test to further define a phenotypic cohort of patients with
SCD whom meet criteria for impaired pain sensitivity. QST could help guide further
evaluation of the etiology of an individual patient's pain, guide treatment decisions, or serve
as an outcome for an intervention aimed at altering pain sensitivity.30-3% For example, if a
patient is found to be impaired in their cold, heat, and/or mechanical pain sensitivity (i.e.,
display pain hypersensitivity) suggestive of neuropathic pain, this could make them eligible
for a clinical trial for a neuropathic pain intervention and QST could be used as an outcome
measure to reassess their response to the drug. This model has been used in clinical trials in
pain related conditions other than SCD.31-33:35 Current pain assessment measures in SCD
are primarily focused on pain intensity (numeric rating scale, visual analog scale, faces
scale) and pain frequency. These measures do not focus on qualitative aspects of pain nor
dissect phenotypic variation of pain. Assessing the phenotypic aspect of pain is important
when investigating the underlying neurobiological etiology of pain. QST could be a novel
way to screen for and follow pain in patients with SCD. In order to use QST in this way, the
values measured need to be clinically meaningful and interpretable.

Limitations

Our study is limited by the cross-sectional nature of the data. The longitudinal variation of
pain sensitivity thresholds is not known, thus it is difficult to interpret whether impaired pain
sensitivity outcomes are the cause or the result of pain in patients with SCD. This study also
does not assess whether there are further impairments in pain sensitivity that occur in
relationship to a recent pain episode since we excluded patients that had an acute pain event
within 2 weeks of testing. In this study, the impaired pain sensitivity found in baseline health
suggests this impairment is likely to be permanent. In addition, since patients were tested in
their baseline state of health we did not use factors such as pain intensity as a discriminatory
factor. Furthermore, the analyses investigating the differences in covariates between patients
with and without impaired pain sensitivity are likely underpowered. Thus, the conclusion
that there are no differences in age, gender or prior history of pain between groups should be
interpreted with caution. A larger study specifically powered to analyze these differences
should be done to confirm or refute these findings. As previously discussed, the use of health
care utilization as a marker of pain underestimates the true amount of pain patients
experience outside the health care setting and thus pain severity and chronic pain are likely
underrepresented in these data.2® The inclusion of pain diaries in future studies would
facilitate the collection of data that could better assess frequent pain episodes managed at
home and chronic pain. However, this was the best measure available that was not
confounded by recall bias. The research staff that conducted QST were not blinded to
whether the subject had SCD or was a control as those that conducted the testing are part of
the primary SCD research staff. However, since the thermal testing is computer-driven this is
less of a concern and mechanical testing followed testing procedures that have been
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standardized. Patients with SCD were excluded if there was a known history of overt or
silent stroke. Screening MRI for all patients in the study was not feasible. Our study
included family controls. Although this could have made our control group more similar to
our patient group, this was a strength of the study. Inclusion of family controls allowed us to
control for genetic and environmental factors that may influence pain sensitivity that are
difficult to measure making them the ideal and necessary control group for the study.
Finally, there are limitations of QST. The assessment of pain sensitivity outcomes could be
affected by psychosocial functioning and determining this impact is part of an ongoing
study. In addition, accuracy of QST depends on a well-established protocol that is consistent
throughout the duration of the study. Our study utilized an established and consistent testing
protocol and testing was administered by the same research staff throughout the duration of
the study. Finally, QST alone is not able to determine which somatosensory pathway is
disrupted along the neuroaxis. In other words, QST alone is not able to distinguish between
whether peripheral and/or central nervous system abnormalities are contributing to the
abnormal pain sensitization.

Conclusions

Determining a threshold for impaired pain sensitivity provides data that is clinically
meaningful to health care providers. Using QST data, we established thresholds for impaired
cold, heat and mechanical pain sensitivity. Based on these thresholds, almost a quarter of
SCD patients were impaired in all 3 modalities tested and the majority was impaired in at
least one modality. Impaired cold pain sensitivity was the most common finding supporting
epidemiological data that increased numbers of pain events are associated with colder
temperatures. Eventually, QST could serve as a screening tool to phenotype SCD pain, guide
further evaluation of the etiology of pain, guide treatment decisions, or serve as an outcome
for an intervention aimed at altering pain sensitivity.
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Figure 1.
Pictorial description of the spread of individual sickle cell disease patient pain thresholds
that were in the impaired or non-impaired range for cold, heat, and mechanical pain
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Figure2.
Proportion of patients with sickle cell disease with varying numbers of impaired pain
sensitivities
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Demographics and Baseline Characteristics of Patients with SCD and Controls

Table |

Variable SCD Patients (n=55) | Controls(n=57) | p-value
Age (years)
Mean (+SD) 15.4 (£6.3) 16.3 (£10.2) 0.59
Median (IQR) 14 (11-19) 12 (9-18) 0.42
Gender
Female 33 (60%) 32 (56%) 0.68
Sickle Cell Genotype N/A N/A
HbSS 37 (67%)
HbSC 10 (18%)
HbSp+thal 6 (11%)
Other 2 (4%)
Trait Status N/A N/A
Unknown 5 (9%)
No 28 (49%)
Yes 24 (42%)
S trait 16 (28%)
C trait 2 (4%)
Thal trait 1(2%)
Unknown 5 (9%)
Hydroxyurea 23 (42%) N/A
Yes
Number of Prior Pain Encounters N/A N/A
Median (IQR) 8(3.5-23.5)
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Thresholds for Impaired Pain Sensitivity and Proportion of Patients with SCD with Impaired Pain Sensitivity

(n=55)

Table Il

Threshold for Impajrment#

*
Proportion with Impaired Pain Sensitivity

Cold Pain Threshold >17.01°C 63.6% (n=35)
Heat Pain Threshold <43.91°C 60% (n=33)
Mechanical Pain Threshold <4.42g 38.2% (n=21)

°C=degrees Celsius, g=grams

#1 SD from control median

*
proportion of patients with SCD that had pain sensitivity thresholds that exceeded 1 SD from the control median pain sensitivity thresholds
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