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Objectives: Prior research has shown a relationship between blood glucose levels and some
forms of self-regulation (eg, executive function), with low blood glucose levels associated with
impaired self-regulation. Further, engagement in self-regulation tasks depletes blood glucose.
Given these relationships, the present study examined whether blood glucose is associated with
another form of self-regulation, ie, descending pain modulatory processes.

Methods: Forty-seven (32 female) pain-free participants were recruited and completed testing.
Blood glucose was measured from finger sticks and a digital meter before and after experimental
pain tests. Pain tests included the nociceptive flexion reflex (NFR) threshold to assess descend-
ing modulation of spinal nociception, but also electric pain threshold to assess perceptual pain
detection. The Stroop color word naming test was also assessed before and after pain testing to
examine changes in executive function.

Results: Results indicated that mean blood glucose levels decreased after pain testing, but
Stroop performance did not significantly change. Importantly, changes in blood glucose were
correlated with NFR threshold, such that decreases in blood glucose were associated with lower
NFR thresholds (reduced descending inhibition). Changes in blood glucose were unrelated to
pain threshold or executive function.

Conclusion: This study suggests that glucose depletion may impair performance of descend-
ing inhibitory processes, without impacting the perceptual detection of pain (pain threshold).
Although findings need to be replicated, maintaining adequate glucose levels may be necessary
to support inhibition of spinal nociception.
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Introduction

Endogenous pain modulatory mechanisms are active processes that work to maintain a
balance in pain transmission.! These processes involve both supraspinal (eg, cerebral
cortex, thalamus, periaqueductal gray, rostral ventromedial medulla) and spinal regions
(eg, dorsal horn).?* These descending modulatory systems serve an important and func-
tional role as they allow an organism to down- and upregulate pain to adaptively respond
in its environment.* For example, pain inhibition can be important when an organism is
trying to escape a predator and injury is imminent. In contrast, pain facilitation promotes
recuperation following an injury and protection from further injury."*> Therefore, the
balance between descending inhibition and facilitation plays an important role in an
organism’s survival.! Research suggest that disruptions in this balance might be a risk
marker for the development of chronic pain,®’ as patients with chronic pain evidence
disruptions in this descending balance (eg, hyperfacilitation, hypoinhibition).* !
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Descending modulation is mediated by active neural
systems; therefore, modulation relies on a fuel source, namely
glucose, to ensure appropriate function.!>!3 This means,
changes in blood glucose levels could affect these processes. '
However, to our knowledge, no study has assessed the rela-
tionship between normal fluctuations in blood glucose levels
and descending pain regulatory processes in humans. None-
theless, prior studies have established a relationship between
blood glucose levels and other forms of self-regulation
(eg, executive function, behavioral inhibition).'*!> For exam-
ple, low blood glucose levels are associated with impaired
executive function,'® and engagement in executive function
tasks depletes blood glucose.'>!'” Moreover, it appears that
the change in blood glucose from a demanding task is a bet-
ter predictor of performance on the task than blood glucose
measured prior to the task.'> Given that pain modulation is
an active, self-regulatory process and that there is an inverse
relationship between pain and executive function,'32! we
reasoned that blood glucose levels may be associated with
descending modulation of pain. Therefore, the present study
contributes to the understanding of pain modulation by
assessing the relationship between normal fluctuations in
blood glucose levels and its relationship to engagement of
descending systems to modulate spinal nociception.

To assess descending modulation in the current study, the
nociceptive flexion reflex (NFR) was measured. The NFR is
a withdrawal reflex that occurs in response to noxious stimuli
(ie, the withdrawal response that happens when stepping
on a tack) and it is used as a physiologic measure of spinal
nociception.???* The NFR does not require supraspinal input
(it involves a simple polysynaptic loop: primary afferents >
dorsal horn interneurons = motoneurons), because it can be
evoked in spinally transected individuals.?* Despite this, the
spinal circuitry mediating the NFR can be inhibited or facili-
tated by descending modulation from supraspinal centers.?>?
Interestingly, the NFR appears to be under tonic descending
inhibition in humans, because it is easier to evoke this reflex
in persons who have disrupted descending communication
from the brain (eg, those with a spinal transection).?*

The goal of the present study was to determine the rela-
tionships between blood glucose levels and NFR threshold.
Further, pain threshold was measured to assess a perceptual
measure of pain detection, and executive function was
assessed using the Stroop test (ie, color word naming test).
Blood glucose was measured before and after pain testing.
It was predicted that reductions in blood glucose levels over
the course of pain testing would be associated with: lower
NFR thresholds (ie, reduced descending inhibition), lower

pain thresholds (ie, enhanced pain perception), and impaired
executive function.

Materials and methods

Participants
Participants were healthy, pain-free individuals recruited
from the University of Tulsa psychology subject pool and
from the Tulsa, OK, community. Subject pool participants
received research credit, whereas community participants
received a $50.00 honorarium. Participants were excluded
for the following self-reported conditions: neurological, car-
diovascular, or circulatory problems; chronic pain; any type
of blood glucose dysregulation, including diabetes, hypo- or
hyperglycemia; persons who used tobacco products in the
2 hours prior to testing; color blindness (due to Stroop test);
recent psychological trauma; use of over-the-counter pain
medication within 24 hours, or prescription pain medica-
tion within 2 weeks of participation; use of antidepressant,
anxiolytic, or high blood pressure medications; having a body
mass index of 35 kg/m? or above (due to difficulties obtaining
an NFR in persons with high adiposity); or <18 years of age.
Additionally, participants were asked to refrain from eating
or drinking anything (other than water) for 2 hours prior to
testing in order to allow blood glucose levels to stabilize so
as to reduce extraneous variance.'®

Fifty participants were targeted with completed data
because this would provide power =0.70 to identify correla-
tions =0.35 at o0 =0.05. Fifty-three participants consented
to participate, but four were found to not meet inclusion
criteria and two did not complete testing (one reached
50 mA maximum stimulation before NFR threshold was
reached and one found the stimulations too painful). Thus,
data from 47 participants were available for analysis. The
majority of completers were female (70%, n=32), White
(78%, n=36), single (83%, n=38), and employed (28%,
n=61). They had an average of 15.5 years of education
(standard deviation [SD] =2.2) and averaged 23 years of
age (SD =6.1). All participants provided verbal and written
informed consent. All participants were informed that they
could withdraw from the study at any time.

Apparatus and signal acquisition

Self-report ratings and physiological signals were collected
by a computer with dual-monitor capacity, A/D board (PCI
— PCI-6071E; National Instruments, Austin, TX, USA), and
LabVIEW software (National Instruments). One computer
monitor was used by the experimenter to monitor physio-
logical signals, and the second monitor was used by the
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participant to complete electronic questionnaires/ratings.
Testing was completed in a sound-attenuated and electrically-
shielded room. Participants were monitored from an adjacent
control room via a video camera connected to a television.
Participants wore sound-attenuating headphones that allowed
them to hear the experimenter’s instructions and they could
speak to the experimenter via the microphone on the video
camera.

Electric pain stimuli were generated by a Digitimer
stimulator (DS7, Digitimer; Hertfordshire, England, UK)
and delivered using a bipolar surface stimulating electrode
(Nicolet, Madison, WI, USA; 30 mm interelectrode distance)
attached to the left leg over the retromalleolar pathway of
the sural nerve. The computer controlled the timing of the
stimulations, and the maximum stimulation intensity was set
at 50 mA. Biceps femoris electromyogram (EMG) for NFR
assessment was amplified and bandpass filtered (10-300 Hz)
online using a Grass Technologies (West Warwick, RI, USA)
Model 15LT amplifier (with AC Module 15A54). The signal
was sampled at 1,000 Hz.

The NFR was assessed from biceps femoris EMG
recorded from two active Ag-AgCl electrodes placed 10 cm
superior to the popliteal fossa. A ground electrode was
placed over the lateral epicondyle of the femur. Before the
stimulating and recording electrodes were applied, the skin
was cleaned with alcohol and exfoliated using an abrasive
paste (Nuprep; Weaver and Company, Aurora, CO, USA) to
reduce impedances below 5 kQ. All electrodes were then
attached after conductive gel (EC60; Grass Technologies)
was applied.

Questionnaires

Demographics/health status

A custom-built questionnaire designed to obtain demographic
information and health problems was administered. Ques-
tions regarding health problems asked specifically about
exclusionary criteria (chronic pain, medication use, etc).

Subjective pain ratings

To assess pain intensity in response to electric pain stimuli,
participants used a computer-presented numerical rating
scale that ranged from 0 to 100 with the following labels:
0 (no pain), 50 (painful), and 100 (most intense pain imag-
inable). Participants responded by moving an indicator to
a position along the line that corresponded to their rating
using a computer mouse. A mouse button press was used
to submit the rating and return the scale to zero before the
next rating.

Blood glucose levels

A finger prick test was administered by the researcher to
measure blood glucose levels (eg, Accu-Check® Compact
Plus monitoring device). Blood glucose levels were measured
according to the procedure outlined in the user manual of
the glucose meter. Prior to each finger prick, participants’
fingers were cleaned with an alcohol swab and then a dispos-
able lancet was used to prick the finger to obtain a droplet of
blood. The test strip, which is ejected from the monitoring
device, was used to draw up the blood to be analyzed. Blood
glucose was tested on a different finger each time to avoid
sensitization of the test site. The finger prick procedure was
completed three times; two assessments before pain testing
and one assessment after pain testing (Figure 1).

Executive function assessment

Stroop color and word test

The Stroop color and word test (adult version) is a paper test
that measures reaction time and inhibitory responses.?*28
This test provides three sets of stimuli, color words printed
in black, Xs printed in different color hues (eg, red, blue,
green), and color words printed in incongruent colored font
(eg, the word “red” presented in blue ink). Participants were
instructed to name the color in which a word is presented,
while ignoring the printed word. Thus, incongruence between
the word’s hue and the actual word requires inhibition and
response selection.? The interference 7-score was calculated
for each participant and used to determine a participant’s
performance on the task, with higher values representing
better inhibition.?¢?*3 Participants completed the Stroop
color and word test on three occasions, two administrations
before pain sensitivity testing and one administration after
pain sensitivity testing.

Pain testing

Pain outcomes included NFR threshold (a physiological
correlate of spinal nociception) and electrocutaneous pain
threshold. In addition, participants completed a 3-pulse
threshold (which was used to determine the stimulus inten-
sity for a subsequent testing procedure not presented in this
manuscript).

Glucose
test #3

Glucose
test #2

Glucose
test #1

8- 8- <
Stroop Physiological |Questionnaire| Stroop Pain Stroop
#1 instrumentation break 73 testing #3
~7 min ~25 min ~30 min ~7 min ~40 min ~7 min

Figure | Experimental procedures.
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NFR threshold assessment

NER threshold was assessed using three ascending—descending
staircases of electric stimuli. The first ascending—descending
staircase started at 0 mA and increased in 2 mA steps until
an NFR was detected. Each electric stimulus consisted of a
train of five 1 ms rectangular wave pulses at 250 Hz. NFR
was defined as a mean biceps femoris EMG response in the
90—150 ms poststimulus interval that exceeded the mean
biceps femoris EMG activity during the 60 ms prestimulus
baseline interval by at least 1.4 SD.*!3? After an NFR was
obtained, the current was decreased in 1 mA steps until an
NFR was no longer detected. The second and third ascending—
descending staircases used 1 mA steps. The interval
between electric stimulations varied randomly between
8 and 12 seconds to reduce predictability and habituation.
The numerical pain rating scale was administered immedi-
ately following each stimulus. The stimulus intensity (mA)
of the two peaks and two troughs of the last two ascending—
descending staircases were averaged and used to define NFR
threshold. The average NFR threshold for the present study
was 17.41 mA (SD =10.63).

3-pulse threshold

To assess 3-pulse threshold, several series of three electrical
stimulations at 2.0 Hz (0.5-second interstimulus interval)
were delivered. The stimulus intensity of the first series
started at 80% NFR threshold and increased by 1 mA until
the third stimulus in the series evoked an NFR according to
the definition used in NFR threshold assessment. Following
each stimulus series, participants rated their pain on three
pain rating scales (one for each stimulus in the series). This
procedure was only included to set the stimulation intensity
for the emotional controls of nociception procedure that
was assessed at the end of the testing included in the pres-
ent report (emotional controls of nociception data reported
elsewhere®).

Pain threshold assessment

Similar to assessment of NFR threshold, pain threshold
was assessed using three ascending—descending staircases
of electric stimuli with a varying interstimulus interval of
8—12 seconds. The first ascending—descending staircase
started at 0 mA and increased in 4 mA steps until pain
threshold was reached (rating =50 on the pain rating scale).
The intensity was then decreased in 2 mA steps until the par-
ticipant rated a stimulus as =40 on the pain rating scale. The
second and third ascending—descending staircases continued
with 2 mA steps. Pain threshold was defined as the average

intensity (mA) of the four stimuli first rated immediately
above and immediately below 50 on the last two ascending
and descending staircases. The average pain threshold for
the present study was 13.50 mA (SD =8.48).

Procedure

All procedures were fully approved by the University of
Tulsa ethics review board. Interested participants were
administered a brief phone screen to initially evaluate inclu-
sion/exclusion criteria. Potentially eligible participants were
invited to attend a laboratory visit during which a thorough
overview of the study was provided, informed consent was
obtained, and then a comprehensive assessment of inclu-
sion/exclusion criteria was conducted using a health status
questionnaire and a brief interview. Afterward, participants
received training in the use of the computer-presented
numerical pain ratings scale that was used throughout pain
testing. The participants then completed the first administra-
tion of the Stroop color and word test to familiarize them
with the task (Figure 1). Next, psychophysiological sensors
were applied, and then the participant was seated in a com-
fortable reclining chair with their knee angle kept at 160°.
Before pain testing began, there was a 30-minute acclimation
period during which participants were asked to complete
several questionnaires unrelated to the current study. Then,
the first blood glucose level was obtained, followed by the
second administration of the Stroop color and word test,
and then the second blood glucose level was obtained. Next,
NFR threshold, 3-pulse threshold, and pain threshold were
assessed. This pain testing lasted approximately 40 minutes.
After the pain tests, blood glucose level was assessed for
the third time, followed by the third administration of the
Stroop color and word test.

Data analysis

Preliminary data screening found several variables had
marked skewness, outliers, and/or heteroscedasticity. To
systematically address outliers, data were trimmed at £3 SD
from the mean for all variables (ie, glucose levels, Stroop per-
formance, NFR threshold, and pain threshold), as described
by Wilcox.** Two repeated-measures linear—-mixed analysis
of variances with three levels (Time 1, Time 2, Time 3) were
conducted to evaluate blood glucose levels and Stroop per-
formance across time using SPSS MIXED 20.0. To examine
the relationships between changes in blood glucose levels
and changes in Stroop performance with pain variables,
change scores were created for blood glucose (Glucose #3
minus Glucose #2) and Stroop performance (Stroop #3
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minus Stroop #2) that occurred during pain testing. Pearson’s
correlations were used to assess relationships among the
variables. Significance was set at P<<0.05 (two tailed).

Results
Mean changes in blood glucose levels and

Stroop performance

Table 1 presents mean, standard error of the mean, and
F-tests for blood glucose levels and Stroop performance.
Glucose levels were significantly lower at time 3 compared
to time 2 (ie, reduced following pain testing), but all other
mean comparisons were nonsignificant. By contrast, Stroop
performance did not significantly change over time. Sex was
not a significant factor, nor did it moderate the effects of time,
in either model (all P-values>0.212).

Relations between pain outcomes and
changes in glucose levels and Stroop

performance

Change in glucose was positively associated with NFR
threshold (+=0.31, P=0.040), but not pain threshold (r=—0.07,
P=0.635; Figure 2). By contrast, change in Stroop perfor-
mance was not associated with NFR threshold (r=—0.07,
P=0.659) or pain threshold (»=0.01, P=0.942). Further,
changes in blood glucose levels were not associated with
changes in Stroop performance (=—0.133, P=0.400). Sex
was not a significant predictor, nor did it moderate any of
the relationships in any model (all P>0.141).

Discussion

Blood glucose and pain outcomes

The current study found that mean blood glucose levels were
significantly reduced over the 40 minutes of pain testing. This
is consistent with the notion that pain regulation results in
increased energy demand that in turn leads to increased blood
glucose consumption.’> However, this conclusion is tentative
given that we did not have a control group that did not receive

Table | Trimmed means and SEM of glucose and Stroop changes
across time

Time |l Time2 Time3 F-value P-value
Glucose level (mg/dL) 88.09** 89.11*  86.66°  3.50 0.035
(1.56)  (1.55) (1.55)
Stroop performance  56.91*  57.69°  59.21° 1.79 0.172

(T-score)

(L1 (112)  (1.10)

Note: Means in the same row with the same superscript are not significantly
different at P<<0.05 using a Bonferroni correction.
Abbreviation: SEM, standard error of the mean.

pain testing to control for changes in blood glucose due to
natural history. Nonetheless, one of our primary hypotheses
was supported; reductions in blood glucose were associated
with lower NFR thresholds. This suggests that those persons
who had lower blood glucose had greater difficulty engaging
descending inhibitory processes to dampen spinal nociception.
Thus, less intense stimuli were able to elicit the reflex in these
individuals. This is consistent with a study by Silvestrini and
Rainville® that used a within-subjects design to examine the
impact of a cognitively demanding task on pain and NFR. Pain
and NFR were tested immediately after 2 minutes of a cogni-
tively demanding task or after 2 minutes of a low demanding
task. Although they did not measure glucose levels, they
found pain and NFR were enhanced following the demand-
ing task, suggesting the task depleted glucose resources for
maintaining inhibition. Interestingly, a few individuals in our
study experienced an increase in blood glucose levels during
pain testing (see x-axis of Figure 2), and these individuals
benefitted from greater descending inhibition (higher NFR
thresholds). Thus when taken together, it appears that glucose
is necessary to maintain descending inhibition.

Interestingly, pain threshold was not associated with
blood glucose levels. This is consistent with previous find-
ings showing that regulation of pain and spinal nociception
do not always parallel one another, likely due to separate
modulatory mechanisms responsible for each.’®3” The lack
of correlation with pain threshold may reflect that evalua-
tion of subthreshold- and threshold-level stimuli does not
require the same energy demands as ongoing inhibition
of spinal nociception. Future studies should examine the
relationship between blood glucose levels and a task that
requires greater self-regulation and energy demands. For
example, pain perception tasks that involve prolonged
exposure to a suprathreshold stimulus (eg, cold pressor
tolerance) might produce a more robust correlation with
glucose levels.

Blood glucose and executive function

Prior research has found that reductions in blood glucose
impair performance on cognitively demanding tasks.'*'6
Given this, it was surprising that Stroop performance did
not change in parallel with blood glucose levels regardless of
whether analyses examined changes in mean levels (group-
level change) or whether analyses examined correlations
(interindividual change). Although it is unclear at this time
why we did not observe these effects, it is possible that the
inclusion of pain testing somehow disrupted the relationship
observed by other nonpain studies.'®
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Figure 2 Relationship of glucose and Stroop changes for NFR threshold and pain threshold.

Abbreviation: NFR, nociceptive flexion reflex.

Executive function and pain outcomes

Prior research has shown that chronic pain impairs executive
function,'®3* and intact executive function is important for
pain regulation.?! By contrast, we did not find a connection
between Stroop performance and our pain outcomes. Future
studies are needed to determine why we failed to find this
relationship, but it could stem from our study design. We did
not test pain outcomes on multiple occasions to see whether
they changed as executive function changed. Alternatively,
other executive function tasks or other pain measures may be
more sensitive to detecting the relationship. It is noteworthy
that our null findings are not likely due to Type II error though,
because the effect sizes were small (=—0.07 and »=0.01).

Study limitations

This present study had a number of strengths. For example, it
is the only study to examine the experimental linkages between
pain processing, blood glucose, and executive function. Fur-
ther, we assessed a physiological measure of spinal nocicep-
tion (NFR), as well as pain perception. However, there are a
few limitations worth noting. First, this study involved young,
healthy participants, and so it is not clear whether our results
will generalize to other populations. Further research is neces-
sary to extend our findings to clinical populations (eg, patients

with chronic pain and/or diabetes). Second, the study was cross
sectional, and pain outcomes were only tested on one occasion.
As a result, we cannot determine the direction of the glucose
and NFR threshold relationship. It is possible that persons with
higher NFR thresholds (those that had to be exposed to higher
stimulus intensities to evoke the reflex) may have experienced
increased stress which in turn produced a release of energy
storages causing blood glucose to go up. Additional research is
needed to verify the direction of the effects. Third, there were
too few male participants in this study to adequately measure
differences in response between males and females. And
finally, it is possible that practice effects might have rendered
the Stroop task less challenging, which might have affected
relationships with executive functioning.

Conclusion

This study examined the relationship between blood glucose
levels, pain regulation (pain threshold, NFR threshold), and
executive function (Stroop test). Results suggest glucose
depletion may impair performance of descending inhibi-
tion of spinal nociception, without impacting the perceptual
detection of pain (ie, pain threshold). This means that main-
taining blood glucose levels may help support descending
inhibition.
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