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Offset analgesia is associated with opposing
modulation of medial versus dorsolateral
prefrontal cortex activations: A functional
near-infrared spectroscopy study
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Abstract

Offset analgesia is defined by a dramatic drop in perceived pain intensity with a relatively small decrease in noxious input.
Although functional magnetic resonance imaging studies implicate subcortical descending inhibitory circuits during offset analgesia,
the role of cortical areas remains unclear. The current study identifies cortical correlates of offset analgesia using functional near
infrared spectroscopy (fNIRS). Twenty-four healthy volunteers underwent fNIRS scanning during offset (OS) and control (Con)
heat stimuli applied to the forearm. After controlling for non-neural hemodynamic responses in superficial tissues, widespread
increases in cortical oxygenated hemoglobin concentration were observed, reflecting cortical activation during heat pain. OS—Con
contrasts revealed deactivations in bilateral medial prefrontal cortex (mPFC) and bilateral somatosensory cortex (SSC) associated
with offset analgesia. Right dorsolateral prefrontal cortex (dIPFC) showed activation only during OS. These data demonstrate
opposing cortical activation patterns during offset analgesia and support a model in which right dIPFC underlies ongoing evaluation
of pain intensity change. With predictions of decreasing pain intensity, right dIPFC activation likely inhibits ascending noxious input
via subcortical pathways resulting in SSC and mPFC deactivation. This study identifies cortical circuitry underlying offset analgesia
and introduces the use of fNIRS to study pain modulation in an outpatient clinical environment.
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Introduction

Subjective pain intensity experienced during a noxious
stimulus is significantly lower if it is immediately preceded
by a stronger noxious stimulus. This phenomenon, termed
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“offset analgesia,” is thought to represent and perhaps be a
measure of endogenous pain inhibition.' Animal models of
chronic pain have demonstrated progressive deficits in en-
dogenous pain inhibitory pathways measured by invasive
physiologic techniques, implicating a loss of pain inhibition
in chronic pain pathophysiology.* Despite these preclinical
data, it remains unclear whether pain inhibition plays a central
role in initiating or maintaining pain in patients with chronic
pain.>® To address this gap, multiple studies have sought to
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determine mechanisms underlying human quantitative sen-
sory testing paradigms reflecting endogenous analgesia, in-
cluding offset analgesia, so that mechanistic changes in
patients might be measured to refine diagnosis, optimize
treatment, or identify targets for non-invasive stimulation.

In the laboratory setting, offset analgesia is most com-
monly studied using a complex, 3-step, suprathreshold heat
stimulus.” Pain intensity is reported, often continuously in
real-time with a computerized visual analogue scale, and
offline analysis of pain intensity demonstrates a dramatic drop
in pain intensity with a small step down in noxious heat. The
dynamics of continuous pain intensity ratings reported during
the 3-step stimulus and other related paradigms argue against
adaptation accounting for offset analgesia.>” Although pe-
ripheral mechanisms may contribute, behavioral,® '
neuroimaging,'>'> and computational modelling®'® studies
support a central nervous system mechanism. Brain activity
during offset analgesia has been studied primarily with
functional magnetic resonance imaging (fMRI) blood-oxygen-
level-dependent (BOLD) imaging. BOLD activations have
been observed in areas consistent with the periaqueductal gray
(PAG) and rostroventral medulla (RVM),'*'*!'7 implicating
descending inhibitory pathways. Indeed, offset analgesia has
been associated with decreases in spinal cord dorsal horn
activation,'> consistent with offset analgesia involving a de-
scending inhibitory circuit in which the PAG inhibits as-
cending nociceptive input from the spinal cord dorsal horn via
RVM.'®! Cortical regions including the prefrontal cortex and
somatosensory cortex have been implicated in offset analgesia.
However, whether these structures are activated'® or deacti-
vated'? during offset analgesia is not clear.

The relationship of cortical activity and offset analgesia
becomes particularly relevant in the clinical context of
chronic pain. Offset analgesia is diminished in neuropathic
pain,”® migraine,”' and fibromyalgia.?* Interestingly, frontal
cortical function is impaired in chronic pain during non-
painful cognitive tasks.>® Additionally, frontal and sensori-
motor cortical areas are potential non-invasive stimulation
targets to treat chronic pain.*>** Understanding cortical ac-
tivity during offset analgesia would clarify normal physiol-
ogy, frame changes in brain function in the setting of chronic
pain, and potentially inform non-invasive stimulation targets.
The current study sought to elucidate cortical activity during
offset analgesia by measuring activity-dependent hemody-
namic changes with functional near infrared spectroscopy
(fNIRS).

FNIRS is a cost-effective, portable, non-invasive neuro-
imaging tool that complements fMRI BOLD by measuring
hemoglobin concentration in cerebral cortex over time.”> >’
FNIRS is uniquely suited to study pain intensity changes
since changes in blood flow due to well-known autonomic
responses to acute pain can be adjusted for as part of signal
analysis to isolate blood flow changes due to neuronal ac-
tivity.”® Prior fNIRS studies have found dynamic cortical
responses to different experimental painful stimuli**~> and

surgical stimuli.***” During 5-second painful heat*~** or

electrical stimuli,”**° oxygenated hemoglobin concentration
dynamically changes in both frontal and sensorimotor re-
gions, with the largest changes observed a few seconds after
the stimulus ends. Morphine attenuates these cortical
changes.*® The effect of longer noxious stimuli on frontal and
somatosensory cortex hemodynamic change is less well
studied. In a study focusing only on frontal NIRS responses
that did not control for autonomic responses to pain, a painful
15°C water immersion was associated with increases in
hemoglobin oxygenation in the frontal region.®' It remains
unknown whether endogenous pain modulation, including
offset analgesia, affects pain related cortical signals measured
by fNIRS.

The current study investigates the cortical responses to
offset analgesia using fNIRS in healthy volunteer subjects.
During offset analgesia and constant control stimuli, he-
modynamic signals were measured bilaterally over the frontal
and somatosensory cortex. Analytic techniques controlling
for autonomic hemodynamic changes were used to identify
cortical hemodynamic correlates of offset analgesia. Addi-
tionally, real-time pain intensity ratings were collected during
fNIRS scanning, to confirm the presence of offset analgesia
and allow for complementary analytic approaches based on
both heat stimuli and pain intensity parameters. In this
manner, the current study aimed to elucidate the role of the
frontal and somatosensory cortex in offset analgesia.

Methods
Participants

Nine male and fifteen female healthy volunteers provided
signed informed consent to participate in this cross-sectional
study, which was approved by the University of Pittsburgh
Institutional Review Board (Study #19030002). Participants
were recruited from the University of Pittsburgh Clinical and
Translational Science Institute (CTSI) Pitt+Me research
registry, which includes more than 200,000 people from the
Pittsburgh area reporting an interest in research study par-
ticipation. The sample size was determined based on the
number of participants required to observe behavioral mea-
sures of offset analgesia in the same target population.'®
For inclusion, participants were required to be 18—50 years
old. Participants were excluded from the study if they en-
dorsed any of the following: (1) active ongoing pain every
day that was acute or chronic in duration, (2) current use of
narcotics (including opioids) or other analgesic medications,
(3) clinically unstable systemic illness judged to interfere
with the study, (4) current severe medical disorder, (5) a
lifetime history of mood disorder or psychosis, (6) use of
antidepressants, psychotropic medications, or medications
known to affect the autonomic nervous system (e.g., beta-
receptor antagonist), (7) non-ambulatory status, (8) preg-
nancy, (9) unable to complete written questionnaires in
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Figure |. Experimental design. A. Participant setup, depicting thermode placement on the left forearm, the computerized visual analogue
scale for real-time pain intensity rating controlled with the right hand, and placement of the NIRS cap. B. The two different suprathreshold
heat stimuli used to measure offset analgesia. T is the individually tailored temperature that evokes a moderate pain (50/100 mm on the
COVAS). T2is | C° hotter than T1. C. NIRS head probe with sources and detectors positioned across the frontal and sensorimotor cortices.
For region-of-interest (ROI) analysis, Brodmann areas (BA) are shown with the corresponding color intensity reflecting channel weights for

a given ROI.

English, (10) forearm tattoos at sensory testing sites, or (11)
history of brain surgeries.

After participants reported an interest in the study to the
Pittsburgh CTSI Pitt+Me research registry, study staff con-
tacted the participants to determine study eligibility. If the
participants were eligible, they were scheduled for the single
study visit, which took approximately 2 hours to complete.
Participants were compensated financially for their travel and
time.

Study visit timeline

Participants arrived to the lab, which was located within an
outpatient clinical office. After review and provision of in-
formed consent, the participants answered a set of stan-
dardized questionnaires and were then fitted with the NIRS
cap (Figure 1(a)). During NIRS scanning, participants un-
derwent a heat pain calibration paradigm with a cutaneous
heat thermode. Next, a suprathreshold heat stimulus para-
digm designed to measure offset analgesia was administered
(Figure 1(b)) using the same setup and equipment as the heat
pain calibration paradigm (Figure 1(a)). At the end of the
sensory testing, the NIRS cap was removed and participants
completed post-testing questionnaires.

Questionnaires

Participants completed a survey including self-reported de-
mographics, medical information, and standardized psy-
chometric questionnaires, summarized and administered as
previously done.'” Briefly, the psychometric surveys

included instruments measuring social status (BSMSS), de-
pression (BDI-II), anxiety (STAI Y-1 and Y-2), impulsivity
(BIS-11), and pain catastrophizing (PCS). The BSMSS
generates an ordinal score reflecting the respondent’s edu-
cation and occupation as well as the education and occupation
of their parents and spouse.”” The BDI-II generates a com-
bined ordinal score reflecting depression with excellent
psychometric properties across different populations.*® The
STAI measures both state (Y-1) and trait (Y-2) anxiety,
producing an ordinal score reflecting apprehension, tension,
nervousness, and arousal.*’*> The PCS measures cata-
strophic thinking associated with pain incorporating mag-
nification of pain-related symptoms, rumination about pain,
feelings of helplessness, and pessimism about pain-related
outcomes.*® The BIS-11 measures attentional, motor, and
non-planning impulsiveness** which are associated with
reward processing relevant to pain and addiction.*>"*® After
sensory testing outlined below, the STAI Y-2 and the situ-
ational pain catastrophizing scale (SPCS), measuring cata-
strophizing related to a pain experience,*’ were administered.

Heat pain calibration

Subjects were comfortably seated in an office chair in front of
a small table with the NIRS cap positioned for all sensory
testing paradigms (Figure 1(a)). ATSA-II 3 x 3 cm thermode
(ATS model, Medoc; Ramat Yishai, Israel) was applied to the
left forearm and secured with a Velcro strap. First, heat pain
threshold was measured in triplicate at three different loca-
tions on the forearm as previously done'® with participants
reporting the transition from heat to pain via button press
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during a ramped heat stimulus (1.5 C°/sec). Specific in-
structions were for the participant to press the button “when
the sensation in your forearm changes from heat to pain”. The
temperature reached at button press was recorded as the heat
pain threshold. The heat stimulus maximum was set to 55°C
with an interstimulus interval (ISI) of 2 minutes.

Next, based on the heat pain threshold, a previously de-
scribed calibration protocol'” was used to individualize su-
prathreshold heat pain stimuli offset analgesia paradigm
described below. Briefly, participants were asked to rate pain
intensity during an ascending series of 30-second noxious heat
stimuli applied to the forearm with the Medoc thermode. Par-
ticipants rated their pain during the constant noxious heat stimuli
in real time by operating a Computerized Visual Analogue Scale
(COVAS, Medoc) with their right hand. The COVAS device
features a horizontally positioned slider connected to a poten-
tiometer inside the device and a 100-mm visual analogue scale
(VAS) positioned externally along the slider. The anchors to the
VAS were “no pain sensation” on the left and “most intense pain
sensation imaginable” on the right. Pain intensity was recorded
using Medoc software. Real-time plots of the pain intensity
curves were monitored by the experimenter during each 30-
second stimulus, which involved a ramp to target temperature
(1.5 C°/sec), a 30-second hold at target temperature, and then a
ramp back to baseline temperature (32°C) at a rate of 6 C/sec.
Pain intensity and thermode temperature were not visible to the
participant. The initial target temperature for the series of heat
stimuli was either 2 C° higher than heat pain threshold rounded
to the nearest whole number or, if the heat pain threshold was
greater than 45°C, 45°C. Then, the target temperature was
increased by 1 C° for each stimulus (ISI 2 min) until the par-
ticipant reported a pain intensity of approximately 50/100 mm
on the COVAS (within a window of 40-60/100 mm). This
temperature was used as the individualized noxious heat tem-
perature for that participant, termed “T1”. The maximum
temperature cutoff for the target temperature was 47°C to
prevent tissue damage. Each stimulus in the set of ascending
heat stimuli was applied to one of three locations on the forearm,
rotating amongst them, so that the time between stimuli for a
given skin site was ~6 minutes.

Suprathreshold heat stimuli to measure
offset analgesia:

A mixture of two suprathreshold heat stimuli were delivered
through the Medoc thermode: a standardized “offset stimu-
lus” (OS) and a constant control stimulus (Con).>"'* Each
stimulus type was repeated in triplicate with an ISI of 2
minutes, rotating between three forearm skin sites as done
with the calibration procedure. Stimulus order alternated
between OS and Con with a counterbalanced design, such
that half participants experienced the OS first and half ex-
perienced the Con stimulus first. There were no order effects
detected for behavioral measures of offset analgesia.

The offset stimulus (OS; Figure 1(b) top) started from
baseline (32°C) with a rise rate 1.5 C°/sec to target tem-
perature (T1) held for 5 seconds, then an increase in thermode
temperature by 1 C° (termed the T2 temperature) which was
held for 5 seconds, then a decrease in temperature back to the
T1 temperature which was held for 20 seconds, and finally a
ramp (6 C°/sec) back to baseline temperature. Pain intensity
during the time period after the decrease from T2 to T1 is
examined for offset analgesia.’

The constant control stimulus (Con; Figure 1(b) bottom)
started from baseline (32°C) with a rise rate 1.5 C°/sec to
target temperature (T1), continues with a hold at T1 for
30 seconds, and then returns to baseline at a rate of 6 C°/sec.
Comparing the last portion of the OS with the Con stimulus in
a time period following the “temperature offset” from T2 to
T1 allows for a within-subject control for pain intensity
adaptation known to occur during a prolonged noxious
stimulus.>'? Offline analysis of pain intensity curves to
calculate offset analgesia is described below.

Functional near-infrared spectroscopy

FNIRS measures brain activity non-invasively by measuring
hemodynamic changes of the cortex with infrared light.*’
Light travels from an emitter on the scalp, is both scattered
by tissues and absorbed by hemoglobin, and returns to a
scalp detector optode. Using a modified Beer-Lambert
law,*® changes in attenuation of light at specific wave-
lengths for oxygenated (HbO) and deoxygenated (HbR)
hemoglobin can be calculated, providing a measure of
change in HbO and HbR concentration over time. Since
neuronal activity elicits a hemodynamic response, there is an
increase in HbO and a decrease in HbR with brain acti-
vation, similar to the f'MRI BOLD signal.*® Changes in HbO
and HbR for an emitter-detector pair (termed “channel”)
spatially reflect change in tissues at the midpoint of the
channel and a depth of roughly half the distance between the
two optodes. Long-separation channels measure deeper
cortical activity, while short-separation channels measure
non-neuronal hemodynamic changes in skin (i.e., systemic
physiological noise).

NIRS data were recorded using a commercial NIRScout-2
(NIRx, GmbH, Berlin, Germany) continuous fNIRS system
with short-separation measurements. A total of 50-channels (42
channels for long distance and eight channels for short-
separation measurements) were distributed across bilateral
frontal cortex and bilateral sensorimotor cortex (Figure 1(c)).
Long-distance channels comprised 16 source optodes (orange
circles) and 13 detector optodes (blue rectangles) placed on the
scalp (Figure 1(c)). One detector optode split into eight de-
tectors (green diamonds) was used for short-separation chan-
nels in eight locations across the scalp. The blue solid-line
represents long-distance channels and the green dotted-line
represents short-separation channels. Figure 1(c) also shows
the sensitivity of the probes overlying eight Brodmann areas:
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BA-4 (L, R), BA-10 (L, R), BA-40 (L, R), and BA-45 (L, R)
which will be used for ROI analysis. Data for two wavelengths
(760 and 850 nm) were recorded at a sampling rate of
7.8125 Hz. After positioning the headcap, signal quality was
optimized using the NIRx Aurora software. Artifacts from hair
were identified by poor signal optimization and/or lack of
pulsatile hemodynamic change in raw signals at ~1 Hz. To
address this, hair was parted underneath the optode and signal
optimization was repeated. Ambient light was blocked using an
opaque, black shower cap. Following scanning, data were
processed and analyzed offline as outlined below.

Statistical analysis

Thermode temperature and pain intensity curves from the
Medoc were analyzed as previously described'® using
MATLAB 2021a (The MathWorks Inc, Natick, MA). Briefly,
temperature-defined time points were extracted from raw
Medoc data files. Key time points included the onset of the
initial stimulus ramp, the time T1 was reached (~10 after the
onset of the stimulus ramp) in both OS and Con stimuli, and
the time of temperature offset in the OS (temperature tran-
sition from T2 down to T1 at ~20 seconds after the onset of
the stimulus ramp). These time points were used to define the
temperature epoch of interest for fNIRS analysis of offset
analgesia, which is the 2040 s time window after the start of
the stimulus. Additionally, behavioral measures of offset
analgesia were extracted from the pain intensity curves using
these time points.

To calculate offset analgesia, the minimum of the pain
intensity curve during the OS was determined first by
determining the maximum pain intensity around the
transition from T2 down to T1 using a time window of
10 seconds, centered on the T2-T1 transition. Next the
minimum pain intensity following that maximum was
calculated. This minimum value was recorded for a given
OS replicate. To control for pain adaptation during the heat
stimulus, pain intensity at the same time point was de-
termined from the Con heat stimulus. Specifically, the pain
intensity at the OS stimulus minimum determined above
was extracted from the COVAS pain intensity curve during
the Con stimulus. This procedure results in pain intensity at
the OS minimum and Con at the equivalent time point for
each paired OS-Con replicate. The three replicates were
averaged within a given subject, plotted, summarized with
descriptive statistics, and compared using paired t-tests
with StataMP v14 (Statacorp, College Station, TX) and
Prism 9 (GraphPad Software, La Jolla, CA). Pain differ-
ence curves were calculated with a simple subtraction of
the replicate pairs of OS and Con pain intensity curves,
each sampled at a rate of 1 Hz. For a given subject, the
mean pain difference across replicates at each second was
calculated. Single-subject curves during the 20—40 second
interval were then plotted along with median values using
Prism 9. Analysis of these group-level pain difference

curves led to the behaviorally defined epoch of interest
used in fNIRS analysis of offset analgesia.

For NIRS data, processing and data analysis were im-
plemented in MATLAB 2021a (The MathWorks Inc, Natick,
MA) as the part of an open-source AnalyzIR toolbox.*’ Raw
light intensities for each wavelength and channel were re-
sampled at 4 Hz, then converted to optical density, and finally
converted to hemoglobin concentration with “OpticalDen-
sity” and “BeerLambertLaw” modules, respectively. First
level within-subject modelling was then performed. Given
the superior performance in filtering motion artifacts and
accounting for physiological noise, including cardiopulmo-
nary oscillations, an iteratively pre-whitened general linear
model, with short-separation channel data set as regressors-
of-no-interest was used.’® This GLM incorporated finite
impulse response (FIR) deconvolution, rather than a ca-
nonical “boxcar” hemodynamic response function. This was
done because the canonical hemodynamic response function
imposes assumptions about task-based hemodynamic
change, which may not apply to dynamic changes in pain
during offset analgesia. On the other hand, FIR deconvolution
is unconstrained, allowing for full estimation of the hemo-
dynamic response (see Santosa et al.’' for details and
comparison of the performance with other models). In the
GLM module in Toolbox, “FIR _smoothing” was used with a
16 second window and a 6-second (FWHM) Gaussian
smoothing kernel. The eight short-separation NIRS channels
were included as regressors of no interest using both HbO and
HbR (16 regressors total) for all long channels.’® After
solving this within-subject GLM, a second-level fixed effects
regression model was solved that included both time and
stimulus type (offset stimulus versus control stimulus). The
first level noise covariance models were used to pre-whiten
the second level model and a robust (iterative outlier rejec-
tion) statistical estimator was used. Contrasts included epochs
of interest that were temperature defined (2040 sec fol-
lowing heat stimulus ramp onset) or behaviorally defined (10-
second interval with maximal offset analgesia in a subgroup
of participants with robust offset analgesia). For whole-brain
analysis, Student’s t-statistic estimates and Benjamini-
Hochberg false-discovery rate corrected p-values (q-values)
were also calculated, addressing the problem of elevated type
1 error due to multiple comparisons. A significance level of
q < 0.05 was used in heatmaps of T-scores plotted in 10-20
format. In a sensitivity group-level analysis, a fixed effects
model was used to examine both average subgroup responses
based on magnitude of offset analgesia, operationalized as a
binary variable (“robust offset analgesia” versus “no offset
analgesia”) created with a median-split of offset analgesia.
This group-level model additionally supports iterative (ro-
bust) statistics described above to down-weight any outliers.

For region-of-interest (ROI) analysis, channel statistics
derived from the first-level model, corresponding to hemo-
globin concentration within a given channel and subject over
time, were weighted and combined to capture activations in
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Figure 2. Cortical activation during prolonged noxious heat stimulation of the forearm. Whole-brain T-score heatmaps are displayed for
each channel during constant control (A) and offset (B) stimuli. Forty-five seconds during noxious stimulation were contrasted with an

immediately preceding baseline time period. In C., [OS-Con] contrast during the full 45-second stimulus time period is shown. Solid lines
reflect statistically significant contrasts surviving correction for multiple comparisons (q < 0.05). Dashed lines are not statistically significant.

Brodmann areas (BA) 6, 10, 40, and 46 using the “roiAverage”
utility in Toolbox.*’ This function uses the projected weights
onto the NIRS channels of the Brodmann areas as defined in
brain space using the Talairach daemon atlas® and location of
the NIRS probe. This defines a tapered ROI weight across the
channels to test the null hypothesis of that region’s null in-
volvement in the response.*” Hemoglobin concentrations were
normalized, setting the initial time point to a concentration
value of zero, and then plotted for each region of interest,
allowing a graphical analysis of change in hemoglobin con-
centration over time. Median hemoglobin values across the
subjects are plotted. Student’s t-tests, T-scores, and g-values
using Student’s t-test were calculated for a given ROL

Results

i. Prolonged noxious heat stimuli are associated with
activation of frontal and somatosensory cortex

Healthy, pain-free participants (N = 24; self-identified
gender: nine male and 13 female; mean age 27.4 years
+standard deviation (SD) 8.7 years; 23 right handed)
provided informed consent to participate in the study.
Participants were positioned as in Figure 1 and heat
stimuli were applied during fNIRS scanning. Group
mean heat pain threshold on the left forearm was 46.6°C
+ SD 2.1°C. To tailor the noxious temperature used for

each participant to measure offset analgesia, a heat pain
calibration procedure was performed. Using real-time
pain intensity rating with a COVAS (Figure 1(a)), the 30-
second heat stimulus that elicited a heat pain intensity of
approximately 50/100 mm was determined for each
participant and recorded as “T1” (Figure 1(b) bottom).
Group mean T1 was 46.4°C = SD 1.0°C. To measure
offset analgesia, participants underwent a series of su-
prathreshold heat stimuli (Figure 1(b)), which included a
mixture of offset stimuli (“OS”) and constant control
stimuli (“Con”).

The offset and control stimuli evoked widespread ac-
tivation in frontal and somatosensory cortices. In Figure 2,
group-level, whole-brain contrasts of oxygenated (HbO)
and deoxygenated (HbR) hemoglobin concentration are
shown comparing the entire stimulus time period (from
ramp onset until return to baseline, see Figure 1(b)) with
the preceding baseline rest period. Channels measuring
bilateral frontal and somatosensory cortical activity are
significantly activated in both control (Figure 2(a)) and
offset stimuli (Figure 2(b)). In somatosensory cortex, ac-
tivations during the constant control stimulus appear to be
more robust than the offset stimulus, with different re-
gional patterns achieving statistical significance after ad-
justing for multiple comparisons (q < 0.05). In prefrontal
cortex, varying levels of activation are noted in multiple
regions, which suggest that each stimulus, offset versus
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Figure 3. Temperature offset is associated with divergent patterns of cortical activation. VWhole-brain T-score heatmaps reflecting constant
control (Con)-baseline (A), offset stimulus (OS)-baseline (B), and OS-Con (C) contrasts during the 20 seconds following the step down
from T2 to T| during the OS. This 2040 second epoch is commonly examined to measure offset analgesia. Solid lines reflect statistically
significant contrasts surviving correction for multiple comparisons (q < 0.05). Dashed lines are not statistically significant. In C., for the
oxyhemoglobin montage, regional activations and deactivations are labeled in red and blue, respectively.

control, may be associated with different regional patterns
of activation.

ii. In an epoch-of-interest analysis, offset analgesia is
associated with differential cortical activation
and deactivation.

To examine the neural correlates of offset analgesia, an
epoch-of-interest (EOI) analysis during the suprathreshold
heat stimuli was conducted. Since offset analgesia is mea-
sured by examining behavioral responses following the
temperature offset from T2 to T1 in the OS® which occurs at
~20 seconds after the start of the OS, an EOI of 20-
40 seconds was chosen. Using this temperature-derived EOI,
activation maps were calculated and shown in Figure 3.
During the Con stimulus (Figure 3(a)), channels overlying
bilateral somatosensory (SS) and medial prefrontal cortex
(mPFC) show robust activation compared to a baseline rest
period prior to the stimulus. Although activations are ap-
parent during the OS in this 2040 second EOI, they are less
robust and widespread than during the Con. Results from an
[OS—Con] contrast plotted in Figure 3(c) confirm that most
activations during the OS are decreased compared with Con.
OS-associated activations are less in the bilateral SSC and
bilateral mPFC. Interestingly, right dorsolateral prefrontal

cortex (dIPFC) shows greater activation during the OS than
Con (Figure 3(c)). Examination of EOI-baseline contrasts in
Figures 3(a) and (b) shows that R dIPFC activation appears
only to occur during OS.

To guide further NIRS analysis, behavioral data were
examined. In the current sample, offset analgesia was de-
tected on the group level. Figure 4(a) shows an example of
one participant’s real-time pain intensity rating, with a pro-
nounced separation between OS and Con pain intensity
curves following temperature offset at 20 seconds, a graphical
representation of offset analgesia. Using a standard method to
quantify offset analgesia,™'? the minimum of the OS pain
intensity curve following temperature offset was compared
with the pain intensity at a corresponding time point during
the Con pain intensity curve (black arrow, Figure 4(a)). On
the group level, the pain intensity during the OS is signifi-
cantly less than during the Con stimulus (Figure 4(b)). The
pain difference (OS pain intensity—Con pain intensity) for the
same participant in Figure 4(a) is plotted in Figure 4(c),
highlighting a robust offset analgesia response in this par-
ticipant. The magnitude of the OS-Con pain intensity dif-
ference calculated at the OS minimum (black arrow in Figure
4(a)) is variable across participants, depicted graphically with
the scatter plot in Figure 4(d). Interestingly, in this sample,
this distribution appeared biphasic with separation along the
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Figure 4. Behavioral measures of offset analgesia. A. An example of pain intensity continuously rated over time during offset (OS) and
constant control stimuli (Con) from a single subject. Cutaneous thermode temperatures for different time periods are noted above the
graph. In this participant, T| =47°C and T2 = 48°C. The black arrow represents a standard measure of offset analgesia, derived by subtracting
the minimum pain intensity in that time period during the OS with Con pain intensity at the same time point. B. Group-level data demonstrate
offset analgesia, as measured by comparing pain intensity at the time point of the minima following OS temperature offset during both OS
and Con stimuli. Group mean values are plotted with error bars representing 95% Cl, ** paired t-test, p <.0l. Pain intensity difference (OS—
Con) at each time point for a single participant (C.) and across the group at the OS pain intensity minima (D.). E. Pain difference curves, similar
to C,, are plotted for all participants (thin lines, colored by median split subgroup: “robust offset analgesia” are participants with pain
intensity differences in D. more negative than the median and “no offset analgesia” less negative than the median). Thick lines represent the

median of the subgroups at each time point.

Offset stimulus - Control stimulus contrast during behaviorally-defined epoch-of-interest (26-36s)

Oxyhemoglobin right mPFC

right dIPFC

T-score

Deoxyhemoglobin

T-score
o

Figure 5. Offset analgesia is associated with decreases in mPFC and SSC activation and increases dIPFC activation. Whole-brain T-score
heatmaps reflecting [OS-Con] contrasts during maximal offset analgesia, 26—36 seconds after the start of the OS. Solid lines reflect

statistically significant contrasts surviving correction for multiple comparisons (q < 0.05). Dashed lines are not statistically significant. For the
oxyhemoglobin montage, regional activations and deactivations are labeled in red and blue, respectively.
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Figure 6. Dynamic changes in oxygenated and deoxygenated hemoglobin during offset and control stimuli. Group median HbO (red) and
HbR (blue) from right and left medial prefrontal cortex (BA-10), dorsolateral prefrontal cortex (BA-45), and somatosensory cortex (BA-
40) are plotted at a sampling rate of | Hz during both offset stimuli (OS) and constant control stimuli (Con). Stars indicate significant
differences (q < 0.05) from the ROI analysis between OS and Con during the 20—40 second interval examined for offset analgesia. Red stars
represent oxyhemoglobin OS-Con, and blue stars represent deoxyhemoglobin OS-Con. Borderline significance is noted with the g-value.

group median. To determine a behaviorally defined epoch-of-
interest with maximal offset analgesia, individual pain dif-
ference curves from all participants were plotted starting at
temperature offset (20 sec; Figure 4(¢)). In participants with
robust offset analgesia (greater than the median value), the
OS-Con pain intensity difference decreased below 0, re-
flecting offset analgesia, at 26 seconds and returned to zero at
approximately 36 seconds (dotted vertical lines in Figure
4(e)). Overall, this behavioral analysis confirmed the pres-
ence of offset analgesia in this sample and guided the defi-
nition of a behaviorally relevant EOL

Using the behavior-defined EOI, similar activation patterns
emerged as the temperature-defined EOL During the 26-36 EO],
Con-baseline and OS—baseline contrasts showed activations in
bilateral SSC and mPFC (data not shown). The OS-baseline
contrast showed a significant activation in R dIPFC, without
significant activation in that region in the Con-baseline contrast.

Similar to the temperature-defined EOI, the OS-Con contrast
during the 26-36 EOI showed a deactivation of the bilateral SSC
(Figure 5). In the 26-36 EOI, the right mPFC was significantly
deactivated during OS, but the left mPFC did not achieve sig-
nificance. Right dIPFC showed significantly greater activation
during OS. Taken together, both temperature-defined and be-
havior-defined EOI strategies demonstrate activations in SSC and
mPFC that are significantly reduced during the OS compared with
Con and an OS-specific activation in the right dIPFC.

iii. Timeseries analysis reveals dynamic cortical activity
changes during offset and control stimuli

A timeseries analysis was performed to visualize dynamically
changing HbO and HbR values, given the dynamic changes in
pain intensity during the OS and Con. Since whole-brain
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Figure 7. Subgroup sensitivity analysis. HbO and HbR activation maps reflecting OS-Con contrast T-scores in participants with robust offset
analgesia (A., N = 12) and without offset analgesia (B., N = 12). Solid lines reflect statistically significant contrasts surviving correction for
multiple comparisons (q < 0.05). Dashed lines are not statistically significant.

contrasts implicated SSC, mPFC, and dIPFC, Brodmann areas
within these regions were selected using an ROI approach. In
Figure 6, HbO increases and accompanying HbR decreases
reflect cortical activation and are observed in multiple ROIs.
Consistent with the whole-brain analysis, significant differences
between OS and Con were observed. Relative SSC (BA-40)
deactivation during OS was observed bilaterally, while right
dIPFC (BA-46) showed activation. In the left BA-10 ROI al-
though median values of the curves do not appear dramatically
different, there is a significant group level difference (HbO: T =
—2.95, q = 0.01) consistent with a decreased left BA-10 acti-
vation during OS compared to Con. The only difference with the
whole-brain analysis was in the right BA-10 ROI, which
showed a relative activation during OS with borderline statistical
significance (HbO: T = 2.22, q = 0.04), whereas in the whole
montage analysis there appeared to be a relative deactivation.

iv. Subgroup sensitivity analysis is consistent with
whole-group analysis, implicating mPFC, SSC, and
right dIPFC.

Using the behavior-defined subgroup analysis outlined

above, in which participants were divided by the whole-group
median magnitude of offset analgesia, participants with

robust offset analgesia showed significant differences be-
tween OS and Con (Figure 7), with similar regional patterns
outlined above. Although differences appeared to be less
robust in participants without offset analgesia, there remained
several statistically significant differences.

There was no difference between participants with and
without robust offset analgesia in baseline demographic
variables, handedness, or head circumference (Table 1).
Although most standardized psychometric assessments did
not show a difference, situational pain catastrophizing and
trait anxiety were significantly different between the groups.
Importantly, the temperature used to elicit offset analgesia
(T1) was not different between groups, consistent with prior
work demonstrating that offset analgesia is unique from
noxious heat sensibility."”

Discussion

Although subcortical descending modulatory pathways are
activated during offset analgesia, the role of the cerebral cortex
remains unclear. The goal of this study was to elucidate the
cortical correlates of offset analgesia. Using fNIRS and re-
gression models that accounted for non-neural hemodynamic
responses to pain, we found that offset analgesia is associated
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Table 1. Characteristics of participants with and without robust offset analgesia.

No Offset Offset All p-value®

Age 295 +94 2525 + 7.68 27.38 + 8.67 0.24
Gender (Males/Total) 6/12 (50%) 3/12 (25%) 9124 (38%) 0.21
Race and Ethnicity

Non-hispanic 12/12 (100%) 11712 (92%) 23/24 (96%) 0.31

White 9/12 (75%) 7112 (58%) 16/24 (67%) 0.3

Black 1/12 (8%) 4/12 (33%) 524 (21%) —

Asian 2/12 (17%) 1712 (8%) 3/24 (13%) —
Socioeconomic Status (BSMSS) 3643 £ 1045 34.57 £ 7.84 35.5 £ 9.09 0.63
Handedness (R-handed/Total) 12/12 (100%) 11712 (92%) 23/24 (96%) 0.31
BMI 29.36 + 7.68 2674 £ 7.17 28.05 + 7.39 0.4
Head circumference (cm) 585 + 247 57.92 + 1.68 5821 + 2.08 0.51
Baseline psychometric assessment

Depression (BDI) 3+338 2,67 £ 3.85 2.83 £ 3.55 0.82

Trait Anxiety (STAI-Y2) 46.25 + 2.8 43.75 % 3.05 45 £ 3.13 0.05

State Anxiety (STAI-YI) 45.67 + 3.96 45.92 + 3.9 45.79 + 3.84 0.88

Pain Catastrophizing (PCS) 3.17 £ 3.88 4.58 + 6.84 3.88 £ 5.49 0.54

Impulsivity (BIS) 50.75 £ 7.68 50.67 = 5.76 50.71 + 6.64 0.98
Post-test psychometric assessment

State Anxiety (STAI-YI) 43.92 + 3.82 4333 +3.26 43.63 + 3.49 0.69

Situational Pain Catastrophizing (SPCS) 0.67 £ 0.98 242 + 1.88 1.54 £ 1.72 0.0/
Psychophysical parameters

Test temperature used (TI) 46.42 + 1.08 46.33 £ 0.98 46.38 = 1.0l 0.85

Maximum pain intensity during control 30.53 + 33.36 49.61 £ 21.66 40.07 £ 29.18 0.11

Pain intensity difference (OS min—Control) 0.5 £ 3.94 —11.67 £ 5.36 —558£7.73 <0.001

?For continuous variables, mean and standard deviations are presented with p-values from t-tests. For categorical variables, row counts over column counts
with percentages in parenthesis are listed. p-values are from Chi-square tests. p-values = .05 are italicized and bolded.

with relative deactivation of bilateral somatosensory cortex
(SSC), deactivation of bilateral medial prefrontal cortex
(mPFC), and activation of right dorsolateral prefrontal cortex
(dIPFC). This pattern of cortical activation was observed both
in temperature- and behavior-defined epochs-of-interest and
confirmed with region-of-interest analysis. Taken together,
these observations imply opposing modulation of cortical
activation during offset analgesia. This study adds to the
mechanistic understanding of offset analgesia and, with the use
of fNIRS, provides proof-of-concept for clinic-based assess-
ment of brain activity during pain modulation.

i. Neural correlates of offset analgesia

Clarifying the underlying mechanisms of offset analgesia
would provide insight into acute pain inhibitory processes
that are altered in and likely contributing to chronic pain. As
such, several studies have examined central nervous system
activity during offset analgesia using fMRI BOLD. Sub-
cortical circuits implicated in other examples of endogenous
pain inhibition, such as placebo analgesia,”® appear to be
activated during offset analgesia. This includes the PAG and
RVM'*"3 and is accompanied by relative deactivation in
spinal cord dorsal horn (SCDH),"® suggesting that offset

analgesia engages a top-down inhibitory PAG-RVM-SCDH
pathway to inhibit ascending nociceptive input.'®

Cortical modulation has been implicated in other en-
dogenous pain inhibition paradigms,®® but details remain
unclear in offset analgesia due to conflicting results from
fMRI BOLD studies.”'? Yelle and colleagues reported de-
creased contralateral S1 activation during offset analgesia.
Compared to baseline, mPFC was inhibited during the control
stimulus with a larger inhibition during offset analgesia.
Right dIPFC showed greater activation during offset anal-
gesia than the control stimulus. On the other hand when
contrasting the offset and control stimuli, Derbyshire and
colleagues reported a relatively decreased BOLD signal in
multiple areas of the cerebral cortex, including bilateral S1,
S2, and right dIPFC (BA-46). The reason for disparate results
between these two studies could be stimulus related—VYelle
and colleagues included a longer duration heat stimulus than
Derbyshire and colleagues—or related to differences in an-
alytic approach—Derbyshire and colleagues contrasted ac-
tivity during the EOI following temperature offset with the
initial period of the OS at T1 during painful stimulation, while
Yelle and colleagues contrasted the offset EOI with a baseline
period at rest. Neither study corrected for autonomic re-
sponses to acute pain, which could confound fMRI BOLD
analysis.””
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With fNIRS, we find widespread activations during both the
control (Con) and offset stimuli (OS) and, when contrasting the
two stimuli to examine offset analgesia, we find relative de-
activation of bilateral SSC, bilateral mPFC deactivation, and
right dIPFC activation. The general pattern of cortical acti-
vation we observed is more consistent with Yelle and col-
leagues, although there are some differences. In the present
study, bilateral, rather than unilateral, SSC activations are noted
during both OS and Con. All three studies find mPFC deac-
tivation during offset analgesia. Although this study and Yelle
find dIPFC activation with offset analgesia, Derbyshire and
colleagues reported relative deactivation. We speculate that a
lack of control for non-neural autonomic changes underlies
differences with prior fMRI studies and the current study. By
controlling for hemodynamic change in the scalp with short-
separation channel data integrated into first-level regression
modeling, the current technique controls for autonomic re-
sponses to acute pain, adding confidence to our findings.

ii. fNIRS-measures of pain and analgesia

The results from the current study confirm prior work that
painful stimulation causes measurable changes in cortical
hemodynamics, summarized in the Introduction and reviewed
recently by Karunakaran and colleagues.”® To our knowledge,
the current study is the first to utilize prolonged heat stimulation
(45 sec), with most prior work examining shorter noxious
stimuli. One study reported increases in HbO reflecting pre-
frontal activation in response to the minutes-long cold pressor
test.>' While this study only used four channels over bilateral
PFC and did not measure somatomotor cortex, the reported
results are consistent with our findings of bilateral PFC acti-
vation during the entire noxious heat stimulus.

The direction and timing of HbO change appears to be
different during shorter noxious stimuli than those used in the
current study. For example, a 5-second noxious heat stimulus
was associated with a biphasic decrease, increase, and a more
prolonged decrease in mPFC HbO.?* This response started
about 4 seconds after initiation of the 5-second stimulus and
lasted for at least 20 seconds. Similar decreases in mPFC
HbO were reported with transient noxious stimuli>**® with
the largest changes in signal occurring after the stimulus end.
On the other hand, increases in SSC HbO with noxious
stimuli, similar to those observed in the current study, have
also been reported,®®**** and these monophasic increases in
HbO are typically present during innocuous stimulation but at
a lower magnitude. Although SSC HbO increases observed
presently are consistent with these prior studies, the mPFC
responses show an increase in HbO (activation) with pro-
longed heat pain rather than a decrease. We speculate that this
difference in mPFC HbO response may be due to a composite
hemodynamic response during short duration noxious
stimulation, reflecting both the onset and offset of pain.
Specifically, with pain onset mPFC activates, but then de-
activates with decreased pain intensity. During longer

noxious stimulation, with either prolonged heat in the present
study or cold pain,*’ mPFC activation becomes more ap-
parent since responses are not superimposed in time. Future
work will be required to clarify the waveform of mPFC
response to different durations of noxious stimulation.
There is less work examining the neural correlates of pain
relief using fNIRS. One small volunteer study (» = 11) found
that morphine attenuated mPFC (BA-10) responses to short
noxious stimuli with a decrease in contralateral SSC acti-
vation detected by subgroup analysis.>® FNIRS scanning
during an expectancy conditioning paradigm, often used in
the study of placebo analgesia, revealed an association be-
tween placebo analgesia and right dIPFC activation which
was diminished in patients with chronic neuropathic pain.>’
This is consistent with our observation of right dIPFC acti-
vation during offset analgesia and other studies of placebo
analgesia using fMRI, PET, and transcranial magnetic
stimulation.> The current study provides additional evidence
in characterizing the cortical responses during endogenous
pain inhibition, specifically examining offset analgesia.

jii. Clinical implications

In chronic pain, offset analgesia is attenuated,’ suggesting
alterations in pain modulation which may contribute to the
pathophysiology of different chronic pain conditions. The
current study identified cortical patterns of activation during
offset analgesia using fNIRS which is portable, scalable, and
clinic-based. These data raise the possibility that pain
modulatory circuits could be examined in patients in an
outpatient clinical environment. Serial imaging in the setting
of prospective clinical studies may be more feasible with
fNIRS and could potentially be integrated into the devel-
opment of biosignatures of pain.’®

iv. Model for offset analgesia

Based on the current fNIRS study we posit a model of cortical
pain modulation during offset analgesia. A small decrease in
noxious input results in predictions of further decreases in
pain intensity.'® We propose that R dIPFC activation un-
derlies this cognitive-evaluative process involved in pain
prediction. R dIPFC output to PAG engages a descending
inhibitory circuit which decreases ascending noxious input.
This decreased noxious input results in decreased SSC and
mPFC activation, areas which have previously been related to
sensory-discriminative and emotional-motivational aspects
of pain. In support of this model, recent anatomic and
functional studies in rodents have identified descending in-
hibitory pathways from PFC that engage the PAG directly or
more indirectly via the nucleus accumbens and amygdala to
decrease pain-like behaviors.>®*® In monkey, there are robust
projections from PFC to PAG.%° Although direct translation
across species is difficult’’, these findings combined with
results from the present study suggest that R dIPFC to PAG
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pathways contribute to offset analgesia, likely as part of a
larger, pain-modulatory network.?

The current study is limited by a focus only on offset
analgesia and not on pain facilitatory paradigms. Based on
our model, one would hypothesize that during predictions of
increased pain intensity or “onset hyperalgesia,”'® R dIPFC
would still show activation, reflecting the same cognitive-
evaluative process, but that pain intensity and negative va-
lence would be high, resulting in SSC and mPFC activation.
Future studies examining the bidirectional effects of ex-
pectancy using brain imaging will be important in testing this
hypothesis. Another study limitation is that fNIRS cannot
image deeper cortical structures known to contribute to pain
modulation, including insula and anterior cingulate cortex, or
subcortical regions, such as the PAG. Future work combining
fNIRS and fMRI may address this limitation.

Conclusions

Using fNIRS, we find widespread activation in frontal and
somatosensory cortices during pain. During offset analgesia,
divergent patterns of cortical activation emerge, with relative
deactivation in bilateral SSC, deactivation in bilateral mPFC,
and activation of R dIPFC. These findings are consistent with
a model in which updated pain predictions during a noxious
stimulus offset robustly inhibit pain through activation of R
dIPFC and deactivation of both SSC and mPFC. Future work
will examine the role of stimulus increases and the clinical
relevance of offset analgesia.

Author contributions

B.J.A. developed the concept of the study. B.J.A., A.D.W., and
T.J.H. designed the study. B.J.A., H.S., and Q.H.N. acquired the
data. BJ.A., H.S., and T.J.H. analyzed the data. B.J.A., H.S,,
A.D.W., and T.J.H. interpreted the data. B.J.A. prepared the first
draft of the manuscript. All authors revised the manuscript critically
and approved the published version.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was supported by the National Institutes of Health (NIH) National
Institute of General Medical Sciences in the form of a grant supporting
B.J.A. [T32GMO075770], the NIH National Institute of Biomedical
Imaging and Bioengineering in the form of a grant supporting T.J.H.
[RO1EB028248-01], the Virginia Kaufman Endowment Fund in the
form of a Pain Research Challenge grant, a program of the Clinical and
Translational Science Institute at the University of Pittsburgh, awarded
to B.J.A.,, H.S., A D.W, and T.J.H., and the International Anesthesia
Research Society in the form of the Mentored Research Award,

awarded to B.J.A. Finally, recruitment of participants was supported
by the University of Pittsburgh Clinical and Translational Science
Institute (CTSI), funded by the National Center for Advancing
Translational Sciences Grant Number UL1TR001857.

ORCID iD

Benedict J. Alter @ https://orcid.org/0000-0002-0171-3411

References

1. Grill JD and Coghill RC. Transient analgesia evoked by
noxious stimulus offset. J Neurophysiol 2002; 87: 2205-2208.
DOI: 10.1152/jn.00730.2001.

2. Yelle MD, Rogers JM and Coghill RC. Offset analgesia: a
temporal contrast mechanism for nociceptive information. Pain
2008; 134: 174-186. DOI: 10.1016/j.pain.2007.04.014.

3. Szikszay TM, Adamczyk WM and Luedtke K. The magnitude
of offset analgesia as a measure of endogenous pain modulation
in healthy subjects and patients with chronic pain - a systematic
review and meta-analysis. Clin J Pain 2018; 35, 189, 204. DOIL:
10.1097/ajp.0000000000000657.

4. Lockwood S and Dickenson AH. What goes up must come
down: insights from studies on descending controls acting on
spinal pain processing. J Neural Transm (Vienna) 2020; 127:
541-549. DOI: 10.1007/s00702-019-02077-x

5. Georgopoulos V, Akin-Akinyosoye K, Zhang W, McWil-
liams DF, Hendrick P and Walsh DA. Quantitative sensory
testing and predicting outcomes for musculoskeletal pain,
disability, and negative affect: a systematic review and meta-
analysis. Pain 2019; 160: 1920-1932. DOI: 10.1097/j.pain.
0000000000001590.

6. Petersen KK, Vaegter HB, Stubhaug A, Wolff A, Scammell BE,
Arendt-Nielsen L and Larsen DB. The predictive value of
quantitative sensory testing: a systematic review on chronic
postoperative pain and the analgesic effect of pharmacological
therapies in patients with chronic pain. Pain 2021; 162: 31-44.
DOI: 10.1097/j.pain.0000000000002019.

7. Morch CD, Frahm KS, Coghill RC, Arendt-Nielsen L, An-
dersen OK. Distinct temporal filtering mechanisms are engaged
during dynamic increases and decreases of noxious stimulus
intensity. Pain 2015; 156: 1906-1912. DOI: 10.1097/j.pain.
0000000000000250.

8. Petre B, Tetreault P, Mathur VA, Schurgin MW, Chiao JY,
Huang L and Apkarian AV. A central mechanism enhances pain
perception of noxious thermal stimulus changes. Sci Rep 2017;
7: 3894. DOI: 10.1038/s41598-017-04009-9.

9. Ligato D, Petersen KK, Morch CD and Arendt-Nielsen L.
Offset analgesia: the role of peripheral and central mechanisms.
Eur J Pain 2018; 22: 142-149. DOI: 10.1002/ejp.1110.

10. Martucci KT, Yelle MD, Coghill RC. Differential effects of
experimental central sensitization on the time-course and
magnitude of offset analgesia. Pain 2012; 153: 463—472. DOL:
10.1016/j.pain.2011.11.010.

11. Ruscheweyh R, Kiihnel M, Filippopulos F, Blum B, Eggert
T and Straube A. Altered experimental pain perception after


https://orcid.org/0000-0002-0171-3411
https://orcid.org/0000-0002-0171-3411
https://doi.org/10.1152/jn.00730.2001
https://doi.org/10.1016/j.pain.2007.04.014
https://doi.org/10.1097/ajp.0000000000000657
https://doi.org/10.1007/s00702-019-02077-x
https://doi.org/10.1097/j.pain.0000000000001590
https://doi.org/10.1097/j.pain.0000000000001590
https://doi.org/10.1097/j.pain.0000000000002019
https://doi.org/10.1097/j.pain.0000000000000250
https://doi.org/10.1097/j.pain.0000000000000250
https://doi.org/10.1038/s41598-017-04009-9
https://doi.org/10.1002/ejp.1110
https://doi.org/10.1016/j.pain.2011.11.010

Molecular Pain

12.

13.

16.

17.

18.

19.

20.

21.

22.

23.

24.

cerebellar infarction. Pain 2014; 155: 1303-1312. DOI: 10.
1016/j.pain.2014.04.006.

Derbyshire SW and Osborn J. Offset analgesia is mediated by
activation in the region of the periaqueductal grey and rostral
ventromedial medulla. Neuroimage 2009; 47: 1002—1006.
DOI: 10.1016/j.neuroimage.2009.04.032.

Yelle MD, Oshiro Y, Kraft RA and Coghill RC. Temporal
filtering of nociceptive information by dynamic activation of
endogenous pain modulatory systems. J Neurosci 2009; 29:
10264-10271. DOI: 10.1523/JNEUROSCI.4648-08.2009.
Nahman-Averbuch H, Martucci KT, Granovsky Y, Weissman-
Fogel I, Yarnitsky D and Coghill RC. Distinct brain mecha-
nisms support spatial vs temporal filtering of nociceptive in-
formation. Pain 2014; 155: 2491-2501. DOI: 10.1016/j.pain.
2014.07.008.

. Sprenger C, Stenmans P, Tinnermann A, Buchel C. Evidence

for a spinal involvement in temporal pain contrast enhance-
ment. Neuroimage 2018; 183: 788-799. DOI: 10.1016/.
neuroimage.2018.09.003.

Cecchi GA, Huang L, Hashmi JA, Baliki M, Centeno MV, Rish
I, Apkarian AV. Predictive dynamics of human pain perception.
PLoS Comput Biol 2012; 8: €1002719. DOI: 10.1371/journal.
pcbi.1002719.

Zhang S, Li T, Kobinata H, Ikeda E, Ota T, Kurata J. Atten-
uation of offset analgesia is associated with suppression of
descending pain modulatory and reward systems in patients
with chronic pain. Mol Pain 2018; 14: 1744806918767512.
DOI: 10.1177/1744806918767512.

Fields HL. How expectations influence pain. Pain 2018;
159(1), S3-S10. DOI: 10.1097/j.pain.0000000000001272.
Alter BJ, Aung MS, Strigo IA, Fields HL. Onset hyperalgesia
and offset analgesia: Transient increases or decreases of nox-
ious thermal stimulus intensity robustly modulate subsequent
perceived pain intensity. PLoS One 2020; 15: €0231124. DOL:
10.1371/journal.pone.0231124.

Niesters M, Hoitsma E, Sarton E, Aarts L, Dahan A. Offset
analgesia in neuropathic pain patients and effect of treatment
with morphine and ketamine. Anesthesiology 2011; 115:
1063-1071. DOI: 10.1097/ALN.0b013e31822fd03a.
Szikszay TM, Adamczyk WM, Carvalho GF, May A, Luedtke
K. Offset analgesia: somatotopic endogenous pain modulation
in migraine. Pain 2020; 161: 557-564. DOI: 10.1097/j.pain.
0000000000001739.

Oudejans LCJ, Smit JM, van Velzen M, Dahan A, Niesters M.
The influence of offset analgesia on the onset and offset of pain
in patients with fibromyalgia. Pain 2015; 156: 2521-2527.
DOI: 10.1097/.pain.0000000000000321.

Seminowicz DA, Moayedi M. The dorsolateral prefrontal
cortex in acute and chronic pain. J Pain 2017; 18: 1027-1035.
DOI: 10.1016/j.jpain.2017.03.008.

Brighina F, Curatolo M, Cosentino G, De Tommaso M, Battaglia
G, Sarzi-Puttini PC, Guggino G, Fierro B. Brain modulation by
electric currents in fibromyalgia: a structured review on non-
invasive approach with transcranial electrical stimulation. Front
Hum Neurosci 2019; 13: 40. DOI: 10.3389/fahum.2019.00040.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Huppert TJ, Hoge RD, Diamond SG, Franceschini MA, Boas
DA. A temporal comparison of BOLD, ASL, and NIRS he-
modynamic responses to motor stimuli in adult humans.
Neurolmage 2006; 29: 368-382, DOI: 10.1016/j.neuroimage.
2005.08.065

Huppert TJ, Barker J, Walls S, Ghuman A Comparison of
group-level, source localized activity for simultaneous func-
tional near-infrared spectroscopy-magnetoence phalography
and simultaneous fNIRS-fMRI during parametric median nerve
stimulation. Neurophotonics 2017; 4:015001. DOI: 10.1117/1.
NPh.4.1.015001.

Pinti P, Tachtsidis I, Hirsch J, Aichelburg C, Gilbert S, Burgess
PW The present and future use of functional near-infrared
spectroscopy (fNIRS) for cognitive neuroscience. Ann N Y
Acad Sci 2020; 1464: 5-29. DOIL 2018/08/0810.1111/
nyas.13948.

Yucel MA, Selb J, Aasted CM, Petkov MP, Becerra L, Borsook
D, Boas DA. Short separation regression improves statistical
significance and better localizes the hemodynamic response
obtained by near-infrared spectroscopy for tasks with differing
autonomic responses. Neurophotonics 2015; 2: 035005. DOI:
10.1117/1.NPh.2.3.035005.

Aasted CM, Yucel MA, Steele SC, Peng K, Boas DA, Becerra
L, Borsook D. Frontal lobe hemodynamic responses to painful
stimulation: a potential brain marker of nociception. PLoS One
2016; 11: €0165226. DOI: 10.1371/journal.pone.0165226.
Yucel MA, Aasted CM, Petkov MP, Borsook D, Boas DA,
Becerra L. Specificity of hemodynamic brain responses to
painful stimuli: a functional near-infrared spectroscopy study.
Sci Rep 2015; 5: 9469. DOI: 10.1038/srep09469.

Barati Z, Zakeri 1, Pourrezaei K. Functional near-infrared
spectroscopy study on tonic pain activation by cold pressor
test. Neurophotonics 2017; 4: 015004. DOI: 10.1117/1.NPh.4.
1.015004.

Lee CH, Sugiyama T, Kataoka A, Kudo A, Fujino F, Chen YW,
Mitsuyama Y, Nomura S, Yoshioka T. Analysis for distinctive
activation patterns of pain and itchy in the human brain cortex
measured using near infrared spectroscopy (NIRS). PLoS One
2013; 8: €75360. DOI: 10.1371/journal.pone.0075360.
Becerra L, Harris W, Grant M, George E, Boas D, Borsook D.
Diffuse optical tomography activation in the somatosensory
cortex: specific activation by painful vs. non-painful thermal
stimuli. PLoS One 2009; 4: ¢8016. DOI: 10.1371/journal.pone.
0008016.

Becerra L, Harris W, Joseph D, Huppert T, Boas DA, Borsook
D. Diffuse optical tomography of pain and tactile stimulation:
activation in cortical sensory and emotional systems. Neuro-
image 2008; 41: 252-259. DOI: 10.1016/j.neuroimage.2008.
01.047.

Vrana A, Meier ML, Hotz-Boendermaker S, Humphreys BK,
Scholkmann F. Different mechanosensory stimulations of the
lower back elicit specific changes in hemodynamics and ox-
ygenation in cortical sensorimotor areas-A fNIRS study. Brain
Behav 2016; 6: ¢00575. DOIL: e00575. 2016/12/3010.1002/
brb3.575.


https://doi.org/10.1016/j.pain.2014.04.006
https://doi.org/10.1016/j.pain.2014.04.006
https://doi.org/10.1016/j.neuroimage.2009.04.032
https://doi.org/10.1523/JNEUROSCI.4648-08.2009
https://doi.org/10.1016/j.pain.2014.07.008
https://doi.org/10.1016/j.pain.2014.07.008
https://doi.org/10.1016/j.neuroimage.2018.09.003
https://doi.org/10.1016/j.neuroimage.2018.09.003
https://doi.org/10.1371/journal.pcbi.1002719
https://doi.org/10.1371/journal.pcbi.1002719
https://doi.org/10.1177/1744806918767512
https://doi.org/10.1097/j.pain.0000000000001272
https://doi.org/10.1371/journal.pone.0231124
https://doi.org/10.1097/ALN.0b013e31822fd03a
https://doi.org/10.1097/j.pain.0000000000001739
https://doi.org/10.1097/j.pain.0000000000001739
https://doi.org/10.1097/j.pain.0000000000000321
https://doi.org/10.1016/j.jpain.2017.03.008
https://doi.org/10.3389/fnhum.2019.00040
https://doi.org/10.1016/j.neuroimage.2005.08.065
https://doi.org/10.1016/j.neuroimage.2005.08.065
https://doi.org/10.1117/1.NPh.4.1.015001
https://doi.org/10.1117/1.NPh.4.1.015001
https://doi.org/10.1117/1.NPh.2.3.035005
https://doi.org/10.1371/journal.pone.0165226
https://doi.org/10.1038/srep09469
https://doi.org/10.1117/1.NPh.4.1.015004
https://doi.org/10.1117/1.NPh.4.1.015004
https://doi.org/10.1371/journal.pone.0075360
https://doi.org/10.1371/journal.pone.0008016
https://doi.org/10.1371/journal.pone.0008016
https://doi.org/10.1016/j.neuroimage.2008.01.047
https://doi.org/10.1016/j.neuroimage.2008.01.047

Alter et al. I5
36. Becerra L, Aasted CM, Boas DA, George E, Yucel MA, 49. Santosa H, Zhai X, Fishburn F, Huppert T. The NIRS brain
Kussman BD, Kelsey P, Borsook D. Brain measures of noci- analyzIR toolbox. Algorithms 2018; 11: 73. DOIL: 10.3390/
ception using near-infrared spectroscopy in patients undergoing al1050073.
routine screening colonoscopy. Pain 2016; 157: 840—848. DOI: 50. Santosa H, Zhai X, Fishburm F, Sparto PJ, Huppert TJ.
10.1097/5.pain.0000000000000446. Quantitative comparison of correction techniques for removing
37. Kussman BD, Aasted CM, Yucel MA, Steele SC, Alexander systemic physiological signal in functional near-infrared
ME, Boas DA, Borsook D, Becerra L. Capturing pain in the spectroscopy studies. Neurophotonics 2020; 7: 035009. DOI:
cortex during general anesthesia: near infrared spectroscopy 10.1117/1.NPh.7.3.035009.
measures in patients undergoing catheter ablation of arrhyth- 51. Santosa H, Fishburn F, Zhai X, Huppert TJ. Investigation of the

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

mias. PLoS One 2016; 11: e0158975. DOI: 10.1371/journal.
pone.0158975.

Peng K, Yucel MA, Steele SC, Bittner EA, Aasted CM, Hoeft
MA, Lee A, George EE, Boas DA, Becerra L, Borsook D.
Morphine attenuates fhnirs signal associated with painful stimuli
in the medial frontopolar cortex (medial BA 10). Front Hum
Neurosci 2018; 12: 394. DOI: 10.3389/fnhum.2018.00394.
Barratt W. The Barratt Simplified Measure of Social Status
(BSMSS) measuring SES. New York, NY: Cmi Healthy Brain
Network, 2006, http://socialclassoncampus.blogspot.com/
2012/06/barratt-simplified-measure-of-social.html.

Wang YP, Gorenstein C. Psychometric properties of the Beck
Depression Inventory-1I: a comprehensive review. Braz J
Psychiatry 2013; 35: 416-431. DOIL: 10.1590/1516-4446-
2012-1048

Gaudry E, Vagg P, Spielberger CD. Validation of the State-Trait
Distinction in Anxiety Research. Multivariate Behav Res 1975,
10: 331-341. DOI: 10.1207/s15327906mbr1003_6.

Starr CJ, Houle TT, Coghill RC. Psychological and sensory
predictors of experimental thermal pain: a multifactorial model.
J Pain 2010; 11: 1394-1402. DOIL: 10.1016/j.jpain.2010.03.014.
Sullivan MJL, Bishop SR, Pivik J. The pain catastrophizing
scale: development and validation. Psychol Assess 1995; 7.
524-532. DOI: 10.1037/1040-3590.7.4.524.

Patton JH, Stanford MS, Barratt ES. Factor structure of the
Barratt impulsiveness scale. J Clin Psychol 1995; 51: 768-774.
DOI: 1995/11/01.

Margari F, Lorusso M, Matera E, Pastore A, Zagaria G, Bruno
F, Puntillo F, Margari L. Aggression, impulsivity, and suicide
risk in benign chronic pain patients - a cross-sectional study.
Neuropsychiatr Dis Treat 2014; 10: 1613—1620. DOI: 10.2147/
ndt.S66209.

Marino EN, Rosen KD, Gutierrez A, Eckmann M, Ram-
amurthy S, Potter JS. Impulsivity but not sensation seeking is
associated with opioid analgesic misuse risk in patients with
chronic pain. Addict Behav 2013; 38: 2154-2157. DOI: 10.
1016/j.addbeh.2013.01.020.

Campbell CM, Kronfli T, Buenaver LF, Smith MT, Berna C,
Haythornthwaite JA, Edwards RR. Situational versus dispo-
sitional measurement of catastrophizing: associations with pain
responses in multiple samples. J Pain 2010; 11: 443-453. DOLI:
10.1016/j.jpain.2009.08.009.

Cope M, Delpy DT, Reynolds EO, Wray S, Wyatt J, van der Zee
P. Methods of quantitating cerebral near infrared spectroscopy
data. Adv Exp Med Biol 1988; 222: 183-189. DOI: 10.1007/
978-1-4615-9510-6_21.

52.

53.

54.

55.

56.

57.

58.

59.

sensitivity-specificity of canonical- and deconvolution-based
linear models in evoked functional near-infrared spectroscopy.
Neurophotonics 2019; 6: 025009. DOI: 10.1117/1.NPh.6.2.
025009.

Talairach J, Tournoux P. Co-planar stereotaxic atlas of the
human brain : 3-dimensional proportional system : an ap-
proach to medical cerebral imaging. Stuttgart, Germany:
Thieme, 1988.

Schafer SM, Geuter S, Wager TD. Mechanisms of placebo
analgesia: a dual-process model informed by insights from
cross-species comparisons. Prog Neurobiol 2018; 160:
101-122. DOTI: 10.1016/j.pneurobio.2017.10.008

Damien J, Colloca L, Bellei-Rodriguez CE, Marchand S. Pain
modulation: from conditioned pain modulation to placebo and
nocebo effects in experimental and clinical pain. Int Rev
Neurobiol 2018; 139: 255-296. DOI: 10.1016/bs.irn.2018.07.
024.

Lee IS, Necka EA, Atlas LY. Distinguishing pain from noci-
ception, salience, and arousal: how autonomic nervous system
activity can improve neuroimaging tests of specificity. Neu-
roimage 2020; 204: 116254. DOI: 10.1016/j.neuroimage.2019.
116254.

Karunakaran KD, Peng K, Berry D, Green S, Labadie R,
Kussman B, Borsook D. NIRS measures in pain and analgesia:
fundamentals, features, and function. Neurosci Biobehav Rev
2021; 120: 335-353. DOI: 10.1016/j.neubiorev.2020.10.023.

Hibi D, Takamoto K, Iwama Y, Ebina S, Nishimaru H, Mat-
sumoto J, Takamura Y, Yamazaki M, Nishijo H. Impaired
hemodynamic activity in the right dorsolateral prefrontal cortex
is associated with impairment of placebo analgesia and clinical
symptoms in postherpetic neuralgia. /[BRO Rep 2020; 8: 56—64.
DOI: 10.1016/j.ibror.2020.01.003.

Davis KD, Aghaeepour N, Ahn AH, Angst MS, Borsook D,
Brenton A, Burczynski ME, Crean C, Edwards R, Gaudilliere
B, Hergenroeder GW, Iadarola MJ, Iyengar S, Jiang Y, Kong
JT, Mackey S, Saab CY, Sang CN, Scholz J, Segerdahl M,
Tracey 1, Veasley C, Wang J, Wager TD, Wasan AD, Pelley-
mounter MA. Discovery and validation of biomarkers to aid the
development of safe and effective pain therapeutics: challenges
and opportunities. Nat Rev Neurol 2020; 16: 381-400. DOI: 10.
1038/s41582-020-0362-2.

Huang J, Gadotti VM, Chen L, Souza IA, Huang S, Wang D,
Ramakrishnan C, Deisseroth K, Zhang Z, Zamponi GW A
neuronal circuit for activating descending modulation of
neuropathic pain. Nat Neurosci 2019; 22: 1659-1668. DOI: 10.
1038/s41593-019-0481-5.


https://doi.org/10.1097/j.pain.0000000000000446
https://doi.org/10.1371/journal.pone.0158975
https://doi.org/10.1371/journal.pone.0158975
https://doi.org/10.3389/fnhum.2018.00394
http://socialclassoncampus.blogspot.com/2012/06/barratt-simplified-measure-of-social.html
http://socialclassoncampus.blogspot.com/2012/06/barratt-simplified-measure-of-social.html
https://doi.org/10.1590/1516-4446-2012-1048
https://doi.org/10.1590/1516-4446-2012-1048
https://doi.org/10.1207/s15327906mbr1003_6
https://doi.org/10.1016/j.jpain.2010.03.014
https://doi.org/10.1037/1040-3590.7.4.524
https://doi.org/10.2147/ndt.S66209
https://doi.org/10.2147/ndt.S66209
https://doi.org/10.1016/j.addbeh.2013.01.020
https://doi.org/10.1016/j.addbeh.2013.01.020
https://doi.org/10.1016/j.jpain.2009.08.009
https://doi.org/10.1007/978-1-4615-9510-6_21
https://doi.org/10.1007/978-1-4615-9510-6_21
https://doi.org/10.3390/a11050073
https://doi.org/10.3390/a11050073
https://doi.org/10.1117/1.NPh.7.3.035009
https://doi.org/10.1117/1.NPh.6.2.025009
https://doi.org/10.1117/1.NPh.6.2.025009
https://doi.org/10.1016/j.pneurobio.2017.10.008
https://doi.org/10.1016/bs.irn.2018.07.024
https://doi.org/10.1016/bs.irn.2018.07.024
https://doi.org/10.1016/j.neuroimage.2019.116254
https://doi.org/10.1016/j.neuroimage.2019.116254
https://doi.org/10.1016/j.neubiorev.2020.10.023
https://doi.org/10.1016/j.ibror.2020.01.003
https://doi.org/10.1038/s41582-020-0362-2
https://doi.org/10.1038/s41582-020-0362-2
https://doi.org/10.1038/s41593-019-0481-5
https://doi.org/10.1038/s41593-019-0481-5

Molecular Pain

60.

61.

62.

63.

64.

65.

Tan LL, Kuner R. Neocortical circuits in pain and pain relief.
Nat Rev Neurosci 2021; 22: 458-471. DOI: 10.1038/s41583-
021-00468-2.

Ferreira AN, Yousuf H, Dalton S, Sheets PL. Highly differ-
entiated cellular and circuit properties of infralimbic pyramidal
neurons projecting to the periaqueductal gray and amygdala.
Front Cell Neurosci 2015; 9: 161. DOI: 10.3389/fncel.2015.
00161.

Kiritoshi T, Neugebauer V. Pathway-specific alterations of
cortico-amygdala transmission in an arthritis pain model. ACS
Chem Neurosci 2018; 9: 2252-2261. DOI: 10.1021/
acschemneuro.8b00022.

Lee M, Manders TR, Eberle SE, Su C, D’Amour J, Yang R, Lin
HY, Deisseroth K, Froemke RC, Wang J. Activation of cor-
ticostriatal circuitry relieves chronic neuropathic pain. J Neu-
rosci 2015; 35: 5247-5259. DOI: 10.1523/jneurosci.3494-14.
2015.

Martinez E, Lin HH, Zhou H, Dale J, Liu K, Wang J. Corti-
costriatal regulation of acute pain. Front Cell Neurosci 2017;
11: 146. DOI: 10.3389/fncel.2017.00146.

Zhou H, Martinez E, Lin HH, Yang R, Dale JA, Liu K, Huang
D, Wang J. Inhibition of the prefrontal projection to the nucleus

66.

67.

68.

69.

70.

accumbens enhances pain sensitivity and affect. Front Cell
Neurosci 2018; 12: 240. DOI: 10.3389/fncel.2018.00240.
Zhang Z, Gadotti VM, Chen L, Souza IA, Stemkowski PL,
Zamponi GW. Role of prelimbic gabaergic circuits in sensory
and emotional aspects of neuropathic pain. Cell Rep 2015; 12:
752-759. DOI: 10.1016/j.celrep.2015.07.001.

Drake RA, Steel KA, Apps R, Lumb BM, Pickering AE. Loss of
cortical control over the descending pain modulatory system
determines the development of the neuropathic pain state in rats.
Elife 2021; 10: 65156. DOI: 10 2021/02/0910.7554/eLife.65156.
Yin JB, Liang SH, Li F, Zhao WJ, Bai Y, Sun Y, Wu ZY, Ding T,
Sun Y, Liu HX, Lu YC, Zhang T, Huang J, Chen T, Li H, Chen
ZF, CaoJ,Ren R, Peng YN, Yang J, Zang WD, Li X, Dong YL,
Li YQ. dmPFC-vIPAG projection neurons contribute to pain
threshold maintenance and antianxiety behaviors. J Clin Invest
2020; 130: 6555-6570. DOI: 10.1172/j¢i127607.

An X, Bandler R, Ongiir D, Price JL. Prefrontal cortical pro-
jections to longitudinal columns in the midbrain periaqueductal
gray in macaque monkeys. J Comp Neurol 1998; 401:
455-479.

Carlén M. What constitutes the prefrontal cortex? Science
2017; 358: 478-482. DOI: 10.1126/science.aan8868.


https://doi.org/10.1038/s41583-021-00468-2
https://doi.org/10.1038/s41583-021-00468-2
https://doi.org/10.3389/fncel.2015.00161
https://doi.org/10.3389/fncel.2015.00161
https://doi.org/10.1021/acschemneuro.8b00022
https://doi.org/10.1021/acschemneuro.8b00022
https://doi.org/10.1523/jneurosci.3494-14.2015
https://doi.org/10.1523/jneurosci.3494-14.2015
https://doi.org/10.3389/fncel.2017.00146
https://doi.org/10.3389/fncel.2018.00240
https://doi.org/10.1016/j.celrep.2015.07.001
https://doi.org/10.1172/jci127607
https://doi.org/10.1126/science.aan8868

	Offset analgesia is associated with opposing modulation of medial versus dorsolateral prefrontal cortex activations: A func ...
	Introduction
	Methods
	Participants
	Study visit timeline
	Questionnaires
	Heat pain calibration
	Suprathreshold heat stimuli to measure offset analgesia:
	Functional near-infrared spectroscopy
	Statistical analysis

	Results
	i. Prolonged noxious heat stimuli are associated with activation of frontal and somatosensory cortex
	ii. In an epoch-of-interest analysis, offset analgesia is associated with differential cortical activation and deactivation.
	iii. Timeseries analysis reveals dynamic cortical activity changes during offset and control stimuli
	iv. Subgroup sensitivity analysis is consistent with whole-group analysis, implicating mPFC, SSC, and right dlPFC.

	Discussion
	i. Neural correlates of offset analgesia
	ii. fNIRS-measures of pain and analgesia
	iii. Clinical implications
	iv. Model for offset analgesia

	Conclusions
	Author contributions
	Declaration of conflicting interests
	Funding
	ORCID iD
	References


