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Abstract

Temporal filtering of afferent information is an intrinsic component of the processing of numerous
types of sensory information. To date, no temporal filtering mechanism has been identified for
nociceptive information. The phenomenon of offset analgesia, the disproportionately large decrease
in perceived pain following slight decreases in noxious thermal intensity, however, suggests the
existence of such a mechanism. To test the hypothesis that a temporal filtering mechanism is engaged
during noxious stimulus offset, subjects rated heat pain intensity while stimulus fall rates were varied
from —0.5 to —5.0°C/s. In the absence of a temporal filtering mechanism, pain intensity would be
expected to decrease in direct proportion to the stimulus fall rate. However, psychophysical fall rates
were considerably faster than stimulus fall rates, such that subjects reported no pain while stimulus
temperatures were clearly within the noxious range (47.2°C). In addition, paired noxious stimuli
were presented simultaneously to determine if offset analgesia evoked by one stimulus could inhibit
pain arising from a separate population of primary afferent neurons. Pain ratings were significantly
lower than those reported from two constant 49°C stimuli when offset analgesia was induced
proximal to, but not distal to, a second noxious stimulus. These asymmetric spatial interactions are
not readily explained by peripheral mechanisms. Taken together, these findings indicate that offset
analgesia is mediated in part by central mechanisms and reflect a temporal filtering of the sensory
information that enhances the contrast of dynamic decreases in noxious stimulus intensity.
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INTRODUCTION

The filtering of afferent information is a critical dimension of sensory processing. In the
somatosensory modality, spatial filtering is well documented, with spatial sharpening being
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accomplished by lateral inhibition for innocuous tactile information and diffuse noxious
inhibitory control (DNIC) for noxious information (Mountcastle VB, 1968; Le Bars et al.,
1979b, 1979a; Le Bars et al., 1992; Gardner EP, 2000). However, temporal filtering of
nociceptive information is poorly understood despite the fact that profound temporal
transformations of nociceptive information occur within both primary afferent neurons and
central nervous system neurons. In many cases, these temporal transformations consist of
progressive amplification of nociceptive afferent responses to fixed noxious stimuli, such as
with windup and long term potentiation (LTP) (Mendell and Wall, 1965; Mendell, 1966;
Woolf, 1996). Conversely, inhibitory mechanisms could increase the perceived temporal
contrast of stimuli as they decrease over time by reducing post-stimulus after-responses.
Accordingly, such post-stimulus inhibition could function as a temporal sharpening filter.

The recently identified phenomenon of offset analgesia could reflect such an inhibitory
temporal sharpening mechanism. Offset analgesia is defined by disproportionately large
decreases in perceived pain intensity following incremental decreases in stimulus temperature
(Grill and Coghill, 2002). For example, given a three temperature stimulus (49°C [5s], 50°C
[5s], 49°C [20s]) the 1°C decrease in stimulus temperature from 50°C to 49°C evokes a
transient analgesia where pain ratings were significantly lower than those evoked by a constant
49°C stimulus (Grill and Coghill, 2002). These decreases in pain ratings following 1°C change
in temperature were sufficiently large to be statistically indistinguishable from those following
a 15°C decrease from 50°C to 35°C. Thus, subjects were incapable of discriminating between
a 1°C and a 15°C decrease in stimulus temperature. Importantly, this analgesia is time-locked
to the transient decrease in stimulus intensity.

Offset analgesia remains a poorly understood phenomenon and its functional significance
remains unclear. Grill and Coghill (2002) proposed that it may act as a temporal contrast
enhancement mechanism that amplifies the perception of decreases in stimulus energy and
could therefore enhance escape behaviors. In order to directly test this hypothesis, we varied
the stimulus fall rates of brief noxious thermal stimuli to determine if the perceptual experience
during stimulus offset reflects a temporal transformation in noxious stimulus intensity.
Temporal sharpening would be defined by psychophysical ratings that fall faster than would
be predicted by stimulus fall rates. Conversely, temporal smoothing would be defined by
psychophysical ratings that decrease more slowly than would be predicted by stimulus fall
rates.

No data currently address which sites in the nervous system subserve offset analgesia. To
determine if offset analgesia is centrally mediated, two thermal probes were applied
simultaneously to separate skin regions to evaluate whether offset analgesia-inducing stimuli
from one probe could modulate pain intensity evoked by stimulation of a spatially distinct
population of primary afferents.

METHODS

Subjects

All subjects were healthy volunteers between the ages of 23 and 36 and had no history of

chronic pain or any neurological disorder. Data were collected in two separate experiments. In
the first experiment, data from the one and three temperature paradigms were collected from
thirteen subjects. In the second experiment, data from the paired stimulus paradigm were

collected from ten subjects. No subjects participated in both experiments. Subjects were asked
not to take any analgesics within 48 hours of the study. One subject was disqualified from the
first experiment for taking an asthma medication (Advair diskus) that contained corticosteroids
and a Betay-adenergic agonist. Written informed consent was obtained from all subjects. The
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Institutional Review Board (IRB) at Wake Forest University School of Medicine approved all
procedures used in this experiment.

Thermal Stimulation and Pain Assessment

A 16mm x 16mm peltier device (Medoc TSAII, Ramat Yishai, Israel) was attached to the
ventral surface of the dominant forearm of the subject by a Velcro strap. The thermal probe
was maintained at a baseline of 35°C (approximately skin temperature).

Subjects were trained to rate their perceived pain intensity using a computerized continuous
visual analog scale (VAS) (15cm in length, verbal anchors of “no pain sensation” and “most
pain sensation imaginable”) (Price et al., 1983; Price et al., 1989; Price et al., 1994; Koyama
et al., 2004). Subjects were specifically instructed to only rate pain, not temperature, on the
VAS. Training consisted of four blocks of eight stimuli each. Stimuli presented were between
35-49°C (rise and fall rate 6°C/s) and lasted for five seconds.

Temperature data from the thermal probe and VAS data from the subject were sampled at
100Hz. The apparatus that we used to record VAS ratings provides a high signal to noise ratio.
The average standard deviation of the VAS signal during rest is 0.0023+0.0007 VAS units.
For all experimental trials, psychophysical ratings less than one VAS unit were not included
in the data analysis. This occurred at a greater frequency for 48°C stimuli than it did for 50°C
stimuli. For all stimulus conditions, a minimum of a 60 second interstimulus interval was
maintained in order to reduce sensitization and/or habituation. Additionally, the thermal probe
was moved following each stimulus to a completely distinct, yet adjacent area of skin. Recently
Quevedo et al (in press) demonstrated that pain sensitivity did not vary with location on the
ventral forearm. Thus, the use of different sites along the proximal-distal axis of the ventral
forearm is likely to minimally influence psychophysical responses.

One-Temperature Paradigm

This paradigm was used to test the hypothesis that offset analgesia functions as a temporal
sharpening mechanism that increases the detectability of slow decreases in noxious stimulus
intensity. In this paradigm, subjects were presented with a one temperature stimulus of either
48 or 50°C, and the rate at which the probe returned to baseline was varied between trials (0.5,
-1.0, 2.0, -3.5, and —5.0°C/s). Rise rates were held constant at 5°C/s and plateau times were
5 seconds. This paradigm was employed to determine if there is a critical fall rate needed for
activation of offset analgesia. Each fall rate was presented four times per stimulus intensity
(48 and 50°C) per subject in random order. Three parameters were extracted from continuous
VAS ratings for analysis. First, the latency for subjects to respond with a decreased VAS rating
was calculated by subtracting the time at which the stimulus temperature started to fall from
the time at which VAS ratings started to fall. Second, the temperature at which subjects first
reported a pain intensity rating of zero following stimulus offset was calculated. Finally, VAS
fall rates were calculated based on the starting time derived from the initial decrease in VAS
ratings and an ending time of when subjects first reported VVAS ratings of zero (Fig. 1). These
three parameters for each stimulus fall rate (0.5, —1.0, —2.0, and —3.5°C/s) were compared to
those from stimuli with a fall rate of —5.0°C/s with repeated measures analysis of variance
(ANOVA). This was performed separately for both stimulus temperatures (48°C and 50°C).

Considerable evidence indicates that pain intensity increases with the rise rate of a noxious
thermal stimulus (Bessou and Perl, 1969; Croze and Duclaux, 1978; Yarnitsky and Ochoa,
1990; Yarnitsky et al., 1992). However, little information describes the relationship between
the rate of temperature change and the rate of perceptual change. Thus, in order to determine
if VAS fall rates are linearly related to temperature fall rates, we first compared actual VAS
fall rates to those expected from a linear relationship with temperature change. The expected
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VAS fall rates were calculated by dividing subjects’ peak VAS ratings for each stimulus by
the time it took for the stimulus to return to approximate pain threshold (43°C). Then, each
expected VAS fall rate was directly contrasted with the corresponding observed VAS fall rate
using two-way ANOVA.

During steady-state stimulation, the relationship between the magnitude of a physical stimulus
(¢) and its perceived intensity () is described best by a power function (y = kP) and not by
a linear function ((Stevens, 1957, 1970; Buchsbaum and Stevens, 1971; Price et al., 1983;
Price et al., 1994). The value of this exponent () varies between different types of stimulus
energy. To determine if this relationship is altered during dynamic decreases in stimulus
intensity, we calculated  and k (constant) from the average continuous VAS rating during the
falling phase of the one temperature stimuli and during the plateau phase of the training stimuli
(Price et al., 1994). These variables were calculated using y= « (Temp—35°C)P.

Three-Temperature Paradigm

This paradigm was used to quantify the magnitude and time-course of offset analgesia and
consisted of a three-temperature stimulus train (49°C [5s], 50°C [5s], 49°C [20s]) (Grill and
Coghill, 2002). The 1°C temperature decrease (—6.0°C/s) between the second temperature (T2)
and the third temperature (T3) initiated offset analgesia. Three-temperature control trains (49°
C [5s], 50°C [5s], 35°C [20s]) and constant temperature stimuli (49°C [30s]) were also
presented to subjects in order to assess the magnitude of offset analgesia relative to habituation.
During stimulation, subjects were asked to rate pain intensity in real-time for each of the three
conditions (experimental, constant, and control). Each condition was presented three times per
subject in random order.

The time and magnitude (0.01 second resolution) of the lowest VAS rating following the
transition from T2 to T3 until end of the T3 stimulus was first extracted from the continuous
data. Next, VAS ratings of the three-temperature control condition (49°C[5s]-50°C[5s]-35°C
[20]) and of the constant 49°C condition (49°C[30s]) were obtained from the exact same time
points as the minimum values of the three-temperature trains. These three values were
contrasted using a within subjects ANOVA. The average magnitude, and duration of analgesia
was also calculated from these data.

Paired Stimulus Paradigm

This paradigm was used to determine if offset analgesia-inducing stimuli at one site could
modulate pain intensity from a second, spatially distinct stimulus. This paradigm was designed
to test two hypotheses. First, when two probes deliver stimuli that evoke offset analgesia, does
the observed analgesia exhibit summation when compared to offset analgesia evoked by only
one probe? Second, does offset analgesia induced at one probe modulate reported pain intensity
evoked by constant thermal noxious stimuli from a different probe? If both probes were
separated sufficiently so that different populations of primary afferents are activated, then
either hypothesis would provide evidence for the involvement of central mechanisms in the
mediation of offset analgesia.

Two 16mm x 16mm probes were placed 50mm apart on the ventral skin of the subject’s
dominant forearm and moved between trials. Six different stimulus pairs were presented to
subjects in this paradigm (Table 1). These six pairs of stimuli fall into three categories; matched,
unmatched, and control. Condition 1 consisted of two matched constant 49°C stimuli lasting
30 seconds each. Condition 2 paired two matched three-temperature stimulus trains (49°C
[55]-50°C [5s]-49°C [20]). Condition 3 consisted of two unmatched stimuli, one constant 49°
C stimulus and one three-temperature train. In Condition 3a, the proximal probe delivered the
three-temperature stimulus and the distal probe delivered the constant 49°C stimulus.

Pain. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yelle et al.

RESULTS

Page 5

Condition 3b was simply the opposite. Lastly, two control conditions were used to ensure that
tactile information from two probes on the skin did not disrupt offset analgesia. Control stimuli
were paired with a distal 35°C stimulus. Control 1 was a constant 49°C stimulus and Control
2 was a three-temperature stimulus. Subjects were asked to rate overall pain intensity for both
probes on a continuous VAS scale. Each paired stimulus was presented 4 times in random
order.

The minimum VAS rating following decrease from T2 to T3 until the end of T3 was identified
for each condition involving a three-temperature stimulus. For paired stimuli that consisted of
purely constant thermal stimuli (49_49 and 49_35), the minimum VAS rating from the
corresponding time period was extracted from the continuous data. The minimum VAS ratings
from three-temperature trials were contrasted with those from the constant thermal trials
(Condition 2 (3T_3T), 3a (3T _49), & 3b (49_3T) vs. Condition 1 (49_49), Condition 3a
(3T_49) vs. Condition 3b (49 _3T), and Condition 3a (3T _49) & 3b (49 _3T) vs. Control 1
(49_35)) using ANOVA. Percent analgesia was also calculated for each three-temperature
condition. This percent analgesia was computed by dividing the minimum VAS ratings from
three-temperature stimulus trains by the minimum VAS ratings elicited by constant thermal
stimuli from the same time period.

Training Data

Subjects showed they could properly use a continuous VAS scale to rate thermal stimulus
intensity differences as small as 1°C (Fig. 2). When presented with different thermal stimuli
in pseudo-random order, subjects were able to consistently rate pain intensities for each
respective temperature (Overall, F(7, 2)=10.15, p<0.001, 35°C vs. 43°C, F(1, 8)=6.82, p<0.03;
43°C vs. 44°C, F(1, 8)=1.62, p<0.24; 44°C vs. 45°C, F(1, 8)=2.35, p<0.16; 45°C vs. 46°C, F
(1, 8)=5.45, p<0.05; 46°C vs. 47°C, F(1, 8)=7.71, p<0.02; 47°C vs. 48°C, F(1,8)=16.05,
p<0.01; 48°C vs. 49°C, F(1, 8)=5.62, p<0.05). It has been shown previously that subjects can
more accurately rate temperature differences at higher noxious stimulus intensities (Bushnell
et al., 1983). Note that as stimulus temperature increases, peak VAS ratings increase
exponentially according to Price’s application of Steven’s power law (Fig. 2, right, (Stevens,
1957,1970;Buchsbaum and Stevens, 1971;Price et al., 1983;Price et al., 1994).

One-Temperature Paradigm

When subjects were presented with stimuli with fall rates ranging from —5°C/s to —0.5°C/s,
VAS ratings fell at a rate which was not reliably dependent on stimulus fall rate (F(4, 28)=1.62,
p<0.48 and F(4, 44)=5.79, p<0.08; ANOVA for 48°C and 50°C, respectively. Fig. 3a & 4).
When the VAS fall rate for each stimulus fall rate was contrasted with that from a stimulus
with a—5.0°C/s fall rate (Fig. 3b), no significant difference was observed in nearly, every case,
for the fall rates of the 48°C stimuli (—=3.5°C/s, F(1, 7)=0.68, p<0.44; —2.0°C/s, F(1, 7)=2.76,
p<0.14; —1.0°C/s, F(1, 7)=0.00, p<0.99; —0.5°C/s, F(1, 7)=1.65, p<0.240; Fig. 4) or 50°C
stimuli (—=3.5°C/s, F(1, 11)=0.01, p<0.91, Fig. 3c; —2.0°C/s, F(1, 11)=0.47, p<0.51, Fig. 3d;
—-1.0°C/s, F(1, 11)=2.81, p<0.12, Fig. 3e) with the exception of —0.5°C/s (F(1, 11)=12.28,
p<0.01, Fig. 3f).

Actual VAS fall rates were significantly faster than those predicted by a linear relationship
between psychophysical fall rate and temperature fall rate (F(5, 35)=8.79, p<0.0001 and F(5,
55)=12.05, p<0.0001; 48°C (Fig. 5a) and 50°C (Fig. 5b), Overall ANOVA, respectively.).
Significant differences between expected VAS fall rates and actual VAS fall rates were found
at nearly every stimulus fall rate at both 48°C and 50°C (Table 2). Thus, offset analgesia
enhances the perception of slowly decreasing noxious thermal stimuli that would, otherwise,
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be difficult to detect. However, at the fastest temperature fall rate (—5.0°C/s) actual and
expected VAS fall rates began to converge. Stimulus fall rates approaching —5.0°C/s may
represent the fastest stimulus fall rates that subjects can accurately evaluate. At the fastest
stimulus fall rates conduction and processing delays are comparable to the duration of the
stimulus fall and therefore likely preclude a meaningful evaluation of fall rate.

The relationship of perceived peak pain intensity and stimulus intensity during the plateau
phase of a noxious stimulus differs profoundly from that during different stimulus fall rates
(Table 3). The exponent describing this relationship for stimulus plateau (5 seconds) is 3.412
(Fig. 2, right panel). At slow stimulus fall rates (i.e. —0.5°C/s) the exponent is quite large
(14.059) but gets progressively smaller as the fall rate increases. When a noxious thermal
stimulus decreased rapidly toward pain threshold, stimulus-response curves were shallower
than those during the plateau phase. This was likely due to conduction/evaluation delays
limiting psychophysical response speed. However, when the stimulus decreased slowly,
stimulus-response curves were considerably steeper than those during plateau phase. This
change in the stimulus-response slope indicates that small changes in stimulus intensity are
amplified during slowly decreasing thermal stimuli.

For stimuli with plateau temperatures of 48°C and 50°C, subjects reported “no pain sensation
at all” while the thermal probe was at suprathreshold temperatures (Fig 6 a & b). In the case
of 48°C stimuli, pain ratings returned to zero while the stimulus temperature was 46.0°C for
—0.5°C/s stimuli, and 44.6°C for —1.0°C/s stimuli (Fig. 6a). For stimuli with a plateau
temperature of 50°C, pain ratings returned to zero while stimulus temperature was still 47.2°
C for —0.5°C/s stimuli and 46.5°C for —1.0°C/s stimuli (Fig. 6b). In the training session (Fig.
2), these stimulus temperatures would evoke pain ratings of approximately 1.7 and 1.4 VAS
units, respectively. When corrected for response latencies, the temperatures at which pain
ratings first returned to zero were greater than 43°C for all stimuli (Fig. 6 ¢ & d). The
psychophysical response latencies for both 48°C and 50°C stimuli are also shown in Fig. 6e
and 6f, respectively. Response latencies from —0.5°C/s, —1.0°C/s, —2.0°C/s, and —3.5°C/s were
significantly different from those from —5.0°C/s stimuli (F(4, 28)=61.52, p<0.001 and F(4, 44)
=81.76, p<0.001 for 48°C (Fig. 6e) and 50°C (Fig. 6f), respectively).

Three-Temperature Paradigm

In the 20 seconds following a 1°C decrease in stimulus temperature from 50°C to 49°C,
minimum pain intensity ratings were 72.2 + 0.3% (mean+SEM) lower than minimum pain
ratings evoked by constant thermal stimulation at 49°C (F(1, 11)=13.99, p<0.01; ANOVA.
Fig. 7a). This analgesia lasted approximately 15 seconds. The decrease in pain intensity ratings
evoked by this 1°C decrease in stimulus temperature (Fig. 7d) was sufficiently large to be
statistically indistinguishable from the decrease in pain intensity ratings evoked by a 14°C
decrease in stimulus temperature from 50° to 35°C (F(1, 11)=2.57, P<0.14; Fig. 7b).

Paired Stimulus Paradigm

Spatial interactions between multiple noxious stimuli have long been known to be mediated,
in part, by processes within the central nervous system (Price et al., 1989). In the present
investigation, spatial summation of pain was observed when two probes were applied to the
skin (49 _49, Fig. 8B vs. 49_35, Fig. 8A; F(1, 8)=9.88, p<0.013 and 3T_3T, Fig. 8B vs. 3T_35,
Fig. 8A; F(1,8)=8.76, p<0.02). If offset analgesia were centrally mediated, then offset analgesia
evoked from two distinct areas might exhibit potentiation when contrasted with offset analgesia
evoked from one smaller skin region (Fig. 8a—c). Pain ratings during control 2 (3T_35),
following the T2 to T3 temperature decrease were 48.8 + 5.9% lower than those from constant
49°Ctrial (Control 1,49 _35). Thisdifference in minimum VAS ratings was statistically reliable
(F(1,8)=18.34, p<0.01, ANOVA,; Fig. 8a). When offset analgesia was activated simultaneously
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by two probes (Condition 3a, 3T_3T) minimum VAS ratings following the T2 to T3
temperature shift were 41.6 +8.2% less than pain ratings reported from two constant 49°C
stimuli (Condition 3b, 49 _49; F(1, 8)=15.6, p<0.01; Fig. 8b). Although offset analgesia was
reliably activated when initiated by two probes, there was no potentiation of analgesia (F(1, 8)
=1.04, p<0.34; Fig. 8a-c).

If offset analgesia were mediated within the central nervous system, it would also be expected
that offset analgesia evoked at one area of skin would modulate pain evoked by a distinct
stimulus at a remote area of skin. When subjects were presented with a proximal three
temperature train paired with a distal constant 49°C stimulus (Condition 3a), VAS ratings
following the T2 to T3 temperature decrease were statistically lower than two matched constant
49°C stimuli (F(1, 8)=12.84, p<0.02; Fig. 8d). Surprisingly, the same effect was not observed
when a proximal 49°C stimulus was paired with a distal three temperature stimulus train
(Condition 3b, F(1, 8)=0.92, p<0.37; Fig. 8e). In fact, minimum VAS ratings reported from
condition 3a were significantly lower than those reported from condition 3b (F(1, 8)=7.72,
p<0.02, ANOVA). It is important to note that stimulus energy deposition into the skin is
identical inthese two conditions. The percent analgesia was also significantly different between
these two conditions when contrasted with matched constant 49°C stimuli (F(1, 8)=6.91,
p<0.03; Fig. 8f). These data indicate that offset analgesia can modify perceived pain intensity
from a remote distal stimulus and that offset analgesia can be abolished by a remote proximal
noxious stimulus.

DISCUSSION

Spatio-temporal filtering is a ubiquitous component of signal processing across sensory
modalities (Rose, 1986; Fortune and Rose, 2001) including vision (Hess and Snowden,
1992; Hosoya et al., 2005), audition (Sullivan, 1986; Frisina et al., 1994; Alder and Rose,
1998), olfaction (Sachse and Galizia, 2002; Wilson and Laurent, 2005; Rajan et al., 2006),
gustation (Katz et al., 2001), and somatosensation (Mendell, 1966; Le Bars et al., 1992;
Gabernet et al., 2005). To date, spatio-temporal filtering of nociceptive information has
remained a poorly understood and minimally addressed aspect of basic pain mechanisms. In
the present investigation, profound temporal transformations of nociceptive information were
observed during decreasing stimulus intensities. The perceived rates of decreases in pain were
far more rapid than those that would be predicted by the rates of decreases in stimulus
temperatures (Fig. 5). Moreover, subjects perceived changes in stimulus intensity at a rate that
was independent from the actual fall rate of the noxious thermal stimulus (Fig. 3 & 4). Taken
together with observations of robust analgesia lasting approximately 15 seconds after a 1°C
decrease in noxious stimulus intensity (Fig. 7), these data suggest that offset analgesia functions
as an edge enhancement filter. Edge enhancement is commonly discussed in the processing of
visuo-spatial information where contrast is enhanced by darkening and lightening opposing
areas adjacent to the edge. In the case of offset analgesia, temporal contrast is enhanced by
suppressing afferent nociceptive information following the temporal edge. This temporal edge
enhancement appears to be activated in a nearly binary fashion, since offset analgesia was
observed over a ten-fold range of temperature fall rates. This effect may result from the active
engagement of central neural circuits or the intrinsic response properties of the primary
afferents processing this information.

Perceptual Transformation of Decreases in Noxious Stimulus Intensity

Several studies have investigated neural and psychophysical responses to dynamic increases
in noxious heat. Humans can detect incremental increases in noxious heat as small as 0.2°C
(Robinson et al., 1983). In primates, wide-dynamic-range neural responses are correlated with
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the detection of 0.1-0.3°C increases in noxious heat (Maixner et al., 1986). Yet, little is known
about perception of dynamic decreases in noxious heat.

Multiple, converging lines of evidence indicate that noxious thermal information is
dramatically transformed during stimulus offset. First, the fall rates of perceived pain intensity
were substantially faster than those that would be predicted from the stimulus temperature fall
rates (Fig. 5, Table 2). Only at the fastest temperature fall rate (—5.0°C/s) did observed VAS
fall rates begin to converge with those that would be predicted from stimulus fall rates. Second,
not only were the fall rates of perceived pain intensity faster than predicted, they were also
largely independent of stimulus fall rate (Fig. 3 and 4). Stimulus fall rates of —1.0, —2.0, and
—3.5°C/s evoked pain intensity fall rates that were statistically indistinguishable from those
evoked by the fastest stimulus fall rate (—=5.0°C/s, Fig. 3 & 4). Only the slowest stimulus fall
rate (—0.5°C/s) evoked perceived pain intensity fall rates which were slightly, yet reliably,
slower than those evoked by stimulus fall rates of —5.0°C/s (Fig. 3f). Third, during slow
temperature fall rates, the slope of the stimulus-response relationship of psychophysical ratings
and stimulus intensity is much larger than that of fast temperature fall rates. Finally, during the
slowest temperature fall rates, subjects’ pain ratings returned to zero while stimulus
temperatures were clearly within the noxious range (Fig. 2, 3a—f, 4, and 6a & 6b). This result
is particularly surprising, since the stimuli with the slowest fall rates were also the longest, and
therefore, had the greatest energy deposition into the skin. When the time course of
psychophysical ratings was corrected for conduction delays and evaluation times (i.e. response
latency), subjects reported pain intensity ratings of zero for all stimulus fall rates while stimuli
were still within the noxious range (i.e. > 43°C, Fig. 7b). Taken together these findings confirm
that stimulus-response relationships are dynamically altered during decreases in stimulus
intensity. Furthermore, the alteration of the time course of the percept from the time course of
the stimulus provides clear evidence that offset analgesia serves as a filtering mechanism by
temporally sharpening changes in noxious stimulus intensities.

Innocuous thermal information may be temporally sharpened in an analogous fashion. When
a stimulus is maintained at an innocuously warm or cool temperature and then returned to skin
temperature, paradoxical cooling or warming is reported (Greenspan et al., 1993; Harrison and
Davis, 1999; Susser et al., 1999; Campero et al., 2001; Green and Pope, 2003; Davis et al.,
2004). As such, these paradoxical sensations produce amplified awareness of temperature
changes.

Potential Mechanisms of Offset Analgesia

As stimulus duration increases, decreases in pain intensity reported from constant 49°C stimuli
likely result from primary afferent fatigue and adaptation (LaMotte and Campbell, 1978;
LaMotte et al., 1983). However, pain intensity ratings following the T2—T3 shift were 77.6%
lower than those of constant 49°C stimuli. Moreover, offset analgesia lasts for approximately
7.5 seconds before pain ratings begin to increase toward their expected values (Fig. 7a). These
observations indicate that offset analgesia is distinct from primary afferent fatigue or adaptation
(Treede, 1995, 1999).

Offset analgesia most likely involves a central component since complex spatial interactions
were observed during the paired stimulus paradigm (Fig. 8d—f). When induced by a proximal
stimulus, offset analgesia was able to modulate pain intensity evoked by a discrete distal
stimulus. However, offset analgesia was not able to modulate pain from a proximal stimulus
and was instead abolished. These asymmetric spatial interactions are not readily explained by
peripheral mechanisms since the two heat probes were positioned 5cm apart and therefore
activated distinct afferent fiber populations (Torebjork, 1974; LaMotte and Campbell, 1978;
Van Hees and Gybels, 1981; Jorum et al., 1989; Raja et al., 1999). Moreover, it is unlikely that
these asymmetric spatial interactions result from differential sensitivity of the forearm. When
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single 49°C stimuli are applied systematically along the length of the arm, pain intensity ratings
do not reliably change according to proximal-distal stimulus location (Quevedo and Coghill,
2004, in press). However, during paired thermal stimulation, pain arising from distal sites is
reduced (Quevedo and Coghill, 2004, in press). This finding is consistent with the distally
directed analgesia following the T2 to T3 temperature decrease in the present investigation.
The complex spatial interaction identified in this study shows that offset analgesia is modulated
by the presence of other noxious stimuli within the same body region.

Offset analgesia appears to involve central mechanisms that produce analgesia in a spatially
localized manner, since spatial summation of offset analgesia was not observed when two
probes presented offset analgesia-inducing stimuli simultaneously. Inhibitory interconnections
of the spinal substantia gelatinosa are highly selective and could support a highly localized
inhibition of afferent information. For example, islet cells in the substantia gelatinosa have
been demonstrated to provide a spatially restricted pathway through which large diameter C-
fiber afferents can inhibit small diameter C-fiber effects on central cells (Lu and Perl, 2003).
Supraspinal descending modulatory mechanisms involving the periaqueductal gray also may
be involved (Mayer et al., 1971; Millan, 2002) since preliminary functional imaging studies
have identified a transient activation of this region following incremental decreases in stimulus
intensity (Strigo et al., 2004; Yelle et al., 2006b; Yelle et al., 2006a). In addition, ON/OFF cells
in the medullary nucleus raphe magus (NRM) (Fields et al., 1983; Fields et al., 1991; Gao and
Mason, 2000) could contribute to the activation of offset analgesia. Localized effects of
endogenous pain control mechanisms have been identified in studies of placebo analgesia
(Price et al., 1999). Strong and weak placebo manipulations applied to distinct yet closely
adjacent sites on the forearm produced substantial and moderate reductions, respectively, in
reported pain relative to a third control site. Offset analgesia is distinct from diffuse noxious
inhibitory control (DNIC) since it is time-locked to the offset of a noxious stimulus whereas
DNIC is activated by the onset of a remote noxious stimulus (Le Bars et al., 1979a, 1979b; Le
Bars et al., 1992).

Disruption of Temporal Filtering of Nociceptive Information

Neuropathic pain patients often report that noxious mechanical and thermal stimuli elicit
painful sensations that outlast the stimulus duration (Noordenbos, 1959; Lindblom and Tegner,
1985). Also, both normal subjects following heat/capsaicin treatment and pain patients with
mechanical allodynia experience painful aftersensations when stroked with a cotton swab
(Gottrup et al., 2003). Such aftersensations suggest that the temporal filtering of afferent
information is substantially altered as a consequence of experimental allodynia and the
pathophysiological changes that occur in the presence of chronic pain.

The microcircuitry of the dorsal horn and other CNS regions important in nociceptive
processing remains poorly understood, but may be critically altered during chronic pain states
(Sugimoto et al., 1990; Moore et al., 2002; Scholz et al., 2005). Spatio-temporal filtering can
provide a conceptual framework for understanding the functional significance of excitatory
and inhibitory interactions of this circuitry. Finally, elucidation of the temporal filtering
mechanism that supports offset analgesia may reveal novel targets for the treatment of chronic
pain.
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Figure 1. End Points of the One Temperature Paradigm

Typical VAS ratings of pain (thick, solid line) are superimposed on stimulus temperature (thin,
solid line). The VAS fall slope (dotted line) was derived from the VAS ratings alone, while
the VAS latency and the temperature at VAS zero (dot-dash line) were calculated using both
VAS and stimulus temperature.
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Figure 2. Subjects Distinguish Differences in Perceived Pain Intensity using the Continuous VAS
During training sessions, subjects were presented with stimuli between 35°C—-49°C. In the left
panel, continuous VAS ratings (averaged across all subjects) from 5s stimuli are shown by
stimulus temperature. In the right panel, average peak VVAS ratings are shown for each stimulus
temperature. Note that as stimulus temperature increases, peak VAS ratings increase
exponentially (fit line) according to Price’s application of Steven’s power law (Stevens,
1957, 1970; Price et al., 1983, 1994).
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Figure 3. Psychophysical Fall Rates are Largely Independent of Temperature Fall Rates
The mean continuous VAS ratings reported from each five second 50°C stimulus (stimulus

fall rates varied from —0.5° C/s to —5.0° C/s) are shown together (overlay, A). Psychophysical
ratings (thick line, averaged across all subjects) from each stimulus condition are shown in the
insets (b—f) with their corresponding stimulus temperature trace (thin line).
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Psychophysical ratings (averaged across all subjects) for each stimulus fall rate are plotted
together for 48°C stimuli. As was the case for 50°C stimuli (Fig. 3), VAS fall rates were largely

independent of stimulus fall rates for 48°C stimuli.
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Figure 5. Actual Psychophysical Fall Rates (dashed lines) are Significantly More Rapid than
Expected Fall Rates (solid lines)

Expected fall rates were modeled using a linear relationship between the stimulus fall rate and
perceived intensity fall rate. These expected data were plotted against observed VAS fall rates
(averaged across subjects) for both 48°C and 50°C stimuli (a and b, respectively). Note that
due to offset analgesia there is very little change in VVAS fall rate regardless of stimulus fall
rate. Additionally, at the fastest fall rate (—5.0°C/s) actual and expected fall rates begin to
converge.
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Figure 6. Temperatures at which VAS Ratings Returned to Zero and VAS Fall Latencies

The absolute stimulus intensity (no latency correction) when subjects first reported VAS ratings
of zero is shown for 48°C and 50°C (a and b, respectively; means + SEM). These data are
shown with latency correction in ¢ and d (means + SEM). The latency taken for subjects to
first respond to an initial decrease in stimulus intensity is shown for 48°C and 50°C (e and f,
respectively; means £ SEM). The dashed line (a—d) denotes approximate pain threshold (a—d).
* denotes statistically significant differences (p<0.05).

Pain. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yelle et al.

VAS Rating
w

VAS Rating
w ~

N

49-50-49°C

Page 19

Stimulus Trains
49-49-49 —
49-50-35 -
49-50-49 ------nnne--

0

0
0

10 20 30 40

10 20 30 40
Time (sec)

49-49-49°C 49-50-35°C [ 99

H [6)]
(&) o
(D.) @injesadwa)

N
o

. . . T T T 35
0 10 20 30 40 0 10 20 30 40
Time (sec)

Figure 7. The Magnitude and Duration of Offset Analgesia

The continuous VAS ratings (averaged across all subjects) from each condition are shown
together (overlay, a). In b-d, mean psychophysical ratings (thick lines) of each condition are
shown at the bottom of the figure with their corresponding stimulus temperature trace (thin

lines).
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Figure 8. Interactions of Spatially Remote Stimuli with Offset Analgesia
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The minimum VAS ratings during the time period following the change from 50°C (T2) to 49°
C (T3) were averaged across all subjects (A, B, D, & E, means + SEM) for both the three
temperature stimulus trains and from time matched locations for constant 49°C stimuli. Percent
analgesia was calculated by dividing the minimum VAS from the three temperature stimulus
train by the minimum VAS from the constant 49°C for each series within subjects (C & F,
means, + SEM). A—C. Offset analgesia evoked simultaneously at two sites (b) does not
summate beyond that evoked at one site (a) since the percent analgesia (c) was not different
between conditions. D—F. Offset analgesia evoked by a proximal stimulus inhibits pain evoked
by a distal noxious stimulus (d). However, a proximal noxious stimulus abolishes offset
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analgesia evoked at a distal location (€). Examination of the percent analgesia confirms these
spatial interactions are asymmetric (f). Since these complex spatial interactions cannot be
readily explained by a peripheral mechanism, offset analgesia must be, in part, mediated by
central mechanisms. Abbreviations: 49°C - 49°C 30 second stimulus. 35°C-35°C 30 second
stimulus. 3Temp - 49°C for 5 seconds, followed by 50°C for 5 seconds, followed by 49°C for
20 seconds. D and P represent Distal and proximal, respectively. N.S. symbolizes “not
significant.”
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Table 1

Stimuli for Paired Stimulus Paradigm
49 = 49°C stimulus for 30s
35 = 35°C stimulus for 30s
3T =49°C for 5 s, followed by 50°C for 5 seconds, followed by 49°C for 20s

Condition Proximal Probe Distal Probe Abbreviated|
Matched Paired Stimuli 1 49 49 49 49
2 3T 3T 3T 3T
Unmatched Paired Stimuli 3a 3T 49 3T 49
3b 49 3T 49 3T
Control Stimuli Control 1 49 35 49 35
Control 2 3T 35 3T 35
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Decreases in VAS ratings are not linearly related to decreases in stimulus temperature. Actual VAS fall rates are
significantly faster then those that would be predicted if pain intensity were linearly related to stimulus
temperature. Abbrev. Degrees of Freedom (DOF).

Stimulus Temperature| Stimulus Fall Rate (°C/s) Exp. VAS Fall Rate (VAS/s) Act. VAS Fall Rate (VAS/s) p-value
48°C DoF (1,7) —5.0 —2.87 —2.96 p<0.767]
—-3.5 —1.48 —2.91 p<0.037]

—2.0 —0.99 —2.11 p<0.062]

-1.0 —0.57 —2.87 p<0.01]]

-0.5 —0.26 —2.70 p<0.009

50°C DoF (1,11) —5.0 —3.28 —3.99 p<0.266)
-3.5 -1.95 —4.02 p<0.008]

—2.0 —1.15 —3.79 p<0.003]

-1.0 —0.59 —3.48 p<0.002]

-0.5 -0.31 —2.32 p<0.004]
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Table 3
The relationship between perceived intensity and stimulus intensity is altered during the stimulus fall
During slowly decreasing stimuli, stimulus-response curves were considerably steeper than those during plateau
phase. Such increases in the slope indicate that small changes in stimulus intensity are amplified during slowly
decreasing thermal stimuli. During more rapid decreases in stimulus temperature, stimulus-response curves grew
more shallow than those during the plateau phase, an effect likely due to conduction/evaluation delays.

B(Exponent) k(Constant)
Stimulus Plateau 3.412 —8.004
Stimulus Fall Rate -0.5°C/s} 14.059 —35.525
Stimulus Fall Rate -1.0°C/s} 9.014 —21.833
Stimulus Fall Rate -2.0°C/s} 1.788 —3.709
Stimulus Fall Rate -3.5°C/s} 0.973 —1.038
Stimulus Fall Rate -5.0°C/s| 0.484 0.287
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