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1. Introduction

Abstract

Background: The thermal grill illusion (TGI) refers to the perception of
burning heat and often pain that arises from simultaneous cutaneous
application of innocuous warm and cool stimuli. This study utilized
conditioned pain modulation (CPM) to help elucidate the TGI's
underlying neural mechanisms, including the debated role of ascending
nociceptive signals in generating the illusion.

Methods: To trigger CPM, subjects placed the left hand in noxious cold
(6 °C) water before placing the right volar forearm onto a thermal grill.
Lower pain and unpleasantness ratings of the grill in this CPM run
compared to those in a control run (i.e. 33 °C water) were taken as
evidence of CPM. To determine whether CPM reduces noxious heat
pain and illusory heat pain equally, an experimental group of subjects
rated pain and unpleasantness of a grill consisting of innocuous
alternating warm (42 °C) and cool (18 °C) bars, while a control group
rated a grill with all bars controlled to a noxious temperature (45 °C).
Results: CPM produced significant and comparable reductions in pain,
unpleasantness and perceived heat of both noxious heat and the TGI.
Conclusions: This result suggests that the TGI results from signals in
nociceptive dorsal horn convergent neurons, since CPM involves
descending inhibition with high selectivity for this neuronal population.
More broadly, CPM’s ability to produce a shift in perceived thermal
sensation of both noxious heat and the TGI from ‘hot” to ‘warm’ implies
that nociceptive signals generated by a cutaneous stimulus can
contribute to its perceived thermal intensity.

Significance: Conditioned pain modulation reduces the perceived
painfulness, unpleasantness and heat of the thermal grill illusion and
noxious heat similarly. The results have important theoretical
implications for both types of pain.

heat, results from experiencing two innocuous sen-

An early theory of Thunberg’s (1896) thermal grill
illusion (TGI) was based on the then-recent discov-
ery that noxious heat not only activates warm spots
on the skin but also paradoxically activates cold
spots. The thermal grill, which activates warm spots
with warmth and cold spots with cool, was thought
to mimic the dual activity produced by noxious heat
(Alrutz, 1898). Thus, Alrutz reasoned that the TGI,
and more generally the qualitative perception of
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sations simultaneously.

Other theories of the TGI suggest that it involves
the nociceptive system. Craig and Bushnell (1994)
posited (1) that the grill’s cool bars activate C poly-
modal nociceptors, which project to convergent dor-
sal horn neurons that code for pain; and (2) that the
warm bars of the grill inhibit activity in pain-inhibi-
tory dorsal horn COOL neurons (i.e. those that
transmit innocuous cool sensations) but not
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convergent nociceptive neurons. In other words, the
TGI results from a relative enhancement of nocicep-
tive signals that are masked under normal conditions
(Craig and Bushnell, 1994). More recent psychophysi-
cal evidence also supports the idea that the cool bars
transmit the pain signals underlying the TGI (Harper
and Hollins, 2014). Alternatively, the signals from
innocuous warm and cool might integrate into the
nociceptive system by converging onto dorsal horn
wide dynamic range (WDR) neurons (Green, 2002;
Bouhassira et al., 2005). Under either theory, the TGI
involves activity in dorsal horn nociceptive neurons.

Although many researchers have found that the
TGI is painful to a majority of participants, others
have debated the painfulness of the TGI and the
involvement of the nociceptive system in generating
the illusion (Fruhstorfer et al.,, 2003; Bach et al.,
2011). Furthermore, a recent study reported that the
TGI is not painful in cats (Boettger et al., 2016), call-
ing into question the translatability of Craig and
Bushnell’s (1994) physiological findings.

To empirically test the nociceptive system’s role in
producing the TGI in humans, conditioned pain modu-
lation (CPM) served as an analytical tool. CPM involves
measuring changes in the pain of a noxious test stimulus
due to a noxious conditioning stimulus, which is applied
to a remote body location. CPM’s primary physiological
mechanism, diffuse noxious inhibitory controls (DNIC),
selectively inhibits dorsal horn convergent nociceptive
neurons (Le Bars et al., 1979). CPM may also recruit
additional descending inhibitory projections from other
regions, including the anterior cingulate cortex and the
periaqueductal grey (Piche et al., 2009; Sprenger et al.,
2011; Bogdanov et al., 2015; Youssef et al.,, 2016a,b);
however, it is generally accepted that the majority of
CPM’s inhibitory effects result from attenuation at the
spinal level and that descending inhibition selectively
attenuates nociceptive signals (Waters and Lumb, 1997;
Heinricher et al., 2009; Leith et al., 2010).

The TGI is produced by combining stimuli that are
individually described as innocuous. Because CPM
reduces nociceptive but not innocuous signals at the
level of the spinal cord, similar reductions in the
painfulness of nociceptive heat and the TGI by CPM
would provide good evidence that the TGI results
from spinally mediated nociceptive signals.

2. Methods

2.1 Participants

Subjects were recruited from a posting on the UNC-
CH Psychology Department’s participant pool
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website. Written informed consent was obtained
from each participant prior to the start of the experi-
mental session. Upon completion of the experiments,
participants were compensated with credit towards
the Introductory Psychology research participation
requirement. All procedures were approved by the
University’s Institutional Review Board.

Thirty-seven healthy undergraduate students par-
ticipated in the main experiment, which tested the
effects of CPM on the TGI and noxious heat. Sub-
jects were randomly assigned to either the Thermal
Grill (TG) group (n =18; 6 males) or the Noxious
Heat (NH) group (7 =19; 7 males). Ages ranged
from 18 to 22 (mean = 19.1; SD = 1.2) and from 18
to 20 (mean = 19.1; SD = 0.9) in the TG and NH
groups, respectively.

Twenty-four additional subjects (7 males) were
enrolled in a separate component temperatures experi-
ment, in which the warm and cool temperatures used
to produce the TGI in the main experiment were
applied individually (and without CPM). Their ages
ranged from 18 to 21 years (mean = 18.6; SD = 0.8).
None had participated in the main experiment.

2.2 Design of main experiment

Subjects assigned to the TG group were exposed to a
grill consisting of interlacing warm (42 °C) and cool
(18 °C) bars to produce the TGI. Subjects in the NH
group were exposed to bars that were all heated to a
noxious temperature (45 °C), to elicit nociceptive
heat pain. Participants in both groups were exposed
to their respective grill stimulus on the right volar
forearm twice, in separate runs. One exposure (Con-
trol run) took place while the left hand was
immersed in a neutral (33 °C) water bath and the
other (CPM run) while it was positioned in a pain-
fully cold (6 °C) bath. The order of the two runs was
counterbalanced within each group.

Thus, the between-subjects factor was the type of
pain that subjects experienced (NH vs. TG), and the
within-subjects factor was whether the left hand was
in painfully cold or neutral water (CPM vs. Control)
while the grill was presented. This design permitted
analysis of three effects: (1) pain experience of nox-
ious heat versus the thermal grill; (2) amount of
pain reduction by CPM; and (3) assessment of CPM’s
relative ability to reduce the two types of pain.

We chose to have participants immerse their left
hand in a neutral water bath for our baseline mea-
sure of the test pain, instead of having them do
nothing for the baseline (other than feel the test
stimulus) as is commonly done in CPM paradigms.
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This design minimized the potential for confounding
effects on the test stimulus like distraction from plac-
ing a hand in water, giving conditioning stimulus rat-
ings before presentation of the test stimulus, or any
number of differences across conditions that could
have added error to the measurement. By making the
two runs as similar as possible for each subject, we
intended to focus in on the CPM effects that are most
directly related to nociceptive stimulation. Further-
more, it is known that weak, innocuous thermal stim-
ulation is not sufficient to condition pain (Willer
et al., 1984; Granot et al., 2008; Nir et al., 2011).

2.3 Design of component temperatures
experiment

The experiment using separate component tempera-
tures was implemented to measure the sensations
associated with separate presentations of the warm
and cool temperatures that were used to induce TGI.
Subjects participated in two runs, one with all of the
bars at the warm temperature and a second with all
of the bars at the cool temperature. The order of
these two runs was counterbalanced. No water bath
was used in this experiment.

2.4 Apparatus and materials

2.4.1 Thermal grill

The thermal grill apparatus consisted of 12 copper
tubes (length 33 cm; diameter 1 cm; thickness
0.4 mm) that were secured with twine onto the top of
a plastic holder (Fig. 1A). Each bar rested in a trough
(1.25 cm wide and 0.5 ¢cm deep) and thus was sepa-
rated from its neighbour(s) by 0.5 cm. In order to gain
thermal control over the bars, two sets of plastic tub-
ing through which water could be circulated were
connected to the ends of the bars. Each intake was
connected to a thermally insulated 19-L tank that was
positioned on a shelf 0.65 m above the tabletop.
Before an experimental run, the experimenter filled
each tank with 15 L of water. Water was allowed to
flow through the apparatus for 1 min to ensure tem-
perature stabilization before each run began.

Two thermistor probes (YSI 400 series) were
attached to small sections of copper tubing that were
inserted into the flow lines near the grill to record
bar-surface temperatures during experiments.

Based on preliminary testing, we determined
warm and cool temperatures that produced a moder-
ately intense TGI but were not perceived to be pain-
ful on their own. These bar temperatures were 42 °C
and 18 °C.
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2.4.2 Water bath

To measure the effects of CPM in the main experi-
ment, the left hand was lowered into a water bath
before application of the grill. The conditioning stim-
ulus for inducing CPM consisted of an 11-L plastic
cooler (23.5 cm®), which was filled with 10 L of
water before the start of each run. An aquarium
pump was used to circulate water and ensure stable
temperatures surrounding the hand. A plastic grate
divided the interior of the cooler into two chambers,
in order to separate the subject’s hand from the
pump and any ice cubes. A thermometer was used
to measure the temperature of the water and control
it (by adding ice or warm water) to the desired tem-
perature before a given run. The temperature of the
water was painfully cold (M = 6.1 °C; SD = 0.08)
during the CPM run and was neutral (M = 32.7 °C;
SD = 0.26) during the Control run.

2.4.3 Questionnaires

Before participating in the experimental runs, all
subjects filled out a demographics questionnaire
(age, sex, race and handedness).

Immediately following each experimental run, NH
and TG subjects were provided with a sensation
questionnaire that asked subjects to characterize sen-
sations associated with the grill by circling words (as
many as applied) from a list of descriptors: neutral,
cool, cold, warm, hot, burning, stinging, sharp and
aching. This questionnaire was used to assess quali-
tative differences in the pain and thermal sensations
experienced under different experimental conditions.

Subjects in the component temperatures experiment
filled out a different sensation questionnaire following
each exposure to the grill, which in their case was
either warm or cool. Descriptors for this questionnaire
focused on temperature, pleasantness and pain and
were neutral, cool, cold, warm, hot, painful, comfort-
able, pleasant and unpleasant. Subjects were instructed
to indicate any that applied to their experience.

2.5 Procedure

2.5.1 Main experiment

The experimenters filled the tanks supplying the grill
and the water bath with water and controlled them
to the desired temperatures prior to the subject’s
arrival to the lab.

After giving informed consent and filling out the
demographics questionnaire, the subject was trained
to use a 0-100 scale to rate sensations.
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Figure 1 The thermal grill apparatus and experimental protocol. (A) The thermal grill was composed of 12 cylindrical copper bars arranged paral-
lel to one another and held in place on a plastic base. The subject placed his or her right volar forearm onto the grill perpendicular to the long
axis of the bars, as shown. For those in the noxious heat group, the grill was controlled to 45 °C, while for the thermal grill group, bars at 18 °C
and 42 °C were interlaced to produce the TGI. In the component temperatures experiment, all of the bars were controlled to 18 °C in one run
and all were controlled to 42 °C in the other run. (B) The timing of events in a Control run is shown. The only difference between the Control run
and the (C) CPM run was the temperature of the water bath. Each participant in the main experiment felt their group’s respective grill twice, once
with and once without the noxious conditioning stimulus. The order of these two runs was counterbalanced. Note that the timeline increments

are not to scale.

Following this training, the subject was seated at a
table on which the thermal grill apparatus rested,
and the procedures were explained in detail. The
water bath, for left hand immersion, was positioned
on a chair to the left of the subject. The run began
when the subject placed his or her left hand into the
water bath up to the wrist. The subject was
prompted for verbal ratings of pain intensity of the
water bath on a 0-100 scale, where 0 meant ‘no
pain’ and 100 meant ‘the most intense pain imagin-
able’, every 15 s for the first 45 s of the run. One
minute into the run, the subject was told to place
the volar surface of his or her right forearm onto the
grill apparatus, and 5 s later was told to remove it.
The subject was then prompted for verbal ratings of
grill pain intensity (0-100 scale) and unpleasantness
(0-100 scale from ‘not at all unpleasant’ to ‘the most
unpleasant sensation imaginable’). After grill ratings
were obtained, the subject removed his or her hand
from the water bath and dried it off with paper tow-
els. The sensation questionnaire for that run was
administered immediately afterwards (Fig. 1B). Thus,
we obtained numerical ratings of both pain and
unpleasantness of the grill along with indications
(i.e. yes/no responses) of whether participants expe-
rienced certain qualitative aspects associated with
thermal stimulation.

The subject took a 25-min break between runs to
minimize any lingering effects (e.g. sensitization or
habituation) of exposure to the thermal stimuli dur-
ing the first run and to allow the experimenters to
prepare the stimuli for the second run. The grill tem-
peratures for the second run were the same as for the
first (i.e. 42 °C/18 °C for subjects in the TG group or
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45 °C/45 °C for those in the NH group). The tempera-
ture of the conditioning water bath was adjusted to
either 6 °C, if the subject underwent the Control run
first, or 33 °C, if the first was a CPM run. Procedures
were otherwise identical in the two runs (Fig. 1C).
Following administration of the sensation question-
naire for the second run, the subject was debriefed
and awarded credit for his or her participation.

Bar-surface temperature was recorded in the sec-
onds before the subject placed his or her forearm on
the grill to ensure that the applied temperatures
were within the desired range. For the NH group,
the average bar temperatures (°C) of sets 1 and 2
were 44.75 (SD = 0.39) and 44.87 (0.41) during the
Control run and 44.71 (0.48) and 44.87 (0.41) dur-
ing the CPM run, respectively. For the TG group, the
average bar temperatures of the warm and cool sets
were 41.96 (0.37) and 18.18 (0.15) during the Con-
trol run and 42.01 (0.39) and 18.22 (0.17) during
the CPM run, respectively.

2.5.2 Component temperatures experiment

In order to determine whether the warm and cool
bars were perceived as innocuous on their own in
naive subjects, 24 additional participants were
enrolled in an experiment in which they felt the grill
with all bars controlled to either 18 °C or 42 °C.
Prior to each run, both tanks supplying the grill
were filled with water that was either warm (for the
warm run) or cool (for the cool run).

After giving informed consent and filling out the
demographics form, the subject was seated at the
experimental table on which the grill rested. The
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valves for the water were opened and water was
allowed to flow through the bars for at least 1 min
to allow ample time for bar temperature stabiliza-
tion. The experimenter then told the subject to put
his or her right forearm onto the grill and indicated
(after 5 s) when to remove it. The sensation ques-
tionnaire was administered immediately thereafter.

The subject took a 20-min break before participat-
ing in a second run, in which he or she was exposed
to the temperature (warm or cool) not used during
the first run. The procedures were identical. Run
order was randomized prior to the beginning of
experimentation, subject to the constraint that half
of the subjects underwent the warm, and the other
half the cool, run first.

Data from four runs (one cool and three warm) in
which the temperatures of one or both sets of bars
differed from the target temperature by > £0.5 °C
were discarded. The data from the remaining 44 runs
were analysed. The temperatures of bar sets 1 and 2
during the warm run were 42.00 °C (SD = 0.30) and
41.94 °C (0.24), respectively. During the cool run,
the temperatures of bar sets 1 and 2 were 18.09 °C
(0.15) and 18.17 °C (0.11).

2.6 Data analysis

Data were analysed using SPSS v24. Results were
deemed statistically significant for p<0.05, two-tailed.

Although the two groups of participants in the
main experiment felt different test stimuli, we were
able to compare the groups on a common measure
of pain sensitivity to the 6 °C cold pressor stimulus.
Here, an independent samples #-test comparing the
average painfulness of the cold bath across groups
was used.

Grill pain intensity and unpleasantness were
assessed using separate 2 x 2 mixed-model ANO-
VAs. Here, Group (NH or TG) was a between-subjects
factor and Run Type (Control or CPM) was a within-
subjects factor. In the ANOVAs, we assessed (1) the
main effect of Group (i.e. whether the painfulness
and unpleasantness of the TGI and noxious heat
were similar overall), (2) the main effect of Run Type
(i.e. whether the conditioning stimulus affected the
painfulness of the test stimuli), and (3) the interac-
tion between Group and Run Type (i.e. whether CPM
affected the TGI and noxious heat similarly).

In addition to determining the amount of pain
intensity and unpleasantness produced by the grills
and the amount of CPM-induced reduction in them,
we also wished to determine (1) how the grills were
perceived qualitatively and (2) how CPM changed
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the way that the grills were described. Subjects indi-
cated after each run which of nine sensations were
experienced from the grill. Since the sensation ques-
tionnaires contained categorical (yes/no) responses,
non-parametric statistics were used for analysis.
Mann-Whitney U-tests were conducted to determine
whether the proportion that each sensation was
endorsed differed between the NH and TG groups.
Whether the frequencies of responses changed sig-
nificantly between the Control and CPM runs in the
main experiment were tested using Wilcoxon
signed-rank tests. Each of these tests compared the
frequency of responses for one descriptor and one
grill type during the Control run to the frequency
reported during the CPM run. Finally, Wilcoxon
tests were also used to compare differences in the
proportion of sensations elicited by the warm and
cool stimuli that were applied separately in the com-
ponent temperatures experiment.

3. Results

3.1 Conditioning stimulus pain ratings

Subjects gave verbal pain intensity ratings of the
water bath at 15, 30 and 45 s during the condition-
ing procedure. Pain ratings and water bath tempera-
tures for the neutral (Control run) and the noxious
cold (CPM run) water baths are provided in Table 1.
Cold pain sensitivity was similar across groups [t
(35) = —0.35; p = 0.73].

3.2 Grill pain intensity and unpleasantness

During the Control run (i.e. contralateral hand in
neutral water), the 45 °C bars and the 42 °C/18 °C
bars produced pain intensity ratings of 35.7
(SD = 25.1) and 27.1 (23.9), respectively. During the
CPM run (i.e. contralateral hand in cold water), pain
intensity of the NH and TG grills was reduced by
48.2% (M = 18.5; SD = 20.1) and 47.0% (M = 14.3;
SD = 13.5), respectively (Fig. 2A and B). The main
effect of Run Type was significant [F(1,35) = 19.8;
p < 0.001], indicating a robust reduction in grill pain
intensity by CPM. The main effect of Group was not
significant [F(1,35) = 1.1; p = 0.30], meaning there
was no difference in pain intensity between the hot
and warm/cool grills. The interaction between the
two factors was mnot significant [F(1,35) = 0.4;
p = 0.51], showing that CPM reduced pain intensity
similarly in both groups (Fig. 2C).

Three participants in the TG group did not experi-
ence any pain from the TGI (i.e. pain rating = 0).
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Table 1 Water bath temperature and painfulness.

D.E. Harper, M. Hollins

Condition Group Bath Temp (°C) Rating 1 (15 9) Rating 2 (30 s) Rating 3 (45 s) Average bath rating
Control NH 32.7 (0.2) 1.9 (4.7) 1.6 (4.6) 1.6 (4.7) 1.7 (4.6)

TG 32.6 (0.3) 2.2 (3.5) 1.9 (3.5) 2.0 (3.9 2.1 (3.2
CPM NH 6.1 (0.1) 38.8 (24.6) 52.1 (27.0) 62.5 (26.5) 51.1 (25.1)™

TG 6.1 (0.1) 37.2 (23.5) 49.4 (26.5) 58.1 (27.7) 48.2 (28.0)NS

Note: NH, noxious heat group; TG, thermal grill group; (), standard deviation; NS, difference between groups not significant (p = 0.73).
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Figure 2 Effects of CPM on pain intensity and unpleasantness. The solid red bars show the results for the noxious heat (NH) group and the
striped bars show the thermal grill (TG) group. CPM significantly reduced the painfulness of both (A) noxious heat and (B) the TGlI, (C) by nearly
50% for both types of test stimulation. CPM also reduced the unpleasantness of both (D) noxious heat and (E) the TGI, (F) in these cases by slightly

more than 50%. Error bars = 1 SEM. ***p < 0.001. NS, not significant.

The interaction between Group and Run Type was not
significant with these three subjects removed [F
(1,32) = 0.01; » = 0.93].

NH unpleasantness (M = 35.8; SD = 27.1) and TG
unpleasantness (M = 31.6; SD = 25.7) during the
control runs was reduced during CPM by 55.2%
(M =16.1; SD=18.1) and 56.6% (M=13.7;
SD = 14.6), respectively (Fig. 2D, E and F). The pat-
tern of statistical significance was similar to that for
pain intensity. The main effect of Run Type was
highly significant [F(1,35) = 26.5; p < 0.001], while
the main effect of Group [F(1,35) =0.3; p = 0.61]
and the interaction between the factors [F
(1,35) = 0.1; p = 0.80] were not.

One important aspect in the design of our study
was to include noxious heat and thermal grill config-
urations that were perceived to be similarly painful
and unpleasant. The lack of main effects of Group
reported above indicates that pain intensity and
unpleasantness of the two stimuli were similar when

1596 Eur J Pain 21 (2017) 1591-1601

considering average test stimulus ratings across both
the Control and CPM runs. To further illustrate that
differences in the painfulness of the two grill config-
urations cannot explain the results, post hoc t-tests
show that the painfulness [¢{(35) = 1.07, p = 0.29]
and unpleasantness [t(35) = 0.48, p = 0.63] of the
two grill configurations were not different specifically
in the Control run, nor were pain [¢(35) = 0.73,
p = 0.47] and unpleasantness [{(35) = 0.43, p = 0.67]
of the two grill types different in the CPM runs.

3.3 Grill descriptors

The percentages of subjects attributing each of the
descriptors to his or her grill experience during the
control run are plotted in Fig. 3A. NH subjects most
often described their grill as ‘hot’, followed by ‘burn-
ing’, then ‘stinging’. TG subjects most frequently
described their grill as ‘hot’, followed by ‘stinging’
and ‘sharp’. Statistical tests revealed that TG subjects
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significantly more often reported a sensation of
‘sharp” than NH subjects (Z = —2.43; p = 0.015). The
frequencies of responses for all other descriptors
were not significantly different for the different grill
types (p > 0.05 for all).

Figure 3B shows the frequencies of sensations
reported for the test stimuli during the CPM run.
None of the sensation frequencies significantly differed
across the NH and TG groups during this run
(p > 0.19 for all descriptors). Thus, the qualitative
aspects of noxious heat and the TGI were also very
similar when the processing of these stimuli was being
modulated by the noxious conditioning stimulus.

Figure 3C shows the change in response frequency
for the two grills from the Control run to the CPM
run. CPM significantly reduced the frequencies of
describing noxious heat as ‘burning’ (Z= —-2.71;
p =0.007) and ‘hot’ (Z= —2.53; p = 0.011), while it
significantly ~increased the amount of ‘warm
(Z = —2.45; p = 0.014) responses. For the thermal grill,
CPM significantly reduced the number of ‘burning’
(Z=—-2.24; p=0.025), ‘hot’ (Z=—3.16; p = 0.002)
and ‘sharp” (Z= —2.33; p=0.02) responses; con-
versely, CPM significantly increased the frequency of
‘warm’ (Z = —2.71; p = 0.007) responses.

To summarize, with the exception of the different
proportion of ‘sharp” responses for the two grills in
the Control run, they were very similarly described.
Furthermore, CPM changed the perception of the
two grills in the same manner: Both grills were less
often described as ‘burning’ and ‘hot’, and more
often indicated as being ‘warm’, during the CPM
compared with the Control run.

’

3.3.1 Component temperatures experiment

The two temperatures comprising the TG in the
main experiment were generally experienced as
innocuous when presented individually in the con-
trol experiment. No subject reported pain from the
18 °C bars, and only three described the 42 °C bars
as painful (Fig. 4).

Wilcoxon signed-rank tests showed that the 18 °C
bars were significantly more often described as ‘cool’
(Z=-2.31, p=0.02) and ‘cold (Z=3.46;
p = 0.001) than the 42 °C bars, which were more
often described as ‘warm’ (Z = —2.65; p = 0.008)
and ‘hot” (Z = —3.87; p <0.001). There was no sig-
nificant difference in the amount of attribution of
the remaining descriptors to the cool versus the
warm grill (p > 0.05 for all).

It is important to note that all bars were either
warm or cool in this control experiment, as opposed

© 2017 European Pain Federation - EFIC®
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NH groups. (B) Percentage of participants who reported the indicated
sensations in the CPM run. (C) CPM significantly altered some qualities
of the grill stimuli. Each bar represents the percentage that each
descriptor was given in the Control run subtracted from the percent-
age reported during the CPM run. *p < 0.05 and **p < 0.01 differ-
ence between Control and CPM runs for a given test stimulus.
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Figure 4 Sensations reported in the component temperatures experi-
ment. The 18 °C bars (blue) were significantly more often reported to
be ‘Cool’ and ‘Cold’ than the 42 °C bars (pink), while the 42 °C bars
were significantly more often called ‘Warm’ and ‘Hot’. There were no
other differences in the frequencies of reported sensations between
the stimuli. Importantly, each component temperature used to pro-
duce the TGl in the main experiment was generally perceived to be
innocuous on its own. *p < 0.05; **p < 0.01; ***p < 0.001.

to just half warm and half cool in the TG stimulus in
the main experiment. This likely introduced greater
spatial summation within the warm and cool path-
ways than was present during the main experiment
(Hardy and Oppel, 1938; Stevens and Marks, 1971;
Defrin et al., 2009), and therefore overstates the per-
ceived intensity of the thermal signals that con-
tributed to the emergence of the thermal grill illusion.

4. Discussion

This study reveals that noxious heat (45 °C) and the
TGI, which were perceived similarly in terms of their
painfulness, unpleasantness and quality, are attenu-
ated to the same extent by CPM.

4.1 Reductions in pain intensity and
unpleasantness

Our study is not the first to show that the TGI is a
graded response that can be modulated within indi-
viduals, as the illusion can be attenuated by the
administration of analgesics (Kern et al., 2008a,b), by
a whole-body thermal challenge (Alfonsi et al., 2016),
or by decreasing the temperature differential between
the warm and cool component stimuli (Green, 2002;
Bouhassira et al., 2005; Adam et al., 2014).

The CPM paradigm is thought to activate DNIC,
which attenuates firing in dorsal horn convergent
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nociceptive neurons (Le Bars et al., 1979). Neu-
roimaging evidence shows that additional descending
inhibitory pathways are activated during CPM in
humans (Piche et al., 2009; Sprenger et al., 2011;
Bogdanov et al., 2015; Youssef et al., 2016a,b). The
degree to which the various mechanisms activated
during CPM contribute to reductions in pain is
unclear, but descending inhibition operates predomi-
nately on nociceptive dorsal horn neurons (Waters
and Lumb, 1997; Heinricher et al., 2009; Leith et al.,
2010). DNIC does not reduce activity in thermo-
specific COOL dorsal horn neurons (Dickenson et al.,
1980). Electrical stimulation of brainstem regions
with descending projections also has similar inhibi-
tory specificity for nociception (Dawson et al., 1981;
Davies, 1984), including inhibition of WDR
responses to noxious, but not innocuous, cold (Leith
et al., 2010). Taken together, these results suggest
that descending inhibition does not inhibit ascending
innocuous thermal information.

The present results, therefore, seem incompatible
with the idea that the TGI percept is a synthesis of
innocuous sensations (Alrutz, 1898), but instead
suggest the participation of spinal nociceptive neu-
rons, which are subject to descending inhibition.

It should also be noted that CPM can involve cere-
bral interactions (Sprenger et al., 2011) and be influ-
enced by distraction (Moont etal., 2010) and
expectation (Cormier et al., 2013), so some of CPM’s
inhibition on the test stimuli might have been
supraspinal. Since we can be confident that at least
some of the CPM-induced reduction in pain was
spinally mediated, these results are more consistent
with the idea that the TGI is processed in spinal
nociceptive mneurons; otherwise, its painfulness
would have likely been less attenuated by CPM than
noxious heat.

4.2 Nociceptive integration of the TGI

Craig and Bushnell’s (1994) theory posits that TGI
pain results from an abnormally high (for innocuous
temperatures) ratio of firing in heat/pinch/cold
(HPC; i.e. convergent, second-order) to COOL spinal
neurons, due to selective inhibition of the latter class
by the grill’s warm bars. Electrophysiological record-
ings in cats showed that a cool stimulus caused
robust firing in both COOL and HPC cells. Addition
of a warm stimulus drastically reduced firing in
COOL but not in HPC neurons, leading to a higher
HPC/COOL firing ratio. The median HPC threshold
for cool stimulation is 24 °C, and their rates system-
atically increase as temperature is lowered (Craig
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et al., 2001). COOL neurons, in contrast, have
thresholds just below normal skin temperature (i.e.
32 °C), and they increase firing fairly linearly down
to about 15 °C, at which point the response pla-
teaus. Therefore, the HPC/COOL firing ratio starts to
increase substantially below 15 °C, approximately
cold pain threshold, and could code for the pain of
noxious cold. Thus, the TGI could produce pain by
mimicking this across-fibre ratio of activity (Craig
and Bushnell, 1994). The possibility that cool tem-
peratures evoke nociceptive signals is supported by
psychophysical evidence showing that, under certain
conditions, mild cooling (ex. 27 °C) of the skin can
produce sensations of burning and stinging in a
majority of subjects (Green, 2002; Green and Pope,
2003). Also, adaptation to the cool, but not the
warm, bars of the grill attenuates the TGI's painful-
ness, further suggesting that the TGI’s pain signals
are generated by the cool grill temperature (Harper
and Hollins, 2014).

In the context of the Craig-Bushnell theory of the
TGI, CPM could have attenuated the TGI by increas-
ing COOL cell activity or decreasing HPC activity;
either of which would have decreased the HPC/
COOL firing ratio. The first possibility is unlikely,
since DNIC does not affect the firing of COOL neu-
rons (Dickenson et al., 1980). Regarding the latter,
no study to date has systematically studied the
effects of DNIC on HPC neurons, but DNIC is known
to inhibit activity in dorsal horn lamina I (Morgan
et al., 1994), the location of many HPC neurons
(Craig et al., 2001).

Alternatively, TGI pain could be produced by addi-
tive, or perhaps even synergistic, responses of
innocuous peripheral afferents onto WDR neurons,
as posited by Green (2002) and further supported by
others (Bouhassira et al., 2005). WDR firing rates in
animals across a range of noxious heat intensities
correspond very well with psychophysical ratings of
perceived pain (Maixner et al.,, 1986; Coghill et al.,
1993). If the grill elicits firing rates in WDR neurons
that resemble those produced by noxious heat or
cold, this could explain the pain of TGI.

The reductions in TGI pain by CPM observed in
this study are also compatible with this theory, since
DNIC is well known precisely for its ability to atten-
uate WDR firing (Le Bars et al., 1979).

4.3 Qualitative aspects of the TGl

While the painfulness of the TGI has been ques-
tioned (Fruhstorfer et al., 2003; Bach et al., 2011),
our results are in agreement with those of many
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others showing that interlacing warm and cool bars
are capable of producing pain (Craig and Bushnell,
1994; Craig et al.,, 1996; Bouhassira et al., 2005;
Leung et al., 2005; Defrin et al., 2008; Kern et al.,
2008a,b; Li et al., 2009; Boettger et al., 2011, 2013,
2016; Lindstedt et al.,, 2011a,b). Three subjects
(17%) did not, however, report any TGI pain during
the Control run, confirming previous findings of
some TGI-insensitive individuals (Bouhassira et al.,
2005; Kern et al.,, 2008a,b; Boettger et al.,, 2016).
Two of these subjects did report ‘burning” and ‘sting-
ing’ and the third reported ‘sharp’, suggesting that
the TGI may still be unpleasant, if not painful, for
these individuals.

In addition to reducing the pain intensity and
unpleasantness of TGI and nociceptive heat, CPM
also reduced the frequency of pain-related adjectives
assigned to the two stimuli. ‘Burning’ was signifi-
cantly less frequently reported in both groups and
‘sharp” was less often attributed to the TGI during
CPM. Thus, the comparable reductions in TG and
NH pain by CPM are paralleled by similar changes in
the pain-related qualities assigned to them.

The effect of CPM on the perceived thermal inten-
sity of both grills lends further credence to the idea
that TGI is generated by a pattern of neural activity
closely resembling that elicited by noxious heat. In
both groups, the frequency of ‘hot” responses was
significantly reduced during CPM and the most fre-
quent response became ‘warm’. Given that descend-
ing inhibition selectively attenuates mnociceptive
signals (Dickenson et al., 1980; Dawson et al., 1981;
Davies, 1984; Leith et al.,, 2010), CPM’s effect
implies that nociceptive signals participate in coding
the perceived thermal intensity of hot temperatures,
even under normal (i.e. noxious heat) conditions.

4.4 Limitations

This study has several limitations that should be
noted. First, we chose to use a between-subject
design for the two grill configurations, in order to
eliminate order effects such as bias, adaptation, or
sensitization; however, we cannot rule out the possi-
bility that individual differences between groups
affected the results in some way. Similarly, the main
and component temperatures experiments were car-
ried out on different groups of subjects; although
drawn from the same population, it is not certain
that the pain and thermal sensitivities of these
groups were equivalent.

A second limitation follows from the fact that the
CPM procedure can engage multiple endogenous
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mechanisms to reduce pain. It is, therefore, theoreti-
cally possible that the painfulness of noxious heat
was reduced primarily via one of CPM’s underlying
mechanisms and the TGI's painfulness through
another, despite the close comparability of CPM’s
effects on the two test stimuli.

Another issue, raised by a reviewer, is that the
cold pressor can slightly lower skin temperature of
the contralateral limb (Chwalczynska et al.,, 2015);
however, the potential cooling (<1 °C) is too small
to explain the robust reductions in pain we observed
or to significantly alter thermal sensation (Croze
et al., 1977; Strigo et al., 2000).

Finally, in the component temperatures experi-
ment, we warmed or cooled all 12 bars to control for
the total area of stimulation (i.e. either warm plus
cool or all hot) in the main experiment; we did not
include a condition equating the amount of warm or
cool stimulation in the main experiment’s TG condi-
tion by cooling or warming only 6 bars at a time.

5. Conclusions

In summary, this study shows that the TGI and nox-
ious heat are attenuated by CPM to the same extent.
Based on known CPM mechanisms, this is consistent
with TGI theories suggesting that signals from the
warm/cool grill give rise to activity in dorsal horn
convergent neurons, which generate the ‘illusory’
pain of the TGI.
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