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ABSTRACT

A paradoxical heat sensation (PHS) is the misperception of warmth when the skin is cooled. PHS is
uncommon in healthy individuals but common in patients with neuropathy and is associated with
reduced thermal sensitivity. Identifying conditions that contribute to PHS may indirectly help us
understand why some patients experience PHS. We hypothesized that pre-warming increased the
number of PHS and that pre-cooling had minimal effect on PHS. We tested 100 healthy partici-
pants’ thermal sensitivity on the dorsum of their feet by measuring detection and pain thresholds
to cold and warm stimuli and PHS. PHS was measured using the thermal sensory limen (TSL)
procedure from the quantitative sensory testing protocol of the German Research Network on
Neuropathic Pain and by using a modified TSL protocol (mTSL). In the mTSL we examined the
participants’ thermal detection and PHS after pre-warming of 38°C and 44°C and pre-cooling of
26°C and 20°C. Compared to a baseline condition, the number of PHS responders was significantly
increased after pre-cooling (20°C: RR = 1.9 (1.1; 3.3), p = 0.023 and 26°C: RR = 1.9 (1.2; 3.2),
p = 0.017), but not significantly after pre-warming (38°C: RR = 1.5 (0.86; 2.8), p = 0.21 and 44°C:
RR = 1.7 (.995; 2.9), p = 0.078). Pre-warming and pre-cooling increased the detection threshold of
both cold and warm temperatures. We discussed these findings in relation to thermal sensory
mechanisms and possible PHS mechanisms. In conclusion, PHS and thermosensation are closely
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related and pre-cooling can induce PHS responses in healthy individuals.

Introduction

The accurate perception of innocuous and noxious
temperatures is a core function of the human
thermosensory system. Thermal sensitivity is typi-
cally impaired in patients with peripheral and cen-
tral nervous system disorders [1-4]. This reduced
thermal sensitivity may be accompanied by
a misperception of warmth when the skin is
cooled. This phenomenon is known as
a paradoxical heat sensation (PHS) [5-8]. PHS is
uncommon in healthy individuals [9] but more
common in patients with nervous system lesions
where they are thought of as pathological signs
that are specific to the body part affected by ther-
mal sensory loss [2]. For example, patients with
polyneuropathy commonly have PHS in the feet
and to a lesser extent in the hands [8,10,11].
Similarly, patients with acute herpes zoster have
PHS at the affected site but not at the contralateral

site [8,12]. Even though the presence of PHS is
rare in healthy individuals, it can be induced when
the skin is preheated or sensitized with capsaicin
[7,9,13-16]. Identifying the conditions that facil-
itate the occurrence of PHS may indirectly help us
to clarify the underlying physiology, which can
help us understand why some patients with ner-
vous system lesions experience PHS.

The mechanism underlying PHS is unknown.
One theory suggests that it is linked to dysfunction
of cold-specific A-delta fibers, which leads to the
unmasking or disinhibition of C-fiber inputs
involved in heat and pain sensing [8,17-19]. This
theory is previously discussed in the context of the
thermal grill illusion [20,21] and states that the
specific C-fiber activity is centrally inhibited by
myelinated A-fibers involved in cold sensing.
However, when A-fibers are inhibited, for exam-
ple, by warmth, the activity of the C-fibers is
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disinhibited, resulting in a warm or hot sensation.  area is alternated every time participants press
In line with the theory, some studies on PHS a button to indicate the perception of a new ther-
found an association between reduced cold sensi-  mal sensation (Figure 1a). Due to the methodology
tivity and PHS, whereas other studies did not find  of the TSL procedure, it is possible for participants
this association [6,11,22]. The relation between  to register a change in sensation before the tem-
cold sensory loss and PHS is therefore still unclear.  perature returns to baseline (32°C). In this case,

PHS is generally measured using the thermal warming and cooling of the skin are both within
sensory limen (TSL) procedure of the quantitative =~ the same temperature range, and it is not possible
sensory testing (QST) protocol from the German  to conclude whether a participant experienced
Research Network on Neuropathic Pain [2,23]. In a PHS (Figure 1b). Furthermore, the extent to
the TSL, warming and cooling of the same skin = which the skin is warmed or cooled at each trial

Thermal Sensory Limen (TSL)
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Figure 1. Measurements of PHS. The standard and modified thermal sensory limen (TSL and mTSL) protocol. Participants pressed
a button every time they registered a new sensation and reported whether it was warm or cold. A PHS was registered if the
participant reported a warm sensation during cooling (a, b, ¢, d, e, and g) and a PCS was registered if the participant reported a cold
sensation during warming (a, b, ¢, f, and h). a-c: The original thermal sensory limen (TSL) with alternating warming and cooling
temperatures during three different situations: a: TSL measure from a healthy individual with normal thermal sensitivity. b: All button
presses in the warm range, c¢: TSL measure from an individual with reduced thermal sensitivity. d-h: The modified thermal sensory
limen (mTSL). Participants were told to press the button as soon as they felt a change in temperature after the auditory cue. d: mTSL
with alternating warming and cooling temperatures similar to the TSL except for an auditory cue indicating when the temperature
returned to baseline. e: mTSL with pre-warming and detection of temperature changes in the cold range and possible PHS. f: mTSL
with pre-warming and detection of temperature changes in the warm range and possible PCS. g: mTSL with pre-cooling and
detection of temperature changes in the cold range and possible PHS. h: mTSL with pre-cooling and detection of temperature
changes in the warm range and possible PCS. For simplicity, only pre-warming of 44°C and pre-cooling of 20°C is presented. Blue
lines: temperatures <32°C, dots: button presses and reported quality, horizontal line: baseline, Orange lines: temperatures >32°C,
and rhombus: auditory cue.
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is determined by the participant’s sensitivity. This
implies that the magnitude of the warm-cold dif-
ference (i.e. the TSL measure) systematically varies
between individuals with normal and impaired
thermal sensitivity (Figure la vs. Figure 1c),
which might influence the occurrence of PHS.

Although rarely described, the TSL protocol can
be used to assess paradoxical cold sensations
(PCS), i.e. the sensation of cold during warming
of the skin, because the procedure also includes
measurements of thermal changes in the warm
range.

The aim of this study was to systematically
investigate the effect of transient pre-warming
and pre-cooling on PHS as well as thresholds
associated with the detection of new thermal
changes in healthy volunteers. Specifically, we
assessed whether the occurrence of PHS was influ-
enced by the magnitude of the preceding tempera-
ture change. We hypothesized that pre-warming
temperatures would increase the number of PHS
and the thresholds for detection of a cooling ther-
mal change [14]. We included pre-cooling as
a control condition, and we anticipated that pre-
cooling temperature would have a minimal effect
on the detection of a warming thermal change
[24,25]. To our knowledge, no studies have inves-
tigated the effect of pre-cooling on PHS responses.
Lastly, we hypothesized that larger warm-cold dif-
ferences would result in a higher number of PHS
responses than moderate warm-cold differences.

Materials and methods
Participants

One hundred participants were included in the
study. Inclusion criteria were healthy individuals,
age 218 years. Participants were recruited via web-
based participant pool software systems (www.
forsegspersoner.dk and Sona Systems; https://
cfin.sona-systems.com), and through advertise-
ments at Aarhus University, Denmark. Based on
previous studies, the number of participants was
chosen as 50 [13,26]. However, due to a skewed
age distribution of the first 50 (mostly younger
individuals, but a subset between 30 and
75 years), we made a supplementary protocol for
the local ethical committee. After approval, we

recruited 50 additional participants to balance the
number of individuals across age decades.
Exclusion criteria were as follows: inability to
speak, read, and understand Danish; chronic pain
or acute pain in the previous week lasting more
than 4 hours or pain on the day of investigation;
pain medication within the previous week; medi-
cation within the previous week that could affect
assessment; history or symptoms of significant
diseases that could impact the outcomes (e.g. dia-
betes, psychiatric, neurological, or other diseases);
pregnancy or lactation; jetlag or sleep deprivation;
alcohol or drug abuse; consumption of cannabis
within the previous 4 weeks; and consumption of
alcohol within the previous 48 hours. The study
was conducted at the Danish Pain Research
Center, Aarhus University, Denmark, between
January 2019 and November 2020 and was con-
ducted according to the Declaration of Helsinki II.
Approval was given by the Central Denmark
Region Committees on Health Research Ethics
(no. 1-10-72-320-18), and the study was registered
in the Central Denmark region internal registra-
tion to the Danish Data Protection Agency (no.
1.16-02-630-18). Participants gave their written
informed consent and received 400 DKK as
compensation.

Study design

The study design was cross-sectional and consisted
of a single session. Participants’ thermal sensitivity
and presence of PHS were tested using standar-
dized QST measures [2,15], as well as a modified
thermal sensory limen protocol. All tests were
administered by the same investigator (ELS) for
all participants and were performed on the dorsum
of either foot. The location was chosen to match
the body area that typically exhibits altered sensi-
tivity in patients with diabetic polyneuropathy
[27]. To account for variations in skin temperature
[28,29] and to maintain a constant and equal skin
temperature, the feet were warmed with a heating
lamp to 32 * 0.5°C during the tests and the skin
temperature was monitored regularly [29]. All
tests were performed in a quiet room with the
participants sitting in a comfortable chair with
their feet resting on a small platform or briefcase.
Stimuli were first applied either on the right or the
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left foot in a randomized and balanced order. To
control for potential carry-over effects, the loca-
tion of the delivered stimuli was alternated
between the two feet after each measurement (sup-
plementary Fig. S1). The participants were
instructed to look away from the location where
the stimuli were applied. In addition, participants
were informed that only safe temperatures, with
no associated risk of skin damage, would be
applied and that the stimulations were aimed at
eliciting cold, warm, and painful sensations,
respectively. Importantly, the participants were
naive with respect to the hypotheses of the study
and received no information on the exact tempera-
tures applied on the skin, the order of the stimula-
tion temperatures, or the expected quality of their
thermal sensations. During the tests, the partici-
pants did not receive any feedback on whether
their reported quality matched the actual
temperatures.

Quantitative sensory testing

Thermal threshold testing was performed using
the QST protocol of the German Research
Network on Neuropathic Pain (DENS) [2,15].
The QST protocol includes standardized equip-
ment and verbal instructions, and our center is
certified according to the DFNS standards.
Thermal tests were conducted using the Thermal
Sensory Analyzer thermode (Medoc, Israel), with
a contact area of 3.2 x 3.2 cm” and cutoff tem-
peratures of 0°C and 50°C. The thresholds were
achieved by a continuous increase or decrease in
the temperature by 1°C/s and terminated when the
participants pressed a button. The thermode
returned to a baseline temperature of 32°C before
each test. Prior to the beginning of the QST mea-
surements, the participants received detailed
instructions on the procedures and completed
a brief demonstration of each QST measure.
They were demonstrated and tested in the same
order: First, detection thresholds for cold (CDT)
and warm (WDT); second, the standard version of
thermal sensory limen (TSL); last, pain thresholds
for cold (CPT) and heat (HPT). Each threshold
(CDT, WDT, CPT, HPT) was repeated three con-
secutive times. The TSL consisted of the alterna-
tion of dynamic warming and cooling of the skin
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(Figure 1a). Participants were instructed to press
a button every time they felt a temperature change,
and to verbally describe their sensations for six
consecutive temperature changes. The number of
PHS was defined based on a qualitative report of
a warm or burning sensation, during cooling of
the skin, and corresponded to a value between 0
and 3. Vice versa, the number of PCS was defined
as the report of a cold sensation during warming
of the skin (0-3 PCS). The individual threshold
was determined by the mean of the three results
for each of the WDT, CDT, CPT, and HPT (in
°C). The individual TSL was calculated by sub-
tracting the mean of the cold detection threshold
from the mean of the warm detection threshold as
measured by the TSL test.

Modified thermal sensory limen (mTSL) protocol

The general procedure of the mTSL aimed to
measure warm and cold temperature changes
after different fixed preceding temperatures (i.e.
pre-warming and pre-cooling). Each fixed preced-
ing temperature was followed by a temperature
change in either the warm or cold direction that
required a response from the participant. In addi-
tion to the fixed temperatures, we incorporated
a control condition, labeled “mTSL32°C”
(Figure 1b), with alternating warm and cold tem-
perature changes identical to the TSL. As in the
TSL, each temperature change required a button
press (i.e. six responses in total). The only differ-
ence was the presence of an auditory cue every
time the thermode crossed the baseline tempera-
ture (32°C).

The fixed temperatures consisted of pre-cooling
from baseline (32°C) to 26°C or 20°C or pre-
warming from baseline to 38°C or 44°C, and sub-
sequent return to baseline (Figure 1c,d). By choos-
ing these temperatures, it was possible to examine
thermal changes on the feet after smaller (+6°C
from baseline) and larger (+12°C from baseline)
temperature differentials without inducing too
painful pre-heating stimuli. To indicate to partici-
pants when they had to detect a temperature
change, an auditory cue (“beep”) was presented
after the return to baseline. All auditory cues
were thus presented at 32°C and were immediately
followed by a slow (1°C/s) temperature increment
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or decrement, requiring a response from the par-
ticipant. Participants were instructed to press
a stop button as soon as they perceived
a temperature change after the auditory cue, and
to report verbally whether the temperature change
was felt as “warm,” “cold,” or “burning” or if they
were in doubt about the quality of their sensation.

The mTSL protocol started with the control
condition (mTSL32°C) with alternating tempera-
ture and was followed by either fixed temperature
conditions (20°C, 26°C, 38°C, and 44°C) in
a counterbalanced manner to control for order
and time effects (supplementary Fig. S1). Each
fixed temperature level was presented a total of
six consecutive times, three trials followed by
warming to assess the participants’ ability to detect
temperature changes in the warm range and PCS,
and three trials followed by cooling to assess the
participants’ ability to detect temperature changes
in the cold range and PHS. From pilot studies, we
decided on a serial approach during the mTSL
protocol with pre-warming and pre-cooling since
alternating the temperatures as well as pre-
warming or pre-cooling the skin made it very
difficult to register a change in temperature.
A PHS was registered if participants described
a cooling trial as “warm” or “burning” and a PCS
was registered if a warming trial was described as
cold.

Finally, we tested whether pre-warming or pre-
cooling the skin changed the thermal pain thresh-
olds as well as whether the body location influ-
enced the presence of PHS and PCS in the mTSL.
The cold pain threshold was tested after pre-
warming of 44°C, whereas the warm pain thresh-
old was tested after pre-cooling of 20°C. The influ-
ence of body location on the presence of
a paradoxical sensation was tested by assessing
the frequency of PHS/PCS and cold/warm detec-
tion threshold after one fixed temperature change
(20°C or 44°C) on the dorsum of the hand.

To ensure that only thermal thresholds and not
possible responses to the auditory cues were
included in the analyses, we excluded trials in
which the reaction times were less than 250 milli-
seconds (ms) (corresponding to a change of
+0.25°C) after the auditory cue, as the reaction
time between hearing a sound and a button press
is between 200 and 280 ms [30-32]. Further, we

also excluded trials where a participant was unable
to detect any sensation (i.e. no button press)
within the tested temperature range (0-50°C)
since PHS/PCS could not be determined.

Statistics

Stata for Windows (version 14.2; StataCorp LP,
College Station, TX, USA) and R (Free Software
Foundation’s GNU Public License) were used for
data analysis. Continuous data was visually inspected
for an acceptable normal distribution using QQ-
plots and histograms and was presented as means
+ SD if normally distributed, alternatively medians
with interquartile range (IQR). QST data was ana-
lyzed in accordance with the DFNS protocol using
Z-scores, and those exceeding 95% of the prediction
interval of the DFNS reference group were consid-
ered as abnormal values (+£1.96 standard deviation).

We defined participants as responders or non-
responders. A PHS responder was defined as hav-
ing at least one sensation of warmth/burning dur-
ing cooling of the skin for each TSL protocol or
pre-condition. For example, a participant could be
a PHS responder during mTSL32°C and a non-
responder (no PHS) in mTSL38°C. A non-
responder reported a cold sensation during all
three cooling stimuli. We compared the number
of PHS responders between mTSL32°C and the
different fixed pre-temperatures using the
McNemar’s exact test and risk ratios (RR) and
95% confidence intervals (CI) as effect size esti-
mates. To assess differences between thermal
thresholds across pre-temperatures and compare
to the QST detection thresholds, we used
Wilcoxon signed-rank tests using Z-statistic and
reported the effect size as median and IQR of the
threshold differences. McNemar’s exact test, as
well as RR and CI were also used in the compar-
ison of PHS responders between TSL and
mTSL32°C. The difference in skin temperature
between the TSL and mTSL32°C was tested using
a paired t-test. To evaluate a possible difference in
age associated with PHS, we used the Mann-
Whitney U-test. Any difference in gender asso-
ciated with PHS was evaluated using Fisher’s
exact x* test, with RR and CI as effect size esti-
mates. P-values < 0.05 were considered statistically
significant.



In a secondary exploratory linear regression
analysis, PHS responders were defined at the single
trial level for each participant. Since every mea-
surement was repeated three times (three trials),
each participant classified as a responder in the
primary analysis may have a different combination
of PHS trials or non-PHS trials. In this analysis, we
performed a multilevel mixed-effect model to
examine the relationship between threshold values
and PHS. By doing so, we aimed at identifying
whether there were significant differences in the
threshold values associated with reports of PHS
(yes, no). As fixed effects, we entered age group
(decade), gender, trial number (1, 2, or 3), order of
pre-temperature, PHS (yes, no), interaction
between PHS and pre-temperatures, interaction
between PHS and trial number, interaction
between PHS and age group (decade), and inter-
action between PHS and gender. As random
effects, we modeled random intercepts for partici-
pants and pre-temperatures within participants.
To ensure that the assumption of the normality
distribution of the residuals was met, we did not
model the absolute threshold values, but the dif-
ference from baseline (32°C). Hence, the estimates
correspond to positive values that reflect the extent
of the temperature change needed to perceive
cooling of the skin. Lower values indicate
increased sensitivity, while higher values indicate
decreased sensitivity. Tests for interactions were
performed using the Wald test, and p-values
were calculated from chi-squared distributions.

Results

One hundred healthy, adult volunteers partici-
pated in the study. Of these, 58 were females.
Age range was between 18 and 77 years (median
age: 44.5 (IQR: 26.5; 54) years). There were no
dropouts.

Skin temperature

The baseline foot temperature was 29.3 = 2.1°C
[33]. After the heating lamp was applied, all mean
skin temperatures were in the range of 32 + 0.5°C.
There was a statistically significant difference in
skin temperature between the QST and mTSL,
difference: 0.26 + 0.03°C (t = 9.45, p < 0.001).
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However, given that the absolute difference was
a small fraction of a degree, we reasoned that the
skin temperature change was too little to explain
differences in PHS and thresholds between the
QST/TSL and the mTSL measurements.

Thermal detection and pain thresholds

Table 1 summarizes the participants’ thermal QST
thresholds. The QST values were within the nor-
mal range [9], except for TSL and HPT. For these
measures, 14 and 36 individuals showed higher
sensitivity than expected during TSL and HPT,
respectively (supplementary Fig. S2).

Paradoxical heat sensations

Exclusion of mTSL trials

In the mTSL, we excluded 16 trials: 5 trials (4
cooling and 1 warming temperature changes) in
which the reaction times were less than 250 ms,
and 11 trials (4 cooling and 7 warming tempera-
ture changes) in which no button press was regis-
tered. More details are provided in Table S1 in the
supplementary material. Figure 2 illustrates the
distribution of the cold threshold values for each
participant after we applied such exclusion. Also
from Figure 2, it is seen that there were PHS
responses following all pre-temperatures which
will be elaborated upon further in the next section.

Number of paradoxical heat sensation responders
There were 7 (54 (25; 81) %) more PHS respon-
ders during the TSL protocol (20 PHS responders)
than during the mTSL32°C protocol (13 PHS
responders), but the difference was not statistically
significant (x = 3.27, p = 0.12, RR = 0.65 (0.41;
1.0)) (Table 2). Pre-cooling temperatures of 20°C

Table 1. Thermal QST data presented as medians (IQR). CDT:
cold detection threshold, CPT: cold pain threshold, HPT: heat
pain threshold, TSL: thermal sensory limen, and WDT: warm
detection threshold.

Threshold
QST median (IQR) °C
DT 28.9 (27.5; 30.2)
WDT 35.7 (34.8; 37.2)
TSL 8.50 (5.96; 11.7)
CPT 19.2 (5.93; 24.3)
HPT 42.0 (40.1; 44.2)
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Figure 2. Trial-level results. The figure depicts single trial threshold values in °C associated with PHS (Orange) and normal values
(blue) for each participant separately. Trials in which the response time was less than 250 ms and trials with no button press were
excluded from the analysis (details in supplementary Table S1). The subtitle “PHSingie wial” ON top of each graph depicts the number
of PHS in total for all trials. a: pre-cooling of 20°C. b: pre-cooling of 26°C. ¢: pre-warming of 38°C. d: pre-warming of 44°C. Blue:
thresholds (°C) rated as cold, and Orange: thresholds (°C) rated as PHS.

Table 2. The number of PHS responders (one or more PHS out
of three cold stimuli) for each TSL protocol and pre-
temperature. Pre-temp: pre-temperature, TSL: thermal sensory
limen, and mTSL: modified TSL.

Pre-temp (°C)

Responders, n

(TSL) 32 20
(mTSL) 32 13
20 25
26 25
38 20
44 22

and 26°C increased the number of PHS responders
compared to mTSL32°C (Figure 3a) and the dif-
terences were statistically significant (20°C: x = 6.0,
p = 0.023, RR = 1.9 (1.1; 3.3) and 26°C: x = 6.55,
p = 0.017, RR = 1.9 (1.2; 3.2)). Similarly, pre-
warming temperatures of 38°C and 44°C increased
the number of PHS responders compared to the
control condition, although it did not reach statis-
tical significance (38°C: x = 2.13, p = 0.21,
RR = 1.5 (0.86; 2.8) and 44°C: x = 3.86,
p = 0.078, RR = 1.7 (0.995; 2.9)). We compared

the effect of pre-cooling (combined 20°C and
26°C) vs. pre-warming (combined 38°C and
44°C), and we found no differences in the number
of PHS responders (cold vs. warm: x = 0.57,
p = 0.57, RR = 1.1 (0.83; 1.5)). Finally, we tested
whether the temperature differential from baseline
influenced the number of PHS responders. We
compared the 6°C difference (combined 26°C
and 38°C) vs. the 12°C difference (combined
20°C and 44°C), and here, we also found no dif-
ference in the number of PHS responders (6°C vs.
12°C, x = 0.57, p = 0.57, RR = 1.1 (0.83; 1.5)).

Responses before baseline

In the standard TSL (i.e. without the auditory
stimulus), two participants pressed the button
before the stimulation temperature reached base-
line while the skin was cooled (one before all three
cooling stimuli, one before the second cooling
stimulus). The participants reported the tempera-
ture as cold (or more correctly “colder” than the
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Figure 3. Results. a: Bar chart with the number of participants with at least one PHS during the different preceding temperatures in
the mTSL protocol. For the control sequence (32°C) the temperature was alternating while for temperatures with pre-warming or
pre-cooling the temperature change was always in one direction. The number of PHS was larger during pre-temperatures of 20°C
and 26°C than during baseline mTSL32°C. * p < 0.025 (McNemar's exact test), number on top of bars: number of PHS responders,
and whiskers: 95% Cl. b and c: Boxplot of cold (b) and warm (c) detection thresholds from the mTSL, after different fixed
temperatures. Higher cold and warm detection thresholds for all fixed temperatures than CDT and WDT from the QST. *
p < 0.001 (Wilcoxon signed-rank test), CDT: cold detection threshold, dots: individual values, hinge: inter quartile range, horizontal
line: median, WDT: warm detection threshold, and whiskers: adjacent values. d: Adjusted predictions of the temperature values
(difference from baseline, °C) illustrating the interaction between pre-temperatures and PHS. The predicted variable was the
temperature values (°C) at which participants detected a temperature change in the cold range. The fixed effects were gender
(female), age (44, median of population), trial [1], and sequence [1]. The random effect was participant ID. The Cl intervals should be
interpreted carefully since data is paired. The circled markers represent the predicted mean of the temperature difference (°C)
associated with the detection of temperature changes perceived as cold (i.e. normal sensation). Instead, the triangular markers
represent the predicted mean of the temperature difference (°C) associated with the detection of temperature changes perceived as
warm (i.e. PHS). The whiskers depict the upper or lower Cl — for clarity only the upper or lower Cls are presented. * p = 0.013 (joint
test of all the coefficients associated with the interaction of pre-temperature and PHS are equal to 0).

preceding warm temperature) even though the  (26;53) years (U = 2894.5, p < 0.001) and mTSL32°C
temperature was above 32°C. The measurements (55 (51;65) vs. 43 (26; 52) years (U = 1801, p < 0.001)).
were registered as normal (i.e. not as PCS) since  Further, more males than females were PHS respon-

the previous stimuli were warm. ders, 13 (31%) vs. 7 (12%), x = 5.43, p = 0.019 and
RR =1.8 (1.2;2.8) in the TSL and 9 (21%) vs. 4 (7%),
Age, gender, and PHS X = 455, p = 0.034 and RR = 1.8 (1.%; 2.9) in the

PHS responders were older than non-responders dur- ~ mTSL32°C. There was no difference in age between
ing both the TSL (median age 53 (IQR: 42; 62) vs. 43 ~ PHS responders and normal responders during the
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pre-warming or pre-cooling conditions (Ursyas
= 763, p = 0.16). The gender distribution of PHS
responders also did not differ during the pre-
warming or pre-cooling conditions, x1s1,0 = 1.37,
p = 0.24) (details in supplementary Table S3).

Thermal thresholds after pre-warming and
pre-cooling

Detection: Both pre-warming and pre-cooling
temperatures increased detection thresholds of
a cold temperature change compared to the
cold detection thresholds during the QST
(Zinin = 4.87, all p-values < 0.001, min. median
threshold difference: -1.0 (-2.8; 0.35) °C),
Figure 3b (see supplementary Table S2 for spe-
cific values). Pre-cooling caused higher thresh-
olds than pre-warming and the change was also
influenced by the magnitude of the pre-cooling,
so that thresholds in the 20°C pre-cooling con-
dition were significantly higher (colder) than the
thresholds in the 26°C condition (Z = 8.15,
p < 0.001, median threshold difference: -2.7
(-3.8; —-1.7) °C). We also found that pre-
warming and pre-cooling temperatures increased
detection thresholds of a warm temperature
change compared to the warm detection thresh-
olds during the QST (Z,;, = —8.04, all p-values
< 0.001, min. median threshold difference: 2.3
(1.2; 4.1) °C) (Figure 3c). The warm thresholds
during the pre-warming conditions were higher
than during the two pre-cooling conditions, and
the thresholds in the 44°C pre-warming condi-
tion were significantly higher than the thresh-
olds in the 38°C condition (Z = -6.62, p < 0.001,
median threshold difference: 2.0 (0.4; 3.4)°C).
Pain: We found increased cold pain thresholds
(i.e. reduced sensitivity) following pre-warming of

44°C  compared to CPT from the QST
(CPT = 1196 (5.03; 22.7)°C, Z = -2.17,
p = 0.029, median threshold difference: —1.2

(-6.9; 3.0)°C). Similarly, heat pain thresholds
were markedly increased following pre-cooling of
20°C (44.7 (42.9; 46.5)°C, Z = —8.02, p < 0.001,
median threshold difference: 2.3 (1.2; 3.6)°C). See
supplementary Fig. S3 for details.

Mixed-effect analysis: Modeling the relationship
between PHS and mTSL cold thresholds

Our model demonstrated a statistically significant
interaction between the different pre-temperatures
and PHS using data on every trial separately
(p = 0.011) (Figure 3d). After pre-cooling to
20°C, the thresholds of a subsequent temperature
change perceived as PHS were estimated to be
—1.23°C (0.26; 2.29)°C lower (increased sensitivity)
than the thresholds associated with no PHS
(p = 0.013). There were no differences between
the thresholds associated with PHS or no PHS,
after pre-cooling or pre-warming to 26°C or
38°C. After the skin was pre-warmed to 44°C,
thresholds perceived as PHS were 0.95 (-0.06;
1.97)°C higher than the thresholds associated
with no PHS; however, this effect did not cross
the significance threshold (p = 0.06). In general,
the thresholds were higher (i.e. decreased sensitiv-
ity) for the pre-temperature of 20°C compared to
the other three pre-temperatures regardless of the
presence of PHS.

Furthermore, trial numbers 2 and 3 exhibited
higher thresholds than trial number one. The
order of the pre-temperatures had no effect on
the thresholds (p = 0.32). We found no interaction
between PHS and trial number (p = 0.17), no
interaction between PHS and age group
(p = 0.28), nor interaction between PHS and sex
(p = 0.94). Aging and sex had a significant impact
on the thresholds. Increasing age and being male
were associated with higher thresholds (i.e.
decreased sensitivity). The detailed results from
the mixed-effects linear regression model are pre-
sented in Table S4 in the supplementary material.

Paradoxical cold sensations

The number of PCS responders was low and with
no statistical difference across trials: 3 during the
TSL, 5 during mTSL32°C, 3 during mTSL20, 2
during TSL26, 6 during mTSL38, and 11 during
mTSL44. We thus found higher frequency of PCS
after warmer pre-temperatures, but the difference
was not statistically significant compared to
mTSL32°C (38°C: x = 0.11 p = 1.00, RR = 1.2



(0.41; 3.5) and 44°C: x = 2.25, p = 0.21, RR = 2.2
(0.76; 6.3)). When comparing the effect of pre-
warming with the effect of pre-cooling, PCS was
increased during the pre-warming condition (cold
vs. warm: x = 5.56, p = 0.031, RR = 3.0 (1.1; 7.8)).

Exploratory analyses

Some participants expressed doubts about the
quality of the sensations that they were experien-
cing. In a control analysis, we combined indivi-
duals that described at least one cooling as warm
or as a sensation that they were unsure whether it
was cold or warm (mTSL20°C: 33, mTSL26°C: 28,
mTSL38°C: 22 and mTSL44°C: 28 participants).
We found similar results irrespective of the defini-
tion of PHS (data in supplementary Fig. S4 and
Table S5).

Paradoxical sensations and detection thresholds
on the hand during pre-warming of 44°C or pre-
cooling of 20°C

Finally, we assessed whether the occurrence of
PHS was site specific, by testing a short version
of mTSL (including only pre-cooling to 20°C or
pre-warming to 44°C) on the dorsum of the hands.
The results revealed no paradoxical sensations on
the dorsum of the hands after pre-cooling or pre-
warming the skin, but both pre-temperatures
increased the thresholds needed to detect new
temperature changes, in line with the results
obtained when the mTSL was performed on the
feet. See supplementary S2.4 for details.

Discussion

We investigated the occurrence of paradoxical heat
sensations (PHS) as well as the ability to detect
temperature changes in healthy individuals after
transient pre-cooling and pre-warming of the
skin using the standard and a modified version
of the Thermal Sensory Limen (mTSL). Contrary
to our hypothesis, we found a statistically signifi-
cant increase in the number of PHS responders
when the skin was pre-cooled, while the increment
was not significant after the skin was pre-warmed,
compared to a control condition. To our knowl-
edge, this is the first study reporting an increase in
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PHS after pre-cooling of the skin in healthy indi-
viduals. Also, contrary to our hypothesis, we did
not observe an increase in the frequency of PHS
responders during the most intense compared to
moderate pre-warming or pre-cooling (i.e. 12°C
vs. 6°C from baseline).

Our secondary hypothesis that pre-warming of
the skin would decrease the sensation of cold was
confirmed. Pre-warming increased the cold detec-
tion thresholds as well as the warm detection
thresholds. We also found that pre-cooling
increased both the warm and cold detection
thresholds, in a similar way as pre-warming.
Interestingly, this increment in thresholds was
enhanced when two successive temperature
changes were of the same temperature direction
(i.e. pre-warming followed by a new warm stimu-
lus or pre-cooling followed by a new cold stimu-
lus). These results are consistent with a previous
study that showed increased cold detection thresh-
olds during mild cooling of the skin (to 27°C) [29],
but no effect on warm thresholds as well as no
effect on detection threshold after warming the
skin (up to 37°C) [29]. Similarly, a recent study
demonstrated decreased thermal intensities after
tonic warm and cold stimulation [34].

The increased thermal thresholds during the
TSL can be explained by different factors, such as
habituation, sensory adaptation, or synaptic fati-
gue. Habituation is a type of non-associative learn-
ing that refers to reduced behavioral responses
after repeated stimulation [35]. Studies have
shown that the habituation is observed when
investigating thermal pain threshold [36,37] but
did not (or in a very limited manner) impact
thermal detection thresholds [37]. In this study,
we focused on thermal detection rather than ther-
mal pain and, therefore, a possible influence of
habituation seems negligible. One alternative pos-
sibility is that the reduced thermal detection
thresholds are related to sensory adaptation since
the detection of a subsequent thermal stimulus
depends on the adapting skin temperature
[38,39]. A recent study demonstrated that cold
sensations are relative to the baseline skin tem-
perature [40]. Here, the baseline temperature of
the skin was set to 40°C for 5 seconds, which led
to cold detection thresholds at around 35°C [40].
An adaptation effect may partly explain the
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increased thermal thresholds in the present study,
although we only transiently cooled or warmed the
skin and afterward returned the temperature of the
thermode to 32°C before a new stimulus was
initiated.

Furthermore, studies have shown reduced
nerve conduction and thereby larger thermal
thresholds [41,42] when thoroughly cooling the
skin. Since we only transiently cool or warm the
skin (duration of maximum cold/warm was 12
s), it seems unlikely that nerve conduction velo-
city is changed due to either cooling or warming
the skin. Finally, one further mechanism can be
synaptic fatigue, which refers to the temporary
inability of peripheral neurons to respond to
specific sensory inputs, due to short term synap-
tic plasticity [34,43].

Consistently with the disinhibition theory, the
increased cold thresholds following pre-warming
and pre-cooling could be due to reduced activity
in cold sensing primary afferents, which could lead
to disinhibition of warm responding second-order
neurons resulting in PHS [20]. Meanwhile, the
theory is at odds with the findings from the
mixed-effect analysis. Here, pre-cooling of 20°C
was associated with less increased cold thresholds
(lower thresholds, but still increased compared to
the baseline condition) for PHS than for no PHS,
which is in contradiction with the theory.
Additionally, cold pain thresholds were increased
after pre-warming, and heat pain thresholds were
increased after pre-cooling, which suggest that the
occurrence of PHS cannot simply be explained by
a shift of the cold pain threshold toward baseline.

The absence of PHS on the dorsum of the hand
during cooling of the skin after pre-warming of
44°C or pre-cooling of 20°C could be explained by
the participants’ remaining ability to sense
a change in temperature despite the pre-
conditioning. Furthermore, both during pre-
warming and pre-cooling the dorsum of the
hand, we observed an increase in detection thresh-
olds in line with the findings on the feet. This also
underlines, that it is unclear whether PHS/PCS is
due to increased thresholds or larger preceding
temperatures. Our results indicate that the
mechanisms underlying PHS are more complex
than previously described and that PHS is not
related uniquely to cold sensory loss [17,18].

Additionally, we found no association between
PHS and age during the pre-warming and pre-
cooling, opposed to the TSL and mTSL32° where
the frequency of PHS was higher in older indivi-
duals. The lack of this age effect indicates that the
number of PHS responders after pre-conditioning
was increased in younger participants. This could
be due to a relatively larger increase in threshold
for younger individuals, if the increment of PHS
responses is generated by the decreased thresholds.
Our model also showed an increase in threshold
during trials 2 and 3 compared to the first trial,
which indicates a habituation effect during
repeated cooling.

Focusing on the opposite phenomena, i.e. para-
doxical cold sensations (PCS), we found larger
PCS frequencies during the warm pre-
temperatures than the pre-cold temperatures.
These results indicate that PCS can be induced
using pre-warming, but adequately powered stu-
dies are needed to assess this hypothesis.

Neural coding of warmth and cold and
implication on PHS

Even though advancements in neuroimaging
technology have contributed greatly to the map-
ping of human sensory and pain related neural
activity [44-47], detailed studies of peripheral and
central neuronal coding mechanisms of warm and
cold in humans are scarce [48]. In an electrophy-
siological study on cold sensitive nerve fiber activ-
ity in humans, cooling and rewarming the
superficial radial nerve by 1°C/s led to a rapid
increase in frequency when cooling, then to
a steady firing frequency, whereas rewarming
stopped the discharge and the frequency was gra-
dually increased until reaching baseline activity
[49]. This could be an explanation for the
observed increase in cold thresholds after pre-
cooling. Since the mentioned study did not mea-
sure the activity when cooling after rewarming,
we can only hypothesize this relationship.
Additionally, previous microneurographic studies
of peripheral, cutaneous nerve fibers demon-
strated different subtypes of C-fibers responsive
to both cooling and warming [17,50] and sug-
gested that altered activity in these fibers may
facilitate the generation of PHS. These



electrophysiological ~ findings  highlight the
dynamic and adaptive activity of thermosensitive
neurons and also that innocuous cold is con-
ducted both by Ad and C-fibers [13].

Recent animal studies have demonstrated the
existence of different coding mechanisms for
warm and cold neural activity [51-53]. They
found that warm sensory afferents responded in
a graded fashion with stimulation intensity (i.e.
higher temperature induced higher firing rate
and recruitment of more neurons) [51,52]. In con-
trast, cold sensory neurons responded in
a combinatorial manner, with different patterns
of cold responding neurons interacting differently
depending on the cold temperature [52].
Furthermore, these studies revealed that about
half of the neurons were polymodal, as they
responded to both temperature qualities and
mechanical stimulation [51,53]. Molecular studies
inactivating the cold and menthol-sensitive transi-
ent receptor potential (TRP) channel M8 (TRPMS)
in mice (knockout or ablation) found increased or
unaltered firing rates of warm sensing neurons
[51,52] and paradoxically that TRPMS8 receptors
were required for the perception of warm [51].

Taken together, these findings indicate close
interactions between cold and warm sensing path-
ways. The evidence in animal models of different
thermal coding mechanisms underlying warm and
cold sensing offer interesting hypothesis that
should be tested in humans and may explain the
observed higher occurrence of paradoxical heat vs.
cold sensations in humans. These different coding
strategies are compatible with a population coding
framework, postulating that temperature percep-
tion depends on the integration of neural activity
across fibers or pathways that were previously
thought to operate independently (for review
see [54]).

Limitations

This study should be interpreted within the
context of certain limitations. Previously, PHS
showed low test-retest reliability [55,56]. It is
unknown what the test-retest reliability of the
mTSL is compared to the TSL. To mitigate
possible temporal effects, we performed the
testing of all mTSL trials within the same day
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and the order of the pre-temperatures was fully
counterbalanced across participants. In the
mixed effect modeling, we entered the pre-
temperature order for each individual as
a fixed effect. The results indicated a lack of
a significant effect of the pre-temperatures
order on the threshold values.

For diagnostic purposes, having one out of three
PHSs in individuals over 40 years of age is con-
sidered normal [15]. In this study, we decided to
define all participants with one or more PHS,
regardless of the age of the individuals as PHS
responders, since we were investigating how
warming and cooling the skin influenced the num-
ber of PHS responses and not whether PHS was
a pathological sign. Therefore, the number of PHS
responders was higher in our sample than in
a normal healthy population. It should be noticed
that the TSL values from the QST were in the
normal range compared to the reference data [15].

The lack of a statistically significant increase in
PHS response after pre-warming could be due to
lower pre-temperatures as compared to prior stu-
dies. Susser et al. and Hdmildinen et al. both used
individually calibrated pre-warming temperatures
in the heat pain range (all pre-warming values
above 47°C [7,13]). Since the pre-
temperature of 44°C was above the median (and
near the upper quartile) of the heat pain threshold
measured by the QST, one should expect it to be
sufficient in terms of replicating prior find-
ings [7,13].

The sequences of the temperatures differed
between the mTSL32°C and the mTSL protocols
with pre-warming and pre-cooling, where the tem-
perature was always in the cold or warm direction
and not alternating. This difference may introduce
smaller difference in the number of PHS between
PHS mTSL32°C compared to the other mTSL
protocols.

Both QST thermal detection thresholds and
mTSL thresholds were measured using a similar
test sequence (i.e. temperature increments and
decrements were applied three times in a row
and not alternating as in the TSL). However,
during the QST measurements, the participants
were informed about the expected quality of the
temperature, and no auditory cue was presented.
This confound could possibly influence the

were
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cDT Cold Detection Threshold

CPT Cold Pain Threshold

DFNS  German Research Network on Neuropathic Pain

HPT Heat Pain Threshold

mTSL  modified Thermal Sensory Limen

PCS Paradoxical Cold Sensations

PHS Paradoxical Heat Sensations

QST Quantitative Sensory Testing

TGI Thermal Grill lllusion

TRPM8 Transient Receptor Potential channel, subfamily
M (melastatin), member 8

TSL Thermal Sensory Limen

WDT  Warm Detection Threshold

thresholds, but since the key part of the test (i.e.
the sequence of the temperatures) was similar,
the confound may be negligible. Moreover,
because we compared thermal thresholds
between both feet, it should be considered
whether the sensitivity between the feet is the
same. Rolke et al. found no significant left-right
differences in the QST parameters in 180 healthy
volunteers [15] and we therefore insinuated that
a possible difference was minimal. Furthermore,
the order of the stimuli on each foot was coun-
terbalanced across participants.

Conclusion

In conclusion, we found a higher number of
PHS responders after the skin was transiently
pre-cooled (ca. 19% increment) immediately
before the PHS assessment and a non-
significant increment when the skin was tran-
siently pre-warmed. Pre-warming and pre-
cooling increased thermal detection thresholds,
and we discussed this finding in relation to
habituation, sensory adaptation, and synaptic
fatigue. We did not find a clear-cut association
between PHS responses and reduced cold sen-
sitivity (i.e. higher thresholds), indicating that
the increased thresholds following pre-warming
and pre-cooling were not sufficient to fully
explain PHS.

Our results warrant future investigation on the
potentially distinct coding mechanisms underpin-
ning warm and cold sensing in humans and to
understand why some individuals with intact ther-
mal function experience paradoxical heat sensa-
tions, and why this phenomenon is common in
certain neurological diseases.
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