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Abstract
Background—Temporal summation of second pain (TSSP) is relevant for the study of central
sensitization, and refers to increased pain evoked by repetitive stimuli at a constant intensity.
While the literature reports on participants whose pain ratings increase with successive stimuli,
response to a TSSP protocol can be variable. The aim of this study was to characterize the full
range of responses to a TSSP protocol in pain-free adults.

Method—Three hundred twelve adults received a train of brief, repetitive heat stimuli at a fixed
temperature and rated the intensity of second pain after each pulse. TSSP response (Δ in pain
ratings) was quantified using the most common methods in the literature, and response groups
were formed: TSSP (Δ>0), no change (Δ=0), and temporal decrease in second pain (TDSP)
(Δ<0). A cluster analysis was performed on the Δ values to empirically derive response groups.

Results—Depending on how TSSP response was quantified, 61 – 72% of the sample
demonstrated TSSP, 11 – 28% had no change in pain ratings, and 0 – 20% demonstrated TDSP.
The cluster analysis found that the majority (59%) of participants fell in the no change cluster,
29% clustered into the TSSP group, and 12% in the TDSP cluster.

Conclusions—Using a fixed thermal paradigm, pain-free adults exhibit substantial variability in
response to a TSSP protocol not well characterized by group-mean slopes. Studies are needed to
determine TSSP response patterns in clinical samples, identify predictors of response, and
determine the clinical implications of response variability.
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INTRODUCTION
Temporal summation of second pain (TSSP) is a C-fiber mediated process referring to an
increase in pain evoked by repetitive noxious stimuli at constant intensities, with an inter-
stimulus frequency of 0.33Hz or less (Price, 1972; Price and Dubner, 1977). Thought to
represent a psychophysical correlate of excitatory neural activity in the dorsal horn of the
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spinal cord (i.e., wind-up), TSSP has been found to be mediated by central nervous system
mechanisms (Price and Dubner, 1977). Studies have shown that TSSP magnitude is
increased in a number of chronic pain populations relative to healthy controls, including
patients with fibromyalgia (Staud et al., 2003; Staud et al., 2008), temporomandibular
disorders (Maixner et al., 1998), and functional abdominal pain (Dengler-Crish et al., 2011).
It is therefore relevant to the study of central sensitization, a mechanism hypothesized to
underlie many chronic pain conditions (Yunus, 2007). Furthermore, TSSP magnitude has
been demonstrated to be higher in females compared to males (Fillingim et al., 1998) and
among the elderly (Edwards and Fillingim, 2001), suggesting potential modulation of
endogenous pain processing in these respective groups.

Given the importance of TSSP to the study of chronic pain and age or sex-related
differences in pain processing, a review of the literature reveals a surprising lack of
standardization in the design of experimental TSSP protocols and how TSSP-related data are
reported. This is important given the aforementioned clinical relevance and because the
TSSP response is known to be sensitive to alterations in experimental parameters, including
stimulus frequency (TSSP is maximally elicited in humans using frequencies of 0.3 – 1.0
Hz) (Nielsen and Arendt-Nielsen, 1998; Price and Dubner, 1977) and intensity (Pedersen et
al., 1998). Fixed parameter paradigms (Robinson et al., 2004) have been used in addition to
protocols that tailor stimulus intensity to individual pain threshold (Granot et al., 2006;
Staud et al., 2004). Quantification of response to a TSSP protocol has also been inconsistent
as at least five different methods of calculation have been used in previous studies to
evaluate response to a TSSP protocol (Granot et al., 2006; Hastie et al., 2005; Raphael et al.,
2009; Robinson et al., 2004; Rolke et al., 2006). The magnitude of TSSP response may vary
depending on the method of statistical calculation (Granot et al., 2006; Svendsen et al.,
1999).

Similarly, the literature to date has primarily reported on participants in TSSP protocols
whose pain ratings increase with the number of stimuli (i.e., temporal summation). Results
are often reported for groups whose aggregate response slopes are positive. However,
response to a TSSP protocol can vary across individuals, and there is evidence to suggest
that some participants demonstrate no change or a temporal decrease in second pain (TDSP)
(Rolke et al., 2006). This variability is absent or understated in the literature and currently
no study has described the full variability of TSSP response. Accordingly, the aim of the
present study was to descriptively characterize the TSSP response in a large sample of
healthy young adults using the primary calculation methods found in the literature.

METHODS
This report presents a secondary analysis of data aggregated from 5 previously published
studies (Alappattu et al., 2011; Bialosky et al., 2008; Bishop et al., 2011; George et al.,
2006a; Robinson et al., 2004). The purpose, design, and findings from these studies are
described elsewhere in detail (Alappattu et al., 2011; Bialosky et al., 2008; Bishop et al.,
2011; George et al., 2006a; Robinson et al., 2004), and the relevant methods are summarized
here. All studies used similar eligibility criteria and quantitative sensory testing procedures,
and TSSP response did not differ by data source (see results); thus the studies were deemed
appropriate to aggregate by the study authors. The University of Florida Institutional Review
Board approved all studies and written informed consent was obtained from all participants
before evaluation.

Participants
Participants were recruited through print advertisements placed around the University of
Florida campus and through undergraduate and graduate level classes. Adults (≥18 years of
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age) not currently experiencing clinical pain were included in the analysis. Participants
provided demographic information before undergoing quantitative sensory testing. The
pooled sample consisted of 312 participants, 62.3% female. The mean age of the sample was
22.9 years (standard deviation, 3.2 years; age range, 18 – 40 years). Information on race was
only available for a subsample of 182 participants; 70.9% reported their race as Caucasian,
6.0% reported as African American, 9.9% were Hispanic, 9.9% were Asian, and 3.3% of
participants reported their race as “other.”

Procedure
All participants underwent quantitative sensory testing using thermal heat and a temporal
summation of second pain protocol. The thermal stimuli were delivered by a computer-
controlled Medoc Neurosensory Analyzer (TSA-2001, Ramat Yishai, Israel) via a 30*30mm
Peltier thermode. The TSSP protocols used trains of thermal stimuli consisting of either 5
(Robinson et al., 2004) or 10 (Alappattu et al., 2011; Bialosky et al., 2008; Bishop et al.,
2011; George et al., 2006a) consecutive pulses of suprathreshold heat stimuli delivered to
either the thenar surface of the palm (N = 195) (Bialosky et al., 2008; George et al., 2006a;
Robinson et al., 2004) or the plantar surface of the foot (N = 117) (Alappattu et al., 2011;
Bishop et al., 2011). Each stimulus started at a baseline temperature of 39°C – 41°C, peaked
at 51°C, then returned to baseline with a rise and decline rate of 10°C/s. The duration of
each stimulus was approximately 1 second with a 3 second interval separating the peak of
each stimulus (i.e., stimulus frequency = 0.33Hz). Participants were instructed to attend to
the delayed pain sensation felt after each heat pulse (i.e., second pain), and verbally rate the
intensity of this sensation using a numerical scale from 0 (no pain sensation) to 100 (most
intense pain imaginable). Before the test, participants underwent one practice session to
acclimate them to the thermal stimuli and pain rating system.

The 78 participants in the Robinson et al. (Robinson et al., 2004) study received a train of 5
heat stimuli and rated pulses 1, 3, and 5, while the 234 participants in the other 4 studies
received a train of 10 heat stimuli and rated every pulse. To standardize the evaluation of
TSSP response across datasets, only the ratings from pulses 1, 3, and 5 were used in the
analyses. It has been demonstrated that A-fiber mediated first pain is significantly
diminished by the 4th pulse, leaving only the experience of C-fiber mediated second pain
thereafter (Price et al., 1977). Additionally, peak temporal summation occurs in the first 4
stimuli in humans, and response saturates thereafter (Herrero et al., 2000). Thus, the choice
of limiting our analysis to the first 5 stimuli pulses is appropriate to evaluate TSSP response
and allows for better consistency across the studies.

Data Analysis
The Statistical Package for the Social Sciences (SPSS, version 18.0) was used for all
analyses. Descriptive statistics were generated for demographic variables. TSSP response
was characterized using the four most common methods of calculation found in the
literature. Formula-1 calculated the absolute difference between the 5th pulse pain rating and
1st pulse pain rating (Granot et al., 2006; Pedersen et al., 1998; Robinson et al., 2004).
Formula-2 used the difference between the maximum pain rating and the 1st pulse pain
rating (Hastie et al., 2005). In Formula-3, hierarchical linear modeling was used to estimate
the slope of change in pain ratings for each participant (Dengler-Crish et al., 2011; Raphael
et al., 2009). Finally, Formula-4 used a ratio of the 5th pulse pain rating to the 1st pulse pain
rating (Rolke et al., 2006; Uhl et al., 2011).

Using the data generated from each of the calculation formulas described above, TSSP
response (i.e., Δ in pain ratings) was also characterized categorically to determine the
prevalence of temporal summation, no change, and TDSP. Using the data from formulas 1,

Anderson et al. Page 3

Eur J Pain. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



2, and 3, a participant showed TSSP if their Δ value was > 0. They were characterized as
having no change if their Δ value equaled 0, and they demonstrated TDSP if their Δ value
was < 0. Using data from Formula-4, a participant demonstrated TSSP if their Δ value was
> 1. They were characterized as having no change if their Δ value equaled 1, and they
demonstrated TDSP if their Δ value was < 1. Finally, to establish empirically derived TSSP
response groups, a hierarchical cluster analysis (using Ward’s method and a squared
Euclidian distance measure interval) was performed on the data from Formula-1 in order to
identify homogenous subgroups in the data. The appropriate cluster solution was determined
by calculating the percentage change between clusters (i.e., the “step change”). The point at
which the percentage increase is significantly larger than that of previous steps indicates that
dissimilar clusters have been merged, and thus suggests the optimal solution (Hair et al.,
2006).

To determine whether site of stimulation (palm vs. foot) or data source (the 5 pooled
studies) introduced systematic variance into TSSP response, independent t-tests and analyses
of variance were used to compare TSSP response group means. To test for demographic
differences in TSSP response, independent t-tests were used to compare to compare mean
response in males vs. females, and Pearson r correlations were used to determine the
strength of the association between age and TSSP response. Finally, Pearson r correlations
were also used to examine the strength of the association between the 4 methods of TSSP
response calculation.

RESULTS
Mean TSSP response did not differ by site of stimulation [Tables 1 – 4] or by data source
[F(5,306) = .57 – 1.01, p > .05 for all tests] for any of the 4 calculation formulas. Thus,
neither location of the test nor the data source introduced systematic variance into the TSSP
response analyses, so the following results report on combined data for anatomical location
and for data source. TSSP response magnitude did not differ significantly by sex for any of
the 4 calculation methods [Tables 1 – 4], and age was not significantly correlated with TSSP
response for any of the 4 calculation methods (r = −.06 – .02, p > .05 for all comparisons).

Tables 1 – 4 present the TSSP response means, standard deviations, minimum / maximum
values, and prevalence of response groups (i.e., TSSP, no change, and TDSP). Using
Formula-1, the mean difference between the 5th and 1st pulse ratings was 6.8±16.0 (range,
−70.0 – 75.0), and the prevalence of TSSP, no change, and TDSP was 61.9%, 21.0%,
17.1%, respectively (Table 1). Figure 1 graphically demonstrates the distribution of TSSP
response across the sample using Formula-1: a relatively normal distribution with a modal
peak at 0. Using Formula-2, the mean difference between the maximal pain rating and the
1st pulse rating was 10.6±12.1 (range, 0.0 – 75.0), and the prevalence of temporal
summation, no change, and TDSP was 72.4%, 27.6%, and 0%, respectively (Table 2). Mean
slope of change in pain ratings (Formula-3) was 1.5±2.8; (range, −10.3 – 13.1), and the
prevalence of temporal summation, no change, and TDSP was 69.2%, 11.2%, and 19.6%,
respectively (Table 3). Finally, the mean ratio of 5th pulse rating to 1st pulse rating
(Formula-4) was 1.4±1.0 (range, 0.0 – 8.0), and the prevalence of temporal summation, no
change, and TDSP was 60.5%, 22.0%, 17.6%, respectively (Table 4).

Examination of the agglomeration coefficients for the hierarchical cluster analysis yielded 3
distinct clusters of TSSP response (Table 5). The majority (58.7%) of participants fell in the
no change cluster (mean TSSP response, 3.6; standard deviation, 4.5; range −5.0 – 12.0),
while 28.7% clustered into the temporal summation group (mean TSSP response, 24.8;
standard deviation, 11.8; range 14.0 – 75.0), and 12.6% fell in the TDSP cluster (mean TSSP
response, −19.3; standard deviation, 12.8; range, −70.0 – −8.0). Figure 2 graphically
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presents the percentage of participants in each TSSP response group for the four calculation
formulas and the cluster analysis.

DISCUSSION
The present study is the first to characterize the full variability in responses to a TSSP
protocol in a sample of pain-free young adults. It is also the first to explore the various
methods of TSSP response calculation found in the literature, and determine the prevalence
of categorical response groups depending on the method of quantification. We conclude that
a fixed, thermal heat paradigm yields substantial variability in response that is not well
characterized by group mean response slopes. Using the four primary calculation methods
found in the literature, 28 – 40% of the sample demonstrated a no change or TDSP response,
while 60 – 72% showed temporal summation. Alternatively, empirically derived TSSP
response groups suggest that the majority (58%) of participants experienced no significant
change in pain during the TSSP protocol, while only about one-third of the sample
demonstrated temporal summation.

The majority of studies in the TSSP literature report on aggregate results, often in order to
compare TSSP response between two or more groups of participants (e.g., healthy vs.
clinical). However, several studies have mentioned response variability in their reports on
TSSP in healthy adult samples. Using pinprick stimuli on three locations across the body,
Rolke et al. (Rolke et al., 2006) noted that “the absence of wind-up is normal, and wind-up
ratio has to show clear wind-down to be abnormal.” Our results confirm this finding in a
thermal heat paradigm; a temporal summation response, a no change response, and even a
slight TDSP response all fell within 1 standard deviation of the mean, suggesting that only
extreme TSSP or TDSP responses should be considered abnormal. Using electrical stimuli,
Pederson et al. (Pedersen et al., 1998) found a response pattern similar to the present study,
and using thermal heat paradigms, Granot et al. (Granot et al., 2003) and Raphael et al.
(Raphael et al., 2009) found that temporal summation could be induced in 56% and 50 –
70% of the participants tested, respectively. In sum, the findings from these four studies
support our conclusion: a substantial portion of healthy adult participants do not demonstrate
temporal summation of pain in response to a TSSP protocol. This variability in response
appears to be robust, occurring across different stimulus modalities and durations, and
different locations on the body.

Variability in response to a TSSP protocol may, in part, be accounted for by methodological
considerations. The literature has defined TSSP response in a variety of ways, and our study
demonstrated that the definition used to quantify TSSP response can affect both the
magnitude of response and the frequency of individuals meeting criteria for each response
category. For example, an individual with a first pulse pain rating of 50 and a fifth pulse
pain rating of 45 meets criteria for TDSP using calculation formulas 1, 3, and 4, but would
be classified as having no change using formula 2 and the cluster analysis. The response
categories determined by the cluster analysis present an empirically-derived alternative to
simply using the sign of the number (positive, negative, or 0) to determine the category. It is
up for debate whether minimal perceptual changes in pain during the course of a TSSP
protocol truly represent the TSSP (or TDSP) phenomenon or just chance fluctuations in pain
ratings. If the goal is to isolate participants who exhibit a TSSP or TDSP response, future
studies might consider using cut points that specify a minimum increase or decrease in pain
necessary to be considered TSSP or TDSP. While our cluster analysis outlines one possible
set of cut point values, it is likely that these values are not universal, but rather they are
dependent upon experimental parameters like stimulus type and intensity. An alternative
strategy is to consider TSSP as a continuous measure and instead study the phenomenon as
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an individual difference construct, and examine models that predict its variability both
within and between individuals.

Alterations in experimental parameters have been shown to affect the magnitude of TSSP.
TSSP requires a stimulus repetition of at least once every 3 seconds, and higher intensity
stimuli generally provoke a greater magnitude of TSSP response than lower intensity stimuli
(Nielsen and Arendt-Nielsen, 1998; Pedersen et al., 1998). However, the relation between
TSSP response and stimulus intensity may be dependent on pain threshold such that a
positive correlation exists unless a ceiling is reached on the first stimulus. In other words, if
the input stimulus yields an elevated pain rating (e.g. 100) then subsequent ratings can only
stay the same or decrease and temporal summation cannot occur. Regarding stimulus
modality, TSSP has been demonstrated using heat (Edwards and Fillingim, 2001; Granot et
al., 2003), electrical (Pedersen et al., 1998), cold (Price et al., 2002), pinprick (Rolke et al.,
2006; Uhl et al., 2011), and mechanical pressure stimuli (Nie et al., 2005; Staud et al.,
2003). However, no study to date has directly compared TSSP response magnitude between
two modalities, so it is unknown whether one type of stimulus confers an advantage over
another in eliciting temporal summation, or whether there is intra-individual specificity of
TSSP to stimuli. Similarly, studies examining the effect of stimulus duration on TSSP
response are sparse. Granot and colleagues (Granot et al., 2006) found that a single, tonic
thermal stimulus results in a TSSP response magnitude similar to that of repetitive phasic
stimuli.

Fixed parameter protocols like the one used in the present study employ an unchanging set
of experimental parameters that are expected to induce temporal summation. However, as
shown in our study, a substantial portion of participants do not demonstrate temporal
summation of pain in response to a fixed paradigm, or they do not do so to the same degree.
In hopes of maximizing the frequency and magnitude of temporal summation response,
recent studies have developed TSSP protocols tailored to the individual by altering the
stimulus intensity to match an individual’s pain threshold, and thereby avoiding ceiling
effects (Granot et al., 2006; Pedersen et al., 1998; Raphael et al., 2009; Staud et al., 2003;
Staud et al., 2006). This individualized design has resulted in more pronounced temporal
summation compared to a fixed design in at least one of the studies (Staud et al., 2006). The
ceiling effect could potentially explain why 28 - 70% of our sample did not demonstrate
temporal summation. However, only 29% of participants who exhibited no change or a
decrease in pain ratings had an elevated first pulse pain rating (≥60), suggesting that the
ceiling effect did not apply to 71% of those who fail to demonstrate TSSP. While
individually tailored protocols may help to optimize TSSP, 27 – 50% of the samples still fail
to achieve temporal summation (Pedersen et al., 1998; Raphael et al., 2009) and the ability
to compare results across studies is diminished due to the variation in experimental
parameters.

Physiological differences in pain processing as well as psychosocial factors may also help to
explain the variability in response to a TSSP protocol. Sex (Fillingim et al., 1998; Sarlani et
al., 2004) and age (Edwards and Fillingim, 2001; Lautenbacher et al., 2005) differences
have been demonstrated as women and older adults have shown enhanced temporal
summation relative to men and younger adults, respectively. Furthermore, Robinson et al
(Robinson et al., 2004) found that gender role expectations predicted TSSP response in
healthy adults, suggesting that social learning factors help account for the sex-related
differences in pain perception. The present study failed to find age or sex-related differences
in TSSP response, perhaps due to the restricted age range of the sample (primarily
undergraduates). Finally, emotion may also influence spinal mechanisms of pain via
modulation of descending inhibitory functioning, as it has been demonstrated that anxiety
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and fear is associated with greater TSSP response (George et al., 2006b; Robinson et al.,
2004).

Conclusion and Future Directions
Healthy adults exhibit substantial variability in response to a fixed parameter TSSP protocol.
Potentially, this variability in response may be accounted for by methodological
considerations (how one quantifies TSSP response), alterations in experimental parameters,
psychosocial factors, or by physiological differences in pain processing. Future studies are
needed to identify the predictors of response to a TSSP protocol, information that can be
used to create response profiles or subgroups, and potentially identify those at risk for
central sensitization. Additional work to determine individual differences in stimulus
parameters to optimize temporal summation may also prove fruitful.

In this sample of pain-free adults, 11 – 58% of participants had no change in pain ratings,
and up to 20% demonstrated a TDSP response. Future studies are needed to examine TSSP
response patterns in clinical samples, and to determine the clinical implications of variability
in TSSP. More broadly, consistency and standardization in the design of the TSSP protocol
and the calculation of TSSP response are lacking in the literature, and our study reveals the
variability that this inconsistency can introduce. Development of a standardized TSSP
protocol and a normed database of responses has begun in Germany (Rolke et al., 2006), and
continued work in this area is necessary to establish the clinical utility of this assessment.
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1) What is already known about this topic?

- Temporal summation of second pain (TSSP) is a C-fiber mediated process thought to be
relevant to the study of central sensitization.

2) What does this study add?

- Reporting on within-group variability in TSSP response is largely absent in the
literature.

- This study is the first to characterize the full variability in response to a TSSP protocol,
and explore the various methods of response quantification found in the literature.
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Figure 1.
The distribution of responses to a fixed parameter TSSP protocol using calculation
Formula-1: 1st pulse pain rating subtracted from the 5th pulse pain rating.
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Figure 2.
Percentage of participants in each TSSP response group for the four calculation formulas
and the cluster analysis.
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Table 5

Cluster Analysis on TSSP Response Data Using Calculation Formula-1 (N = 310)

Response Group N % Mean (SD) Min - Max

Cluster 1 (TSSP) 89 28.7 24.8 (11.8) 14.0 – 75.0

Cluster 2 (no change) 182 58.7 3.6 (4.5) −5.0 – 12.0

Cluster 3 (TDSP) 39 12.6 −19.3 (12.8) −70.0 – −8.0
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