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Abstract
Temporal summation of “second pain” (TSSP) is considered to be the result of C-fiber-evoked
responses of dorsal horn neurons, termed ‘windup’. TSSP is dependent on stimulus frequency (≥
0.33 Hz) and relevant for central sensitization and chronic pain. We have previously shown that
compared to normal controls (NC), fibromyalgia (FM) subjects show abnormal TSSP, requiring
lower stimulus intensities/frequencies to achieve similar TSSP. However, it is unknown whether
abnormal TSSP in FM is influenced by peripheral sensitization of C-fiber nociceptors and/or bias in
pain ratings. Thus we evaluated 14 FM subjects and 19 NC with pain threshold tests to selective C-
fiber stimulation, 30 sec heat stimuli, and repetitive brief (1.5 sec) heat pulses at 0.33 Hz using a
contact heat stimulator (CHEPS). The intensity of heat pulses was varied to achieve maximal TSSP
ratings of 45 ± 10 (numerical pain scale 0–100) in both FM and NC groups. We found that NC and
FM subjects had similar pain thresholds to C-fiber stimulation and yet FM subjects required lower
heat pulse temperatures to generate the same magnitudes of TSSP (p < .05). This combination of
findings does not support peripheral sensitization and suggests central TSSP abnormalities in FM
subjects. In a second experiment, all aspects of individually adjusted TSSP heat pulses were kept the
same except the baseline temperature (BT) between heat pulses was surreptitiously alternated
between 35°C and 40°C. These changes of BT resulted in significantly greater TSSP ratings of FM
subjects compared to NC subjects, both at 35°C or 40°C, but did not change their response to the
first heat pulse of a stimulus train. These findings provide strong support for alterations of central
pain sensitivity and not peripheral sensitization or rating bias as responsible for TSSP differences
between NC and FM subjects.
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1. Introduction
An important mechanism for alterations of pain sensitivity is activation-dependent neural
plasticity, manifested by slow temporal summation of C fiber-evoked responses of dorsal horn
neurons, termed windup. C-fiber impulse frequencies of ≥ 0.3 Hz result in the release of
glutamate and other neuromodulators [7] producing slow post-synaptic potentials lasting
fractions of seconds [40]. These slow potentials summate to produce windup [31]. Windup is
dependent on N-methyl-D-aspartate (NMDA) receptor currents following removal of the Mg
blockade of these ion channels [18]. These events result in central sensitization as evidenced
by lowered pain thresholds and expanded receptive fields [5;30;44]. Importantly, windup can
be used to test central sensitivity in pain patients and normal controls. When tested with
repetitive heat pulses or mechanical stimuli fibromyalgia (FM) patients have abnormally
enhanced temporal summation of second pain (TSSP), the psychophysical counterpart of
windup [28;32;33;35;36;39]. Although such findings are consistent with central sensitization,
other possible mechanisms have yet to be excluded, in particular peripheral sensitization of C-
fiber nociceptors and rating bias. Indirect evidence for the former was suggested by studies
that showed heightened microvascular reactivity in FM patients [8;15;29]. Signal detection has
been used to analyze normative data concerning discriminability across noxious intensities and
thus bias [16], but methods more specific for central sensitization or windup are needed. Thus
we tested both the contribution of C-fiber sensitization and response bias of NC and FM
subjects using three specific tests: 1) pain threshold to selective C-fiber stimulation, 2) long
duration (30 sec) heat stimuli (35°C, 38°C, and 40°C), one of which is just below the
nociceptive range (i.e., 40°C) and 3), TSSP trains of brief (1.5 sec), individually adjusted heat
pulses at 0.33 Hz that normalize TSSP of NC and FM subjects. We hypothesized that FM
subjects would have pain thresholds, ratings of long duration heat stimuli, and ratings of
repetitive heat pulses similar to NC subjects. FM subjects, however, would require lower peak
temperatures to evoke the same magnitude of TSSP. Such results would argue against
peripheral C-fiber sensitization and systematic response bias in FM subjects. To provide
additional evidence for abnormal central sensitivity of FM subjects we systematically varied
the baseline temperature (BT) between pulses (38°C) within the non-painful range while
keeping the peak temperature of the repetitive heat pulses constant. Based on preliminary data,
we hypothesized that changing BT to 35°C or 40°C would result in higher ratings in FM
subjects as compared to NC, but only after the first heat pulse.

2. Materials and Methods
We recruited 19 middle-aged healthy pain-free female subjects [mean age (SD): 41.2 (11.0)
years] using advertisements posted throughout the University of Florida, Gainesville and 14
female FM patients [43.4 (8.5) years] from the local community and FM support groups. All
FM subjects fulfilled the 1990 American College of Rheumatology Criteria [43]. Informed
consent was obtained from all subjects and the study protocol conformed to the ethical
guidelines of the 1975 Declaration of Helsinki. The University of Florida Institutional Review
Board approved the procedures and protocol for this study. All participants were right handed
and included 30 Caucasians, one African-American and two Asian subjects. Prior to testing,
all subjects underwent a clinical examination and were excluded from the study if they had
abnormal findings unrelated to FM. Use of analgesics, including non-steroidal anti-
inflammatory drugs (NSAID) and acetaminophen, was not allowed during the study. All
subjects were asked to discontinue analgesics for the duration of five drug half-lives before
testing, except narcotics which had to be stopped at least two weeks prior to study entry. Low
dose muscle relaxants and/or amitriptyline (≤ 10 mg/day) were permissible during the study
for treatment of FM-related insomnia.
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2.1 Experimental Design
TSSP was elicited by repetitive heat pulses (see below) to the palmar surfaces of the hands of
study subjects (for more details, see [35]). Using heat stimuli between 48°C and 51°C, subjects
usually report moderate pain and TSSP during repetitive pulses at frequencies of ≥ 0.33 Hz
[35;39]. The painful sensations evoked by such repetitive stimuli display latencies consistent
with C-fiber transmission [34;39]. During repetitive heat stimuli to the hands latent pain
sensations are well separated from early sensations such as 1st pain and can be easily detected
by most study subjects. Importantly, repetitive heat pulses applied to the glabrous skin of the
hands can evoke brief latency sensations of weak pain or warmth, but do so only during the
first two or three pulses of a heat pulse train [25;26;41]. Thus, pain ratings related to repetitive
heat pulses almost exclusively result from C-fiber input and TSSP.

To examine the contribution of C-fiber sensitization to TSSP as well as the response bias of
NC and FM subjects, three specific tests were used: 1) heat pain threshold testing, using a slow
ramp; 2) long duration (30 sec) heat stimuli to test the contribution of three different BT (35°
C, 38°C, and 40°C) to pain from heat pulse trains; and 3) repetitive heat pulses at 0.33 Hz
adjusted to the individual heat pain sensitivity of NC and FM subjects, resulting in normalized
TSSP.

2.2 Ratings of Pain
2.2.1 Ratings of Experimental Pain—A standardized numerical pain scale (NPS) was
utilized for rating the magnitude of painful sensations produced by thermal stimulation as
described previously [34]. The scale ranged from 0 to 100, in increments of 5, with verbal
descriptors at intervals of 10. Previous experience with the scale has shown that increments of
5 provide appropriate resolution for discriminable levels of late sensation intensity from
threshold to nearly intolerable levels [39;41]. This numerical scale has been found to be
particularly advantageous for pain ratings during a series of repetitive stimuli [41].

2.2.2 Ratings of Somatic Pain—Visual analogue scales (0 – 100) were used for ratings of
somatic pain before and after the experimental protocol [22]. Although the NC subjects were
required to be pain free at enrollment somatic pain ratings were obtained before and after the
testing session to capture possible new onset pains like back pain, headache, etc. The scales
were anchored on the left with “no pain at all” and on the right with “the most intense pain
imaginable”.

2.3 Thermal probe
Thermal pulses were generated by a “Contact Heat Evoked Potential Stimulator” (CHEPS)
(Medoc Advanced Medical Systems, Ramat Yishai, Israel). This apparatus is comprised of a
heatfoil/Peltier thermode (HP-thermode) that provides extremely fast heating rates of up to 70°
C/sec and cooling rates of up to 40°C/sec. The HP-thermode can stimulate a circular skin area
of 27 mm diameter (5.73 cm2), resulting in similar spatial recruitment of heat receptors as
previously used intermittent contact TSSP stimulators [17;39;41]. The fast heating capability
of the HP-thermode is the result of advanced heat foil technology in combination with a Peltier
element. The HP-thermode is composed of two layers: 1) an external layer which is comprised
of a very thin fast heating foil with two thermocouples (electronic thermal sensors) that can
provide an estimate of the skin temperature at the thermode surface; and 2) a second layer
consisting of a Peltier element with heating and cooling capabilities and two thermistors
(electronic thermal sensors). The extremely rapid heating rate is provided by the external heat
foil, while the cooling rate is generated by the internal Peltier element. Special hardware and
software controls allow temperature adjustments at a rate of 150 times per second. Thus during
each heat pulse the skin temperature is obtained every 7 msec (see legend Figure 1). The thermal
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sensors of the HP-thermode were calibrated before the experiments using a Testo 720
Thermistor (Testo Electronics, Lenzkirch, Germany).

2.3.1 Warm Threshold and Pain Threshold Testing—Thresholds for warmth and heat
pain were tested at the hands of study participants using the ascending Method of Limits. The
CHEPS thermode was applied to one of four predetermined areas on the palmar surface in
counterbalanced fashion. The probe was programmed to increase in temperature from ambient
(32°C) to 46°C in 10 sec, thereby producing a rise time of 1.4°C/sec. It has been demonstrated
in several studies that stimulus temperature rates below 2.0° C/sec selectively activate C-
nociceptors [45;46]. We compared thresholds of C-nociceptor pain in NC and FM subjects in
order to determine whether C-nociceptor sensitization could partially account for differences
in TSSP across these two populations. The NC and FM subjects were instructed to immediately
indicate when a sensation of warmth or pain was felt for the first time by pressing a button.
Each threshold test was repeated four times.

2.3.2 TSSP Training Sessions—All subjects were trained to attend to and rate late
sensations evoked by repetitive thermal stimulation of the palmar surface of the hands during
at least one separate training session. Details of similar TSSP procedures have been previously
reported in detail [34;36;39]. Prior to the testing sessions, a technician who was unfamiliar
with the hypotheses of the experiment instructed each subject to provide ratings of the intensity
of any delayed pain sensations produced by repeated heat pulses to the palmar surface. Study
subjects were told that they may or may not feel sensations of heat pain during each pulse and
that a late sensation of heat or heat pain would likely be perceived 1 to 2 sec after each heat
pulse. They were also asked to pay attention to and provide numerical ratings of the magnitude
of the late sensation, which could increase or decrease with stimulus repetition.

The ability of FM and NC to distinguish first and second pain has been established in previously
published experiments [37]. Heat pulses applied to the glabrous skin of the hand evoke early
sensations of weak pain or warmth and these early sensations diminish somewhat and do not
temporally summate during trains of heat pulses [37;39]. Thus, TSSP and associated neural
activity results from repeated C-fiber input [25;37].

2.3.3 Heat Pulses Used for TSSP Experiments—During the TSSP experiments, each
subject received heat pulse trains to the thenar or hypothenar eminence of the hands (Figure
1). The rise and return times of heat pulses to and from BT were individually adjusted to provide
identical pulse configurations (rise time 0.5 sec, plateau time 0.5 sec, return time 0.5 sec).
Repetitive heat pulses at 0.33 Hz were used to test the dependence of TSSP on stimulus number,
i.e. TSSP was expected to increase dependent on the number of stimuli. Previous work by our
group has shown that stimulus frequencies of ≥ 0.33 Hz are sufficient to elicit TSSP in most
NC [21] and FM participants [35–37;39]. All heat pulse trains were repeated three times and
counterbalanced to control for order effects. The interval between stimulus trains was always
2 min.

2.3.4 Adjustment of TSSP Stimuli to Each Subject’s Pain Sensitivity—Pain
sensations from heat stimuli vary as a function of each subject’s peripheral and central
sensitivity, which influences the rate of TSSP and its decay. Because this variability is likely
to affect comparisons of TSSP between NC and FM subjects, we intended to provide measures
of TSSP sensitivity across all subjects. Thus, to measure TSSP sensitivity, we determined the
unique stimulus temperature for each subject during preliminary experiments that resulted in
final heat pulse ratings of 45 ± 10 NPS units at 0.33 Hz. Stimulus intensities resulting in such
TSSP ratings (45 ± 10 NPS units) were chosen to avoid alterations of peripheral and central
pain sensitivity of study subjects during repeated trials. To identify individual stimulus
intensities associated with moderate TSSP ratings (45 ± 10 NPS units), each subject underwent
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several TSSP trials at 0.33 Hz. Stimulus trains initially comprised 47°C peak pulses at baseline
temperature (BT) of 38°C. If necessary, the peak pulse temperatures were raised or lowered
during subsequent trials until subjects achieved maximal TSSP ratings of 45 ± 10 NPS. The
number of heat pulses was allowed to slightly vary between subjects (range: 8 ± 2 pulses).
Thus, these initial TSSP trials at BT 38°C provided a standard condition which was designed
to be very similar within and between groups.

2.3.5 Changes of BT—In psychophysical experiments TSSP is usually modified by changes
in stimulus intensity and/or frequency. However, during our TSSP experiments, each
individual’s heat pulse characteristics were kept constant (see 2.3.3) but BT was either
increased to 40°C or decreased to 35°C to evaluate the effects of BT changes on TSSP. Three
different BT (35°C, 38°C, and 40°C) (Figure 1) were used because they were rated as painless
by most NC and FM subjects outside of TSSP trials (see 3.5). These manipulations were utilized
to characterize central sensitization within and between groups.

To evaluate the effects of BT without heat pulses on NC and FM subjects, all participants were
tested with two trains of 35°C, 38°C, or 40°C heat stimuli to the hands for 30 sec in
counterbalanced order. The duration of each heat stimulus was chosen to reflect the typical
duration of a TSSP stimulus train (30 sec). Experimental heat/pain ratings were obtained at 1
sec, 15 sec, and 30 sec.

2.4 Statistical Analysis
Statistical comparisons of the psychophysical data were conducted using SPSS 16.0 software
(SPSS, Inc., Chicago, IL). A series of mixed model ANOVAs for repeated measures was
utilized to test experimental pain ratings for differences within and between groups (Alpha
level = .05). A priori hypotheses were evaluated by simple contrasts. Threshold testing of
warmth and heat pain was evaluated by independent t-tests.

3.0 Results
3.1 Ratings of Somatic Pain in NC and FM Subjects

The healthy subjects reported no somatic pain before and during the experiments. In contrast
the FM subjects’ overall pain VAS scores were 2.9 (1.2) before and 3.7 (1.4) after the testing
procedures (t(31) = 1.24; p > .05).

3.2 Warmth and Heat Pain Threshold Testing
Independent t-tests of warmth and heat pain thresholds showed no significant temperature
differences for either hand (p > .05). Thus the ratings of warmth and heat pain threshold testing
were combined for both hands, respectively. The average (SD temperature for warmth and heat
pain thresholds were 34.3 (1.1) and 34.2 (.9) as well as 41.4 (2.1) and 41.2 (2.2) for NC and
FM subjects, respectively. Independent t-tests (two-tailed) showed no significant difference
between NC and FM subjects in either warmth (t(31) = .18; p > .05) or heat pain thresholds (t
(31) = .04; p > .05).

3.3 Ratings of BT
First, we analyzed the ratings of NC and FM subjects related to 30 sec heat pulses at BT 35°
C, 38°C, and 40°C which were subsequently used during TSSP experiments (Figure 2). These
ratings were obtained at 1 sec, 15 sec, and 30 sec. A mixed model ANOVA of heat stimulus
ratings with diagnostic group (2), time (3), and BT (3) as independent variables revealed
significant main effects for diagnostic group (F(1,31) = 8.9; p = .005), time (F(2,62) = 9.1; p
< .001), and temperature (F(2,62) = 23.8; p < .001). However, there were no significant
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interaction effects noted for temperature × diagnosis (F(2,62) = .31; p > .05) or temperature ×
time (F(4,124) = 1.7; p > .05). These findings indicate that heat sensations increased with rising
temperatures and time. The average ratings of the heat sensations at three different BTs,
however, were neither painful nor statistically different between NC or FM subjects.

3.4 Heat Pulse Intensities Used for TSSP Stimuli
As described above (2.3.4), TSSP stimuli were adjusted to each subject’s heat pain sensitivity.
The average peak stimulus temperature (SD) necessary to achieve 45 ± 10 NPS ratings during
repetitive heat pulse trains at BT 38°C (baseline condition) was 48.3 (2.2) °C and 46.3 (2.6) °
C for NC and FM subjects, respectively. An independent t-test showed that the mean peak heat
pulse temperature used for TSSP testing was significantly lower in FM than NC subjects (t(31)
= 2.1; p = .007).

3.5 TSSP of Sensitivity Adjusted Heat Stimuli at Baseline (BT 38°C)
TSSP ratings of NC and FM subjects using sensitivity adjusted heat stimulus trains at 0.33 Hz
and BT 38°C are shown in Figure 3 & 4. This condition was used to compare the changes in
TSSP associated with changes in BT to either 35°C or 40°C. The average (SD) number of heat
pulses necessary to achieve TSSP of 45 ± 10 NPS was 8.6 (1.8) which was not different for
NC and FM subjects (p > .05). To test whether our method of sensitivity adjusted heat pulses
was successful in normalizing TSSP across individuals and diagnostic groups, we performed
a mixed model ANOVA of TSSP ratings with diagnostic group (2) and stimulus number (3)
as independent variables. The ANOVA showed a significant main effect for stimulus number
(F(2,62) = 119.3; p < .001) but not for diagnostic group (F(1,31) = .17; p > .05). In addition,
the interaction effect of stimulus number × diagnostic group was not significant (F(2,62) = .
53; p > .05), indicating that the same rate of TSSP was achieved for NC and FM subjects.

3.6 Effects of Different BT on TSSP Ratings
NC and FM subjects’ ratings of sensitivity adjusted heat pulses at 0.33 Hz using BT 38°C and
the effects of BT changes (to 35°C or 40°C) on TSSP are shown in Figure 3 – 4. Whereas BTs
were varied during these experiments, peak temperatures remained unchanged. A mixed model
ANOVA of heat pulse ratings with diagnostic group (2), stimulus number (3), and BT (3) as
independent variables showed a significant main effect for diagnostic group (F(1,31) = 9.9; p
= .004), heat pulse (F(2,62) = 245.6; p < .001), and BT (F(2,62) = 41.7; p < .001). There was
a significant interaction effect of BT × diagnosis (F(2,62) = 6.6; p = .002), BT × heat pulse (F
(4,124) = 24.6; p < .001), and BT × heat pulse × diagnostic group (F(4,124) = 4.1; p = .004)
noted. These findings indicate that TSSP was elicited in NC and FM subjects and that its
magnitude was dependent on BT. Simple contrasts were used to further analyze the interactions
effects. They showed that BT changes had different effects on TSSP in NC and FM subjects,
i.e. TSSP was less in NC compared to FM subjects at 35°C BT (F(1,31) = 16.9; p < .001)
(Figure 3) and greater in FM subjects than NC at 40°C BT (F(1,31) = 4.9; p = .04) (Figure 4).
The ratings of heat pulse trains by both diagnostic groups were not statistically different after
the first pulse (p > .05) but were statistically lower for NC at BT 35°C from the 5th pulse on
compared to FM subjects (p < .035). Ratings of the first heat pulse of all TSSP trains, however,
were not statistically different between diagnostic groups at any BT (p > .05).

4. Discussion
The notion that widespread peripheral sensitization of heat sensitive C-nociceptors contributes
to abnormal TSSP in FM patients is not supported by our study. Specifically, FM patients’
pain thresholds to selective C-fiber stimulation, ratings of 30 sec BT stimuli at 40°C, and the
first pulse of repetitive heat pulse trains were not different from NC. Our results add to the
growing evidence that abnormalities of cutaneous C-fiber pain are related to specific aspects
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of central sensitization/ temporal summation in FM patients [6;32;36]. In addition, such
specificity is inconsistent with the concept that widespread hyperalgesia of FM patients is the
result of indiscriminate pain rating bias. Our results, however, should not be generalized for
all body areas or tissues and do not exclude other primary afferent abnormalities related to FM,
particularly those associated with impulse input from muscle and other deep tissues.

4.1 Lack of Evidence for Widespread Peripheral Sensitization of C-Nociceptors in FM
Several groups of investigators have proposed that peripheral sensitization of cutaneous C-
fiber nociceptors is a factor that may influence pain in FM. Indirect evidence for this possibility
was provided by studies that showed heightened microvascular reactivity in FM patients [8;
15;29]. However, not all studies found significant differences in cutaneous microvascular
reactivity between FM patients and control subjects [1]. The results of our present study are
inconsistent with widespread peripheral sensitization of cutaneous C-nociceptors in FM
patients. This conclusion is supported by our findings that responses of FM patients and NC
subjects did not differ on: 1) pain thresholds to selective C-fiber stimulation; 2) 30 sec BT
stimuli at 35°C, 38°C, 40°C, and 3) the first pulse of repetitive heat pulse trains. When applied
to glabrous skin, all three tests predominantly activate heat sensitive C-nociceptors and warm
receptors. When sensitized, the former demonstrate lowered thresholds (e.g. 39°C – 40°C) and
show enhanced responses to 39°C – 40°C stimuli [3;4;13]. Thus, the lack of group differences
in ratings of the long duration 40°C stimulus is especially indicative of a lack of peripheral
sensitization. In addition, peripheral sensitization of C-nociceptors would also result in
enhanced responses to the first pulse of heat pulse trains. Since NC subjects and FM patients
responded similarly on all three tests, it is highly unlikely that widespread peripheral
sensitization of cutaneous C-nociceptors accounts for abnormal TSSP of FM patients. It is also
unlikely that peripheral sensitization is a significant contributor to TSSP in either NC or FM
patients. Using heat pulses that are very similar to those used in the present experiment, C-
nociceptive afferent recordings of monkeys show reductions not increases in magnitude as
more heat pulses occur [25]. Moreover, TSSP still occurs even when the location of the
thermode changes between heat pulses [25].

Deep tissues, however, may represent an important source of impulse input for FM patients.
Frequently described threshold abnormalities (i.e. tender points) and elevated ratings of
nociceptive muscle stimulation (hyperalgesia) of FM subjects possibly are a consequence of
abnormal input from sensitized peripheral nociceptors and resultant central sensitization [2;
11;19].

4.2 Abnormal Heat Evoked Hyperalgesia in FM Patients is Related to Specific Aspects of
TSSP

Previous comparisons between NC and FM patients provide multiple lines of evidence for
specific abnormalities of TSSP in FM. In comparison to NC subjects, FM patients show
enhanced TSSP but no differences in response to the first sensitivity adjusted or unadjusted
heat pulse, as also shown in the present study [27;36]. FM patients demonstrate TSSP at lower
stimulus frequencies in comparison to NC subjects. Once TSSP is achieved in FM patients,
enhanced second pain sensations can be maintained by very low stimulus frequencies that by
themselves are unable to initiate this phenomenon [36;37]. This phenomenon occurs to a much
lesser degree in NC subjects. When NC and FM patients are subjectively equated for TSSP,
FM patients demonstrate the same level of pain-related neuronal activation within multiple
brain areas despite requiring lower stimulus intensities than NC subjects [33]. In comparison
to NC, FM patients also have much longer duration painful “TSSP aftersensations” and the
magnitudes of “TSSP aftersensations” strongly correlate with clinical pain [27;38]. Finally,
when BT temperatures were surreptitiously lowered or raised from 38°C in the present study,
FM ratings of TSSP were higher than those of NC subjects after the fifth pulse, while no
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significant changes occurred for the first pulse in the heat pulse trains. These findings suggest
that the magnitude of TSSP is resistant to lowering of overall input (i.e., BT reduced from 38
C to 35°C) and sensitive to raising overall input (i.e., BT raised from 38 C to 40°C) in FM
patients but not in NC subjects. Thus, FM patients seem to have abnormalities of specific
aspects of TSSP. Some of these TSSP abnormalities appear to closely parallel the plasticity of
sensitized dorsal horn neurons during windup experiments [9;14]. In particular, once windup
has occurred, sensitized wide-dynamic range neurons in the dorsal horn show larger
magnitudes of windup, longer “after-discharges”, and lower frequencies of C-fiber stimulation
needed to maintain enhanced responses to C-fiber stimulation once windup occurs [23].

The differences between NC and FM patients with respect to specific aspects of TSSP are
unlikely to reflect a general response bias in pain responding. Such response bias should not
only result in increased TSSP of FM patients but also in decreased pain thresholds and enhanced
ratings of the first heat pulse in a train of heat pulses. A generalized response bias of FM patients
is also difficult to reconcile with highly specific differences in TSSP, such as the effects of BT
change and the prolonged after-sensations [39], which persist even after equating TSSP
magnitudes across NC and FM patients (Figure 3 and Figure 4).

4.3 Lack of Rating Bias Associated with Repeated Stimulation or Ascending Pain Intensity
It is conceivable that abnormal TSSP in FM patients reflects a highly specific bias related to
the number of stimuli in a train of heat pulses or to the fact that pain intensity increases
throughout this train. Several lines of evidence, however, rule against this possibility. A bias
that is specifically a function of the number of heat pulses given should result in higher ratings
as more stimuli are applied. While this true for heat pulse trains with 10 or fewer pulses, TSSP
shows a plateau in FM patients when more than 10 pulses are applied [39;42] similar to windup
in spinal dorsal horn neurons [9;14]. This response plateau is inconsistent with a response bias
mechanism. If the bias is related to the fact that pain increases with repeated stimulation, then
FM should be more sensitive to an ascending series of nociceptive temperatures than NC
subjects. Instead, [20]) found that NC subjects and FM patients had the same rate of increase
in pain ratings during ascending series of noxious temperature and mechanical stimuli. Finally,
when FM and NC groups are equated for TSSP, they show statistically equal levels of neural
activation in brain areas at all levels of pain processing, including early levels (i.e., thalamus,
S-1) [33]. All of these lines of evidence rule against response bias as an explanation for TSSP
abnormalities in FM.

4.4 Why rating bias is not likely a major contributor to TSSP in general
There are multiple lines of evidence that argue against rating bias as a major contributor to
TSSP in general. The psychophysical TSSP curve largely parallels the WU curve of
spinothalamic tract neurons of unconscious monkeys [24]. Brain activations strongly
associated with TSSP occur at all brain levels associated with pain processing, including the
earliest stages at thalamic and S-1 levels, a result inconsistent with report bias [33;34].
However, if expected increases in pain exert an influence at the earliest level of central
processing, the dorsal horn, then WU and TSSP might be enhanced by expectation. If so, then
expectations are an integral part of WU and TSSP, consistent with demonstrations that
expectations help shape afferent processing of pain [10;12]. However, expectation is not the
same construct as report bias, which is providing proportionately higher ratings to lower
magnitudes of pain sensations. Therefore, although TSSP may be influenced by expectation,
it is unlikely to have been strongly and systematically influenced by report bias in most
experiments conducted on this phenomenon so far.
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Figure 1.
Heat pulse design used for TSSP experiments. Each heat pulse increased from baseline to peak
temperature in 0.5 sec, remained at peak temperature for 0.5 sec, and returned to baseline in
0.5 sec. Repetitive heat pulse trains were adjusted to each subject’s heat pain sensitivity at BT
38°C. During previous experiments the stimulus temperature for each individual subject was
identified that resulted in maximal TSSP ratings of 45 ± 10 NPS using BT 38°C. During
subsequent TSSP pulse trains, the BT was systematically varied between 35°C, 38°C, and 40°
C, whereas the temperature of sensitivity adjusted heat stimuli was kept constant for each
subject. TSSP = temporal summation of second pain; BT = baseline temperature; NPS =
numerical pain scale
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Figure 2.
Ratings of 30 sec heat pulses at three BT (35°C, 38°C, 40°C). BT pulses were applied to each
hand for 30 sec similar to the duration of heat pulse trains. Ratings were obtained after 1 sec,
15 sec, and 30 sec. Mean ratings for the 30 sec BT heat pulses increased with increasing
temperatures for NC and FM subjects (p < .05), but did not reach pain threshold for any of the
BTs. Pain threshold = 20 NPS. BT = baseline temperature; NPS = numerical pain scale; NC =
normal controls; FM = fibromyalgia subjects
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Figure 3.
Experimental pain ratings of NC (black circles) and FM subjects (black squares) during 0.33
Hz TSSP stimuli at the BT of 35°C. All subjects underwent heat pulses of 1.5 sec duration. In
addition, the subjects’ ratings of sensitivity adjusted TSSP stimuli at BT 38°C are shown as a
reference (gray circles and squares). TSSP of FM subjects was statistically greater than NC at
BT 35°C (p < .03). In contrast, the ratings of TSSP stimuli at the BT of 38°C were not different
between groups (p > .05). The hatched area represents painless sensations. BT = baseline
temperature; P = heat pulse; Pend = end heat pulse; TSSP = temporal summation of second
pain
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Figure 4.
Experimental pain ratings of NC (black circles) and FM subjects (black squares) during 0.33
Hz TSSP stimuli at the BT of 40°C. All subjects underwent heat pulses of 1.5 sec duration. In
addition, the subjects’ ratings of sensitivity adjusted TSSP stimuli at BT 38°C are shown as a
reference (gray circles and squares). TSSP of FM subjects was statistically greater than NC at
40°C (p < .03). The hatched area represents painless sensations. BT = baseline temperature; P
= heat pulse; Pend = last heat pulse; TSSP = temporal summation of second pain
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