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Abstract: Temporal summation of second pain (TSSP) occurs when painful stimuli are presented repet-
itively (>0.33 Hz) and results from a C-fibre evoked enhancement (or “wind-up”) of the dorsal horn
neurons. Based on electrophysiological studies in intact animals, windup is considered a purely central
phenomenon. With advancements in functional MRI (fMRI), we can now probe the central mecha-
nisms of this pain response in humans. The aim of this study is to characterize the fMRI responses in
the healthy human brainstem and spinal cord that correspond to TSSP. Functional MRI of healthy
female adults (N = 15) was conducted while brief, repetitive heat pain stimuli were applied to the
right thenar eminence (C6 dermatome), and TSSP (0.33 Hz) and control (0.17 Hz) heat pain paradigms
were employed. The stimulus intensity was adjusted to each participant’s heat pain sensitivity. Data
were analyzed by means of a general linear model, and region-of-interest analyses. As predicted, par-
ticipants demonstrated significant behavioural summation of pain in the TSSP condition. FMRI results
identified enhanced activity in the spinal cord dorsal horn at C6 in response to the TSSP condition.
Additionally, multiple areas of the brainstem (RVM and PAG) showed greater responses with the
TSSP condition. These results suggest that, in humans, increased pain perception in the TSSP condition
is reflected by greater responses in the dorsal horn and in regions known to play a role in the descend-
ing modulation of pain, which may modulate the spinal cord response. Hum Brain Mapp 36:5038-5050,
2015. © 2015 Wiley Periodicals, Inc.

Key words: temporal summation; second pain; windup; fMRI; spinal cord; brainstem; human

L 4 *

Additional Supporting Information may be found in the online Received for publication 10 June 2015; Revised 10 August 2015;

version of this article. Accepted 27 August 2015.
Contract grant sponsors: Pfizer Canada and Canadian Institutes ~ DOI: 10.1002/hbm.22993
of Health Research. Published online 14 September 2015 in Wiley Online Library

*Correspondence to: Patrick W. Stroman; Queen’s University, Centre (wileyonlinelibrary.com).
for Neuroscience Studies, 2nd Floor, Botterell Hall, 18 Stuart Street,
Kingston, ON K7L 3N6, Canada. E-mail: stromanp@queensu.ca.

© 2015 Wiley Periodicals, Inc.



# Neural Correlates of Temporal Summation ¢

INTRODUCTION

Temporal summation of second pain (TSSP) is a pro-
gressive increase in pain perception which occurs when
painful stimuli are presented repetitively (>0.33 Hz)
[Price, 1972; Price et al., 1977]. Second pain is mediated by
C-fibres and is described as long-lasting burning sensa-
tions that often outlasts the duration of the stimulus.
Published studies using animal models have provided evi-
dence that repetitive C-fibre stimulation evokes enhance-
ment (or “windup”) of the dorsal horn neurons [Mendell,
1966, Mendell and Wall, 1965; Woolf and Salter, 2000].
However, despite the evidence for spinal windup in ani-
mals, and behavioural evidence of TSSP in humans, little
is known about the neural representations and mecha-
nisms of TSSP/windup within the human spinal cord.
With advances in spinal cord functional MRI, we can, for
the first time, noninvasively probe the central mechanisms
of this pain response in humans.

Windup of the dorsal horn neurons, and the related
TSSP, is known to be a purely central phenomenon and
therefore provides a means of probing effects of centrally
mediated pain processing [Koltzenburg and Handwerker,
1994; Price et al, 1977]. Moreover, windup has been
shown to have features in common with central sensitiza-
tion. For example, once windup has occurred, the
enhanced excitability of the dorsal horn neurons can be
maintained with minimal additional input [Staud et al.,
2004, 2007b]. In addition, stimuli that evoke windup are
sufficient to cause a transient enlargement of the cutane-
ous receptive fields and enhanced responses to input from
C-fibres [Herrero et al.,, 2000; Li et al., 1999]. Although
windup is not required for central sensitization, the two
share common properties. Therefore, characterizing the
spinal cord and brainstem responses to TSSP is expected
to reveal the central components of pain and the contribu-
tion of central sensitization in chronic pain conditions.

Functional neuroimaging has already been used to char-
acterize the neural correlates of TSSP in the brain [Staud
et al., 2007a]. Regions responding when TSSP was evoked
were located in a number of somatosensory (Thalamus,
S2), cognitive (anterior cingulate, prefrontal cortex), affec-
tive (insula, anterior cingulate), premotor (cerebellum),
and pain modulation areas (rostral anterior cingulate)
[Staud et al., 2007a]. Despite the expected importance of
the brainstem and spinal cord in TSSP/windup, the prop-
erties and locations of the neural correlates in these
regions are unknown. However, a number of studies have
used fMRI in the spinal cord and brainstem to investigate
mechanisms of pain processing in these regions [Dobek
et al., 2014; Rempe et al., 2014, 2015; Sprenger et al., 2012;
Wheeler-Kingshott et al., 2014]. Therefore, in the present
study, we used fMRI to examine the spinal cord and
brainstem representation of TSSP in normal, pain-free sub-
jects. We hypothesized that the BOLD response in the spi-
nal cord dorsal horn would be enhanced when TSSP is
evoked, compared to a control condition without TSSP.

We also hypothesized that, compared to the control condi-
tion, TSSP would evoke greater brainstem responses in
regions known to be involved in the descending modula-
tion of spinal nociception.

MATERIALS AND METHODS
Participants

Participants (N = 20 females, age range = 21-55,
M,ge = 39) had no history of neurological disease, major
medical illness, or psychiatric disorder. Participants were
recruited from the local community, and provided
informed consent. We selected this demographic because
chronic pain conditions are more prevalent in middle and
older age individuals, and sex differences in pain percep-
tion have been demonstrated [Robinson et al., 2004]. This
cohort therefore provides a relevant sample for future
comparisons with chronic pain patients. All premeno-
pausal subjects were tested during the luteal phase of their
menstrual cycles as determined by their menstrual history.
Only 15 participants completed all stages of the study (as
5/20 chose not to continue with the imaging sessions). All
procedures were in accordance with the Tri-Council Policy
Statement on Ethical Conduct for Research Involving
Humans.

Experimental Design

The purpose of this study was to characterize the dorsal
horn and brainstem response to C-fibre activation and
TSSP. Therefore, a TSSP pain paradigm was applied to the
skin overlying the thenar eminence of the right hand. The
rationale for selecting the thenar eminence were twofold;
primarily, we selected this region because it is innervated
from the 6th cervical dermatome and we can image the
cervical cord and brainstem simultaneously. Secondly,
noxious thermal stimuli (under 51°C) applied to this area
activate predominantly C-nociceptors and little first/sec-
ond pain distinction is experienced [Campbell and
LaMotte, 1983]. Second-pain sensations are mediated by C-
fibres as determined previously by conduction latencies
[Price et al., 1977] and can be elicited using the described
TSSP paradigm [Staud et al., 2007a].

All participants underwent a quantitative sensory test-
ing session and an imaging session. In the first session,
heat pain thresholds were determined, and participants
became familiar with the study procedures. As a measure
of control, participants completed questionnaires to assess
depression, anxiety, pain catastrophizing, and social desir-
ability. In the second session, functional MRI of the spinal
cord/brainstem was conducted while the TSSP paradigm
was employed. Before, and several times throughout each
session, participants rated their somatic pain and anxiety
on a numerical pain scale (0-100). The scales were anch-
ored with the phrases “no pain/no anxiety” and “the most
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intense pain/anxiety imaginable” reflecting 0 and 100
scores, respectively. These measures were acquired to
ensure that the participant was not experiencing or devel-
oping any new pain or anxiety (headache, back pain, etc.).

Questionnaires

All participants were asked to complete the Beck
Depression Inventory-II (BDI-II) [Beck et al., 1996], the
State/Trait Anxiety Questionnaire [Spielberger et al.,
1983], the Pain Catastrophizing Scale [Sullivan et al., 1995],
and the Social Desirability Scale [Crowne and Marlowe,
1960]. The BDI-II is a self-administered 21 item inventory
which assesses the affective, motivational, cognitive, and
somatic symptoms of depression. Participants rated
whether they experience the symptoms on a scale from 0
to 3, with total scores ranging from 0 to 63 (0-
13 = minimal depression; 14-19 = mild depression; 20—
28 = moderate depression; 29-63 = severe depression).
Higher total scores indicate more severe levels of depres-
sion. The State/Trait Anxiety Inventory is a 40-item self-
report measure that is divided into two sections, with 20
items measuring the transient condition of state anxiety
and 20 items devoted to the long standing condition of
trait anxiety. Responses are rated on a 4-point Likert scale,
ranging from 1 (not at all) to 4 (very much so). Possible
scores range from 20 to 80, with higher scores indicating
greater anxiety (low anxiety =20-39, moderate anxiety =
40-59, high anxiety =60-80). The Pain Catastrophizing
Scale is a 13-item measure consisting of descriptions of
various thoughts and feelings people might experience
related to pain [Sullivan et al., 1995].The respondent indi-
cates on a Likert-type scale of 0 (not at all) to 4 (all the
time) how often they experience that particular thought or
feeling when they are in pain. Scores range from 0 to 52,
with higher scores indicating higher levels of catastrophiz-
ing. The PCS manual indicates that, although the scores on
the PCS are normally distributed, a score of 30 can be
thought of as a cutoff for clinically relevant catastrophiz-
ing. Finally, the Social Desirability Scale has 33 items to
which the participant indicates that the statement is true
or false. High scores on this scale indicate that the partici-
pant seeks to be viewed as socially appropriate.

Training Session

At the beginning of the first session, participants were
trained to use a standardized numerical pain scale (NPS)
to rate the magnitude/intensity of their pain experience
[Staud et al., 2006; Vierck et al., 1997]. The scale ranges
from 0 to 100, in increments of 5, with verbal descriptors
at intervals of 10: 0—no sensation, 10—warm, 20—a barely
painful sensation (i.e., pain threshold), 30—very weak
pain, 40—weak pain, 50—moderate pain, 60—slightly
strong pain, 70—strong pain, 80—very strong pain, 90—nearly
intolerable pain, and 100—intolerable pain. Participants

were shown the scale continuously while they rated their
sensations. The descriptors were initially read to the par-
ticipant, and they were instructed to rate their pain sensa-
tion numerically. This scale has been found to be sensitive
for discriminating levels of sensation and advantageous to
use when rating a series of sensations [Staud et al., 2007a;
Vierck et al., 1997].

After participants were instructed on the scale, a series
of threshold and calibration tests were performed. All heat
sensations were applied to the skin via an MR compatible,
Peltier thermode (Medoc®, Ramat Yishai, Israel). The
Medoc device was programmed to control the temperature
while the thermode was held by one of the experimenters
and applied manually to the skin as needed for the spe-
cific test or stimulus. First, participants were asked to rate
their pain sensations to three different temperatures (45,
46, 47°C) applied to the skin of the forearm for 2 s. Ratings
from this test confirmed that participants could distinguish
between the temperatures and understood the rating scale.
The thermode was then heated to 42°C and contact with
the thenar eminence was repeated eight times, every 3 s
(i.e., a frequency of 0.33 Hz). For the series of contacts the
experimenter was guided by audio cues (imperceptible to
the participant) to indicate the duration (1.5 s) and timing
onset of each contact. Participants were instructed to rate
their pain from each contact, and also to rate the sensation
on their hand at 15 and 30 s after the last contact, to pro-
vide indications of after-sensations. This process was
repeated at 46°, 50°, 44°, and 48°C. This series of tests was
used to determine if the participant experienced temporal
summation of second pain and guided our calibration of
the appropriate temperature to achieve a sensitivity-
adjusted final rating of 50 * 10 NPS units on the scale.
Therefore, the temperature of the heat stimuli was varied
as a function of each subject’'s TSSP sensitivity, which
reflects the individual’s peripheral and/or central sensitiv-
ity. The final rating of 50 £ 10 NPS units was chosen
because healthy participants are unlikely to experience
prolonged peripheral or central hypersensitivity at this
temperature even with repeated trials.

FMRI Training

During the first session, participants also underwent
mock fMRI scanning to become familiar with the scanning
environment. Participants lay down on the mock MRI
scanner bed and underwent the TSSP protocol as it would
be presented in the subsequent MRI sessions. They viewed
a rear-projected screen (via a mirror) on which notifica-
tions were displayed when a new run was about to start,
when the heat stimuli would begin, and when to say their
ratings. As in the earlier tests, the thermode was heated to
the calibrated temperature and was applied in a series of
11 brief (1.5 s) contacts to the thenar eminence of the right
hand (see Fig. 1). For the TSSP condition, repetitive con-
tacts were made at an interstimulus interval (onset to
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Task Paradigm
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Figure I.

The task paradigm for the TSSP and control conditions. The
temperature of stimulation was calibrated for each individual to
produce a moderate pain rating (50 on a 100-point scale) for
the last stimulus of the TSSP paradigm. The same temperature
was used for both conditions. The duration of the first baseline
period was reduced for the control condition, so that the final

onset) of 3 s (0.33 Hz) whereas the control condition had
an interstimulus interval of 6 s (0.17 Hz) and was unlikely
to induce TSSP. Contrary to the earlier tests, participants
were instructed to silently rate their pain to each heat con-
tact in an effort to have them remember their pain rating
at the time it was experienced, rather than rate a memory
of their pain experience. However, they were prompted to
verbally report their ratings to the first and last heat con-
tact, after the last heat contact had been applied. This
replicated the procedures used to limit movement during
the fMRI acquisitions in later sessions. Finally, participants
verbally reported ratings 15 and 30 s after the last heat
contact was made. A minimum of 2 min of rest was given
between each run to prevent long-term sensitization of
nociceptive afferents [Price et al., 1977]. Each participant
experienced repeated runs of the TSSP and control para-
digms while recorded scanner noises were played to simu-
late the actual fMRI environment.

TSSP Scanning Design

The stimulation paradigms used during fMRI sessions
were similar to those practiced during the mock fMRI ses-
sion. In both TSSP and control conditions, 11 heat contacts

baseline period was the same between conditions. For the TSSP
condition, the heat stimuli were applied every 3 s, for 1.5 s,
whereas in the control condition, the heat stimuli were applied
every 6 s, also for a duration of 1.5 s. [Color figure can be
viewed in the online issue, which is available at wileyonlineli-
brary.com.]

were applied, every 3 s or every 6 s, respectively (Fig. 1).
The stimulation periods were preceded and followed by
rest periods resulting in a duration of 155 s for each para-
digm. During fMRI sessions participants were prompted
to provide ratings one time, immediately after the last heat
contact, and ratings of after-sensations were not obtained.
Again, participants viewed instructions on a rear-
projection screen (via a mirror) which notified them when
a new scan was about to begin, when the application of
heat stimuli would begin, and when to report their ratings
into a noise-canceling microphone. Six runs of each of the
TSSP and control conditions were implemented in a ran-
dom, counterbalanced order, and a minimum of 2 min rest
was given between each run.

FMRI Data Acquisition

All image data were acquired using a 3T whole-body
MRI system (Siemens Magnetom Trio; Siemens, Erlangen,
Germany). Participants were positioned supine and were
supported by padding as needed for comfort and to
restrict bulk body movement, and entered the MRI system
head first. Initial localizer images were acquired in three
planes as a reference for slice positioning for subsequent
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fMRI studies. Data were acquired using a posterior head
coil (6 elements), a posterior neck coil (3 elements), and,
depending on the size of the participant, the upper three
elements of a phased-array spine receiver coil (6X 3 array).
A body coil was used for transmitting radio-frequency
(RF) excitation pulses. In order to obtain optimal spatial
fidelity in the brainstem and spinal cord, as well as BOLD
sensitivity, fMRI data were acquired using a half-Fourier
single-shot fast spin-echo sequence [Bosma and Stroman,
2014a]. A 3D volume that spanned from the T1 vertebra to
above the thalamus was imaged repeatedly to produce
each fMRI time-series. Nine sagittal slices were acquired
contiguously with a repetition time (TR) of 6.75 s/vol, an
echo time of 76 ms to optimize the To-weighted BOLD sen-
sitivity, a 28 X 21 cm field-of-view with 1.5 X 1.5 X
2 mm® resolution. A total of 138 volumes were acquired
for each condition (over 6 repeated runs). The image qual-
ity was enhanced by means of spatial suppression pulses
anterior to the spine to reduce motion artefacts caused by
breathing, swallowing, etc, and motion compensating gra-
dients in the head—foot direction.

Data Analysis
Data preprocessing

The 3D spinal cord/brainstem functional imaging data
were analyzed with custom-made software written in
MatLab®. Image data were first converted to NIfTI format,
and were coregistered to correct for bulk motion using the
nonrigid 3D registration tool in the Medical Image Regis-
tration Toolbox (MIRT) [Myronenko and Song, 2009, 2010].
The images were then resized to 1 mm cubic voxels and
spatially normalized using custom-made automated nor-
malization software written in MatLab. For the normaliza-
tion, predefined sections of our normalized template,
which we have generated from images of 356 participants,
were matched in position and rotation angle to sections of
the original image data, based on the maximum cross-
correlation. The first section identified included the corpus
callosum and thalamus, because these regions have distinct
features which tend to make their location unambiguous.
In subsequent sections the position and angle were
weighted towards predicted values based on prior
segments resulting in a stable mapping process. The
mapping to the normalized template was also fine-tuned
using the MIRT toolbox [Myronenko and Song, 2010]. The
normalized data were then smoothed with a3 X 3 X 5 mm
(R/L X A/P X S/I) boxcar kernel. The time-series data
from repeated acquisitions from each participant, in each
study condition, were averaged prior to data analysis. This
process has been shown to reduce effects of random and
physiological noise which are uncorrelated across repeated
acquisitions while reinforcing BOLD responses that are
time locked to the stimulation paradigm [Bosma and Stro-
man 2014a; Stroman et al., 2012].

Anatomical region map

An anatomical map was defined within the normalized
template for multiple brainstem and spinal cord regions
based on anatomical atlases and published descriptions,
with 3D regions labelled manually on our normalized tem-
plate image (used in the normalization step) [Naidich
et al., 2009; Talairach and Tournoux, 1988; Williams et al.,
1995]. This map was used to automatically label the voxels
with significant BOLD responses in the GLM analysis.
These regions included the right dorsal region of the C6
spinal cord segment, the parabrachial nucleus (PBN), the
locus coeruleus (LC), the rostral ventromedial medulla
(RVM) [nucleus raphe magnus (NRM) and nucleus gigan-
tocellularis (NGc)], the nucleus tractus solitaries (NTS), the
dorsal reticular nucleus (DRt), the periaqueductal gray
matter (PAG), and the hypothalamus. The spinal cord seg-
ments were identified based on the distance in millimeters
from the pontomedullary junction (PMJ) as described by
Lang [1993] and Lang and Bartram [1982]. All anatomical
regions described in the analyses and results below are in
reference to this region map and are expected to be in
close proximity to the regions that they depict, within the
accuracy of our image data and published descriptions of
the anatomy.

General linear model analysis

A first-level analysis was conducted on the preprocessed
data for each participant, for each condition, using a gen-
eral linear model (GLM) as implemented in the statistical
parametric mapping (SPM) software package [Worsley and
Friston, 1995]. The basis set used for the GLM analysis
included (1) a paradigm matching the timing of each heat
contact and pre- and post- and interstimulus baseline peri-
ods (to model peripheral input to the spinal cord), (2) a
term that estimated the timing of the after-sensations of the
pain response as a block paradigm, (3) two nuisance regres-
sor terms to account for physiological noise, and (4) a con-
stant function. The nuisance regressor terms were taken as
the first two principal components obtained from a princi-
pal components analysis of the time-series data across all
voxels in the spinal cord and brainstem. These terms have
been shown to account for sources of global variance that
are common across a large number of voxels and originate
from physiological motion, whereas BOLD responses are
more highly localized [Bosma and Stroman, 2014a]. The
models of peripheral stimulation and after-sensation timing
were convolved with the BOLD hemodynamic response
function [Worsley and Friston, 1995].

Second-level analyses were carried out using a random-
effects method to determine the consistency of BOLD
response magnitudes (f values) determined from the
GLM, on a voxel-by-voxel basis. The BOLD responses
were contrasted between study conditions (TSSP vs. con-
trol). Significant activity was inferred at P < 0.001, and the
problem of multiple comparisons was addressed by
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limiting active regions to those with a spatial extent of at
least 10 mm?, based on the “stat_threshold” function writ-
ten by K.J. Worseley [Bosma and Stroman, 2014b].

ROI and time-series analysis

Region-of-interest (ROI) analysis in the dorsal horn was
carried out by defining 3D volumes in the normalized repre-
sentation of the cord, as detailed below, and determining
average responses over these volumes. Anatomical regions
were as defined in the region map described above. In this
map the sixth cervical (C6) segment spans from 78 to 92 mm
along the cord from the PM]J. Within each segment the cord
cross-sectional area was divided right/left and dorsal/ven-
tral to define quadrants. The time-series data were extracted
from the C6 right dorsal region in both the TSSP and control
conditions and the average BOLD signal changes in the DH
during the stimulation periods were compared.

RESULTS
Somatic Pain Ratings and Questionnaires

The participants reported no somatic pain or anxiety
before or during the fMRI scans. Their mean = SD Beck’s
Depression Inventory score was 88 * 5 and their
mean * SD Spielberger State/Trait Anxiety scores were
33 = 8 and 38 * 10, respectively. These scores suggest
that our fMRI analysis was not confounded by incidental
somatic pain or high levels of anxiety or depression. Their
scores on the Pain Catastrophizing scale were 15 = 5 and
on the Social Desirability scale were 15 + 10. These scores
indicate that our subjects were in the normal range for
these variables.

Behavioural Results

During the mock scanner training session, pain ratings
to the first and last pain stimuli were obtained immedi-
ately after the last heat stimuli. Results from a repeated
measures ANOVA indicated a significant main effects of
condition (TSSP vs. control) F(1,14) = 35.87, P < 0.001 and
a significant main effect of the pain ratings between the
first and last heat pain stimuli F(1,14) = 83.85, P < 0.001.
There was also a significant condition (TSSP wvs.
control) X stimulus (first rating vs. last rating) interaction
F(1,14) = 16.72, P = 0.001. Dependent ¢ tests showed that
pain ratings in the TSSP condition for the first heat stimuli
(14.9 = 9.4, mean * SD), were significantly lower than rat-
ings of the last heat stimuli (48.4 = 14.3) (t(14) = 9.9,
P < .001). The pain ratings were also significantly higher
for the last heat stimuli in the TSSP condition (48.4 = 14.3)
compared to the control condition (26,5 * 11.2),
(t(14) = 5.6, P < 0.001). Furthermore, average ratings to
the after-sensations, were significantly greater in the TSSP
condition (8.9 * 5.2) compared to the control condition
(4.1 = 2.6), (t(14) = 3.8, P = 0.001) (see Fig. 2).

Pain Perceptions to After-sensations
(15 and 30 seconds after final pain stimuli)

12 -

10 A

Pain Ratings
(=)}

TSsP

Control

Figure 2.

Reported ratings of after-sensations obtained from each partici-
pant, for each condition, during the fMRI training sessions. Rat-
ings of residual sensations/pain on the hand were obtained 15
and 30 s after the last heat stimulus. Asterisk indicates a signifi-
cant difference, P < .05, error bars indicate standard error.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

Pain ratings obtained during the fMRI scanning session
were also compared using a repeated measures ANOVA.
The results indicated a significant main effect of the pain
ratings between the conditions (TSSP vs. control)
F(1,14) = 59.3, P < 0.001 and a significant main effect of
the pain ratings between the first and last heat pain stim-
uli F(1,14) = 82.79, P < 0.001. There was also a significant
condition (TSSP vs. control) X stimulus (first rating vs. last
rating) interaction F(1,14) = 26.42, P < 0.001. Dependent ¢
tests confirmed a significantly higher pain response to the
last heat stimuli (51.6 = 14.6) compared to the first pain
stimuli (19.5 * 14.3) in the TSSP condition (£(14) = 9.7,
P < 0.001) (Fig. 3). The pain ratings were also significantly
higher for the last heat contact in the TSSP condition
(51.6 = 14.6) compared to the control condition
(23.4 = 12.5), (t(14) = 7.2, P < 0.001). Importantly, there
were no significant differences between the ratings to the
first or last heat stimuli, in either condition, between the
training session and the fMRI session (all P > 0.05).

ROI Analysis Results

In the spinal cord and brainstem, BOLD activity
increased during TSSP trials and remained elevated after
the last of the 11 stimuli for more than 40 s in the dorsal
horn, RVM, LC, PBN, and in the PAG (Fig. 4). In contrast,
the BOLD responses in the control trials returned to base-
line within approximately 10 s after the last stimulus. The
average BOLD signal change in the DH during the stimu-
lation period was significantly greater in the TSSP condi-
tion compared to the control condition.
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Figure 3.

Plots of the mean pain ratings across participants for the first
and last heat pain stimuli, in the TSSP and control conditions
(red and blue bars, respectively, error bars indicate standard
error). In addition, each participant rated their pain to each of
eight repeated stimuli (S) for the TSSP condition during the
training session (line). In the fMRI session, all participants were
asked to remember the numeric ratings of the pain intensity
related to the first and last heat stimuli (I heat stimuli (S) in

BOLD Comparisons Between
TSSP and Control Conditions

A GLM analysis was performed on the TSSP and control
data and revealed active voxels in a number of consistent
pain-related regions. A contrast analysis was performed to
determine areas of the cord and brainstem responding more
to the TSSP paradigm, compared to the Control paradigm
(Fig. 5a, Table I). Consistent with the psychophysical data,
the BOLD responses were larger in the regions of the RVM,
NTS, and PAG, in the TSSP condition compared to the con-
trol condition. Furthermore, the responses to the after-
sensations were identified and compared between conditions
(Fig. 5b). There was significantly greater BOLD activity seen
in the ipsilateral dorsal horn corresponding to the after-
sensations, but not to the model paradigm for the thermal
stimulation. There was also greater BOLD activity in the
NRM and PAG in response to the TSSP condition (Table II).

DISCUSSION

The purpose of this study was to use fMRI to character-
ize the neural correlates of TSSP in the spinal cord and
brainstem. All participants reported significantly greater
pain to the last heat stimulus in the TSSP condition com-
pared to the control condition; as is characteristic of the
behavioural manifestation of TSSP. Paralleling the differen-
ces in pain perception, we observed greater TSSP-related

total) and reported their ratings at the end of the stimulation
period. The ratings to the first heat stimuli did not differ signifi-
cantly between conditions, whereas the ratings to the first and
the last in each condition were significantly different, as were
the ratings to the last stimuli of the two conditions (P < .001).
A rating of 20 represents the pain threshold (dotted line).
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

BOLD activity in the spinal cord dorsal horn, consistent
with windup as previously observed in electrophysiologi-
cal studies of animals. We also detected greater BOLD
responses in multiple areas of the brainstem that are
known to be involved in the descending modulation of
pain, including the RVM and the PAG. Together, these
results suggest enhanced excitability of human spinal cord
neurons to TSSP and corresponding changes in descending
modulation from the brainstem.

The enhanced excitability of spinal cord neurons, or
“windup”, in response to successive painful stimuli was
first detected using extracellular recordings in dorsal horn
neurons in the spinothalamic tract, in animal preparations
[Chung et al., 1979; Mendell and Wall, 1965, Wagman and
Price, 1969]. The perception of TSSP reported in human
behavioural studies is thought to represent the behavioural
correlate of windup [Anderson et al., 2013]. The combina-
tion of fMRI and behavioural results presented here is the
first demonstration of the dorsal horn response to TSSP/
windup in humans. We determined that the BOLD signal
changes in the DH during the repeated heat pain stimuli
were significantly greater in the TSSP condition compared
to the control condition (Fig. 4). Although the BOLD
response time-course in the DH does not correspond with
the timing of the repeated heat pain stimuli, it closely
resembles windup responses observed in spinothalamic
lamina I neurons in the cat [Craig and Andrew, 2002].
Using a similar paradigm to the present study, Craig and
Andrew reported that at 49°C the spinothalamic neurons
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Time Course of BOLD Activity in the Dorsal Horn
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Figure 4.

The measured BOLD signal time courses (blue) related to (a)
TSSP and (b) control conditions are plotted in relation to the
model paradigms convolved with the hemodynamic response
function (red). The duration of BOLD response corresponding
to the after-sensations is indicated above each time-course plot.
The first volume is not shown to avoid variable T|-weighting in

responded only after 8-10 stimulation contacts [Craig and
Andrew, 2002]. An estimate of the BOLD response to
windup observed in the cat (based on the electrophysio-

the plotted time courses. The bottom plot (c) shows the % sig-
nal change from the dorsal horn ROI during task stimulation in
the TSSP condition compared to the control condition (error
bars indicate standard error, P < .05). [Color figure can be
viewed in the online issue, which is available at wileyonlineli-
brary.com.]

logical recordings by Craig and Andrew [2002], convolved
with the BOLD hemodynamic response function), is strik-
ingly similar to our observed BOLD responses in the
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Figure 5.

Results of the contrast analysis comparing BOLD signal changes
between the TSSP and control conditions. The results are over-
laid on high resolution transverse slices. The color scale indi-
cates the significance of areas with different responses between
the conditions (t value). A midline sagittal slice (taken from fMRI
data) from one participant is shown for reference and illustrates
the approximate location of the midbrain, pons, medulla, and Cé
cord segment. (a) Key areas with significantly different

human DH during the stimulation period (Fig. 4). This
correspondence provides evidence that the spinal cord
activity in the TSSP condition is consistent with windup.
Furthermore, electrophysiological studies have shown that
repeated stimulation with heat pulses results in a pro-
gressive suppression of C-fibre responses [Adriaensen
et al., 1984; Koltzenburg and Handwerker, 1994; Price

responses to the stimulation paradigm are demonstrated in the
vicinity of the NGC, NRM, and NTS in the medulla, and PAG in
the midbrain. (b) Key areas with significantly different responses
to the after-sensations are shown to be the right dorsal horn
region of the C6 segment, near the NRM in the medulla, and in
the vicinity of the PAG. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

et al, 1977] while the same stimulation results in pro-
longed discharges of dorsal horn neurons with each suc-
cessive stimulus [Mendell and Wall, 1965; Price et al.,
1971; Wagman and Price, 1969]. We therefore conclude
the observed enhancement of the dorsal horn response in
the TSSP condition does not simply reflect increasing
peripheral input.
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TABLE I. Regions with greater responses to TSSP com-
pared to the control condition

Anatomical X Y Z
region (R—1L) (A—P) (I—9) k T
NGC -0.95 5.58 —4.47 214 3.50
NRM 4.89 9.89 0.63 86 3.90
NTS —8.03 11.34 2.3 58 3.48
Thalamus -7.02 3.82 31.56 273 3.80
—4.46 8.59 45.32 180 345
Caudal medulla -0.41 6.25 —41.93 32 3.54
PAG -3.41 7.74 18.89 92 3.83

All statistical inferences were made at P < 0.001, cluster threshold
at 10 voxels. The coordinates x, y, z, refer to the absolute distance
in millimeters from the pontomedullary junction relative to the
mid-line in the R/L direction, and the anterior edge of the
medulla/cord in the A/P direction, k refers to the cluster size
(1 mm cubic voxels), and t is the average ¢ value across each clus-
ter of contiguous voxels. NRM: nucleus raphe magnus, NTS:
nucleus tractus solitarius, NGC: nucleus gigantocellularis, PAG:
periaqueductal gray matter.

The fMRI response in the DH includes both ascending
and descending contributions. Input from supraspinal
structures is known to modulate windup [Herrero et al.,
2000; Hillman and Wall, 1969] and in our study of intact
humans, we expect that there is substantial modulation of
the dorsal horn response to the TSSP condition by these
structures. This is consistent with the BOLD responses in
brainstem regions that are known to participate in pain
modulation. This is further supported by the findings of
Staud et al.,, who demonstrated that a number of brain
regions respond to the TSSP paradigm [Staud et al,
2007a]. However, the time courses presented by Staud
et al., differ substantially from the time-series presented
here in the dorsal horn. This is likely due to the fact that
the time-course of the DH response reflects the modulation
of spinal cord activity by descending input. Additionally,
we detected significant fMRI responses to after-sensations
which are sustained from the BOLD response to the heat
pain stimuli. The delay in DH response to TSSP, combined
with the supraspinally modulated DH response, and the
response to the after-sensations, make the fMRI response
to TSSP difficult to model and predict. However, it is
important to note that overall we detected greater signal
changes in the DH in response to TSSP compared to the
control condition, which parallels the difference in pain
perception between the two conditions.

Our results demonstrate an increased recruitment of
several supraspinal regions, including the RVM and PAG,
which have a greater response to the TSSP condition com-
pared to the control condition. Our results demonstrate an
increased recruitment of several supraspinal regions,
including the RVM and PAG, which have a greater
response to the TSSP condition compared to the control
condition. Both the PAG and the RVM are known to play

facilitory ascending and inhibitory descending roles in
determining pain perception, and the balance between
these states is dynamic [Heinricher et al., 2009]. The PAG
is known to be involved in a number of diverse functions,
all of which seem to maintain homeostasis. These func-
tions include emotional processing, and homeostatic and
physiological processes such as cardiovascular regulation,
and respiratory function. Furthermore, the role of the PAG
in pain processing has been widely described. For exam-
ple, several neuroimaging studies have demonstrated that
the PAG is significantly more active during a distraction
condition and that the activation was predictive of changes
in perceived pain intensity [Tracey et al., 2002; Valet et al.,
2004]. Stimuli that evoke strong negative affect responses,
including both physical pain as well as viewing negative
images has also been shown to elicit strong PAG activity
[Buhle et al., 2013]. Recently, altered connectivity between
the PAG and a number of pain-related regions (i.e., ante-
rior cingulate, central medial prefrontal cortex) has been
demonstrated to be greater in patients with chronic low
back pain, compared to controls, thereby providing evi-
dence for impairments in descending pain modulation [Yu
et al., 2014]. Recent work has demonstrated that subdivi-
sions of this structure serve different functions; however,
due to the resolution of our images, we are unable to
determine precisely which subregion of the PAG is
responding. The greater response of the PAG (and the
RVM) shown in our results is likely due to greater ascend-
ing input from the spinal cord in response to TSSP as well
as a greater engagement of the descending control mecha-
nisms in response to the increasing pain perception.

In the TSSP condition, there is a strong response in the
DH during the time period after the last heat stimulus
was applied. This corresponded with the increased ratings
of after-sensations in the TSSP condition compared to the

TABLE Il. Key areas with significantly greater responses
to the after-sensations in the TSSP condition compared
to the control condition

Anatomical X Y Z
region (R—1L) (A—DP) I—=S) k t
Dorsal horn =7.70 7.54 —-118.15 13 3.54
NTS -2.9 13.4 3.1 10 3.52
NRM —0.50 -0.92 4.75 12 3.51
-3.2 -3.92 8.12 25 3.80
PAG —0.67 3.94 21.35 51 3.79
Thalamus 2.25 -10.29 40.71 31 3.57

All statistical inferences were made at P < 0.001, cluster threshold
at 10 voxels. The coordinates x, y, z, refer to the absolute distance
in millimeters from the pontomedullary junction relative to the
midline in the R/L direction, and the anterior edge of the
medulla/cord in the A/P direction, k refers to the cluster size
(1 mm cubic voxels), and t is the average f value across each clus-
ter of contiguous voxels. NRM: nucleus raphe magnus, NTS:
nucleus tractus solitarius, PAG: periaqueductal gray matter.
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control condition, and has been described in previous psy-
chophysical experiments [Staud et al., 2001]. Our study
did not fully explore this aspect of the TSSP response, and
ratings to the after-sensations were only acquired in the
training session. This was to avoid inducing movement
during imaging that could confound our ability to detect
changes in the BOLD signal. Pain ratings to the heat stim-
uli (first and last stimuli) were acquired however in both
the training and fMRI sessions and there were no signifi-
cant differences between these ratings. Therefore, we confi-
dently expect that the ratings of the after-sensations in the
training session reflect what was experienced in the fMRI
session. Future study designs can be optimized to increase
the number of ratings of the after-sensations, and include
the acquisition of these rating in the fMRI session. Further-
more, modeling of the response to the after-sensations is
challenging because they are sustained from the stimula-
tion response and the time taken to resolve is unknown.
More work is warranted to understand the time course
properties of these responses. Given that previous studies
have demonstrated that the ratings of after-sensations can
be used to differentiate between control and chronic pain
conditions [Staud et al, 2001], it will be important for
future studies to compare the after-sensation BOLD
responses between these groups.

The aim of the current study was to characterize the spi-
nal cord and brainstem response to the summation of sec-
ond pain. We are confident that the paradigm we used
elicited C-fibre mediated second pain for the following
reasons: (1) all participants qualitatively described the
pain as a burning sensation, (2) the paradigm evoked
after-sensations that are reminiscent of the prolonged pain
sensations intrinsic to TSSP [Staud et al.,, 2001; Vierck
et al.,, 1997], and (3) we followed the paradigm used by
Staud et al. [2007a,b] who were able to measure the con-
duction latencies of the pain response and demonstrated
the paradigm induced a second pain response. Unlike
Staud et al.,, who stimulated the foot, we were unable to
measure response latencies in our study because we
stimulated the thenar eminence, which does not yield eas-
ily distinguishable first and second pain responses. We
selected the thenar eminence so that we would be able to
capture relevant spinal cord and brainstem regions in our
imaging field of view, but also because stimulation to this
area has been demonstrated to primarily elicit a second
pain response [Campbell and LaMotte, 1983]. We also uti-
lized a contact heat paradigm to avoid the changes in tem-
perature and the active cooling of the skin to the baseline
temperature between heat pulses that occurs in triangular
ramp paradigms [Staud et al., 2007a,b]. Contact heat how-
ever, does introduce mechanical stimuli and activates
mechanoreceptors in addition to heat nociceptors. How-
ever, the pressure applied to the skin was not painful, was
consistently placed in the same location, and was present
in both the TSSP and control conditions. We were also
unable to compare 2 heat stimuli TSSP and control condi-

tions in addition to our 11 stimuli conditions. These condi-
tions would have enabled us to more directly compare our
results to those of Staud et al., and would have provided
further evidence that we were capturing a second pain
response [Vierck et al., 1997]. However, due to the nature
of our imaging protocol, the BOLD response to two heat
stimuli would not be adequately captured.

One limitation of spinal cord and brainstem imaging is
the lack of a standard, validated anatomical MRI template
with the structures of the brainstem clearly outlined that
can be co-registered to functional data. Work is currently
being done to address this limitation [Ullmann et al., 2014],
and we have created our own normalized template using
numerous anatomical references to identify the structures
[Naidich et al., 2009]. We use our template as a reference to
identify our areas of activity, although we recognize that
these voxels are only in proximity to the anatomical struc-
tures of interest. Finally, we used an uncorrected P value to
evaluate the statistical inference and a cluster thresholding
procedure to control for multiple comparisons, as described
previously [Poline et al, 1997]. Given that our region of
interest is limited to the spinal cord/brainstem, and the
number of voxels examined per region is low, this
approach is relatively conservative and comparable to
reports in previous studies [Brooks et al.,, 2008; Cohen-
Adad et al., 2009; Moffitt et al., 2005].

CONCLUSIONS

In conclusion, the results of this study are the first to
characterize the neural representation of TSSP in the
human spinal cord and brainstem. Our results indicate
greater BOLD activity in the dorsal horn of the spinal cord
reflecting perceptual differences in pain between the con-
ditions. The timing of the BOLD responses to repeated
brief stimuli corresponds with electrophysiological evi-
dence of windup in the cat dorsal horn [Craig and
Andrew, 2002]. We also found a significant TSSP-related
response in brainstem regions that we conclude reflects an
engagement of the ascending and descending modulation
pathways. Finally, we demonstrate a strong BOLD
response to after-sensations in the TSSP condition, which
parallels the perception of sustained sensations after the
last pain stimulus. Therefore, given the relationship
between after-sensations, the maintenance of windup, and
central sensitization, paradigms that capitalize on these
responses may be useful tools for furthering our under-
standing of the mechanisms that underlie chronic pain.
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