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Abstract
Attention can profoundly shape the experience of pain. However, little is known about the neural
mechanisms that support directed attention to nociceptive information. In the present study,
subjects were cued to attend to either the spatial location or intensity of sequentially presented
pairs of painful heat stimuli during a delayed match to sample discrimination task. We
hypothesized that attention-related brain activation would be initiated following the presentation
of the attentional cue and would be sustained through the discrimination task. Conjunction
analysis confirmed that bilateral portions of the posterior parietal cortex (intraparietal sulcus, IPS
and superior parietal lobule) exhibited this sustained activity during attention to spatial but not
intensity features of pain. Analyses contrasting activation during spatial and intensity attention
tasks revealed that the right IPS region of the posterior parietal cortex was consistently more
activated across multiple phases of the spatial task. However, attention to either feature of the
noxious stimulus was associated with activation of fronto-parietal areas (IPS and frontal eye
fields) as well as priming of the primary somatosensory cortex. Taken together, these results
delineate the neural substrates that support selective amplification of different features of noxious
stimuli for utilization in discriminative processes.

Introduction
Top-down attentional bias established by the cognitive task affects neuronal activity even
before stimulus presentation [5]. During nociceptive processing such pre-stimulus effects
can be seen in expectation paradigms. Expectation of pain activates brain regions that are
known to be activated by painful stimuli alone [46]. Expectations of lower pain not only
decrease subjective pain experience but also decrease pain-related activations [31].
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In addition to general anticipation, attention to specific dimensions of a sensory event may
also dramatically shape processing by producing changes in neural activity before the
stimulus has been presented. Spatial cueing in vision experiments frequently increases
activity in areas of occipital cortex that retinotopically correspond to the cued location [25,
20]. Feature cues, on the other hand, increase activity in areas that are known to process the
feature inside and outside spatial spotlight of attention [57, 53, 56, 47]. Finally, direction of
spatial attention modulates event-related potentials produced by pain [34, 33].

Top-down attention has been shown to engage posterior parietal cortex (PPC) and superior
frontal cortex [including, frontal eye fields (FEF) and dorsolateral prefrontal cortex
(DLPFC)] in both spatial [11, 22, 9, 25, 6, 51] and feature [21, 54, 53, 23] attention in vision
studies. Although brain mechanisms supporting top-down attention to specific stimulus
dimensions have been well characterized in visual and auditory modalities, little remains
known about the mechanisms that support spatial and feature attention for nociceptive
information. Our group has previously shown the existence of the dorsal (consisting of
posterior parietal and prefrontal cortices) and ventral (consisting of insula and prefrontal
cortex) processing streams engaged by discrimination of location versus intensity of painful
stimuli [42, 43]. Those studies were designed to isolate activation related to the comparison
of specific features of noxious stimuli with information retrieved from memory of a previous
stimulus. Attention is critically important for the acquisition of the target features of sensory
stimuli and is an integral part of the discrimination process. However, it remains unclear
how much of this discrimination related activation is related to the direction of attention.

To identify brain activation associated with attention to specific features of pain, subjects
were cued to attend to either pain intensity or pain location before the delivery of noxious
stimuli. Their attentional performance was assessed by the use of a two alternative, delayed
match-to-sample task. Functional MRI was used to characterize brain activity during all four
phases of the delayed match to sample task. These phases include the period following the
cue (cue maintenance period), the period where subjects were acquiring noxious information
(acquisition period), the memory period between stimuli, and the discrimination period. We
hypothesized that attention related activation during the cue maintenance phase would be
sustained across multiple phases of the discrimination task.

Methods
Subjects

Both psychophysical and MRI components of the study were completed by 18 right-handed
healthy volunteers, 9 males and 9 females (age 20–33 years, mean: 27 years). Fifteen
subjects were white, one Hispanic, one African American, and one Indian. One additional
subject was withdrawn from the study due to extreme sensitivity to the heat stimuli during
the training session. All subjects gave written, informed consent acknowledging that they
would experience painful stimuli, all procedures and manipulations were clearly explained,
and they were free to withdraw at any time. All procedures were approved by the
Institutional Review Board of Wake Forest University School of Medicine.

Stimulation procedures
A thermal stimulator with a 16 × 16 mm contact surface (Medoc TSA II) was used for
noxious heat stimulation. The probe was placed on a special holder, after which the
stimulated body region was positioned on the surface of the thermode. A baseline
temperature was 35°C. The stimulus temperature was changed with rise and fall rates of
6°C/s. To minimize sensitization or adaptation, each experimental series was delivered to
previously unstimulated skin areas.
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Psychophysical training
Initially, all subjects were trained with thirty-two 5-s-duration stimuli (35–49°C) applied to
the arm to give them experience rating pain. Then subjects practiced the discrimination task
by using four out of twelve series of stimulations that were subsequently used in the scanner
to ensure that they could adequately discriminate the stimuli and also to familiarize them
with the task..

Experimental task
A two-alternative, forced-choice paradigm using pairs of thermal stimuli was used to
identify brain regions involved in different parts of match-to-sample task (Fig. 1). These
stimuli were applied to the posterior aspect of the lower left leg, and two separate probes
remained positioned on a subject for the duration of the series (baseline temperature 35°C).
This task (including time intervals for individual periods) was designed to parallel two
previous studies on spatial and intensity discrimination of pain in our lab as closely as
possible [42, 43]. For each discrimination trial, 20 seconds after task initiation, a sound cue
was delivered through headphones instructing subjects to pay attention to location (two
beeps, 200 ms tone with a 100 ms intertone interval) or intensity (one beep, 200 ms tone).
After a 10 second cue maintenance period, the first noxious heat stimulus (48°C) was
applied for 20 seconds (T1, acquisition period). A 30 s memory period followed the heat
stimulation, after which a second 20 s stimulus was delivered at various temperatures or
locations (T2, discrimination period). For intensity-cued trials, subjects received both stimuli
at the same location, and, for location-cued trials, both stimuli were delivered at the same
intensity (48°C). In location trials, T2 could be delivered at the same location (50% of trials)
or delivered either 4 cm (25% of trials) or 16 cm (25% of trials) away from T1 using a
separate probe. The second probe remained at 4 or 16 cm distance from the first probe for
the duration of each MRI series. At the end of each series both probes were repositioned. In
intensity trials, T2 could be 48 (50% of trials), 49 (25% of trials), or 50°C (25% of trials).

Approximately 10% of all trials were catch-trials, introduced to monitor whether subjects
were performing feature-specific discriminations rather than simply identifying differences
between stimuli. In intensity catch trials, subjects were instructed to perform an intensity
discrimination, but T2 (48°C) was delivered at a spatially distinct location from T1 (48°C).
In spatial catch trials, subjects were instructed to perform a spatial discrimination task, but
stimuli of different intensities (T1=48°C, T2=50°C) were delivered at the same location.

In all tasks, subjects were required to indicate whether T2 was the same or different as cued
feature of T1 by pressing a button with the index or middle fingers of the right hand,
respectively. Subjects were instructed that the determination was to be made as soon as the
decision was reached but before the end of the second stimulus. Each 456 s series contained
4 pairs of comparisons, and the experiment contained 12 series per subject. One subject
completed only 7 series due to physical discomfort from the head coil (data included).
Location and intensity trials were pseudorandomized, and task order was counterbalanced
across subjects.

Psychophysical assessment and analysis
For both the training and fMRI acquisition series, subjects’ responses to discrimination were
recorded using a digital chart recorder (Power-Lab: ADInstruments, Sydney, Australia).
These real-time data then were processed using custom-written programs within the IDL
software package (Research Systems, Boulder, CO). Response latencies and error rates were
examined using repeated-measures ANOVA to identify effects of the stimulus feature
(intensity vs location), as well as type of trial (“same”, “different”, “catch”) on the ability to
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discriminate. The chart recorder data was also used to construct regressors for the fMRI
analysis.

Subjective evaluation of task difficulty, pain intensity, and pain unpleasantness were
acquired with a visual analog scale (VAS) at the end of each series. The scales had a 0–10
range and were 15 cm long. Subjects were instructed that the ratings should reflect the
overall experience of all eight stimuli within the whole series. Ratings of individual stimuli
were not obtained to minimize confounds arising from having subjects provide intensity
ratings while being instructed to attend to location. Therefore direct comparison of task
difficulty between the intensity and location trials was not possible. Also, these ratings do
not provide the ability to assess intensity and unpleasantness on a stimulus by stimulus basis.
At the end of the experiment, subjects were queried as to the strategy they used during the
discrimination and memory in both intensity and location tasks.

Image acquisition and processing
Functional data were acquired on a 1.5 T General Electric echo-speed Horizon LX scanner
with 1.5T HD 8 Channel High Res Brain Array Coil [Invivo Corporation, Gainesville, FL].
For functional imaging, blood oxygenation level-dependent images were acquired
continuously in each contiguous plane by using echo-planar imaging [echo time (TE), 40ms;
repetition time (TR), 2s; 28 × 5-mm-thick slices; 3.75 × 3.75 mm in-plane resolution; flip
angle, 80°; no slice gap]. During fMRI acquisition series, subjects were requested to close
their eyes.

High-resolution structural scans were acquired using a BRAVO sequence (inversion time,
600 ms; TR, 11.41ms; flip angle, 12°; TE, 4.77ms; section thickness, 1 mm with no gap
between sections; number of sections, 160; in-plane resolution, 0.9375 × 0.9375 mm).

The functional image analysis package FSL [Center for Functional Magnetic Resonance
Imaging of the Brain (FMRIB), University of Oxford, Oxford, UK] was used for image
processing and statistical analysis. The functional data were movement corrected, spatially
smoothed by 5 mm with a 3-D isotropic Gaussian kernel, and temporally filtered by a
nonlinear high-pass filter with a cutoff period of 60 s. Each subject’s functional images were
registered to their structural data using a six-parameter linear 3-D transformation and then
were initially transformed into standard stereotaxic space (as defined by Montreal
Neurologic Institute [62]) using a 12-parameter affine transformation. To further minimize
spatial variation between subjects, these linearly transformed data were then nonlinearly
transformed into standard space [3, 4].

Statistical analysis of regional signal changes within the brain
Statistical analysis of the regional signal changes was performed on each acquisition series
(first level analyses) using a general linear modeling approach with nonparametric local
autocorrelation correction [18, 65]. In all analyses, the relationship of the predictive model
function to MRI signal intensity was evaluated by calculating a t-statistic on a voxel-by-
voxel basis. These t values were then converted to Z scores to allow p values to be
calculated on the basis of Gaussian random field theory [66, 19, 16]. The predictive model
functions for the general linear modeling analysis were derived as follows:

We created 17 regressors for analysis of cue maintenance, acquisition, memory,
discrimination, and pain periods. These regressors were structured to assess activity in
different types of trials (Table 1). All regressors (except for pain) were orthogonalised to the
pain regressor. In addition, each memory regressor was orthogonalised to memory of a
different task (intensity vs. space) and to cue maintenance periods of both tasks. Similarly,
cue maintenance periods were orthogonalised to cue maintenance period of a different task
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and memory periods of both tasks. The goal of such orthogonalisation was to be able to
separate a true baseline when subjects performed no task and to exclude activations
attributable to pain from discrimination and acquisition related activations.

To generate regressors, the real-time data from the chart recorder were processed using
customized programs within the IDL software package. Each of the 17 regressors had a
period of interest scaled as +1. For analysis of the acquisition periods we only included the
stimulus pairs in which T2=T1 to avoid confounders arising from the use of different
temperatures or areas. Cue maintenance period regressors were generated using the time
interval between the delivery of a sound cue and the onset of the first stimulus in a pair. The
first 75% of discrimination period (T2 onset-response choice) was selected for generation of
discrimination regressors to ensure that that motor activity associated with response
selection did not confound assessment of discrimination-related activation. The
corresponding time in T1 was used to generate acquisition regressors. Thus, regressors for
the acquisition and discrimination period were unique for every discrimination pair.
Memory regressors included the time between the end of the first stimulus and onset of the
second stimulus. Pain regressors included whole T1 and T2 periods. The auditory cues were
not modeled in the regression analysis since they were so brief (each tone 200 ms) relative
to the TR (2000ms).

All regressors were convolved with a gamma-variate model of the hemodynamic response
(delay 6s, SD 3 s) and its temporal derivative [8, 28, 65]. They then were filtered temporally
using the same parameters that were applied to the functional images.

We performed interseries fixed effects (second level) analyses within each subject separately
for each period, and proceeded to intersubject group analysis (third level) using a random
effects model. Clusters of voxels exceeding a Z-score>2.3 and p<0.05 (mixed effect,
corrected for multiple comparisons) were considered statistically significant [66]. A random-
effects analysis was performed to determine whether regions uniquely activated during
either spatial or intensity trials exhibited differential magnitudes of activity in each period of
the task. Finally, conjunction analyses were performed in order to identify regions
commonly activated between spatial and intensity tasks in each experimental period [41].

In order to assess the influence of attention across all phases of the delayed match to sample
task, we performed separate conjunction analyses for both spatial and intensity tasks. We
hypothesized that areas that were important in the cue instructed direction of attention would
exhibit common activation across multiple phases of the task. Since activation maps
identified during the memory period differed substantially from those present in all other
phases, we also performed this analysis with the memory period excluded.

Results
Psychophysics

During discrimination of pairs of noxious stimuli, VAS pain intensity was 3.4 ± 0.2, VAS
pain unpleasantness was 3.2 ± 0.2 (mean ± SEM). Thus, the thermal stimuli were
consistently rated as painful, indicating that the spatial and intensity discriminations were
performed on noxious stimuli.

Discrimination task difficulty was 1.992 ± 0.117 (mean ± SEM, pooled for both spatial and
intensity discrimination tasks). Analysis of response latencies revealed that spatial
discrimination was significantly faster than intensity discrimination (F = 120.24, p < 0.0001;
Fig. 2). When collapsed across both task types, response latencies varied according to the
magnitude of the difference between T2 and T1, as well as for catch versus standard trials (F
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= 53.90, p < 0.0001). Response latencies during “same” trials were significantly longer than
trials different by 1°C or 4 cm (difference 1) (F=47.08, p<0.0001), than trials different by
2°C or 16 cm (difference 2) (F=128.95, p<0.0001), and catch trials (F=129.94, p < 0.0001).

Subjects made more correct discriminations in spatial than intensity tasks (F = 11.45, p =
0.0038). When collapsed across both task types, error rates varied according to the
magnitude of the difference between T2 and T1, as well as for catch versus standard trials (F
= 28.31, p < 0.0001). “Same” trials had significantly lower error rates than trials different by
1°C or 4 cm (difference 1) (F=22.56, p=0.0002). However, there was no significant
difference in error rates between “same” trials and those different by 2°C or 16 cm
(difference 2) (F=3.5059, p=0.08).

Error rates for catch trials were higher than those of the “same” trials (F=13.95, p= 0.0018).
Both spatial and intensity catch trials had error rates that were only 0.14 – 0.16 higher than
those of the corresponding “same” trials. If subjects had been responding only to differences
of two stimuli and had disregarded the cue, error rates in the spatial catch trial would have
been predicted to be 81% (100 – intensity difference 2), and error rates in the intensity catch
trials would have been predicted to be 93% (100 – spatial difference 2). Thus, subjects
clearly performed the majority of discriminations within the cued task.

Pain-induced activations
Noxious heat stimuli produced activations and deactivations similar to ones commonly seen
in other pain imaging studies (Fig. 3). In particular, activations in bilateral thalamus,
putamen, caudate, insula, secondary somatosensory cortex (SII), as well as contralateral leg
region of SI were detected. Deactivations were seen in a set of brain areas consistent with
the default-mode network – posterior cingulate cortex (PCC), precuneus and ventromedial
prefrontal cortex (VMPFC).

Cue maintenance period activations
The cue maintenance period was characterized to a large extent by a common pattern of
activity between the spatial and intensity tasks (Fig. 4). Specifically, conjunction analysis of
spatial and intensity cue maintenance periods detected significant activation overlap in parts
of the cerebellum, hippocampus, FEF, intraparietal sulcus (IPS), as well as contralateral SI.
The FEF and IPS are believed to constitute the fronto-parietal attentional network that can
be activated by top-down attention in multiple sensory modalities. In addition, conjunction
analysis detected significant deactivation overlap in the primary auditory cortex (AI) and
thalamus. Deactivation in the AI during the cue maintenance period might be related to
activation of this area before/during the presentation of the cue. Similar deactivations were
detected during the memory period.

Spatial cue maintenance periods were associated with greater activation of the contralateral
(right) brain regions surrounding the IPS compared to intensity cue maintenance periods
(Table 2). In contrast, no region exhibited greater activation during the intensity cue
maintenance period as compared to the spatial cue maintenance period.

Acquisition period activations
In contrast with the cue maintenance period, the pattern of activity during the acquisition
period was quite different between the spatial and intensity tasks (Fig. 5). In fact,
conjunction analysis did not detect any clusters of overlapping activity between spatial and
intensity acquisition periods. Direct comparisons revealed that the spatial task produced
greater activation in regions involved in top-down attention, such as portions of the superior
parietal lobule (SPL), including the precuneus, right IPS, and right FEF, compared to
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intensity task (Table 2). Acquisition of spatial features of pain also produced activation in
left IPS, and right DLPFC.

In contrast to the spatial task, the intensity task produced higher activity in lateral occipital
cortex (LOC) bilaterally. Also, acquisition of intensity features of pain produced activation
of ACC.

Memory period activations
Conjunction analysis of spatial and intensity memory periods detected shared activity in the
cerebellum, OFC, insula, parts of frontal operculum, and left IPS (Fig. 6). In addition, there
were common deactivations in areas that constitute the default-mode network (posterior
cingulate cortex and precuneus), as well as bilateral AI. Direct comparison of the two
conditions detected greater insular, ACC, and DLPFC activity in the spatial compared to the
intensity task (Table 2). In addition, the spatial task produced smaller deactivations of the
thalamus and perigenual ACC than the intensity task, thus producing apparently greater
activation.

Discrimination period activations
Conjunction analysis of spatial and intensity discrimination periods detected overlapping
activity in bilateral thalamus, caudate, putamen, insula, SII, ACC, OFC, DLPFC, frontal
operculum, IPS, as well as left primary motor cortex (MI) (Fig. 7). Many of these areas were
previously implicated in discriminatory processing of nociceptive information. In addition,
conjunction analysis detected significant deactivation overlap in parts of the cerebellum.

Spatial discrimination produced greater activity in SII, ACC, as well as FEF, SPL, and IPS
(Table 2). Intensity discrimination produced greater activity in the cerebellum, as well as left
DLPFC.

Common activations across different phases of the delayed match to sample task
No clusters of activity overlapped sufficiently between the cue maintenance, acquisition,
memory and discrimination periods to be judged significant by the conjunction analysis.
However, when the memory period was excluded, bilateral IPS and SPL preserved their
activity throughout cue maintenance, acquisition, and discrimination periods of the spatial
task (Fig. 8, Table 2). In contrast, no cluster of brain activity showed large enough overlap
between these periods in the intensity task to be considered statistically significant.

Discussion
Top-down attentional direction to spatial or intensity features of painful stimuli activated the
primary somatosensory cortex, FEF and IPS prior to presentation of noxious stimuli. The
role of the FEF and IPS in top-down attention has been extensively studied in vision, as well
as auditory and somatosensory domains [25, 10, 37, 21, 52]. However, to our knowledge
this is the first study to confirm that these regions support top-down attention to features of
painful stimuli. Moreover, activity in top-down attentional brain areas (most consistently,
the IPS) was greater in spatial compared to intensity tasks not only during attention alone
(cue maintenance period), but also during the experience of pain itself (acquisition and
discrimination periods). Finally, IPS and SPL activity was preserved through the cue
maintenance, acquisition, and discrimination periods of the spatial task. Therefore, these
regions of PPC uniquely support the direction of attention to spatial features of noxious
stimuli and likely contribute to the acquisition of information necessary to correctly perform
the discrimination task.
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Implications of discrimination performance
Both error rates and response latencies were significantly different between spatial versus
intensity discrimination tasks. Matching these two tasks for difficulty is challenging partly
because spatial information is available in the early phases of stimulation, while intensity
information temporally summates and becomes more discriminable in the later phases of
stimulation. The differences between these two tasks are evident even during the
discrimination of “same” (i.e., same location or equal intensity) pairs. However, these
differences represent a major strength in the experimental design because they provide
strong evidence that subjects were attending to the instructed features of the noxious stimuli
rather than simply detecting differences.

Brain activity during the cue maintenance period
Both spatial and intensity cue maintenance periods were characterized by activation in
cerebellum, hippocampus, prefrontal cortex, FEF, parts of the PPC (including IPS), as well
as SI contralateral to the stimulation site. Activity in these brain areas likely represents
several cognitive processes related to both nonspecific processing of the cue, as well as more
specific top-down attention and its down-stream effects.

Conceptually, one of the early processes that must follow sensory processing of the cue is
retrieval of episodic memory to invest this cue with meaning. Retrieval of episodic memory
is likely associated with the hippocampal activity during cue maintenance period of the
present experiment but this interpretation is speculative given the absence of an auditory
control stimulus without meaning [49, 17, 45, 27].

After the cue is invested with meaning it is transformed into an attentional set. IPS and
superior frontal cortex (including FEF and DLPFC) constitute the top-down attentional
network in both spatial [11, 22, 9, 25, 6, 51], and non-spatial attentional tasks [21, 54, 53,
23] in other sensory modalities. Thus activation of the prefrontal cortex, FEF and IPS during
the cue maintenance period would be consistent with the formation and/or storage of the
attentional set.

Fronto-parietal brain areas implicated in top-down attention are well positioned to prepare
early somatosensory areas for impending pain. Monkey anatomical connectivity studies
show that FEF has reciprocal connections with the IPS [26]. In addition, monkey posterior
parietal areas (7b, 7ip) have reciprocal connections with primary and secondary
somatosensory cortices [7]. In the present study, SI was active during both spatial and
intensity cue maintenance periods in the complete absence of painful stimulation. Consistent
with this observation, attentional “priming” of early sensory areas is seen in other sensory
modalities [35, 29, 25, 20, 64, 56], and is directly linked to activity in top-down attentional
areas [24, 39, 58, 50, 32, 59, 44].

The spatial task produced greater activations in right IPS compared to the intensity task in
the cue maintenance period. It is likely that IPS plays a unique role in the spatial attentional
task. For example, it has been previously shown that IPS has a spatial topographic
organization and therefore may contribute to the processing of spatial information [67, 60,
61, 2].

Brain activity during the acquisition period
Although subjects experienced the same stimuli during the acquisition period, it was the
only period that did not have any shared activity between spatial and intensity tasks after
variability related to the presence of pain was regressed out. The absence of shared activity
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combined with marked differences in brain activation provides further evidence that subjects
engaged different processes for each discrimination task.

PPC (SPL and IPS) and FEF exhibited greater activity in spatial compared to intensity
acquisition periods. This difference likely represents a distinct role of PPC in processing of
spatial features of noxious stimuli. Notably, the difference of activation of frontoparietal
attentional areas is qualitatively preserved from the cue maintenance period where subjects
only oriented their attention and did not experience noxious stimuli.

Brain activity during the memory period
The pattern of brain activity during memory period is qualitatively very different from other
periods. It is no longer characterized by right lateralized activity in top-down attentional
brain areas, such as IPS and FEF. In fact, both spatial and intensity memory periods
produced activity in the left frontal operculum and PPC. This is consistent with previous
findings by our group. Both areas are associated with verbal processing and their activation
during the memory phase may be associated with a verbal mnemonic strategy [42]. Also,
both spatial and intensity memory produced activation of the ACC and the anterior insula.
Such memory related activation of both structures is a well documented feature of rating
tasks that involve the recall of specific features of both noxious and innocuous stimuli [30,
1, 36].

Brain activity during the discrimination period
Both spatial and intensity discrimination periods were characterized by common patterns of
activity in the thalamus, putamen, insula, ACC, PFC, FEF, PPC, as well as MI. This
common activity likely represents top-down attention to the stimulus, common steps in
decision-making, as well as preparation for the motor response.

Spatial discrimination again produced greater activity in top-down attention areas, such as
IPS and FEF, despite the fact that they were also activated during intensity discrimination.
This difference is surprising given that the duration of the discrimination period for the
spatial task was shorter than that of the intensity task, and fewer brain volumes were
included in the analysis of spatial discrimination-related activity.

In addition, spatial discrimination was associated with greater activity in the SPL. This
activity likely is associated with the processing of spatial information by the dorsal stream
[63, 48, 42]. Finally, intensity discrimination produced greater activation of the left DLPFC.
This is consistent with the more bilateral involvement of the DLPFC in intensity compared
to spatial discrimination previously noted [43]. Given its role in expectation intensity
coding, left DLPFC may be differentially important for processing of intensity features of
pain [31].

IPS activity during attention to spatial features of pain
Bilateral activity of IPS was preserved through three periods (cue maintenance, acquisition,
discrimination) of the spatial task. Moreover, the right IPS was more active in these three
phases of the spatial versus the intensity tasks. From this and previous points in the
discussion, IPS plays a differential role in direction of attention to spatial features of pain.

Limitations
A potential limitation of this study is that subjects did not provide a subjective rating of the
difficulty of shifting attention to spatial versus intensity features of the noxious stimulus.
Accordingly, the alternative explanation that the greater IPS activation reflects greater
attentional effort of the spatial versus intensity task cannot be assessed. Similarly, since
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stimuli were only delivered to the left side of the body, we are not able to assess the degree
of right lateralization of the IPS during the spatial versus intensity task.

This study was designed to identify differences in mechanisms supporting attention to
spatial versus intensity features of noxious stimuli. To ensure that the meaning of attentional
cues learned during the psychophysical training session was maintained during the imaging
session, we did not employ a control series in which cues were presented outside of the task
context. Such a control condition would have allowed a more definitive assessment of the
functional roles of activated brain regions when considered within one task. However, this
limitation has limited impact on the comparison of spatial versus intensity attentional
mechanisms since nonspecific components would be largely equal between tasks.

Summary and implications
Attentional tuning of nociceptive processing may provide a critical link between pain
severity and psychosocial state. Factors such as anxiety, catastrophizing, and somatization
are invariably associated with the severity of chronic pain and could potentially engage top-
down attentional mechanisms, thereby facilitating the amplification of nociceptive
information [13, 12, 38, 55, 14, 15]. Conversely, attention may be harnessed for the
treatment of pain. Supraspinal activity during spatial attention can shift information
processing away from intensity. Consistent with this observation, training in spatial
discrimination tasks reduces pain in patients with complex regional pain syndrome [40]. The
present findings confirm that brain regions surrounding the intraparietal sulcus are critically
involved in the top-down direction of attention to spatial features of nociceptive stimuli.
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Figure 1.
The temporal sequence of the discrimination task. Ten seconds before T1, a sound cue
instructed subjects to attend to either the location or intensity of the stimulus. Noxious
stimuli (T1 and T2) were then delivered sequentially for 20 seconds each with an
interstimulus (memory) interval of 30 seconds. Before the end of T2, subjects had to
indicate whether T2 was different (or same) from T1 in location or intensity depending on
the cue. The period between the end of the cue and beginning of T1 was considered the cue
maintenance period. The discrimination period was defined as the first 75% of the time
interval between the beginning of T2 and subject’s response. The corresponding time period
in T1 was defined as acquisition period. Thus, regressors for the acquisition and
discrimination period were unique for every discrimination pair.
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Figure 2.
Behavioral responses during spatial and intensity discriminations (mean ± SEM). Difference
1 corresponds to the smaller difference either in location (4 cm) or intensity (1°C).
Difference 2 corresponds to the larger difference in location (16 cm) or intensity (2°C). Both
error rates (*, p = 0.0038) and response latencies (*, p< 0.0001) were significantly lower for
spatial compared to intensity discriminations. As location or temperature differences
between T1 and T2 stimuli decreased, response latencies and error rates became
significantly larger, indicating that discrimination of noxious heat stimuli became more
difficult. Although performance on catch trials varied between spatial and intensity tasks,
the magnitude of the increase in the error rates between “catch” and “same” trials was
almost identical between the two.
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Figure 3.
Brain activations and deactivations during painful heat stimulations (T1 and T2 periods).
Noxious stimuli produced activation in thalamus, putamen, caudate, insula, SI and SII, as
well as deactivations in PCC, precuneus and VMPFC. Slice locations are relative to standard
Montreal Neurologic Institute (MNI) stereotaxic space.
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Figure 4.
Brain activations and deactivations during cue maintenance period. Conjunction analysis of
spatial and intensity cue maintenance periods detected common activations in the
cerebellum, hippocampus, FEF, IPS and SI. These activations are consistent with retrieval of
cue meaning, top-down attentional engagement and priming of early somatosensory areas.
The spatial task produced greater activation in right IPS. Slice locations are relative to
standard MNI stereotaxic space.
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Figure 5.
Brain activations and deactivations during the acquisition period. Conjunction analysis did
not detect any clusters of overlapping activity during the spatial and intensity acquisition
periods. The spatial task produced greater activation in right SPL, IPS and FEF. Activity in
these areas likely represents top-down attention to the stimulus, as well as engagement of the
dorsal stream of sensory information processing. Intensity task produced greater activation
in LOC. Slice locations are relative to standard MNI stereotaxic space.
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Figure 6.
Brain activations and deactivations during the memory period. Conjunction analysis of
activation during the spatial and intensity memory periods detected clusters of overlapping
activity in the cerebellum, OFC, insula, frontal operculum, and left IPS. The spatial task
produced greater activation in the right insula, DLPFC as well as ACC. Slice locations are
relative to standard MNI stereotaxic space.
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Figure 7.
Brain activations and deactivations during discrimination period. Conjunction analysis of
spatial and intensity discrimination periods detected clusters of overlapping activity in
bilateral thalamus, caudate, putamen, insula, ACC, OFC, DLPFC, frontal operculum, IPS, as
well as left paracentral lobule. The spatial task produced greater activation in SII, ACC,
FEF, and PPC. Intensity discrimination produced greater activity in cerebellum, and left
DLPFC. Slice locations are relative to standard MNI stereotaxic space.
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Figure 8.
Clusters of overlapping activity between cue maintenance, acquisition, and discrimination
periods in spatial task as detected by conjunction analysis. Bilateral regions of IPS and SPL
were active not only during orientation of attention (cue maintenance period), but also
maintained their activity during stimulus presentation (acquisition and discrimination
periods). Slice locations are relative to standard MNI stereotaxic space.

Lobanov et al. Page 21

Pain. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lobanov et al. Page 22

Ta
bl

e 
1

R
eg

re
ss

or
 s

tr
uc

tu
re

 u
se

d 
fo

r 
fi

rs
t l

ev
el

 a
na

ly
si

s.

Sa
m

e
Sp

ac
e 

D
if

fe
re

nt
C

at
ch

Sa
m

e
In

te
ns

it
y 

D
if

fe
re

nt
C

at
ch

C
ue

 M
ai

nt
en

an
ce

1
1

1
2

2
2

A
cq

ui
si

tio
n

3
4

5
6

7
8

M
em

or
y

9
9

9
10

10
10

D
is

cr
im

in
at

io
n

11
12

13
14

15
16

Pa
in

17
17

17
17

17
17

N
um

be
rs

 r
ep

re
se

nt
 s

ep
ar

at
e 

re
gr

es
so

rs
 u

se
d 

to
 id

en
tif

y 
br

ai
n 

ac
tiv

at
io

n 
as

so
ci

at
ed

 w
ith

 a
 g

iv
en

 ti
m

e 
pe

ri
od

, s
tim

ul
us

 c
on

di
tio

n,
 a

nd
 c

og
ni

tiv
e 

ta
sk

. D
ep

en
di

ng
 o

n 
th

e 
ph

as
e 

of
 e

xp
er

im
en

ta
l t

as
k 

(c
ue

m
ai

nt
en

an
ce

, m
em

or
y,

 p
ai

n)
 o

ne
 r

eg
re

ss
or

 m
ay

 e
nc

om
pa

ss
 m

ul
tip

le
 s

tim
ul

us
 c

on
di

tio
ns

.

Pain. Author manuscript; available in PMC 2014 September 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lobanov et al. Page 23

Ta
bl

e 
2

L
oc

al
 m

ax
im

a 
of

 d
if

fe
re

nc
es

 b
et

w
ee

n 
sp

at
ia

l a
nd

 in
te

ns
ity

 ta
sk

-r
el

at
ed

 a
ct

iv
ity

.

R
eg

io
n

C
ue

 m
ai

nt
en

an
ce

sp
at

ia
l >

 in
te

ns
it

y
A

cq
ui

si
ti

on
 s

pa
ti

al
> 

in
te

ns
it

y
A

cq
ui

si
ti

on
in

te
ns

it
y 

> 
sp

at
ia

l
M

em
or

y 
sp

at
ia

l >
in

te
ns

it
y

D
is

cr
im

in
at

io
n 

sp
at

ia
l >

in
te

ns
it

y
D

is
cr

im
in

at
io

n
in

te
ns

it
y 

> 
sp

at
ia

l
T

hr
ee

 p
er

io
d

co
nj

un
ct

io
n 

sp
at

ia
l

IP
S,

 R
34

; −
48

; 4
8 

(3
.4

7)
42

; −
36

; 4
2 

(4
.4

0)
32

; −
44

; 4
0 

(4
.2

1)
44

; −
40

; 3
8 

(2
.8

6)

IP
S,

 L
−

24
; −

58
; 5

2
(3

.0
0)

−
30

; −
50

; 4
0 

(3
.8

4)
−

30
; −

48
; 3

8 
(3

.0
6)

SP
L

, R
8;

 −
78

; 4
8 

(3
.7

6)
32

; −
70

; 3
4 

(3
.3

5)
16

; −
74

; 5
0 

(3
.6

0)

SP
L

, L
−

6;
 −

78
; 4

2 
(3

.5
5)

−
16

; −
70

; 5
2 

(3
.6

4)

FE
F,

 R
26

; 4
; 5

4 
(3

.3
6)

30
; −

4;
 4

6 
(3

.9
9)

FE
F,

 L
−

26
; −

10
; 5

4 
(3

.0
7)

D
L

PF
C

, R
46

; 4
2;

 1
4 

(3
.1

4)

O
cc

ip
ita

l, 
R

48
; −

82
; 4

 (
3.

43
)

O
cc

ip
ita

l, 
L

−
36

; −
92

; −
6

(3
.3

3)

Fr
on

ta
l p

ol
e,

 L
−

2;
 6

0;
 −

8 
(3

.7
5)

−
10

; 6
0;

 3
2 

(3
.3

7)

T
em

po
ra

l p
ol

e,
 R

56
; 1

0;
 −

4 
(4

.6
6)

T
em

po
ra

l p
ol

e,
 L

−
52

; 1
2;

 −
8 

(3
.1

6)

A
m

yg
da

la
, R

26
; −

2;
 −

14
 (

3.
89

)

A
C

C
4;

 4
2;

 2
4 

(4
.5

7)
2;

 0
; 5

4 
(3

.6
4)

In
su

la
, R

36
; 2

4;
 0

 (
3.

75
)

In
su

la
, L

−
40

; 1
4;

 −
12

 (
3.

37
)

−
30

; 2
6;

 −
2 

(3
.2

1)

SI
I,

 R
58

; −
26

; 2
4 

(3
.1

1)

SI
I,

 L
−

58
; −

20
; 2

2 
(4

.2
2)

C
er

eb
el

lu
m

, R
32

; −
72

; −
40

 (
3.

24
)

C
er

eb
el

lu
m

, L
−

44
; −

76
; −

42
 (

3.
26

)

IF
G

, L
−

52
; 2

6;
 −

4 
(3

.6
2)

X
, Y

, Z
 c

oo
rd

in
at

es
 a

re
 r

el
at

iv
e 

to
 M

on
tr

ea
l N

eu
ro

lo
gi

c 
In

st
itu

te
 (

M
N

I)
 s

te
re

ot
ax

ic
 s

pa
ce

. P
ea

k 
Z

-s
co

re
s 

w
er

e 
ob

ta
in

ed
 f

ro
m

 g
ro

up
 a

na
ly

si
s 

an
d 

ar
e 

lis
te

d 
w

ith
in

 th
e 

pa
re

nt
he

si
s.

 A
bb

re
vi

at
io

ns
: I

nt
ra

pa
ri

et
al

su
lc

us
: I

PS
, s

up
er

io
r 

pa
ri

et
al

 lo
bu

le
: S

PL
, f

ro
nt

al
 e

ye
 f

ie
ld

s:
 F

E
F,

 d
or

so
la

te
ra

l p
re

fr
on

ta
l c

or
te

x:
 D

L
PF

C
, a

nt
er

io
r 

ci
ng

ul
at

e 
co

rt
ex

: A
C

C
, i

nf
er

io
r 

pa
ri

et
al

 lo
bu

le
: I

PL
, s

ec
on

da
ry

 s
om

at
os

en
so

ry
 c

or
te

x:
 S

II
,

in
fe

ri
or

 f
ro

nt
al

 g
yr

us
: I

FG
.

Pain. Author manuscript; available in PMC 2014 September 01.


