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Pain-Specific Modulation of Hippocampal Activity and
Functional Connectivity during Visual Encoding

Katarina Forkmann,' Katja Wiech,>* Christoph Ritter,! Tobias Sommer,> Michael Rose,> and Ulrike Bingel'-?
Departments of 'Neurology and 2Systems Neuroscience, University Medical Center Hamburg-Eppendorf, D-20246 Hamburg, Germany, *0xford Centre for
Functional Magnetic Resonance Imaging of the Brain (FMRIB), Nuffield Department of Clinical Neurosciences, Nuttfield Division Anaesthetics, University
of Oxford, John Radcliffe Hospital, Oxford 0X3 9DU, United Kingdom, and “Centre for Pain Research, The University of Bath, Bath BA2 7AY, United
Kingdom

Acute and chronic pain automatically attract attention and thus interfere with cognitive functioning. Impaired memory is a prominent
complaint of patients with chronic pain that substantially contributes to pain-related disability. In this fMRI study, we investigated the
specific influence of pain on neural processes of memory encoding in healthy human volunteers using a visual task. To investigate the
specificity of the interruptive effect of pain on the encoding of visual objects, objects were presented (1) alone, (2) with painful heat
stimuli, or (3) with auditory stimuli that were matched for unpleasantness to the heat stimuli. The interruptive effect of concomitant
aversive stimulation on behavioral measures and neural processing was assessed in a categorization task during encoding and in a
subsequent recognition task. Pain interfered with object processing and encoding of visual stimuli. On the behavioral level, this resulted
in slower reaction times during the categorization task for pain compared with auditory stimuli and in alower recognition rate in the pain
condition but not in the tone condition. Pain catastrophizing amplified this interruptive effect of pain. On the neural level, this pain-
related disruption of encoding was associated with reduced activity in the right anterior hippocampus during encoding. Moreover, the
hippocampus exhibited reduced functional connectivity with extrastriate regions during painful stimulation relative to auditory stimu-
lation. In summary, our results show a pain-related disruption of visual encoding over and above the unpleasantness of a stimulus,

suggesting a pain-specific interruptive mechanism that interferes with an early stage of memory formation.

Introduction
Because of its biological relevance, pain inherently demands at-
tention and interferes with cognitive processes. This interruptive
function of pain (Eccleston and Crombez, 1999) has been
demonstrated for acute (Patil et al., 1995; Kuhajda et al., 2002)
and chronic (Grisart et al., 2007) pain. Impaired memory is a
prominent complaint of patients with chronic pain that sub-
stantially contributes to pain-related disability (Schnurr and
MacDonald, 1995; McCracken and Iverson, 2001). Subjective
complaints about memory performance have been substanti-
ated in behavioral studies showing that working memory
(Park et al., 2001; Dick et al., 2008; Luerding et al., 2008;
Oosterman et al., 2011) and episodic memory (Grace et al.,
1999; Park et al., 2001; Jongsma et al., 2011; Oosterman et al.,
2011) can be affected.

Neuroimaging studies have only recently begun to unravel the
neurobiological mechanisms underlying the interruptive func-
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tion of pain (Bingel et al., 2007; Seminowicz and Davis, 2007a,b;
Tiemann et al., 2010; Weissman-Fogel et al., 2011). However,
none of these trials specifically addressed memory function. In a
previous fMRI study investigating the effect of pain on visual
object processing, we found a task-specific modulation of the
lateral occipital complex (LOC) (Bingel et al., 2007), a region
involved in object processing (Grill-Spector et al., 2001). Intrigu-
ingly, a subsequent recognition task revealed compromised
memory performance for objects that had been paired with pain,
suggesting that pain might affect encoding-specific processes.
However, the previous design did not allow to investigate the
effects on encoding on a trial-by-trial basis. Furthermore, previ-
ous studies on the interruptive function of pain did not control
for the unpleasantness of painful stimuli.

Given the inherent unpleasantness of pain, these studies could
not exclude whether interference effects of pain on cognitive
tasks resulted from the aversive nature of the stimulus in general
or its specific nociceptive component.

Here we aimed at investigating whether pain interferes with
object encoding and whether this interruptive effect is specific for
pain. To this end, we probed the encoding of neutral visual ob-
jects and compared the interruptive effect of pain with that of
unpleasantness-matched auditory stimuli. Neural and behavioral
responses were acquired during an fMRI experiment that was
divided into two phases. During encoding, neutral visual objects
were presented either alone, in combination with painful heat
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stimuli or unpleasantness-matched audi- A
tory stimuli. This phase was followed by a

Forkmann et al. @ Pain Modulates Hippocampus during Encoding

recognition task.

| calibration of heat pain stimulus |

Given the unique biological relevance

+[AI[«][ ]

of pain, we hypothesized that pain would
be prioritized over competing stimuli

| pain-noise matching procedure |

over and above the unpleasantness of the

stimulus. We therefore expected reduced I

categorization task |

performance during encoding and recog- 1

nition when visual stimuli were paired |

recognition task |

with painful compared to auditory stim-
uli. On the neural level, pain was expected
to lead to stronger modulations in
memory-related brain regions of the
medial temporal lobe (MTL), such as hip-
pocampus and parahippocampus (Henson,
2005; Eichenbaum et al., 2007) during en-
coding. Because the MTL interacts with
modality-specific sensory cortices (Cabeza
and Nyberg, 2000; Lavenex and Amaral,
2000), we further expected altered neuronal
activation in extrastriate regions and functional connectivity be-
tween MTL and extrastriate regions during concomitant painful
stimulation.

Figure1.

tion using a digital VAS.

Materials and Methods

Subjects

Behavioral and fMRI data were acquired in 28 healthy subjects. Four
subjects had to be excluded from the analyses for the following reasons:
incidental finding (n = 1), depression >18 [n = 1; German version of the
Center for Epidemiological Studies Depression Scale, ADS-K (Hautz-
inger and Bailer, 1993); see below, Psychological questionnaires and ex-
ecutive functioning], microsleep during the task (n = 1), or unusual high
false-alarm rate (n = 1, outlier defined as >2 SDs). Data from the re-
maining 24 subjects (11 males; all right-handed; mean age, 26.5 years;
range, 20—-38 years) were included in the final analyses. All subjects had
normal pain thresholds at the site of stimulation (Rolke et al., 2006),
reported normal hearing, and normal or corrected-to-normal vision.
They had no known history of neurological or psychiatric diseases, in-
cluding recurrent or chronic pain. The study was conducted in accor-
dance with the Declaration of Helsinki and had been approved by the
local ethics committee. All participants gave written informed consent to
participate and were free to withdraw from the study at any time.

Experimental paradigm

The study was performed on 2 consecutive days. On the first day, subjects
completed preparatory procedures, including the assessment of pain
thresholds and pain-related personality traits (see below, Experimental
procedures). The actual fMRI experiment was conducted on day 2 and
was divided into two parts: (1) the simultaneous presentation of visual
and aversive stimuli (encoding phase) and (2) a subsequent recognition
task to test for the effect of pain or aversive auditory stimulation on
memory encoding. Subjects were informed that the purpose of the study
was to investigate the interaction between the perception of neutral visual
and aversive stimuli.

Experimental procedures

Day 1. On day 1, all subjects filled in a number of questionnaires (see
below, Psychological questionnaires and executive functioning) assess-
ing general anxiety and depression [ADS-K, State Trait Anxiety Inven-
tory (STAI), trait scale], as well as pain-related psychological processing
[Pain Vigilance and Awareness Questionnaire (PVAQ), Pain Anxiety
Symptoms Scale (PASS-D), Pain Catastrophizing Scale (PCS)]. Further-
more, participants were tested for two specific subcomponents of exec-
utive functioning using the subtests “divided attention” and “flexibility”
of the German Test Battery for Attentional Performance (Zimmermann
and Fimm, 1992). Next, participants were familiarized with the heat pain

A, Experimental protocol. Depicted is the order of preparatory procedures and of the two tasks: the categorization task
(encoding phase) and recognition task. Procedures colored in gray were conducted inside the MR scanner. B, Categorization task.
During the categorization task (encoding phase), we presented 60 images of living or nonliving objects with reduced visibility
(33%) for 2.5 s each. In two-thirds of the trials, heat pain stimuli or auditory stimuli matched in unpleasantness (duration of 2.5 5)
were presented simultaneously with the images. In the remaining one-third of the trials, images were presented without addi-
tional stimulation. Participants rated the unpleasantness of the aversive stimulation after each trial paired with aversive stimula-

and auditory stimuli and underwent a calibration procedure during
which they were presented with different stimulation intensities they had
to rate for unpleasantness using a visual analog scale (VAS). First, the
individual heat pain threshold at the site of stimulus application (left
inner forearm, ~12 cm proximally from the wrist) were determined
using the method of limits (Fruhstorfer et al., 1976). Thresholds were
obtained using ramped stimuli (1°C/s increase in temperature, starting at
a baseline of 35°C and with an upper limit of 50°C to avoid tissue dam-
age). Participants had to indicate the first painful sensation by pressing a
button. Subsequently, all subjects underwent a temperature calibration
to determine the individual temperature level corresponding to an un-
pleasantness level of 70 on the VAS (endpoints: 0, “not unpleasant at all”;
100, “unbearably unpleasant”). To this end, subjects were presented with
stimuli of varying temperature levels around their individual pain
threshold (range: —1°C < pain threshold < +3.5°C, temperature differ-
ence of 0.5°C, each temperature was applied twice). After each stimulus,
participants gave an unpleasantness rating on the VAS that was presented
on a computer screen. Subjects indicated the unpleasantness of a stimu-
lus by moving a red bar between the two endpoints of the VAS using two
buttons. The temperature that corresponded to an unpleasantness level
of VAS 70 was calculated from the ratings provided by a linear regression
analysis. Finally, we also introduced a matching procedure to find
unpleasantness-matched nociceptive and auditory stimuli (method de-
scribed below). This procedure was also performed inside the scanner on
day 2.

Day 2. The fMRI experiment was conducted on the second day of the
study. First, participants completed the state scale of the STAL Before the
actual experiment, all subjects underwent a number of pretests (i.e., cal-
ibration of the individual tone unpleasantness level, matching of tone
and pain for unpleasantness; Fig. 1A) inside the MR scanner while run-
ning the same echo-planar imaging (EPI) sequence that was subse-
quently used during the actual experiment to ensure a comparable testing
environment. For the calibration of the individual tone unpleasantness
level, auditory stimuli were presented with ascending loudness until a
switch from loud to unpleasantly loud noise was indicated by a button
press. The tone unpleasantness level was calculated as the mean loudness
[decibel sound pressure level (dB SPL)] of the last four of five runs.

To test whether the level of thermal stimulation determined on day 1
still yielded an intensity rating of VAS 70 when presented inside the
scanner, five stimuli of the according VAS 70 temperature were presented
while running the EPI sequence. Participants again had to indicate the
perceived intensity for each stimulus using a VAS with the endpoints
labeled as “not painful at all” and “unbearably painful.” In the case that
the intensity ratings differed significantly from the intensity obtained on
day 1, the temperature was adjusted to correspond to VAS 70. Subse-
quently, we performed a matching procedure that had been practiced
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outside the MR scanner on day 1. During this procedure, a heat stimulus
corresponding to an individual intensity level of VAS 70 was applied that
was immediately followed by an acoustic stimulus. Subjects had to indi-
cate whether the tone stimulus was more, less, or equally unpleasant
compared with the heat stimulus. Depending on the subjects’ responses,
the loudness of the tone in the subsequent trial was automatically re-
duced or increased. A matching trial terminated if the subject indicated
equal unpleasantness for tone and pain stimuli. The individual noise level
was calculated as the mean loudness (dB SPL) of five matching trials.

After completion of all pretests, subjects performed the actual encod-
ing task, which was introduced to the subjects as a simple categorization
task (duration of ~16 min). The task started with 12 practice trials,
including four trials of each condition. The practice trials also served to
check whether pain and tone stimuli were still matched for unpleasant-
ness. The test trials included 30 images of living objects and 30 nonliving
objects, which were reduced in visibility (see below, Visual stimuli).

Visual objects were presented (1) alone (“pic only”) or with concur-
rent (2) painful thermal stimulation (“pain + pic”) or (3) auditory stim-
ulation (“tone + pic”) that was matched for unpleasantness. All three
conditions were presented 20 times in a pseudorandomized order with
no more than three consecutive aversive stimuli of the same type. Both
pain and auditory stimuli were combined with the same number of living
and nonliving objects (i.e., 10 living and 10 nonliving objects). Each trial
commenced with the presentation of a white fixation cross (variable
duration of 6.5 = 1.5 s), followed by an image presented for 2.5 s and
another fixation cross (variable duration of 4.5 = 1.5 s; Fig. 1B). Partic-
ipants were instructed to indicate whether the image showed a living or a
nonliving object by pressing one of two buttons as quickly as possible
without compromising on accuracy (categorization task). Furthermore,
in trials in which an aversive stimulus was applied together with the
image, subjects rated the unpleasantness of the tone or thermal stimulus
using a VAS after a variable duration of 3—6 s in which a fixation cross was
presented. Choice, response time (RT), and unpleasantness ratings were
recorded as behavioral outcome measures.

To compare the interruptive effect of painful heat and unpleasant
auditory stimuli on object encoding, the categorization task was imme-
diately followed by a surprise recognition task (duration of ~14 min).
Within this task, all images were presented that had been shown in the
categorization task and the same number of new images, such as pictures
that had not been included in the categorization task or the practice trials.
Subjects were instructed to indicate a known (old) or unknown (new)
image by pressing one of two buttons (counterbalanced assignment
across subjects) as quickly as possible without compromising on accu-
racy. Overall, 120 images (60 old and 60 new images) were presented for
1.5 s, each with 5 s between images in which a white fixation cross was
displayed. To address the question of object recognition independent of
physical attributes such as color, luminance, or texture, all images were
shown in full visibility (0% scrambled). Choice and RT were recorded as
behavioral outcome measures.

Stimuli

The presentation of the visual and auditory stimuli, application of the
thermal stimuli, and recording of the behavioral data was performed
using the software Presentation (www.neurobs.com).

Visual stimuli

The visual stimuli consisted of pictures showing natural scenes with liv-
ing or nonliving objects. We selected 60 pictures of living objects (ani-
mals such as whales, penguins, cows) and 60 pictures showing nonliving
objects (such as cars, buildings, dishes) of neutral valence. In a pilot
study, objects had been categorized correctly as living or nonliving within
1500 ms (data not shown). Sixty images were randomly selected and
presented in the categorization task, whereas the recognition task con-
tained all 120 images. To increase the difficulty of the categorization task,
the visibility of the images was reduced using a scrambling routine as
described previously (Rainer et al., 2001; Rose et al., 2005). In short, the
scrambling pattern (i.e., noise) was generated by manipulating a fraction
of the image phase before transforming the amplitude and phase com-
ponents back into image space. Here, 77% of the phase information was

J. Neurosci., February 6, 2013 - 33(6):2571-2581 « 2573

substituted by random phase information, resulting in a “visibility level”
of 33%. The outer edges of the images were smoothed with a 28 mm
full-width at half-maximum (FWHM) isotropic kernel to ensure that the
images were smoothly embedded into the black background and to re-
duce transient neural activity evoked by the outer edges. The visual stim-
uli were presented on a back projection screen located behind the MR
scanner. The screen could be seen via a mirror that was attached to the
head coil. The pictures had a visual angle of 11.6° X 8.4° and were dis-
played for 2.5 s.

Heat pain stimuli

We used an MR-compatible thermal device (PATHWAY model CHEPS;
Medoc) to apply brief painful contact heat stimuli with a total duration of
2.5s. The heating and cooling rates were set to maximum (70 and 40°C/s,
respectively). The CHEPS thermode (27 mm diameter) was attached to
the middle of the left inner forearm using a tourniquet. Because we
intended to apply heat pain stimuli that corresponded to an individual
unpleasantness level of 70 on a 0-100 VAS but ensure that the overall
duration of stimulation was constant across subjects, we had to adjust the
stimulus duration at the destination temperature (mean, 2013 ms; range,
1903-2158 ms) depending on the target temperature (mean = SD tem-
perature applied, 47.4 * 1.7°C; range, 43.7-50.2°C). The baseline tem-
perature was 35°C. To ensure the simultaneous perception of visual and
heat stimuli and to account for the conduction velocities of pain fibers
and a delay between triggering pain stimulation and actual stimulation,
the delivery of the heat stimuli was triggered 470 ms before image pre-
sentation as suggested by pilot data (see below, Assessment of stimulus
onset latencies).

Auditory stimuli

The auditory stimulus was created using Audacity 1.3.10-beta
(http://www.audacity.sourceforge.net/). The stimulus had a saw-tooth
waveform profile with a frequency of 1 kHz and a total duration of 2.5 s
(fading in, 180 ms; fading out, 300 ms). The stimulus was monaurally
presented through the left headphone (VisuaStim Digital Audio Stimu-
lation; Resonance Technology). Loudness was individually adjusted to
correspond to an unpleasantness level of 70 on a 0-100 VAS (0, “not
unpleasant at all”; 100, “unbearably unpleasant”; mean loudness applied,
90.6 dB SPL; range, 78106 dB SPL).

Assessment of stimulus onset latencies

To ensure the simultaneous perception of aversive stimuli and visual
stimuli during the encoding task, we performed a pilot study using a
simple detection task. Ten healthy participants were asked to press a
button as quickly as possible whenever they (1) notice a blue square
presented on a computer screen (detection of a visual stimulus, equals
condition pic only in the encoding task), (2) hear a tone (detection of an
auditory stimulus, equals condition tone + pic in the encoding task), or
(3) perceive a first painful sensation (detection of a nociceptive heat
stimulus applied with a thermal device, equals condition pain + pic in
the encoding task). All three stimulus types were presented 20 times in a
pseudorandomized order with no more than three consecutive stimuli of
the same type.

Mean RTs were computed after removing unreasonably short RTs
(<150 ms). A repeated-measures ANOVA with the factor levels (1) vi-
sual stimulation (pic only), (2) auditory stimulation (“tone only”), and
(3) painful stimulation (“pain only”) was used to investigate differences
in RTs.

RTs in the detection task differed significantly (F(; 5351, 141) = 66.41,
p < 0.001; corrected according to Greenhouse—Geisser; mean = SD, pic
only, 456 = 93 ms; tone only, 441 * 113 ms; pain only, 924 = 204 ms).
Post hoc t tests revealed increased RTs for the painful stimulation com-
pared with both visual stimulation (¢4, = 7.95, p < 0.001) and auditory
stimulation (¢4) = 9.02, p < 0.001). There was no difference between
visual and auditory stimulation (4, = —1.17, p = 0.27).

Based on our pilot data, we triggered the presentation of painful stim-
ulation during the encoding task 470 ms before the presentation of the
images. This time delay is comparable with peak amplitudes reported in
studies using contact heat-evoked potentials (Chen et al., 2001; Le Pera et
al., 2002). Using this method, we ensured the simultaneous perception of
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visual and heat pain stimuli and thereby accounted for the conduction
velocities of pain fibers as well as the technical delay between triggering
pain stimulation and the actual delivering of the stimulation.

Psychological questionnaires and executive functioning

The interruptive function of pain has been suggested to be moderated by
pain-related personality traits, such as pain-related fear (Crombez et al.,
1999; Peters et al., 2002) and pain catastrophizing (Grisart and Plaghki,
1999; Van Damme et al., 2004; Vancleef and Peters, 2006a). Further-
more, concepts of top-down control suggest that the capacity of pain to
interrupt other ongoing cognitive processes may be associated with ex-
ecutive functioning. To investigate the association of pain-related inter-
ference with distinct personality traits that may moderate the
interruptive function of pain, participants completed a number of ques-
tionnaires assessing these personality traits.

Specifically, participants completed the German version of the follow-
ing questionnaires on pain-related psychological processing: (1) PVAQ
(McCracken, 1997; German version: Lautenbacher et al., 2009); (2)
PASS-D (McCracken et al., 1992; German version: Walter et al., 2002);
(3) PCS (Bishop et al., 1995; German version: Lautenbacher et al., 2009);
(4) Center for Epidemiological Studies—Depression Scale (Radloff, 1977;
German version: ADS-K, Hautzinger and Bailer, 1993); and (5) STAI
(Spielberger et al., 1983; German version: Laux et al., 1992). Further-
more, we used two subtests (divided attention and flexibility) of the Test
Battery for Attentional Performance (TAP), which is a computerized
inventory including several subtests to assess different aspects of atten-
tion (Zimmermann and Fimm, 1992). All questionnaires and TAP re-
sponses were analyzed following the respective manuals.

Analysis of behavioral data

Behavioral data were automatically recorded and logged by the stimula-
tion program Presentation. All behavioral data analyses were conducted
using SPSS version 13.0. Results with a p < 0.05 are considered as statis-
tically significant. All statistical analyses were performed using two-tailed
testing.

Categorization task (encoding phase). The individual categorization
performance was defined as the percentage correct classifications sepa-
rately in each of the three conditions. Trials with RTs longer than 2500 ms
were excluded from additional analyses. The percentage of discarded
trials did not differ between conditions (F; s 49,) = 2.53, p = 0.10,
Greenhouse—Geisser corrected; mean = SD, pic only, 5.2 * 6.2%; pain +
pic, 6.0 = 10%; tone + pic, 3.5 = 5.8%). None of the trials had to be
excluded as a result of unreasonably short RTs (<200 ms). Mean RTs
were computed for correctly classified images (pooled across living and
nonliving objects) separately for each experimental condition after re-
moving extreme outliers (cutoff, >3 SDs above mean). Mean unpleas-
antness ratings were determined for both pain and tone.

Recognition task. Trials with RTs longer than 3 SDs above or below the
individual mean RT were excluded from additional analyses. The per-
centage of discarded trials did not differ between conditions (F, 45, =
1.33,p = 0.27; mean * SD, pic only, 2.1 = 2.5%; pain + pic, 1.8 £ 3.2%;
tone + pic, 1.0 = 2.1%). To quantify the recognition performance, we
calculated the percentage of correct classifications for each condition
(i.e., number of correct classifications in one condition divided by the
number of presented pictures in the same condition).

Two separate one-factorial repeated-measures ANOVAs with the fac-
tor levels (1) image alone (pic only), (2) image with concurrent painful
stimulation (pain + pic), and (3) image with concurrent auditory stim-
ulation (tone + pic) were used to investigate the effects of aversive stim-
ulation on categorization and recognition performances (RTs and
accuracy). Significant main effects were followed by post hoc paired ¢
tests. Differences in unpleasantness between pain and tone trials were
assessed using a paired ¢ test.

Pain-related psychological processing and executive functioning. Corre-
lations were calculated between the performance measures (i.e., accuracy
and RT) and the questionnaire scores as well as divided attention and
cognitive flexibility using Pearson’s correlation coefficient separately for
the categorization and recognition tasks.
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Results of behavioral preliminary study

To pilot our experimental paradigm, we performed a behavioral study in
13 healthy participants (seven males; mean age, 26.2; range, 21-37 years)
using the same encoding and recognition paradigm as in the scanning
study, except that we did not assess pain-related psychological variables.
The unpleasantness ratings for painful and auditory stimulation were
comparable for auditory and heat pain stimuli (¢,,) = 0.43, p = 0.67;
mean = SD, tone + pic, 51.8 £ 17.4; pain + pic, 53.7 = 17.5).

Repeated-measures ANOVAs revealed that the overall categorization
accuracy was high and did not differ between the experimental condi-
tions (F(, ,4) = 0.43, p = 0.58; mean * SD, pic only, 97.1 % 3.3%; pain +
pic, 97.2 * 49%; tone + pic, 95.6 = 6.7%). Furthermore, there were no
differences in RTs for correct classification during the encoding task
(F(2’24) =0.15, p = 0.86; mean * SD, pic only, 830 * 130 ms; pain + pic,
841 * 130 ms; tone + pic, 831 * 140 ms).

Critically, a repeated-measures ANOVA (within-subject factor: exper-
imental condition; levels: pic only, pain + pic, tone + pic) revealed
significant differences in recognition accuracy between the three conditions
(F2,24) = 6.14, p = 0.007; mean * SD, pic only, 66.1 = 16.7%; pain + pic,
50.7 = 10.2%; tone + pic, 63.9 % 14.9%). Recognition rates were signifi-
cantly lower for images that had been paired with heat pain stimuli com-
pared with images presented alone (¢,,, = —4.05, p = 0.002) and images
paired with auditory stimuli (¢ ,,) = —2.81, p = 0.02). Differences in recog-
nition rate between tone + pic versus pic only did not reach statistical sig-
nificance (t,,, = —0.39, p = 0.70). RTs were not significantly different
between conditions (F, 54y = 0.97, p = 0.40; mean * SD, pic only, 971 = 79
ms; pain + pic, 964 = 75 ms; tone + pic, 980 = 73 ms).

This study indicated that, although pain and auditory stimuli were
equally unpleasant, pain had stronger effects on memory encoding as
evident in the impaired recognition rate of visual objects paired with
pain.

fMRI data acquisition

MR scanning was performed on a 3 T MRI system (Siemens Trio) with a
standard 16-channel head coil. A total of 42 axial slices (slice thickness, 3
mm) per volume were acquired using a gradient EPI T2*-sensitive se-
quence with the following parameters: repetition time (TR), 2.41 s; echo
time (TE), 30 ms; flip angle, 80°; field of view, 210 X 210 mm. After the
functional measurement, an individual high-resolution anatomical
image was obtained for each participant using a TI1-weighted
magnetization-prepared rapid acquisition gradient echo sequence (slice
thickness, 1 mm; TR, 2.30 s; TE, 2.98 ms; flip angle, 9°; field of view,
256 X 256 mm).

Image processing and statistical analyses

Because of a technical failure, one subject had to be excluded from the
fMRI analysis. fMRI results are therefore based on 23 participants. All
imaging data were screened for scanner artifacts before data analysis
using the toolbox ArtRepair. Image processing and statistical analysis of
fMRI data was performed using SPM8 (www.fil.ion.ucl.ac.uk/spm/). Af-
ter removing the first six volumes to compensate for T1 saturation ef-
fects, preprocessing included slice timing and realignment to the first
volume. Because pain stimuli often evoke involuntary movements that
are correlated with stimulus onset, we corrected for the interaction of
head motion and the inhomogeneities of the magnetic field (susceptibil-
ity X movement interaction) using the Unwarping procedure of SPM8.
The maximum amount of head motion did not exceed 2.1 mm in any of
the participants.

The anatomical volume was coregistered with the mean echo-planar
image and segmented with bias regularization set to medium level. Both
structural and functional volumes were normalized to standard Mon-
treal Neurological Institute space using the transformation matrix ob-
tained after the segmentation. Functional images were resampled to a
voxel size of 2 X 2 X 2 mm and finally smoothed with an 8 mm Gaussian
kernel with FWHM.

fMRI analyses. Data analysis was performed using the general linear
model (GLM). On the subject level, the model for the categorization
phase contained three regressors that coded for the three experimental
conditions: (1) presentation of images alone (pic only), (2) presentation
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of images with concomitant painful stimulation (pain + pic), and (3)
presentation of images with concomitant auditory stimulation (tone +
pic). An additional regressor-of-no-interest coded for the rating period
after categorization. Each boxcar stimulus function (duration of 2.5 s)
was convolved with a canonical hemodynamic response function, and
data were high-pass filtered with a cutoff period of 128 s. The effects of
interest were tested using linear contrasts of the parameter estimates for
the three regressors, resulting in a ¢ statistic for each voxel. In a next step,
three separate contrast images representing the three conditions pic only,
pain + pic, and tone + pic were generated for each participant, which
were subsequently included to a second GLM. At the group level, a
random-effects approach was used (Friston et al., 1999), treating inter-
subject variability as a random factor and including nonsphericity.

A second analysis was performed to assess neuronal activation related
to successful memory formation [subsequent memory effect (SME)]
(Brewer et al., 1998; Kim, 2011). Images were classified in subsequently
remembered (hits) and subsequently forgotten (misses) images as as-
sessed in the recognition task. Thus, the subject-specific model contained
six regressors of interest: (1) pic only, hits; (2) pic only, misses; (3) pain +
pic, hits; (4) pain + pic, misses; (5) tone + pic, hits; and (6) tone + pic,
misses, plus one additional regressor-of-no-interest coding for the rating
period. The minimum and average number of trials included in the
respective regressors were as follows: pic only, hits: mean, 11.3 and
minimum, 6; pic only, misses: mean, 8.7 and minimum, 4; pain + pic,
hits: mean, 9.8 and minimum, 4; pain + pic, misses: mean, 10.2 and
minimum, 3; tone + pic, hits: mean, 10.6 and minimum, 3; tone +
pic, misses: mean, 9.4 and minimum, 4. Note that the pain-specific
effect on recognition accuracy led to a lower number of pain + pic,
hits trials compared to pic only, hits trials (¢.,5) = 3.23, p = 0.004). No
other comparison reached significance.

On the group level, brain regions related to successful encoding re-
gardless of the experimental condition were identified using the six re-
gressors of interest with the respective contrast weights ¢ = (1, —1,1, — 1,
L, —1).

We also contrasted activity associated with successful encoding be-
tween the critical experimental conditions (pain + pic vs tone + pic). To
test for larger SME in tone trials compared with pain trials, we exclusively
masked SME for tone trials [(tone + pic, hits) > (tone + pic, misses)]
with the SME for pain trials [(pain + pic, hits) > (pain + pic, misses)]
using the contrast weights csyp, one = (0,0, 1, —1,0, 0) and csuig pain = (1
—1,0,0,0,0) for the six regressors of interest.

The threshold for the statistical analyses described above was set to p <
0.05, familywise error corrected for multiple comparisons. Based on pre-
vious studies showing reduced recognition rates and modulations in
neuronal activity in medial temporal and ventral visual areas after simul-
taneous painful stimulation, we performed regions of interest (ROIs)
analyses on the following brain regions: fusiform gyrus, LOC, parahip-
pocampal gyrus, and hippocampal regions. We therefore performed an
ROI analysis using 20-mm-diameter spheres centered around peak co-
ordinates reported in two previous studies involving similar designs
(Powell et al., 2005; Bingel et al., 2007).

Psychophysiological interaction analysis. To further examine the mod-
ulatory mechanisms underlying possible differences in disruption by
painful or auditory stimulation, a psychophysiological interaction (PPI)
analysis (Friston et al., 1997) was performed. A PPI analysis reveals dif-
ferences in functional connectivity between a particular seed region and
all other voxels across the entire brain as a function of a psychological
factor.

Here, we conducted a PPI analysis to identify brain regions that
showed differential connectivity with the right anterior hippocampus
during painful and auditory stimulation that were applied with the im-
ages. The right hippocampus was used as the seed region because it
showed a pain-specific reduction of neuronal activity [seed region (x, y,
z) = (24, —8, —30), as identified by the contrast ([tone + pic] > [pain +
pic]); see Results and Fig. 5A]. The blood oxygenation level-dependent
time series was extracted from a sphere located in the right anterior
hippocampus (10 mm diameter, centered on the peak voxel) for every
subject individually using the first eigen time series (principal compo-
nent analysis). The PPI regressor was calculated for each subject as the
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element-by-element product of the mean-corrected activation of the
right hippocampus (extracted time series) and the vector coding for the
psychological variable (—1 on regressor pain + pic, 1 on regressor tone +
pic). Thus, our PPI tested for a pain-specific modulation of the func-
tional connectivity between the right hippocampus and any other brain
regions. Finally, the individual contrasts reflecting the interaction be-
tween the psychological and physiological variables (PPI regressor) were
entered into a one-sample ¢ test.

Because we specifically challenged visual encoding by aversive stimuli,
we hypothesized that the impairment of visual object encoding is associ-
ated with an impaired connectivity between memory-related regions and
visual brain regions such as the LOC and fusiform gyrus, which have been
shown previously to be modulated by pain during object processing
(Bingel et al., 2007). Therefore, corrections in these regions were based
on 20-mm-diameter spheres centered around peak coordinates reported
in previous studies (Powell et al., 2005; Bingel et al., 2007).

Results

Behavioral results

Unpleasantness rating

On average, the heat pain threshold was reached at 45.7 = 2.6°C
(mean * SD), whereas an intensity rating of VAS 70 was yielded
with a temperature of 47.4 *= 1.7°C. Auditory stimuli that
matched the heat pain stimuli in unpleasantness had a loudness
level of 90.6 * 6.9 dB SPL. Despite the careful matching of tone
and pain stimuli, the tone stimuli were rated as significantly more
unpleasant than the heat pain stimuli (VAS tone, 58.0 * 14.7;
VAS pain, 49.1 = 16.0; 53y = 3.77, p < 0.001) during the fMRI
experiment.

Categorization task (encoding phase): accuracy and RT

To examine the differential effect of tone and pain stimuli on
categorization accuracy and RTs in the categorization task,
repeated-measures ANOVAs (within-subject factor: experimen-
tal condition; levels: pic only, pain + pic, tone + pic) were per-
formed for both measures. RTs for images classified correctly
differed significantly between the three conditions (F, 45, = 7.56,
p = 0.001; mean * SD, pic only, 1187 % 159 ms; pain + pic,
1238 = 169 ms; tone + pic, 1141 = 144 ms). As revealed by post
hoc t tests, the mean RT was longer for images paired with heat
pain than for images in the tone + pic condition (¢,5) = 3.97,p =
0.001; Fig. 2A). The comparison of RTs between pic only and pain
+ pic trials reached significance (t,5) = —2.06, p = 0.05). Mean
RT for pictures paired with tone stimuli were not significantly
different from the condition in which the images were presented
alone (t,3, = 1.79, p = 0.09). Furthermore, categorization accu-
racy was not significantly different between conditions (F, 45 =
0.95, p = 0.39; mean = SD, pic only, 89.4 = 8.2%; pain + pic,
87.7 = 12.2%; tone + pic, 89.8 = 9.7%).

Recognition task: accuracy and RT

The average = SD false-alarm rate was 8.4 = 3.4% (range, 1.7—
15%). As revealed by a repeated-measures ANOVA (within-
subject factor: experimental condition; levels: pic only, pain +
pic, tone + pic), the recognition accuracy differed significantly
between the three conditions (F, 45 = 4.52, p = 0.02; mean *
SD, piconly, 56.7 * 13.5%; pain + pic, 48.9 £ 17.7%; tone + pic,
53.1 = 15.1%). Recognition rates were significantly lower for
images that had been paired with heat pain stimuli compared
with images presented alone (t,5, = 3.02, p = 0.006; Fig. 2B).
Differences in recognition rate between tone + pic versus pic
only and between pain + pic versus tone + pic did not reach
statistical significance (.3, = 1.41, p = 0.17 and ¢(,5, = —1.58,
p = 0.13, respectively). RTs were not significantly different be-
tween conditions (F, 45) = 0.05, p = 0.95; mean * SD, pic only,
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1074 = 143 ms; pain + pic, 1072 * 146
ms; tone + pic, 1077 = 160 ms).
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To investigate whether the interference ef-
fect of tone and pain varied depending on
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and recognition) and pain-related psy- pic only
chological processing as well as specific
aspects of executive functioning. The
pain-related decrease in categorization
performance [i.e., (pic only) — (pain +
pic)] correlated positively with the me-
dian RT of the subtest cognitive flexibility
(r = 0.46, p = 0.03). This indicates that
subjects with lower cognitive flexibility (in-
dexed by higher median RTs) had more difficulties in correctly cat-
egorizing images presented with pain compared with images
presented alone. There was no significant correlation between cog-
nitive flexibility and a tone-related change of performance [i.e., (pic
only) — (tone + pic), r = 0.29, p = 0.17]. As expected, the pain-
specific interference score [i.e., recognition accuracy: (tone + pic) —
(pain + pic)] correlated positively with the individual pain catastro-
phizing score (r = 0.47, p = 0.02; Fig. 2C). The correlation between
the PCS and the pain interference score [i.e., recognition accuracy:
(pic only) — (pain + pic)] as well as the tone interference score [i.e.,
recognition accuracy: (pic only) — (tone + pic)] did not reach sig-
nificance [(pic only) — (pain + pic): r = 0.31, p = 0.14; (pic only) —
(tone + pic): r = —0.18, p = 0.40]. Furthermore, the pain-specific
interference score [i.e., recognition accuracy: (tone + pic) — (pain
+ pic)] showed a positive correlation with all subscales of the PASS
(physiological symptoms of anxiety: r = 0.51, p = 0.01; cognitive
symptoms of anxiety: r = 0.41, p = 0.04; escape/avoidance: r = 0.40,
p = 0.05). Together, higher levels of pain anxiety and pain catastro-
phizing seem to increase the interference effect of pain. All other
correlations did not reach statistical significance.

Figure 2.

Imaging results
Pain-related activity
Painful contact heat stimulation [(pain + pic) > (pic only)]
resulted in activations in brain regions implicated in pain percep-
tion (Apkarian et al., 2005). This included the contralateral sec-
ondary somatosensory cortex (SII), inferior parietal and
cingulate cortices (including anterior and midcingulate cortices),
precuneus, insula, and cerebellum. Subcortical activations were
found in the right caudate and bilateral thalamus (Table 1, top).
Painful stimulation compared with unpleasant auditory stim-
ulation [(pain + pic) > (tone + pic)] specifically activated con-
tralateral SII, bilateral insula, and cingulate areas (anterior and
midcingulate). Again, subcortical activations included the thala-
mus and the right putamen (Table 2, top).

Tone-related activity
The unpleasant auditory stimulation [(tone + pic) > (pic only)] led
to strong activations across the bilateral superior temporal gyrus,
including primary (Heschl’s gyrus) and secondary auditory areas.
Additional activations were found in inferior parietal and cingulate
cortices, the cerebellum bilaterally, the precuneus, frontal areas
(middle and superior), and the left thalamus (Table 1, bottom).
Auditory stimuli compared with nociceptive stimuli [(tone +
pic) > (pain + pic)] specifically activated the bilateral superior tem-

pain+pic  tone+pic
Experimental Condition

Forkmann et al. @ Pain Modulates Hippocampus during Encoding

C

701 304

60

20
50

ke
1
1
I
I

40
30 1

201

Recognition Accuracy [%]

r=0.47,p=0.02

Recognition Accuracy [tone - pain]
\
\

204+
pic only  pain+pic tone+pic 5
Experimental Condition

10 15 20 25 30
PCS score

Behavioral effects of simultaneously presented aversive stimulation. A, Mean RTs for correctly categorized images
were increased forimages presented with painful stimulation compared with unpleasant auditory or no stimulation. B, Concurrent
painful stimulation reduced the accuracy in a subsequent recognition task, whereas unpleasant auditory stimulation did not affect
recognition performance. The dashed line indicates the mean false-alarm rate. €, The pain-specific interruptive effect (defined as
the difference in recognition accuracy between the tone + picand pain + pic conditions) was augmented in participants scoring
high in pain catastrophizing. Error bars indicate the SEM. *p = 0.05; **p < 0.01.

poral gyrus, including Heschl’s gyrus, the temporal pole, inferior
frontal and angular gyrus, as well as the brainstem (Table 2, bottom).

Encoding-related activity

At first, we probed brain regions related to successful memory
encoding regardless of the experimental condition. A subsequent
memory effect, that is, increased activations for subsequently re-
membered compared with subsequently forgotten images (hits >
misses), was present in the bilateral anterior hippocampus [(x, y,
z): left hippocampus, (—30, —18, —16), t = 5.31, p < 0.05 cor-
rected; right hippocampus, (34, —12, —18), t = 5.18, p < 0.05
corrected] and the left anterior parahippocampus [(—24, —18,
—18),t = 5.11, p < 0.05 corrected; see Fig. 4A].

Effect of pain and unpleasant tone on visual processing

and encoding

In a next step, we tested whether the concurrent application of
painful heat stimuli or unpleasantness-matched auditory stimuli
modulated neuronal activation in regions related to encoding
and visual object processing.

Concurrent painful stimulation [(pain + pic) < (pic only)]
substantially reduced neuronal activity in the medial frontal
gyrus [(x, y, 2): (4, 30, —18), t = 6.33, p < 0.05 corrected], the
superior medial frontal gyrus [(14, 48, 4), t = 5.32, p < 0.05
corrected], the left anterior and posterior parahippocampal
gyrus [(—22, —4, —26),t=4.3;(—30, —38, —14),t=4.9,p <
0.05 corrected], as well as the right fusiform gyrus [(32, —40,
—18), t = 3.6, p < 0.05 corrected; Fig. 3A]. Simultaneous
auditory stimulation [(tone + pic) < (pic only)] also signifi-
cantly reduced neuronal activity in the right posterior hip-
pocampus [(32, —30, —10), t = 3.5, p < 0.05 corrected] and
the left posterior parahippocampal gyrus [(—30, —36, —14),
t = 3.5, p < 0.05 corrected].

As hypothesized, we found a pain-specific reduction within
the MTL as revealed by the contrast [(pain + pic) < (tone +
pic)]. Specifically, we observed a stronger reduction for concur-
rent painful stimulation compared with unpleasant auditory
stimulation in the right anterior hippocampus [(24, —8, —30),
t = 3.35, p < 0.05 corrected; Fig. 4A].

The same activation pattern was observed in the medial frontal
gyrus that showed reduced activation [(18, 46, 4), t = 6.32, p < 0.05
corrected]. The reverse contrast [(tone + pic) < (pain + pic)] re-
vealed no significant reduction of activity in the MTL.

In addition, the right anterior hippocampus showed a stron-
ger subsequent memory effect under concurrent auditory [(tone
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Table 1. Stimulus-related neuronal activations (p < 0.05, corrected)

J. Neurosci., February 6, 2013 - 33(6):2571-2581 « 2577

Coordinates (in mm)

Left Right
Region X y z X y z Voxel level () (left/right)
Pain-related neuronal activation [ (pain + pic) > (pic only) ]
Insula, posterior —34 —18 12 38 —16 18 9.2/10.2
Insula, anterior —30 16 6 10.0/—
MCC/SMA —4 16 44 9.7/—
SII 62 —18 22 —/8.8
LOG, superior division —18 —60 52 8.6/—
Middle frontal gyrus 30 0 54 —/1.1
Cerebellum 32 —56 —32 —/17.1
Inferior parietal cortex —44 —36 44 38 —40 42 6.6/5.7
Thalamus —14 -20 8 18 —14 8 6.0/5.7
DLPFC —38 32 28 6.3/—
Caudate nucleus 16 16 0 —/55
Tone-related neuronal activation [ (tone + pic) > (piconly)]
Superior temporal gyrus (including Heschl's gyrus) —44 —28 6 56 —20 8 16.8/19.4
Cerebellum —40 =50 -32 34 —56 -32 7.5/8.8
LOG, superior division —-20 —58 52 8.5/—
Premotor cortex/SMA —4 10 54 8.1/—
Supramarginal gyrus, posterior division —46 —44 54 44 —44 50 8.0/5.3
Thalamus —4 —18 12 7.8/—
Posterior cingulate -2 —40 22 7.4/—
Middle frontal gyrus 28 -2 54 —/1.0
DLPFC —40 30 30 6.7/—
Cingulum —4 —18 34 57—
Precuneus 12 —62 36 —/5.6
(audate nucleus 20 20 4 —/53
MCC, Midcingulate cortex; SMA, supplementary motor area; DLPFC, dorsolateral prefrontal cortex.
Table 2. Stimulus-specific neuronal activations (p < 0.05, corrected)
Coordinates (in mm)
Left Right
Region X y z X y z Voxel level () (left/right)
Pain-specific neuronal activation [ (pain 4 pic) > (tone + pic)]
Sl 40 —18 22 —/10.3
Insula, anterior —34 4 12 36 8 10 10.3/10.1
Insula, posterior —34 —18 14 8.1/—
Precentral gyrus 58 6 8 —/13
Insula 38 2 -8 —/6.4
Tone-specific neuronal activation [ (tone + pic) > (pain + pic)]
Superior temporal gyrus (including Heschl's gyrus) —44 —28 6 64 —26 10 16.3/18.4
Inferior frontal gyrus —54 30 —6 6.5/—
Precentral gyrus -2 —34 70 6.0/—
Brainstem 14 —30 —32 —/5.8
Temporal pole 48 18 —32 —/5.6
Angular gyrus =52 —56 20 5.4/—

+ pic, hits) > (tone + pic, misses)] compared with concurrent
painful stimulation [(pain + pic, hits) > (pain + pic, misses);
(32, =8, —26), t = 3.71, p < 0.05 corrected].

No significant effect in visual ROIs was observed for any of
these contrasts.

PPI analysis

To explore the modulatory mechanisms underlying the differential
effects of pain and auditory stimulation on encoding, we investigated
condition-specific changes in functional connectivity of the hip-
pocampus using PPI analysis. The PPI analysis tested for a pain-
specific modulation of the functional connectivity between the right
hippocampus [(24, —8, —30); see Fig. 5A] that showed a pain-
specific decrease in activation (see above) and any other brain re-

gion. This analysis revealed reduced functional connectivity between
the right hippocampus and ventral visual areas, for example, fusi-
form gyrus [(36, —62, —16), t = 4.59, p < 0.05 corrected] and
lingual gyrus [(—34, —80, —11), t = 3.73, p < 0.05 corrected], both
regions that correspond to the LOC, as well as the calcarine gyrus
[BA 17, primary visual cortex; (6, —96, —2), t = 3.76, p < 0.05
corrected] during pain + pic trials compared with tone + pic trials
(Fig. 5B). In contrast, no reduction in functional connectivity was
observed during auditory compared with painful stimulation.

Discussion
This study explored the neuronal mechanisms underlying the
disruptive capacity of pain on memory in a visual encoding task.
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To test for pain-specific effects, the influ-
ence of pain on the encoding of visual ob-
jects was compared with that of an
auditory stimulus of matched unpleasant-
ness. Our study revealed four novel find-
ings. (1) Painful stimulation slowed down
RTs during encoding and compromised
the performance in a surprise recognition
task. (2) These behavioral findings were
associated with changes on the neural lev-
el: pain interfered with visual encoding,
indexed by a pain-specific reduction in ac-
tivation of the right anterior hippocam-
pus as a region related to successful visual
encoding. (3) Furthermore, the hip-
pocampus showed reduced functional
connectivity with extrastriate regions during painful stimulation
relative to unpleasantness-matched auditory stimulation. (4) Fi-
nally, the interruptive effect of pain varied depending on pain-
related psychological traits because individuals scoring high on
pain catastrophizing and pain-related anxiety showed more pain-
specific impairment of recognition performance.

Figure 3.

Specificity of the interruptive effect of pain on
visual encoding
Our findings of compromised performance during concurrent
painful stimulation confirm previous studies using experimen-
tally induced (Eccleston and Crombez, 1999; Vancleef and Peters,
2006a,b; Bingel et al., 2007; Tiemann et al., 2010) and chronic
(Grace et al., 1999; Park et al., 2001; Dick et al., 2008) pain.
However, these studies could not rule out that the interference
effect of pain on cognitive tasks resulted from the aversive nature
of the stimulus in general or the specific nociceptive component
of pain. Behavioral studies indicate that the ability of a stimulus to
disrupt ongoing processes is critically determined by its threat
value (Eccleston and Crombez, 1999). We therefore intended to
match the threat value (operationalized here as unpleasantness)
of aversive auditory and painful stimuli to investigate whether the
nociceptive component specifically increases the interruptive
function and to identify a pain-specific neuronal mechanism that
allows pain to be prioritized over other competing stimuli.
Unpleasant noise has been shown previously to reduce hip-
pocampal activity and to attenuate the recognition performance
in a picture encoding task (Hirano et al., 2006). However, our
study demonstrates that noxious stimuli were more disruptive
during the encoding of visual stimuli than unpleasantness-
matched auditory stimuli. Importantly, the specificity of pain-
related disruption was found on the behavioral (Fig. 2) and the
neuronal (Figs. 3, 4) levels. It should be noted that, despite a
careful matching procedure, auditory stimuli were rated as more
unpleasant than painful stimuli. However, this slight imbalance
strengthens rather than weakens our findings because painful stim-
uli were even more disruptive, although they were slightly less un-
pleasant. This finding supports the notion that the nociceptive
component of pain is an additional significant feature that increases
its interruptive function and enables pain to be prioritized among
competing processes (over and above unpleasantness per se) be-
cause of its inherent link to potential or actual tissue damage.
Recent studies have shown improved memory performance
for neutral items that had been encoded in an emotionally arous-
ing context (e.g., aversive or painful stimuli) compared with
those encoded in a neutral context (Dunsmoor et al., 2012;
Schwarze et al., 2012). However, in these studies, an increase in
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Simultaneously presented painful stimulation reduced neuronal activity in medial temporal regions during visual
encoding [(pain + pic) < (pic only)]. For visualization purposes, thresholded at p << 0.001 uncorrected; overlaid on slices of the
group mean T1-weighted image. L, Left; R, right.

arousal was induced shortly after stimulus onset, and retrieval of
the presented stimuli was tested after a retention interval of 24 h.
In contrast, in our study, the visual and the (potentially) disturb-
ing nociceptive stimuli were presented simultaneously. Our find-
ings are therefore in line with the notion that acute stress impairs
memory during immediate recall (Kirschbaum et al., 1996; Jelici
et al., 2004).

Modulatory influence of catastrophizing

Moreover, we show that high catastrophizers were more dis-
tracted by pain and exhibited lower recognition performance.
This augmentation of the interruptive function of pain on mem-
ory encoding by pain catastrophizing is in accordance with re-
sults from previous studies (Van Damme et al., 2004; Tiemann et
al., 2010). Although our task was not designed to explore the
subprocesses involved, this finding may reflect particular prob-
lems in disengaging from pain in high catastrophizers as sug-
gested by van Damme et al. (2004). It should be noted that the
pain catastrophizing scores obtained in the healthy volunteers
investigated here were considerably lower than scores commonly
found in chronic pain patients (Dick and Rashiq, 2007). It can
therefore be assumed that the effects observed in our study un-
derestimate rather than overestimate the potentially detrimental
consequences of pain catastrophizing on memory function in
chronic pain patients.

Pain-specific modulation of hippocampal activity during
visual encoding

Using a visual encoding paradigm, we found that simultaneously
presented unpleasant stimulation reduced neuronal activations
in medial temporal regions during the encoding of neutral im-
ages. More specifically, the left parahippocampal gyrus and the
right fusiform gyrus showed less activation under concurrent
painful stimulation, whereas unpleasant auditory stimulation re-
duced activity in the right posterior hippocampus and the left
parahippocampal gyrus, albeit to a lesser extent.

Importantly, when directly comparing the modulatory effects
of painful and auditory stimulation, we observed a pain-specific
reduction of activity in the right anterior hippocampus. MTL
regions and in particular the hippocampus are pivotal for the
encoding of episodic memory (Henson, 2005; Eichenbaum et al.,
2007). Intriguingly, the site of pain-specific modulation corre-
sponds nicely to the site showing a subsequent memory effect in
our visual encoding task (Fig. 4A). Because the right anterior
hippocampus was related to successful encoding, the pain-
specific reduction of activation observed in the right hippocam-
pus most likely reflects reduced encoding-related activity during
painful compared with auditory stimulation.
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Figure 4.  Pain-specific modulation in regions related to successful memory encoding. A, Subsequently remembered images (averaged across conditions) significantly activated the right
hippocampus (shown in yellow) during encoding as revealed by the contrast (subsequent hits > subsequent misses; for visualization purposes, thresholded at p << 0.001 uncorrected). Intriguingly,
we noted a pain-specific reduction of neuronal activity in the right anterior hippocampus during simultaneous painful stimulation compared with unpleasant auditory stimulation [(pain + pic) <
(tone + pic)] that overlapped with the site showing a subsequent memory effect (colored in red). Clusters are overlaid on the group mean T1-weighted image; for visualization purposes,
thresholded at p << 0.01 uncorrected. B, Parameter estimates for a 5 mm sphere located in the right anterior hippocampus [(x, y, 2) = (24, —8, —30)]; plotted for illustration purpose. Error bars
indicate the SEM. R, Right.

Figure5.  PPlanalysis.A, The right anterior hippocampus (“source”) was defined as a sphere (10 mm diameter) centered around the peak voxel [(x, y,z) = (24, —8, —30)]. This particular region
showed a pain-specific modulation as revealed by the contrast [(pain + pic) < (tone + pic); see Results]. B, A PPl revealed a reduction in functional connectivity between the right anterior
hippocampus and bilateral extrastriate regions (corresponding to the LOC and fusiform gyri) during painful stimulation compared with auditory stimulation. T maps are overlaid on the group mean

T1-weighted image. For visualization purposes, thresholded at p << 0.001 uncorrected. R, Right; L, left.

In everyday life, we are constantly exposed to simultaneous
input from different sensory modalities. In this complex environ-
ment, the different stimuli commonly compete for limited pro-
cessing resources (Pashler, 1998). In this competition, visual
stimuli are often prioritized, presumably because they provide
the most reliable information about the external environment
compared with other modalities (e.g., auditory; Molholm et al.,
2004; Yuval-Greenberg and Deouell, 2009). This dominance of
visual processing is, for instance, reflected in higher recognition
rates for visual compared with auditory, haptic, or kinesthetic
stimuli during unimodal and bimodal presentation (Busse et al.,
2005; Johnson and Zatorre, 2005; Cohen et al., 2009). However,
the neutral visual stimuli (which are task relevant but of rather
low priority) directly compete with the arousing high-priority
nociceptive stimuli. According to the Arousal-Biased Competi-
tion Theory (Mather and Sutherland, 2011), the painful stimuli
should take precedence over the less arousing visual stimuli and
result in impaired perception and memory for the low-priority
visual stimuli.

Here we show that the processing of visual stimuli is more
sensitive to interference from nociceptive than from auditory
stimuli, as indicated in the lower recognition performance during
painful stimulation. Importantly, the preference for nociceptive
stimuli could not be explained by the unpleasantness, which was
matched for nociceptive and auditory stimuli. Although this
finding requires additional investigation, we interpret the pre-
ferred processing of painful stimuli as the result of the unique link
between pain and information about the integrity of our internal

environment, which is prioritized over any information from the
outside world.

Concurrent pain reduced connectivity between the
hippocampus and extrastriate areas

To explore the mechanisms by which pain specifically interferes
with visual encoding, we conducted a PPI analysis to reveal dif-
ferences in connectivity between the hippocampus and other
brain regions depending on the experimental condition. We
found reduced functional connectivity of the right anterior hip-
pocampus with extrastriate regions along the ventral stream (ex-
tending into the LOC and fusiform gyri) during painful
compared with auditory stimulation. Interestingly, reduced con-
nectivity was also observed between the hippocampus and an
area in the primary visual cortex (BA17), although to a lesser
extent.

This finding is in accordance with the concept that the MTL is
highly interconnected with sensory cortices, including ventral
visual areas (Lavenex and Amaral, 2000). Different MTL subre-
gions (i.e., perirhinal cortex, lateral entorhinal cortex) receive
input from higher visual areas (e.g., fusiform gyrus, LOC; Eichen-
baum et al., 2007). During encoding, memory-related MTL re-
gions have been shown to interact with different neocortical areas
in a modality- and task-specific manner (Cabeza and Nyberg,
2000). Thus, visual encoding does not only rely on the integrity of
the MTL but also on the untainted exchange of information be-
tween MTL structures (i.e., hippocampus) and ventral extrastri-
ate regions, in particular the fusiform and lingual gyrus as shown
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in visual identification and categorization tasks (Kohler et al.,
1998; Grady et al., 2003). Together, the results of our PPI analysis
indicate that the successful interplay of medial temporal and ex-
trastriate regions during visual encoding is more sensitive to the
disruptive influence of noxious heat than to unpleasantness-
matched auditory stimuli.

In contrast to our previous study (Bingel et al., 2007), neither
pain nor tone stimuli directly modulated activity in object pro-
cessing areas in the ventral visual stream. We assume that the
difference in experimental design could explain these divergent
results. The present study used an event-related design, in which
the type of aversive stimulation applied in the next trial was un-
predictable for the subjects. In contrast, the previous study used a
block design in which 10 consecutive trials of the same type were
applied. Because predictability critically determines top-down
mechanisms such as anticipation and expectancy of the applied
stimuli (Porro et al., 2002; Carlsson et al., 2006), the trial-by-trial
randomized presentation order of pain and tone stimuli in the
present study might have reduced the interruptive effect of pain
on primary visual areas. Future studies are required to investigate
the interaction between bottom-up and top-down modulatory
influences in the interruptive function of pain and other aversive
stimuli on MTL and extrastriate regions, for example, depending
on the onset predictability of the aversive stimuli.

In summary, our observations extend findings from previous
studies by showing that pain not only interferes with regional
task-specific activity (i.e., hippocampal activity) but also alters
the connectivity between task-related areas, such as extrastriate
regions and MTL, suggesting that pain modulates the propaga-
tion of information from sensory to memory-related brain
regions.

Conclusion

Taken together, our findings show a pain-specific impairment of
visual encoding and subsequent recognition performance. This
behavioral effect was augmented in high pain catastrophizers.
Our fMRI data indicate that the interruptive effect of pain was
mediated by a pain-specific modulation of the right anterior hip-
pocampus as well as a pain-specific reduction in functional con-
nectivity of this region with extrastriate areas (fusiform gyrus,
LOCQ). In sum, these results suggest a pain-specific disruption of
visual encoding at the transition from sensory information into
memory that occurs over and above the unpleasantness of the
stimulus.
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