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0 ABSTRACT

INTRODUCTION

Chronic pain syndromes are characterized by a paoelation between objective physical
pathology and subjective pain perception. Theeehgh comorbidity rate between

chronic pain syndromes and mood disorders. Thisr@ation suggests that pain and affect
are represented in a common neural network. Wedebts hypothesis on 15 healthy

volunteers in a region of interest (ROI) approasimg BOLD fMRI.

METHODS

Firstly, pain responsive regions were identifiecilocalizer experiment. Heat pain stimuli
were equalized to a subjective pain rating of §Xo pain; 10: unbearable pain) as
determined by individual psychophysical assessm&atsondly, the response behavior of
these ROIs was characterized in a separate fMRdrarpnt. A paradigm of emotional
induction (matching of aversive faces and neutrahf) was combined with heat pain to
yield a 2 x 2 factorial design with factor 'paipginvs.no pain) and factor ‘affect’ (Faces
vs.Forms) reflecting a physical stressor and a nonfipeemotional stressor, respectively.
A moderately painful heat stimulus was chosen frateng: 5/10) in order to prevent
saturation of the hemodynamic response to paint steauli were applied through a
contact thermode (Medoc Inc., Israel). BOLD fMRtalaere acquired using a 1.5 Tesla

MR scanner (Siemens Sonata, Erlangen).

RESULTS

Pain related activation clusters were found inrthi@line thalamus and bilateral insula/SlI
cortices comprising the ‘pain neuromatrix’ for ttemple at hand. These independently
mapped ROIs were activated by both factors in sinmélative proportions. The main
effect of factor ‘affect’ was statistically sigreint in the right insular ROI. The amygdala
was activated by intense pain (rating: 8/10). IrR&Is including the bilateral amygdala,
we found a saturation of the hemodynamic respang#ais, where aversive faces and

painful stimuli were presented simultaneously.



CONCLUSION

Our findings suggest a common neural network fan pad emotion processing
supporting the idea of pain as a homeostatic emoheural correlates of pain and
emotion aggregate subadditively (less than addyjypossibly reflecting a mechanism of
overload protection. Furthermore, our findings gj@ dual representation of threatening
stimuli in terms of their affective and somaticrsfgcance in the amygdala and insular
cortex, respectively. In this conceptual framewatkonic pain syndromes and affective
disorders may reflect extremes of either somatfi@ctive augmentation of stress along

an insula—amygdala axis, respectively. Furtherstigations on patients are warranted.



ZUSAMMENFASSUNG

EINFUHRUNG

Chronische Schmerzsyndrome zeichnen sich durchneaimgielnde Korrelation zwischen
objektiven pathologischen Befunden und subjekti8ahmerzempfinden aus. Es gibt eine
hohe Komorbiditat zwischen diesen Syndromen unekéffen Stérungen. Diese
Beobachtung legt nahe, dass Schmerz und Affekhenegemeinsamen Netzwerk im
Gehirn reprasentiert werden. Wir testeten dieseothgse an 15 gesunden Probanden in
einem ,Region of Interest* (ROI) Ansatz unter Eitzsder funktionellen
Kernspintomographie (BOLD fMRI).

METHODEN

In einem ersten Schritt wurden schmerzresponsiggdrRen im Gehirn identifiziert. Zuvor
wurden die Intensitaten der schmerzhaften Hitzegtidurch ein psychometrisches
Verfahren festgelegt. Dabei wurde die Reizintensitdjeden Probanden so gewahlt, dass
sie einer subjektiven Schmerzempfindung von 8 adreSkala von O (kein Schmerz) bis
10 (unertraglicher Schmerz) entspricht. Das Antwatialten dieser ROIs wurde in einem
separaten fMRI Experiment charakterisiert. DabeideLein etabliertes Paradigma zur
emotionalen Induktion (Matching aversiver Gesichied neutraler Formen) mit einem
Hitzereiz kombiniert, so dass sich ein 2 x 2 faieites Design mit Faktor ,Schmerz*
(Schmerass.kein Schmerz) und Faktor ,Affekt” (Gesichtes. Formen) ergab. Hierbei
reprasentiert der Faktor ,Schmerz” einen physiscteassor und der Faktor ,Affekt”
einen nichtschmerzhaften, emotionalen StressorSalsnerzreiz wurde hier ein
moderater Hitzereiz gewahlt (entsprechend eingektiben Schmerzbewertung von 5 aus
10), um einer Sattigung der neuronalen Antwort ubeazigen. Hitzereize wurden Uber eine
Kontaktthermode appliziert (Medoc Inc., Israel). BDfMRI Daten wurden mit einem 1.5

Tesla MR Tomographen erhoben (Siemens Sonata,deran

ERGEBNISSE

Schmerzbezogene Aktivierungscluster wurden im Bardes mittelliniennahen Thalamus
und des bilateralen Insula/SIl Kortex identifizisie bilden die ,Schmerzneuromatrix*
fur die vorliegende Stichprobe. Diese separat ifieierten ROIs wurden sowohl durch

den emotionalen als auch durch den physischensBtrasvergleichbaren Proportionen



aktiviert. Der Haupteffekt des Faktors Affekt edlde statistische Signifikanz im
rechtshemispharischen insuldren ROI. Die bilatehatggdala zeigte eine robuste
Aktivierung durch intensiven Hitzeschmerz (subje&tBewertung: 8 aus 10). In allen
untersuchten ROlIs stellten wir eine Sattigung denddynamischen Antwort bei

gleichzeitiger Darbietung von Schmerzreizen undsiven Gesichtern fest.

SCHLUSSFOLGERUNG

Unsere Ergebnisse legen ein gemeinsames NetzwediefiProzessierung von Schmerz
und Affekt im Gehirn nahe und bestéatigen damitAl¥fassung von Schmerz als einer
homdoostatischen Emotion. Neuronale Korrelate vdm&rz und negativem Affekt
aggregieren im gesunden Gehirn unteradditiv. Magliw/eise wird dadurch eine
Uberlastung limbischer Netze durch kombinierte &togen verhindert. AuRerdem
sprechen unsere Ergebnisse fir eine duale Repadisarivedrohlicher Stimuli hinsichtlich
ihrer affektiven und somatischen Relevanz in delyg§dala beziehungsweise im insularem
Kortex. In dieser Konzeption spiegeln affektive r@tigen und chronische
Schmerzsyndrome eine vorwiegend affektive bezietmege somatische Augmentierung
von Stress entlang einer Insula-Amygdala Achse avied/eitere Untersuchungen an
Patienten sind gerechtfertigt, um diese Thesei(#aest.



1 Psychometric Profiling of Pain Perception

1.1 Introduction

Pain is a highly subjective sensation that disptayssiderable interindividual variability
(Mogil, 1999). Preexisting neuroimaging studieseagihat neural correlates of noxious
stimulation correlate with the intensity of subjeetpain sensation (Schneider and others,
2001;Gracely and others, 2002;Bornhovd and otl26@2). Moreover, perceived pain
intensity is coded throughout the pain neuromatre,is not confined to the
somatosensory cortex of the ‘lateral pain systé&daghill and others, 1999). Due to its
widespread distribution, pain intensity informatigran integral component of the
multidimensional representation of pain at the aklavel. It is therefore advisable to
incorporate pain intensity information in neuroinmggparadigms that aim to define the
pain neuromatrix reliably. Specifically, the intedividual variability of the pain related
neural response can be reduced by employing stitmatlievoke the same pain intensity in
all subjects. This approach optimizes the signaildige ratio in group level analyses but
requires psychometrical procedures to be condymiedto the imaging experiment.

We therefore devised a psychometric thresholdingguure to equalize perceived
pain intensity in the sample by recording stimukesponse functions (SRF) for each
participant. SRFs describe the relationship betwawssical stimulus intensity and
perceived pain intensity. Heat stimuli above thaividual pain threshold are presented in a
pseudo-randomized sequence and are rated on damalague scale (0: no Pain; 10:
unbearable pain). The temperature correspondiaggieen pain intensity (0-10) can be
determined from a fitted curve.

Stimulus response functions (SRF) provide a rateofa choosing the most
appropriate pain intensity level for a given expental purpose. In the present
dissertation we use BOLD fMRI in order to a) functally define the pain neuromatrix as
region of interest and b) assess the interactibmdsn pain related and emotionally related
neural responses within this definition. In thenfier case, the pain related response should
be as strong as possible without causing subjegement to permit a statistically reliable
region of interest definition. In the latter case opted to use medium pain intensity with
the reasoning more intense stimulation might leaa $aturation in the pain related
response and therefore obscure a potential impalce @motional factor. Secondly, we
assume the SRF curves to be more sigmoid in shapstaeepest near the center of the



visual analogue scale or VAS range. Hence, a gmeallirbation in stimulus intensity has a
large impact on perceived pain intensity. We speuhat an emotional perturbation may
have an analogous effect on the pain related BGdspanse thus increasing chances to
detect such interactions.

Despite its benefits in terms of statistical povgerychometric procedures are not
routinely applied in most imaging studies. Instead,same temperatures are employed for
all subjects and a rating scheme is incorporatexdtire fMRI paradigm. This approach is
disadvantageous in that the pain related respensampromised by i)
cognitive/evaluative effects introduced by thengtiask and ii) the poor correlation
between stimulus intensity and perceived pain sitgr{Clark and Bindra, 1956). In the
present study we addressed these issues by camglagbisychometric profiling procedure
prior to the fMRI experiment. This allowed us tatagenize the intersubject variability of
pain perception thus improving the statistical poteedetect changes in the pain related
BOLD response. In the following, we describe thecedure and demonstrate that it yields

reliable stimulus response functions at the suldga@i and group level.

1.2 Materials and Methods

The procedure involves two steps. Firstly, indiatpain thresholds and tolerance
thresholds were determined. Following this, tisesholds are referred to as thermal
pain onset (TPO) and thermal pain tolerance (TRBpectively. Subsequently, six
equidistant temperatures (including the TPO and)Mrre sampled from the interval
between both thresholds and presented in a balablos#ked design. Participants rate
perceived pain intensity on an analogue scale ngnigom 0 (no pain) to 10 (unbearable
pain). Temperatures corresponding to a ratingarid 8 out of 10 were interpolated from a

fitted curve.
1.2.1 Subjects

15 healthy subjects (7 male, 12 right-hander, neagpgm 24 years, SD: 3.4 years)
participated in the investigation. They gave writbeformed consent to a protocol
approved by the local Ethics Committee of the Maldiaculty and received payment (20
€) as allowance. Subjects with clinical historycehtral nervous system or CNS disease,
peripheral neuropathies, limb trauma, psychiatnid @ternal diseases were excluded from
the study. No participant reported drug intake pkéer oral contraceptives. Participants

were advised to avoid consummation of alcohol, timeoor caffeine on the day of the



experiment. Measurements were carried out betwg$h&AM and 2:00 PM. All subjects
also participated in the fMRI experiment schedu&dr on the same day. There was a

four hour gap between both sessions to allow acgl lerythema to subside.
1.2.2 Apparatus

Thermal stimuli were delivered by the Thermosengarglyzer Il (TSA Il, Medoc Inc.,
Israel) through a 30x30nfneontact thermode attached to the volar surfacibject’s left
wrist. The system is used in fMRI configuration:fsdRI compatible thermode connected
to a filter element was employed rather than thadsdrd variant. Results of pain profiling
can therefore be applied to the fMRI experimenhuauit bias caused by thermode
exchange. Stimulus parameters (baseline tempeyatum@ing speed, target temperature,
stimulus duration) and stimulus sequence are defamel controlled using the TSA 1l
software (v. 3.20). This program runs on an IBM patible Laptop (MS Windows XP)
connected to the TSA Il via the 9 pin serial pén.USB keyboard was also attached to
the laptop. Pressing the space bar forces themsysteeturn to the baseline temperature
immediately. During the psychometric thresholdimggedureparticipants rate painful
sensation on a computerized visual analogue sgaieoling a slider with the computer
mouse. This scale is embedded in a self-developexgbater program (see below) that
guides the subject through the entire acquisiti@tgss (se€ig. 1-1). This software runs
on a second IBM compatible laptop under MS Windis Once a rating is entered into
the computer (via mouse click) a 150 ms square \paise is sent from the laptop’s
parallel port (pin 2) to the TSA’s TTL input pofithe TSA software subsequently receives
a signal from the TSA to initiate the next trialtive predefined trial sequence. VAS ratings
were saved to a log file from which an individualyphometric profile was created using
customized MATLAB scripts.

The VAS rating software was written in C++. Micrétsdisual C++ 2008 Express
Edition was employed as integrated developmentenment (available at
http://www.microsoft.com/germany/express/prodast of 3/1/2010). Computer graphics

were rendered in OpenGL at a resolution of 1026& pixels and a vertical refresh rate of
60 Hz. The OpenGL header file (gl.h, v.1.1, Siliééraphics, Inc.) and corresponding
library functions are included in the Microsoft Sadire Development Kit for Windows

Server 2003, which is freely availablehditp://www.microsoft.com/downloadgs of
3/1/2010). Mouse interaction was programmed udiagdard MS Windows XP APIs

included in the Microsoft Foundation Class Librar{g. 7.0). The parallel port was



interfaced employing the TVicPort librarlgt{p://www.entechtaiwan.com/dev/ppas of
3/1/2010).

1.2.3 Pain Thresholding Procedure

The subjects were comfortably seated in a dimlynihated room that was kept
comfortably warm (23 °C). The thermode was attadbdtie subject’s left wrist. Thermal
pain onset (TPO) and thermal pain tolerance (TParpwdetermined by an ascending
Method of Limits with a rise time of .8 °C per sedcstarting from a baseline temperature
of 32°C. Prior to each measurement, the respetasleinstruction was repeated.

For TPO measurements, the instruction was: “Pressesbar when the thermal
sensation becomes painful”. Upon pressing the tkeythermode was rapidly cooled down
(10 °C/s) to baseline temperature. The next tentyeraise interval followed after a pause
of 10 seconds. Three practice trials were run aschdded for later analysis. Four tests
were performed and averaged. For TPT, measurertihentask instruction was: “Press
space bar when the thermal sensation becomesratbtepainful”. Only one measurement
was carried out. To safeguard the subject, the 318As down automatically when the
thermode temperature reaches 53°C (hardware oggrii@lues below 44 °C for TPT and
below 39 °C for TPO suggest that the subject miststdod the task instruction. These
measurements were discarded and the correspomidilsgiere repeated.

1.2.4 Pain Profiling Procedure

1.2.4.1 Thermal stimuli

Heat pain stimuli were obtained by sampling sixidigtant temperatures from the interval
between TPO and TPT. It should be stressed thatdimnistered temperatures differ
across subjects according to individual pain atetance thresholds. To avoid confusion,
thermal stimuli are hereafter referred to as thérmansity levels ranging from 1 to 6 for
each participant. Each intensity level is presetiteee times, yielding 18 trials in total.

The stimulus sequence is showrFig. 1-2 Care was taken to control for sequence effects.
For this purpose, the six intensity levels weresiféed as low, medium and high intensity
stimuli. Each category thus comprises two stimiitie sequence was designed so that each
of the six intensity levels is preceded equallgpnfby a weak, medium and strong
stimulation. Sequence effects are thus distribateshly across the three categories. The

transition matrix is given in Table 1.2-1. The saseBgquence was used for all participants.



Table 1.2-1. Transition matrix of experimental conditions in the pain profiling paradigm.

thermal intensity in trial n
low medium high
1 2 3 4 5 6
1 X X X
2
KS)
—
& 2 X X X
8
oy
> § 3 X X X
g b
= E 4 X X X
©
£
g 5 X X X
<
2
ey
6 X X X

Thermal intensity levels (1 to 6) are categorized as weak, medium and high intensity stimuli.
Conditions presented on consecutive trials (i.e. on trial n-1 and trial n) are indicated (X).

1.2.4.2 Rating Scheme

Painful sensation was rated on a computerized h@naogue scale as shownFig. 1-1
(middle picture). The scale ranges from ‘no paleft(end) to ‘unbearable pain’ (right
end). The interval between both extrema is divitkéal eleven equidistant numerical steps
(0-10). ‘1’ denotes the pain threshold. The scaleolor coded and begins with a green
shade (0) that gradually changes into yellow afotie threshold (1). Yellow smoothly
blends into red at the right end of the scale (AO)jerbal description is also provided:
weak pain (1-3), medium pain (4-6) and intense p&if). A slider can be moved
smoothly along the scale with the computer mous®va the slider, the corresponding
numerical value (rounded to the first decimal p)aseshown. At the top of the screen the
task description is displayed: “Move the sliderading to the intensity of your pain
sensation. Click at the signal tone.” At the bottointhe screen, the participants are
reminded that intolerable stimulation can be inteted at any time by pressing the space
bar.



Ramp up: 10 sec.

Heat stimulation: 20 sec.
Rating on VAS: response terminated

R . 18 trials

Pause: 30 sec.

Fig. 1-1. Computer displays presented during the pain pngfiparadigm. The upper screen announces the
temperature rising interval. Ratings are performed visual analogue scale (VAS) via the computeuse
(middle screen). The lower screen is shown durhey pause interval (with a countdown indicating the
remaining time in seconds before the next trialesk

1.2.4.3 Procedure

Three test trials were conducted allowing the pgudint to adjust to the procedure. The
participant initiates the paradigm by mouse clit& trials were carried out. A given trial
consists of 20 seconds constant thermal stimuléilbowed by 30 seconds restig. 1-2).

At the beginning of a trial, the temperature rigethe pre-defined destination at a ramping
rate of 2 °C per second. When the target temperauweached, the rating scale is
presented to the participant who can move therséitimg the scale with the computer
mouse according to her pain sensation. After 20rssx; the TSA software provides an
auditory signal and thermal stimulation returnbaseline (32 °C) at a rate of 10 °C per
second. The participant now enters the rating lbg$ng the left mouse button at the
chosen slider position. No time constraints areasagl at this stage, i.e. the paradigm halts
until a response is made. Rating is confirmed B9 aillisecond signal tone. A pause of
30 seconds follows and the next trial ensues. Hncpant is guided through this

sequence by the above mentioned computer prograch. &ep (ramp up interval, pain
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rating, and pause) is accompanied by a correspgrudimputer screen as illustratedHg.
1-1. An on-screen message also informs about the nuoflbeals that lie ahead. The
subject can interrupt intolerable stimulation ag ime by pressing the space bar. In this
case, the subject is asked to commit a rating oPi€ssing space bar does not cancel the
experimenper se i.e. the trial sequence continues. Hence, stiswdaording and
interruption do not require any intervention by éx@erimenter.

Pain: T1 Pain: T4 Pain: T6 Pain: T3 Pain: T4 Pain: T3 Pain: TS Pain: T6 Pain: T2

Pause Pause Pause Pause Pause Pause Pause Pause Pause

Pain: T1 Pain: T5 Pain: T1 Pain: T2 Pain: T6 Pain: T5 Pain: T4 Pain: T2 Pain: T3

Pause .. Pause Pause Pause Pause Pause Pause Pause

Target temperature
+2 C /sec. -10 C /sec.
Baseline: 32 C
10 sec. 20 sec. thermal stimulation ,  Rating on VAS 30 sec. pause
Ramp up (response terminated)
Auditory signal: “Rate now” Response

Fig. 1-2. Stimulus sequence and trial structure in the paiwfiling paradigm.Upper panel: Thermal
stimulation alternates with pauses. 18 pain / ¢gstes were carried out. The sequence of therntahgity
levels (T1-T6) is indicated.ower panel:Timecourse of thermal stimulation (red line) dgria single trial
relative to the four trial components (rampingmstiation, rating and pausing).

1.2.5 Data analysis

Psychometric Profiles were created by employing MAB v. 7.5 (TheMathWorks,
Natick, MA). At the subject level, per trial ratingvere collapsed over the three stimulus
repetitions and averaged. The resulting six me&reggone value per thermal intensity

level) were accommodated by an interpolation cusiag the MATLAB function
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‘INTERPL'. A piecewise cubic hermite interpolatipglynomial (PCHIP) was chosen as
interpolation method. PCHIP is more accurate tivagal interpolation. As opposed to
cubic spline interpolation, PCHIP respects monaityand has no overshoots. The
method is thus well suited to accommodate psychaerfenctions. For each subject, the
temperatures corresponding to a rating of 5 andt®1010 were interpolated from the
fitted curve. A paired samples t-test was carrietto assess, whether the two rating levels
of interest (5/10 and 8/10) differ significantlythe group level.

A valid psychometric profile is assumed to increammotonically with rising
temperature. Monotonicity was assessed as foll&wsording to the null hypothesis
(absence of monotonicity) the numerical differebhetwveen ratings of two adjacent
intensity levels is equally often positive and nega From the six employed intensity
levels, five difference values were computed farhestimulus repetition, yielding 15
values per subject. These values are positivehyesigvhen ratings increase with
increasing intensity. Under the null hypothesis, tikmber of positive differences follows
a binomial distribution with parameters N=15 and5p=

Group level analysis is based on the individuaroblation curves. Distribution
plots were created to provide a detailed illustrabf these data. For this purpose we
employed the MATLAB function ‘distributionPlot.mp(ogrammed by Jonas Dorn, 2008).
This function is freely available at the officialAMLAB file exchange site

(http://www.mathworks.com/matlabcentral/fileexchanage of 3/1/2010). Distribution

plots display the probability density functions fgdof temperatures conditional on rating
level, and vice versa. Densities are estimatedyusmEpanechnikov-kernel, whose default
bandwidth was divided by 2.5 to avoid overblurring.

To provide a psychometric function at the grougeles fifth degree polynomial
was modeled to group mean ratings (sampled at ssyaidistant temperatures between
44°C and 50 °C) using the method of least squai@sissess the quality of this fitya
goodness of fit measure was used (Bulmer, 1979).

Repeated measures ANOVAs were carried out to eiatha impact of sequence
and repetition effects, which are potential soufesystematic bias. Respectively,
‘temperature’ (6 levels) and 'antecedent intengi8ylevels: low, medium, and high
intensity), as well as 'temperature’ (6 levels) amgetition’ (3 levels: first, second, and
third repetition) were declared as within-subjexditérs. Violations of the sphericity

assumption were adjusted by the Greenhouse-Geisgerction.
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Parametric statistical tests were carried out uSIR§S (v. 15.0) software (SPSS
Inc., Chicago, IL). A false positive rate of p $.@as used as significance criterion. The
distribution of pain ratings and temperatures wirecribed by parametric (mean values,

standard deviations) and non-parametric statitiesdians, interquartile range).

1.3 Results

Fig. 1-3shows three examples of individual psychometrifiles. In the following, we
refer to the profile depicted in parelAs determined in the thresholding procedure, the
participant experienced onset of thermal pain & 42 (thermal pain onset, TPO) and
unbearable pain at 50.1 °C (thermal pain tolerafPg,). From this interval, six
equidistant temperatures (including both thresholMse sampled and presented as stimuli
in the pain profiling paradigm. Blue dots denote participant’s individual ratings at each
of the six thermal intensity levels (at 43.7 °C,44C, 45.6 °C, 47.12 °C, 48.6, and 50.1
°C). Rating variability is highest for medium insentemperatures. In this example, pain
ratings span about 5 units at 47 °C. On the othrdhrating variability is relatively small
when high or low temperatures were administeredh&fTPO and TPT, ratings span only
about 1 rating unit, respectively. Mean rating eal(circles) are increasing monotonically
with increasing temperature. The interpolating polyial suggests a sigmoid relationship
between temperature and pain rating. A sigmoid sl&pypical for stimulus response
functions that unfold between two fixed boundartdsre, the upper and lower boundaries
are represented by the TPO and TPT, respectivelirel medium temperature range, the
relationship between temperature and rating isielureemar. The slope value of the
interpolation curve is highest here, i.e. a givegrinal change has a relatively high impact
on subjective pain sensation. When ratings appradsdundary (TPO or TPT), they
become increasingly less affected by thermal changether words, a relatively large
change is necessary to elicit small alteratiorsuinjective pain perception (ceiling and
flooring effect). In this context panklandc provide examples, where ceiling and flooring
are prominent and comprise most of the psychomttniction. In paneb, ratings are
almost constant in the upper half of the tempeeatange, while in panelthe profile is

flat in the lower half of the tested range.

13



10¢

Pain Rating

o

\
Pain Rating

o

I

\

. -

\

I

\

I

\

I

\

I

\

I

\

I

\

I

\
Pain Rating

47.34 T 48.23 T

1f 3 ° ° |

O Mean Empirical Data
Interpolating Polynomial
I I

43 44 45 46 47 48 49 50 51 48 485 49 495 50 445 45 455 46 465 47 475 48 485 49
Temperature (T) Temperature (T) Temperature (T)

Fig. 1-3.Psychometric profiles from three participants @anc). Pain ratings are plotted as a function of appl@mperature. The temperature range is spannéukebsubject
specific pain and tolerance thresholds. Blue detsotk individual ratings at a given temperature. idterpolation curve (red line) is fitted to meaatings (blue circles).
Temperatures corresponding to a rating of 5 andt®010 are determined from the fitted curve. ¢ for details.



Monotonicity was assessed as described in the methection. We subtracted
single ratings of neighboring thermal intensitiegels. Positive differences indicate that
pain ratings increased with increasing temperatunich is the expected behavior of a
valid profile of thermal pain. We counted at led8tpositive differences per subject. Based
on this observation, the null hypothesis coulddjeated for all participants at a false
positive rate of below .05 using a binomially distited test statistic [BKL2, N=15,
p=.5)=.02]. We therefore assume that the psychaer@tofiles are consistently increasing

in each subject. This result is in line with themples shown in panedsc (Fig. 1-3).

Pain Ratings

44 45 46 47 48 49 50
Temperatures (T)

Fig. 1-4. Estimated psychometric profile at the group lev@iey patches represent probability density
functions of pain ratings conditional on temperasurRed discs denote average pain ratings at tedica
temperatures. As determined from the fitted cured); a temperature of 46.9 °C and 48.2 °C wascéssal
with a rating of 5 and 8, respectively.

Group analysis was based on the 15 individual pmyetric functions, i.e. on the
interpolation curves depicted ig. 1-3 Distribution plots were created to provide a
detailed illustration of these datag. 1-4illustrates the distributions of per subject pain
ratings at seven equidistant temperatures betw&é@ 4nd 50 °C. The investigated range
conforms to the interval between the average thigpaia onset (mean TPO at 44.77 °C)
and average thermal pain tolerance (mean TPT 804€). Summary statistics are listed
in Table 1.3-1. Medians and means are monotonigathgasing as expected from the

single subject analysis. For medium temperatunésrsubject variability is very prominent
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and spans 5.5 rating units at 47 °C. On the otardhdistributions are rather narrow for
high and low temperatures. They span 2 and .6gaimts at the left end (44 °C) and right
end (50 °C) of the tested range, respectively. Gatantly, measures of statistical
dispersion conjointly peak at 47 °C and continupdgcrease towards 44 °C and 50°C
(Table 1.3-1. At 47 °C, pain ratings are distributed symmaetiticaround the sample

mean (red disc). For lower and higher temperatlv@sgver, distributions appear skewed.
This is a consequence of the closed rating scaleraperatures approach the average TPO
and TPT of the sample, ratings are increasinglyaaahing the fixed boundaries (at 0 and
10). In this context it should be noted that tha-parametric statistics ihable 1.3-1are

less susceptible to bias introduced by skewedttataparametric statistics.

Table 1.3-1. Distribution of pain ratings at selected temperatures. Summary statistics.

Pain ratings
Temperature
(T) N Mean Standard deviation Median Interquartile range
44 6 .98 .66 .95 .64
45 10 1.84 1.45 1.27 .82
16 12 2.93 1.43 2.48 1.26
a7 13 5.08 1.73 4.39 2.74
48 15 7.69 1.31 7.90 1.61
49 15 9.25 77 9.42 .78
50 15 9.89 .19 10.00 .20

Measures of central tendency (mean, median) and measures of dispersion (standard deviation, interquartile range) are
provided. Note that not all listed temperatures (44 T - 50 C) are found in every subject's data. N r efers to the sample size
on which the statistics are based upon.

In order to obtain a representative psychometmction at the group level, a fifth
degree polynomial (red curve kig. 1-4 was modeled to the sample means using the
method of least squares. The fitted curve confitmessigmoid relationship between
temperature and pain rating as suggested on thecsudvel (inFig. 1-3 panela). To
assess whether deviances from this fitted curvetatestically significant, a goodness of
fit measure was derived as follows: The differebeaveen an observed mean rating and
the polynomial’s prediction was divided by the atveel standard error of that mean rating,
and this quantity was squared yielding an approtenf#df=1) (Bulmer, 1979;Morgan,
2000).This computation was performed for each of the isewean ratings depicted as red
discs inFig. 1-4 The values were then summed yielding a singlelgess of fit measure:
v*(df=1)=2.07. This corresponds to a p-value of rL5{gn.). Deviances from the sigmoid
profile are thus compatible with chance. Of ndte, slope value of the polynomial is
highest at a rating value of 5.6. Here, small cleang thermal input have the highest

impact on painful sensation.
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To further explore the relationship between thermignsity and painful sensation,
the distributions of temperatures were plotted Asation of rating levelKig. 1-5).
Apparently, temperatures are i) distributed rayenmetrically around the sample means,
and ii) the distributions are similar in shape asrmating levels. Standard deviations and
interquartile ranges amount to less than 1 °C @at#-2). To test the hypothesis that
intersubject variability is constant across thegascale, we performed Levene’s Test for

equality of variances. It revealed that the assionpif homoscedasticity was met
[F(9,114)=.47, p=.89].
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Fig. 1-5. Estimated distribution of temperatures at indidgpain levels. Grey patches represent probability
density functions of temperature conditional ordgpain level. Red discs denote mean temperatures.

We can now estimate the accuracy with which diffees in painful sensation can
be resolved reliably. For this purpose we averdfjedtandard deviations listed in Table
1.3-2. Based on this quantity we computed the staherror of the mean (s.e.m) assuming
a sample size of N=15. Due to homoscedasticity egtytate that this s.e.m is
representative for the temperature dispersionl gat rating levels. The corresponding
95% confidence interval has a width of £.36 °C.hage of .36 °C thus elicits a
statistically significant change in pain sensaabthe group level (p=.05, two-tailed). The
magnitude of this thermal change in terms of ratinijs can be determined by using the

psychometric function as transfer function. In lin@er and upper third of the function, a
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change of.56 and.52 rating units can be relialdplked, respectively. In the middle
portion, the resolution power drops to .85 ratingss From the determined resolving
power, it follows that a rating of 5 (46.94 °C)ignificantly different from a rating of 8
(48.13 °C). This is confirmed by a paired-samplegsi [T(13)=8.38, p<.001, two-tailed].

Table 1.3-2. Distribution of temperatures at selected pain intensities (0-10). Summary statistics.

Temperatures
Rating Level N Mean Standard Deviation Median Interquartile Range

(T) (T) (T) (T)
0 1 43.98 N/A 43.98 N/A
1 44.77 .53 44.93 .76
2 12 45.72 75 45.75 .65
3 12 46.29 .52 46.34 74
4 12 46.71 .49 46.82 .54
5 14 46.94 .78 47.27 .82
6 14 47.30 .75 47.54 .96
7 15 47.72 .59 47.66 .78
8 15 48.11 .59 48.08 .53
9 15 48.63 .68 48.67 .56
10 9 49.80 .78 49.73 .98

Measures of central tendency (mean, median) and measures of dispersion (standard deviation, interquartile range) are
provided. Please note that not all listed rating levels (0-10) can be found in each individual dataset. N refers to the sample
size on which the statistics are based upon.

We next investigated two sources of systematic thiasmay have affected pain
ratings, namely i) the effect of stimulus sequesite ii) repetition effects (each
temperature is applied three times). The effestiofulus sequence on group mean rating
is illustrated inFig. 1-6 (panelb). Note that the employed temperatures were grouyped
three intensity categories (low, medium and higttcordingly, pain ratings depend on the
antecedent thermal intensity. When a medium or mggnsity stimulus was administered
in the previous trial, painful sensation is weat@mpared to stimulation with low thermal
intensity. The effect is small, however. A repeateshsures ANOVA with factor
‘temperature’ (6) and factor ‘previous intensitidw, medium, high) was carried out. In
line with paneb, the main effect of factor ‘previous intensity’nst reliable
[F(2,28)=1.87, p=.18, G.G. corrected]. The 6 xt@naction between both factors is
unreliable, as well [F(10,140)=1.56, p=.175, G.@rected]. InFig. 1-6 (panela), the
effect of stimulus repetition on group mean raimghown. Apparently, pain rating does
not change systematically on subsequent repetitidesagain performed a 6 x 3 repeated
measures ANOVA with factor ‘temperature’ (6 intedpsevels) and factor ‘repetition’ (3

levels: first, second, and third repetition). Thaimeffect of factor ‘repetition’ is non-
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significant [F(2,28)=.173, p=.825, G.G. correctelije 6 x 3 interaction between both
factors is also unreliable [F(10,140)=2.12, p=87%. corrected].
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Fig. 1-6. Repetition and sequence effects on group level pings.Panel a:Pain rating as a function of
repetition.Panel b: Pain rating as a function of antecedent thermignisity, which is grouped into three
categories (low: levels 1-2; medium: levels 3-4ghhilevels 5-6). Ratings were averaged across ithe s
thermal intensity levels (at each repetition oreaatient intensity category). The global mean ratihthe
sample (5.8) is shown in both diagrams (dotted likeror bars denote the standard error of the mean

19



1.4 Discussion

In the present study we have introduced a methggdtm probe thermal pain perception in
the suprathreshold range. Acquired stimulus respémnsctions (SRF) are consistently
increasing at the subject level. At the group leddferences in pain perception below 1
rating unit can be resolved reliably. The profilipgradigm is robust against bias
introduced by repetition and sequence effects. Begaisition has been completely
automated thus minimizing disruptive interactioe$aeen participant and instructor.

Objective assessment of pain is a challenge diis snibjective and
multidimensional character. Melzack proposed tiseggarate dimensions of painful
experience: sensory, affective and evaluative. ¢breeption led to a number of verbal
scales of which Melzack’s McGill questionnaire (lZketk, 1975) and the Brief Pain
Inventory (Cleeland and Ryan, 1994) are most widskd for evaluating chronic pain.
These are, however, not suitable for experimentatlyced pain. For this purpose, reflex
measures have been devised. Nociceptive reflegasidely used in human and animal
research. A common protocol in humans includegrmtet stimulation of the sural nerve
in the retromalleolar space and subsequent reguafithe impulse from the surface of the
ipsilateral biceps femoris. Stimulus intensitynsneased until impulses can be reliably
detected by electromyography (Willer, 1977). Thisesholding technique is objective in
that it is based on the observation of an involgngahysiologic response. It is, however,
less suited to obtain responses to graded stimuli.

Our design is based on rating scales, which foaysain intensity, i.e. the ‘salient
dimension of pain’, as Melzack put it. These unieinsional scales function well for the
assessment of acute pain. There are three varibatbour point verbal rating scale (VRS)
categorizes pain as none, mild, moderate, andselés a very coarse screening
instrument, but easy to understand (Keele, 194®&) visual analogue scale (VAS) comes
as 10 cm line labeled witmo pain’ at one end and ‘the pain is as much as lbear’ at
the other (Bond and Pilowsky, 1966). Subjects ntlagk pain sensation on this line,
which is thus expressed as the distance betweéndlpain’ end and the mark relative to
the total length of the line. The VAS is appealinghat pain intensity is described in a
continuous way. In theory, infinitely small differees can be resolved with the VAS.
However, the approach requires some abstract geicaietnderstanding since the scale is
devoid of any further verbal or numerical descaps. Moreover, the golden section at 6.2

centimeters interferes with rating accuracy (Nabid others, 2005). The third type of
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unidimensional scale is 11 point numerical ratiogls or NRS: Subjects describe their
pain sensation on a scale of 0-10. NS is more fine-grained than the VRS but again
demands abstraction capabilities from its usbe VAS and NRS agree well and are
equally sensitive in assessing acute pain (BreBj&rnsson, and Skovlund, 2000). In a
report published by the European Association fdlid&ive Carg EAPC), the expert
working group in 2001 recommended the use of adsta0-10 NRS and a 100-mm
horizontal VAS while pointing to the poorer compice associated with the VAS
(Caraceni and others, 2002).

We merged the three unidimensional schemes intagéesating scale with the
purpose to facilitate the self assessment of pamaugmented a classical VAS with
numerical and verbal descriptors by superimposiNgR® and a VRS. A numerical O
thereby corresponds to the VAS label ‘no pain’, mas a numerical 10 corresponds to ‘as
much pain as | can bear’. The remaining numerasiatributed evenly across the VAS.
The VRS label ‘no pain’ coincides with the homonymd&/AS label. The mapping
between the remaining verbal categories and the NRSS is much less clear. We
adapted the suggestion depicted in Breivik etBakiik, Bjornsson, and Skovlund, 2000).
According to individual preference, subjects casely choose a coding scheme (verbal,
numeric, and geometric) or a combination of schemes

Three constraints were imposed on the pain prgfiiaradigm: a) it should be
composed of many conditions (intensity levels)iewge an accurate sampling of
psychometric profiles. Conditions should be repafiéen, but the paradigm should also
be short so as to preserve compliance, avoid skiation and habituation or sensitization
effects. b) Results should be portable to the fidigleriment. ¢) Sources of bias must be
controlled.

a) We measured TPO and TPT for each subject to deviireidually tailored
sampling windows rather than using fixed tempegstdior all subjects. In this way,
optimal sampling is ensured with as few intenstyels as possible. We employed
six levels, each being repeated three times. Thiied to obtain credible
psychometric profiles (see below). Moreover, theagegm has a good resolving
power at the group level. At a sample size of I§estis, differences in pain
sensation below .85 rating units can be resolviabtg using a significance
criterion of p< .05.

b) To ensure portability of results, the TSA Il wagdsn fMRI configuration to

avoid bias introduced by thermode exchange. Thatur of painful stimulation
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(20 s) and the applied ramping rate (2 °C/s) agatidal for both the fMRI
experiment and the profiling procedure.

c) We have shown that pain ratings do not changefggnily on subsequent
stimulus repetitions, ruling out repetition effeatsa source of substantial bias. To
control for sequence effects, we employed a bathstienulus order. We
nevertheless detected a small systematic effeict:rpangs were diminished when
a moderately or highly intense stimulus was preseit the antecedent trial. This
observation is compatible with habituation: thejeats adapt to the high intensity
stimulus, which reduces pain sensation in the spesd trial. However, this source

of bias is also not significant.

Psychometric profiling resulted in convincing stiomiresponse functions (SRFs).
Ratings consistently increased with increasing &nagpire in each participant.
Interpolation curves have a sigmoid shape, whiéhhallmark of psychometric functions
with fixed boundaries. However, deviances from t@sonical shape also occur on the
subject level. For example, the function in panétig. 1-3) appears hyperbolic. This is
the result of poorly defined thresholds in thistiggyant: the TPO was chosen
inappropriately high, i.e. only the upper portidrttee psychometric function is visible.
Conversely, the TPO in panelvas probably measured to low: The acquisition wnds
thus shifted towards lower temperatures and tineubtis response function is cut off in its
linear portion, i.e. before saturation. At the grdevel, a fitted polynomial takes on a
sigmoid shape. As confirmed by goodness of fit smsent, this shape is representative for
the stimulus response function at the group IeMeincated profiles are assembled to a
whole by pooling data across subjects. This findinderscores that abortive profiles as
shown in panéb andc are the result of an improperly chosen samplingew but
otherwise valid. We can therefore assume thataimpératures employed in the fMRI
experiment elicit the same levels of painful seinsatcross participants and correspond to
a subjective rating of 5/10 and 8/10. Hence, suilepain perception is standardized in
the sample as required by the fMRI experiment.

However, these results question the validity of TR&® and TPT pain thresholds
that define the sampling window. In the threshajdstep we adopted the method of
ascending limits to measure TPO and TPT: startioigp foaseline, the stimulus intensity is
increasing continuously until a threshold is reakla¢ that moment, subjects press a stop

button to force a return to baseline. This is daldshed procedure widely used in the
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literature. It nevertheless has some important deaks: i) measurement is obviously
affected by reaction time artifacts; ii) employéansili are phasic and response terminated,
which introduces two confounds, namely the gradiénémperature ascent and the time
that passed since the beginning of the trialmi@asurements are susceptible to expectation
bias, since the stimuli are repeated several timagow. The subjects are aware of that
and can prepare their response accordingly; iv)soreanents are prone to serial effects: it
is the author’s impression that participants feehmitted to their response in the
antecedent trial, even when this response is aoisgdle. This becomes very problematic
as verbal intervention by the instructor may beunegl to prevent subjects from
reproducing inappropriate responses in the upcomialg; v) in this context, subtle social
interactions are of concern. Subjects may subcouslyi want to make a certain

impression on the experimenter, whom they knowasitoring their responses. This again
introduces unpredictable bias to the data, e.gastb respond in a socially desirable way.

These sources of bias were carefully avoided irpthe profiling paradigm. Ad i)

In line with deCharms and colleagues we employetstamt stimuli of predetermined
intensity (deCharms and others, 2005). These wrerastered for 20 seconds and rated
afterwards (without time constraints). Thus, reggotime artifacts are absent. Ad ii) As
stimulation intensity is constant, bias introdubgdhermal gradient is absent. A trial
always lasts 20 seconds, i.e. stimulus durati@yisal across participants. Ad iii) Six
stimulus intensities are presented in a pseudoerarmmd order controlling for expectation
bias. If intensity levels were, for example, arr@thgn an ascending order, subjects’
expectationper sewould encourage a linear, monotonic profile, whehy actually not
reflect pain perception. Ad iv) Since the same slirare not presented in a row, the serial
effect as defined above is controlled. Ad v) Thmdiation, response recording and
interruption of unbearable stimuli are controlladough a computer interface. Social
interactions can thus be kept minimal. Interventganly necessary in the case of
malfunction. No malfunction was encountered duthmgentire acquisition process. The
profiling paradigm can thus be run safely in a ctatgly unattended mode.

The latter point is particularly noteworthy, siran rating is known to be
sensitive to context factors. Our profiling paradigllows controlling the effect of the
‘social factor’ on pain sensation. Psychometridipgs can be acquired with and without
the attendance of a supervisor, which allows tlkestigation of interactions between pain
perception and the presence of a social contexs.dpgiens up interesting perspectives for

psychiatric research. As to our knowledge soci@raction pertaining to the data
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acquisition process is an uncontrolled factor imyni& not all studies investigating pain
processing. This is particularly problematic foosk studies that focus on drugs and
diseases that relate to the social and emotiomahdts. For example, chronic pain
syndromes are linked to disturbed processing di behsory and social stimuli (Kosturek
and others, 1998). Moreover, Oxytocin, a neuroplegtivolved in the formation of social
bonds, is known to have analgesic properties imals (Petersson and others, 1996) and
terminally ill cancer patients (Madrazo and oth&887). Oxytocin was shown to
modulate connectivity measures between the amygualanidbrain region, where
descending pain control systems are located (Kiaschothers, 2005). It has been
suggested that Oxytocin is the mediator of thegilaaesponse (Enck and Klosterhalfen,
2009) rather than having analgesic propergsse Our paradigm allows assessing
whether or not painful sensation altered by diseagdarmacological intervention
requires the presence of a social context as a latouy or permissive factor.

Group level analysis showed a tremendous intersubgiability of pain ratings at
medium temperature&ig. 1-4). At 47 °C, subjective pain ratings are dispesess
three verbal categories (‘weak’, ‘medium’ and ‘s&e A given temperature may thus
elicit very different levels of pain sensation. @as focusing on the subjective experience
of pain rather than its physical component havake this effect into account.
Neuroimaging studies agree that activity in paspomsive brain regions correlates with
the subjective perception of pain intensity (Scdeeand others, 2001;Gracely and others,
2002;Bornhovd and others, 2002). In the presemlysite used psychometric profiling to
find stimuli that equate pain perception acrossi@gpants. If we used the same
temperatures for all participants in fMRI insteadubstantial nuisance variable would be
introduced to the hemodynamic response, i.e. @taz@mple size would be required to
reliably delineate pain responsive regions in tteerb When the BOLD response to pain is
not equated across the sample, it is also moreulifto find a modulating influence of
affective state on pain processing. Note in thigtext, that moderately painful stimuli
(rating: 5/10) were applied for the latter purpasace the stimulus response function is
steepest at medium intensities and a saturatitimeafieural response is avoided. At
moderate intensities, however, the intersubjeatbdity of pain perception is particularly
high, i.e. the usage of fixed temperatures woulgdréicularly detrimental in terms of
signal to noise ratio of the pain related hemodyinassponse.

At high and low thermal intensities, however, istdsject variability is much

smaller. This may relate to the biological purpogpain, namely to avoid tissue damage.
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Tissue composition - and thus tissue vulnerabilay the volar surface of the wrist
presumably is similar across the sample. In thissgthe temperatures at TPO and TPT
are warning cues that elicit relatively uniformpesses, whereas temperatures in the
center of this ‘warning window’ may be less welfided biologically thus allowing for
more variability between subjects. A different pret arises when plotting temperature as a
function of perceived pain intensity. From thisggective, intersubject variability is
preserved across the rating scale. This suggedtthigrmal intensities conditional on
subjective sensation are less bound to biologimastraints. We estimated that a .36 °C
change suffices to elicit significantly differerdip sensations at the group level. This
value corresponds to not more than .85 rating u@itsthe basis of these data, detailed
power analysis can be conducted to plan furtheeexents, i.e. required sample sizes can
be easily computed according to a particular resequestion.

In psychiatric research, pain thresholds have sagiied in various diseases, e.g.
schizophrenia, depression and anxiety disordernstéindacher and Krieg, 1994). These
studies aim to reduce the complexity of a diseaseldiomarker (pain threshold) that is
amenable to measurement and has a clear connextiophysiologically distinct system.
Generally, these studies yielded conflicting resutt depression, for example, both an
increase (Marazziti and others, 1998;Kundermannadiners, 2008;Adler and Gattaz,
1993) and a decrease (Ward and others, 1982;Ottaglizr, and Yeo, 1989;Moroz and
others, 1990) of pain thresholds have been fourakttudies focus on pain thresholds as
determined by the ascending method of limits. Alireed above this methodology is
susceptible to many forms of bias that may contelia the ambiguity and low statistical
reliability of existing reports. Moreover, the gealeapproach to map pain processing to
one single threshold, could be misleading. Therdisve features of pain perception in
patients may be hidden in the suprathreshold raregdgetween pain onset and the
tolerance threshold. To comprehensively assessppagessing at the behavioral level, the
acquisition of entire stimulus response functiddR[) is necessary, therefore.

Characterizing pain perception with stimulus reggofunctions as opposed to
single thresholds will certainly increase chanceddtect a reliable impact of iliness or
pharmacological intervention on pain processing.nN&e shown that psychometric
profiling can be reliably conducted within a 15 noii@s paradigm that is robust against
habituation and carry over effects and has a hegblving power for medium sized
samples. It should be noted in this context, tlaét s a warning signal that subserves

homeostasis (Craig, 2003). One may postulate tieatvidth of the warning window (the
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interval between pain onset and pain tolerancelamadourse of the SRF therein depends
on the activity of homeostatic effector mechanishad are strained during chronic stress.
A stimulus response function can be shifted, ffegte steepened, and distorted by
pathological condition. In contrast, single thrdglsaan only be reduced or increased. The
more elaborate account may thus allow uncoverinigaagtive mechanisms of pain

control and homeostasis. Hence, psychometric prgfds conducted in the present

dissertation may offer a new conceptual perspective
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2 Pain Processing and Emotion Processing in the

Human Brain

2.1 Introduction

The International Association for the Study of P@ASP) defines pain as: "An unpleasant
sensory and emotional experience associated witlala@r potential tissue damage, or
described in terms of such damage." This definitimmlights the emotional and
subjective nature of pain, which implies a top-dawodulation of nociceptive inputs. On
the contrary, another common conception of pairichvhriginated in the 7century and
is owed to Rene Descartes, posits a one way p#imvag from the periphery to the brain.
Here, pain is passively received rather than agtivedulated suggesting a 1:1
psychophysical mapping of noxious intensity to pesed pain intensity. This account,
however, contradicts the everyday experience thiatis dependent on context, e.g. we do
not easily notice a finger cut when being distrddig more salient events. Moreover,
chronic pain syndromes are characterized by intpasethat is disproportionate to input.
The phenomenon of phantom limb pain in people tatal spinal section (Melzack and
Loeser, 1978) suggests that pain can be elicitddvaintained without any nociceptive
inputs to the brain. These observations indicaettie brain itself can generate the pain
experience independent from peripheral sensorytsapu

Pain is actively generated by central nervous mseerather than passively
received from the periphery. Melzack proposed plaat is a multidimensional experience
that includes sensory-discriminative, motivatioatiective and evaluative-cognitive
dimensions (Melzack, 1975). As a complex conscegerience, pain emerges as a
neurosignature pattern maintained by processingslbetween thalamus and cortex and
cortex and limbic system. The pain neuromatridhisstcomprised of multiple interacting
regions. Modern imaging techniques confirm, tham g@not processed by a single region
in the brain but in a distributed network, the stawal equivalent of the neuromatrix theory
(Fig. 2-1). The insula, secondary somatosensory cortex, (B#)anterior cingulate (ACC)
and the thalamus are most consistently reportg@aiasresponsive anatomical structures
across studies (Apkarian and others, 2005;May, F#yfon, Laurent, and Garcia-Larrea,
2000;Tracey, 2008). Experimental accounts from fNPEIT and EEG/MEG studies of the
last two decades can be summarized in a generatlrobgain perception in the human
brain (Chen, 2008): 1) sensory transmission takesemt the brainstem area acting in
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descending regulation and the thalamic relay nu€lee somatosensory cortices (Sl, SlI)
are involved in sensory discrimination of spatettporal features of pain. 2) Affect
transaction takes place at the insular cortex i) amygdala, which trigger autonomous
effector mechanisms via projections to the hypaitmais. They are also involved in
descending pain control via projections to the madbperiaqueductal grey (PAG). 3)
Anterior cingulate (ACC), prefrontal cortex (PF@qsterior parietal cortex (PPC), and
supplemental motor area (SMA) are involved in ctigeiattention, response selection,

and action planning.

Fig. 2-1. lllustration of the pain neuromatrix according May (2007). The sensory perceptual system is
composed of brainstem (periaqueductal grey, PA@&lamus (Th), primary and secondary somatosensory
cortices (S, Sll). It is involved in ascendingrsmission, localization and descending regulatibpain.

The affective motivational system is composed ofgahala, insular cortex, anterior cingulate (ACCHan
hypothalamus. It is involved in affective reacti@utonomous activation and homeostasis regulafibs.
cognitive-evaluation system is composed of the gramt parietal cortex (PPC), ACC, supplemental moto
area (SMA), and prefrontal cortex (PFC). It is ilwenl in spatial/bodily attention, action planningda
execution.

Neuroimaging studies mainly focus on the cognitn@dulation of the painful
percept. Much less is known about the interactievben pain and emotion. There are,

however, numerous observations that suggest d&hkeen sensory and affective
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domains. Clinically, patients with affective diserd can suffer increased clinical pain.
About 50% of patients with depressive disordersrefacial pain, headache, and
musculoskeletal symptoms (Knorring, 1975). Lowezkopain is more than 2 times as
likely in patients with symptoms of anxiety and degsion compared to controls (Croft
and others, 1995). A longitudinal cohort study slaswn that depressive symptoms predict
future episodes of musculoskeletal pain (Leino iagini, 1993). On the other hand,
subjects with chronic pain (defined as pain for nhuag/s for at least a month) are 3 times
as likely to meet depression criteria as thosemitithronic pain (Magni and others,
1993). The association between depression andcpaielates with severity of either
condition. Specifically, as the severity of paigr@ases, depressive symptoms and
depression diagnoses become more prevalent (Matdirothers, 1993). Conversely, as
depression and anxiety symptoms increase in sgyveadiatic complaints are reported
more often (Von and others, 1988).

Affective disorders are characterized by an altgedeption of sensory inputs
suggesting that a disturbed affective state mayanhpn the processing of pain. For
example, increased thermal pain thresholds wem@teghin depressive patients
(Lautenbacher and others, 1994). In adjustmentdispdepression scores correlate with
thermal pain thresholds (Bar and others, 2006jastbeen shown that pain thresholds in
patients with major depression or adjustment dsodgpend on modality. Specifically,
patients are more sensitive to ischemic pain aaxampled for ‘deep somatic pain’,
whereas pain thresholds are increased for phasialsapplied on the skin surface (Bar
and others, 2005). This led to the idea that vacendogenous pain is perceived as
particularly distressing in these disorders. Codantly, Kudoh et al. have shown an
increase in pain scores in depressed patientssaftgery, which correlates with the degree
of depressive symptoms (Kudoh, Katagai, and Takaza®@02). This finding has been
linked to a persistent increase in plasma corpsstoperatively in depressed patients
(Kudoh, Ishihara, and Matsuki, 2000).

Dysregulation of the ypothalamic-pituitary-adrenal axis (HPA) has beerppsed
as a common denominator for both major depressidrcharonic pain syndromes.
Emotional distress causes an increased releasereds hormone’ corticotrophin releasing
factor (CRF) in the hypothalamus via afferents fribve amygdala resulting in HPA
hyperactivity in major depressive disorder (MDDyanther psychiatric illnesses (Robert,
2007) Increased plasma cortisol reduces neurogenedisisnieuronal damage in the

hippocampus and disrupts the negatiitecocorticoid feedback on the HPA axis
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(Blackburn-Munro and Blackburn-Munro, 2001;Nes#ed others, 2002)./€onic pain is
a persistent stressor, which augments HPA dysfom&ty down-regulating glucocorticoid
receptors in the brain and periphery, and promibiegeneration of higher glucocorticoid
levels due to diminished negative feedback corfBt@ckburn-Munro and Blackburn-
Munro, 2001).

Pain is an unpleasant sensation, i.e. pagmstionally salienper se It follows
that pain and emotion processing might overlapéntirain. Melzack proposes that pain
has a motivational, affective and a sensory disaatory component (Melzack, 2001).
Anatomically, the Pain system can be subdivided ankateral and medial component
depending on whether spinal inputs are relayedbataal thalamic or midline thalamic
relays (Bowsher, 1957). The lateral system congeysory-discriminatory information
about the painful agent to the somatosensory estion the other hand, the medial pain
system is widely connected to the limbic systentuidiag insula, amygdala, ACC and
brainstem regions. Various studies emphasize adteyof these limbic regions in the
processing of arousing and highly motivating stinsuch as fear and anxiety (Phillips and
others, 2003). Increased activity in the amygdalhiasular regions were reported in
emotion related disorders, for example posttrauwnsdtess disorders, social anxiety
disorder and phobias (Etkin and Wager, 2007). @rother hand the insular cortex is the
most consistently found pain responsive brain megiccording to meta-analyses of
imaging studies on experimentally induced pain (@g#n and others, 2005;Peyron,
Laurent, and Garcia-Larrea, 2000). Surgical seatfathe frontal cingulum fasciculus
markedly decrease suffering from otherwise intislet@ain (Foltz and White, 1968). After
ablation of the amygdala and overlying cortex, saisw marked changes in affective
behavior, including decreased responsiveness tou®stimuli (Melzack, 1999). Lesions
of the insula cortex have been implicated in a syme called ‘asymbolia for pain’,
characterized by the absence of an adequate erabtesponse to painful stimuli while
location and intensity aspects of noxious stimalafire preserved (Berthier, Starkstein,
and Leiguarda, 1988).

Relief of depression during pharmacologic treatneassociated with a relief of
pain symptoms suggesting a common mechanism faurbdexd affective and disturbed
somatic processing. More specifically, the degifedepression improvement has been
reported to correlate with the amount of pain faliging treatment with doxepin, a
tricyclic agent (Ward, Bloom, and Friedel, 1979).a meta-analysis of placebo controlled

studies, antidepressants were reported to beezffian a variety of non malignant chronic
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pain syndromes including arthritis, headache, famd musculoskeletal pain (Onghena
and Van, 1992). Moreover, their role in cancer paanagement is established (Lussier,
Huskey, and Portenoy, 2004). Animal studies inéi¢hat tricyclic antidepressants have
analgesic propertigger se which are particularly evident in models of sutmchc
inflammatory pain, but less prominent in acute nasistimulation applied to the skin
surface (Korzeniewska-Rybicka and Plaznik, 1998ndeptually, the former type of pain
is an example of endogenous, deep somatic painstleatotionally salient due to its
persistent and threatening character as opposgthiic cutaneous simulation, which is
more closely related to an exteroceptive sensahgrahan an interoceptive affective
sensation. The efficiency of antidepressants irogadous, visceral pain and affective
disorders suggest a common neurochemical basiotbrconditions. The biochemical
theory of depression posits an imbalance in monoeargic neurotransmission.
Serotonergic and noradrenergic neurons are premMaléme output nuclei of descending
pain modulation system in the rostral-ventromediatiulla and the dorsolateral pontine
tegmentum; the system filters nociceptive informaiat the dorsal horn via descending
projections. Depletion of these neurotransmitterddpression may compromise this filter
such that innocuous signals from the body are dimglresulting in a painful percept
(Stahl, 2002).

The amygdala is a key structure in attaching ematisignificance to polymodal
inputs. Interestingly, subdivisions of the amygdaia specialized for processing of
nociceptive information that is conveyed in spimralitical and subcortical pathways
(Neugebauer and others, 2004). Inflammatory pamnirmduce neuroplastic changes in the
central amygdaloid nucleus (CeA) of the rat, wHedds to a widespread decrease of
mechanical pain thresholds (Neugebauer and Li, 2@3 the other hand, stereotactic
stimulation of the CeA with glucocorticoids promgthe transcription of corticotrophin-
releasing factor and increases anxiety relatedviehi rats (Shepard, Barron, and Myers,
2000). Concomitantly, glucocorticoids produce viat@ypergnsitivity to colorectal
distension that correlates with anxiety scores é@nood-Van and others, 2001).
Concordantly in humangpisodes of anxiety may exacerbate visceral pagaiients with
irritable bowel. In a rodent model of arthritic pablockade of CRF receptors in the
amygdala inhibited both anxiety-like behavior amdifensive pain responses (Ji and
others, 2007). The role of the amygdala for paotessing is further highlighted by the
observation that microinjections of opioid agon®ish as morphine into the amygdala

have strong analgesic effects in rats (Helmste&elfgowan, and Tershner, 1993).
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Additionally, chronic pain in mice facilitates tdevelopment of anxiety-like behavior that
Is accompanied with changes in the opioidergic tionan the amygdala (Narita and
others, 2006).

Several imaging studies report limbic activatiomesponse to pain underscoring its
affective character and close relationship to eomopirocessing. Increased fear of pain
predicts a higher activity in anterior cingulatetea (Ochsner and others, 2006). A
hypnotically induced negative affective state tadggpainful stimulation was reported to
be associated with an activity increase in antensula and ACC (Rainville and others,
1997). Opioid analgetics have been shown to dartiperesponse to experimental pain in
the lateral system in a dose dependent mannergaactivity in the anterior insula and
amygdala, which process the ‘suffering’ compondrhe pain experience, disappeared at
the lowest dose confirming the clinical observatioat low doses relief the affective but
not the sensory component of pain (Oertel and sff2608). In fibromyalgia patients
insula and ACC, i.e. regions associated with tifecéi’e dimension of pain, become
activated during epochs of rapidly increasing ereogis pain (Baliki and others, 2006). In
chronic pain patients, depressive symptoms cogelith pain related activity in brain
regions associated with affective processing ssdmnaygdalae and insula, but not regions
associated with the sensory dimension of painthesomatosensory cortices (Giesecke
and others, 2005). In healthy subjects it has loeemonstrated that social exclusion
(‘social pain’) activates regions implicated in fv®cessing of somatic pain (Eisenberger,
Lieberman, and Williams, 2003). Specifically, ACG&iaation correlated with self reported
emotional distress arising from this unpleasantiailoon-physical experience.
Additionally, the affective but not the sensory qgamnents of the pain neuromatrix have
been suggested to mediate empathy for pain in®{s&nger and others, 2004). Recently,
Von Leupoldt and colleagues have shown that expriatly induced dyspnoe, which
conforms to a strong anxiogenic stimulation, anat Ipain engage a common limbic
network in healthy subjects (von Leupoldt and ath2009).

Human language implies that pain and emotionatigyt&o different concepts. In
the conventional view pain is categorized as aaregeptive modality, i.e. related to
external touch rather than to an internal feeliages This view discounts the fact that
physical pain is an unpleasant feelp®y seand regularly evokes strong negative emotions
in the sufferer. These emotions in turn drive adediehaviors that may be crucial for
survival. Individuals who are unable to experiepa@, die from infections injuries that

remain undetected (Baxter and Olszewski, 1960).aliove mentioned IASP definition of
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pain emphasizes its function to preserve body mtte@goncordantly, clinicians appreciate
pain as the fifth vital sign. It has been propodged pain is an interoceptive rather than an
exteroceptive sensation reflecting an adverse plogic condition within the body that
requires a behavioral response (Craig, 2002;C248i@3). Craig and colleagues suggest
that the insular cortex maintains an encephalizpdesentation of the physiological state
of the body that receives inputs from sympathetit parasympathetic afferents via a
phylogenetical distinct thalamocortical relay (@rand Blomqgvist, 2002;Craig, 2003).
Injury constitutes are threat to a balanced phggichl state of the body; pain is therefore
conceptually similar to respiratory distress, thinsinger, aversive taste and other
sensations that announce or represent a threatiiolimmeostasis. A common limbic
network including the insula and ACC might transltte physiologic relevance of these
unpleasant signals into adaptive behavior thatsuggurvival. Moreover, the conception
of pain as a ‘homeostatic emotion’ (Craig, 200®)was$ linking pain to perceptual signals
that are of relevance for the survival of sociahals like humans although they do not
directly represent a physical threat. Languagéisdant with examples that link social
distress and emotionality to the experience of pHnme phrase “you hurt my feelings”, for
instance, suggests that a perturbation in the emaltdomain in the context of social
interactions can cause feelings that resemblegrairtherefore may motivate adaptive
social behavior. In this context it is interestioghote that patients with cortical lesions in
the insular cortex not only show diminished ematicesponses to painful stimuli, but
also to aversive social signals like threateningiges and verbal menaces (Berthier,
Starkstein, and Leiguarda, 1988).

In conclusion, there is plenty of experimental evide on various levels suggesting
that pain and emotion related processing sharenanom neural substrate. According to
the conception of pain as homeostatic emotionptamtenance of a physiological body
state is the common purpose of both sensationge¥¥ed the hypothesis of a common
neural network in a region of interest (ROI) appitoasing BOLD fMRI. In a first step we
will define the pain neuromatrix in a separate lizea experiment (ROI localizer) by
contrasting painful trials with non-painful trials. a second step we will investigate how
painful and emotional stimuli interact within thisuromatrix definition. For this purpose
we adapted a paradigm that was repeatedly shoefictba strong and reliable amygdala
activation (Pezawas and others, 2005;Meyer-Lindenaed others, 2008;Hariri,
Bookheimer, and Mazziotta, 2000;Hariri and oth28€)2c;Hariri and others, 2002a;Hariri

and others, 2002b). Angry and fearful facial expi@ss were used to induce a negative
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affective state in the observer. It has been shibhana) these stimuli elicit an autonomous
stress response and b) elicit a stronger amygdafonse than nonsocial emotional
stressors (Hariri and others, 2002c). In keepirth tie experimental evidence outlined
above, we expect the amygdala to respond to batsiae faces and physical pain. We
further suggest that the conception of pain as #wstatic emotion’ (Craig, 2003) allows
linking pain to aversive social signals that do diogctly represent a physical threat but are
nevertheless survival relevant to social animéks iumans. We therefore hypothesize,
that the pain neuromatrix is responsive to averiees, i.e. a non physical but

emotionally arousing stressor.

2.2 Materials and Methods
2.2.1 Subjects

cf. sectionl.2.1.
2.2.2 Apparatus

Data acquisition was performed at the UniversitiRefiensburg on a 1.5 Tesla scanner
(Siemens Sonata, Erlangen) equipped with an elgdmireel array head coil. Subjects lay
supine in the MRI tube holding an MRI compatiblsgense device in their right and a
‘panic ball’ in their left hand throughout the exipeent. They were instructed to squeeze
the panic ball when they wished to abort the adgpimsprocedure. Subjects were equipped
with ear plugs and wore a headphone for protecgainst acoustic noise (100 dB).
Thermal stimuli were delivered by the TSA 1l (Medoc., Israel) that was operated
outside the scanner room in fMRI configuration: sitendard thermode was replaced by a
6 meter fMRI compatible variant, which was connddtethe TSA Il via a grounded filter
element. The filter minimizes electromagnetic ifeeence that would otherwise
compromise image quality; it was inserted into& Biameter in-wall pipe collar. Filter
grounding was verified with an ohmmeter. The 3086 contact thermode was attached
to the participants left wrist (volar surface) dadtened with eudermic adhesive tape. The
pre-defined thermal stimulus sequence was contt@jethe TSA Il software running on

an IBM compatible Laptop under MS Windows XP. Visstamuli were back-projected on
a screen mounted at the rear end of the scannaroanveéyed to the participant via a head
coil mounted mirror. The visible stimulus screebtended 20° of visual angle. Visual
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stimuli were delivered at a resolution of 1024xpb&ls, a frame rate of 60 Hz, and a
color depth of 24 bits per pixel. Stimulus presgatawas controlled by Presentation
software (v. 14.0, Neurobehavioral Systems IndbaAly, CA) running under Windows XP
on an IBM compatible Desktop PC. The parallel gpin 2) of this PC was connected to
the TSA TTL input port. Through this connectione&entation software conveys a 150 ms
trigger pulse that initiates the temperature asicgeatval (10 seconds) that precedes every
pain trial. The target temperature is then mairtiantil a return to baseline (ramp down
interval, 10 seconds) is enforced by the next @igaulse, which is sent 20 seconds later,
I.e. at the end of that trial. Note that a constantperature is maintained by the TSA
software between any two pulses. Every TR (2.5#%)p Presentation software receives a
trigger pulse from the MRI scanner via pin 12 o garallel port. This enables
synchronization of visual and thermal stimulus pre¢ation with fMRI data acquisition.
Specifically, scanner pulses triggered the begmwineach trial and the beginning of each
temperature ascent/descent interval. The partitgpeagsponses are submitted via an MRI
compatible response device and recorded with mdbad precision by the presentation
software. Thermal and visual stimulus sequenceseaded in separate logfiles
generated by the TSA software and the Presentstiftware, respectively. These files
were obtained from every participant and were céise€hecked in order to verify that no

triggers (MRI triggers and TSA triggers) had bedaased.

2.2.3 Stimuli

Facial stimuli were drawn from the FEEST (FaciapEessions of Emotion: Stimuli and
Tests) picture set (Young and others, 2002). FE&®iuli are based on a subset of the
Pictures Of Facial Affect (POFA) series (Ekman &niésen, 1978): 10 models (4 males, 6
females) were selected based on how reliably thelal expressions can be identified.
FEEST provides emotional continua ranging from redytoses (0% intensity) over the
prototype expressions of the POFA series (100% ity to the most extreme
representation of each basic emotion (150 % intg@ndihese continua were generated
from the original POFA images using image manipokatechniques. In our study, we
hypothesize a modulation of pain responsive bresasby a psychosocial stressor.
Presumably, this stressor must be highly aversivasdo elicit activation in regions that
are not specialized to process facial stimuli. Westselected the angriest and most fearful
expressions available (150% intensity). The hadinf the FEEST stimuli are masked

ensuring that participants base their responstgiface matching task (cf. section 2.2.4)
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on facial features rather than on hairstyle or gamknd detailsFig. 2-2 shows the stimuli
employed in the Matching Task paradigm.

Females

angry

fearful

Males

angry

fearful

Forms

Fig. 2-2. Face and form stimuli employed in the Matching Krparadigm. Facial stimuli were drawn from
the FEEST picture set (Young and others, 2002).cineesponding FEEST filenames are indicated (the f
extension ‘.jpg’ is omitted).

The FEEST images were adequately resized (scalctgrf .7) and cropped into an
elliptical shape using customized MATLAB scriptheTellipse’s boundary smoothly
blends with the background white in order to prevetinal afterimages on stimulus

change. Horizontal and vertical ellipses for thetoal task were produced by applying the
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same cropping mask to an area of intermediate gieydisk was generated by non-
proportionally scaling an ellipse while preservthg area content. The pixel gray level
was chosen to approximate the mean luminance té\be facial images (assuming a
gamma value of 2.2 as measured with standardizdds3d-ig. 2-3shows examples of
two stimulus screens. These are comprised of ditihee geometric forms or three facial
stimuli (here: angry males). The images are arrdmgérios with their centers being
aligned to the corners of an equally sided trianghes ensures that stimuli are distributed
evenly within the field of view subtending a visaalgle of 20 degrees. The regular
arrangement also helps equating visual searchtefioross trials. In the preceding
ramping intervals, a fixation cross is shown intitiengle center, i.e. in the center of the

visual field.

Fig. 2-3. Example of a stimulus screen in the face matckleft) and form matching task (right). In each
image trio, one of the bottom images is identicahwhe top image (here: the right bottom imageath
examples). The triangle illustrates the equidistmangement of images and is not displayed dutieg
experiment.

2.2.4 Experimental Paradigm

2.2.4.1 Matching Task

We adapted an established paradigm of amygdalea#iotn (Hariri, Bookheimer, and
Mazziotta, 2000). In a blocked design, image tabgeometric forms (circles and ellipses)
and faces of each gender (male / female) and enadteéxpression (angry / fearful) are
combined with either innocuous warmth (34°C) orthpzan of medium intensity. The

thermal stimulus corresponds to a subject-spepdin rating of 5 on a scale from 0 to 10,
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where 0 and 10 indicate a non-painful and intolgrphinful sensation, respectively. This
conforms to a 2 x 2 full factorial design with factpain’ (painvs.no pain) and factor
‘emotion’ (facesvs.forms). The top image of a trio is identical withe of the two bottom
images. The incidental task was to find the idetimage and press a corresponding
button on the response device (left image: indegdr; right image: middle finger).
Response time and response accuracy were rec&@ded.accuracy indicates that the
subjects attended to the stimuli.
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Thank
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Forms " Faces Faces Forms Faces Forms Forms Faces
Subject specific target temperature
Rating: 5/ 10
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Fig. 2-4. Stimulus sequence and trial structure in the MatgfTask paradigmUpper panel: Temporal
sequence of experimental blocks. Eight blocks pedition were presented (32 blocks totdMjddle panel:
Timecourse of thermal stimulation (red line) durimgp consecutive trials. The ramping intervals weog
included in the SPM moddLower panelVisual stimulation during two consecutive trials.
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The Matching paradigm is illustratedfking. 2-4 The paradigm is comprised of
four experimental conditions conforming to a 2 ful? factorial design: form matching
without pain (‘Forms’), form matching with pain @Fms & Pain’), face matching without
pain (‘Faces’), and face matching with pain (‘Fa&eBain’). Following a short task
description (5 seconds), a practice block (‘Fornssiun. In total, 32 experimental blocks
were presented (eight blocks per experimental ¢mmdi Painful stimulation is block-wise
alternating with innocuous warmth (34 °C). Afterdl6cks, there is a 20 second pause
without stimulation except for a fixation cross.eTparadigm closes with a screen
displaying the phrase “Thank You!”. In a given kpsix stimulus screens of one category
(faces or forms) are presented for 3.3 secondswdlcbut interstimulus interval, yielding
a block length of 20 seconds. In a face matchinglgleach sex (male/female), facial
expression (angry/fearful) and target positiontffigft) appear equally often (3x); image
trios with male and female models are alternatitach image (form or face) appears
equally of often as target and distractor. Idehtiaeget-distractor pairings are distributed
evenly across painful and non-painful conditiongpanful block is preceded by a ramp up
interval (10 seconds): temperature rises linead®2{C per second) until the target
intensity is reached, which is held constant dutirgsubsequent block. Similarly, a non-
painful block is preceded by a ramp down interdaking which temperature linearly
descents to baseline (34 °C) at a speed of 10°Gguwend. This interval again lasts 10
seconds to allow the BOLD signal to settle andpitagicipants to recover from their
painful experience. During these intervals the upiog block is introduced: a temperature
symbol indicates the type of thermal stimulatioeghpain or innocuous warmth); during
the last 2 seconds a text label is shown annournthmgtimulus category (faces or forms).
The ramping intervals are not included in the SRaistical model.

Four SPM contrasts were interesting to us, whichespond to the main effects
and the interaction effect of a 2 x 2 full factbdasign. Care was taken to optimize the
block sequence in this regard. The transition matrshown in Table 2.2-1. A given block
is preceded equally often by a block with forms bga block with faces. First order
sequence effects are thus balanced with resp#ue toteraction contrast and the ‘Faces >
Forms’ contrast (that indicates the main effediagtor ‘emotion’). As painful and non-
painful blocks are alternating, sequence effeasat balanced with respect to the ‘Pain >
No Pain’ contrast (that indicates the main effédaotor ‘pain’). However, we opted for
this design, since the alternation allows the stiligerecover from the previous painful

stimulation, which helps preserving compliance lmdting skin irritation (and,
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consequently, habituation and sensitization efjets optimize the frequency content of
the sequence, each experimental condition appea@dwithin four consecutive blocks.
This ensures that the conditions that we wish tdrast are not too far apart in time. At
most 120 seconds pass between any two conditioissstbelow the high pass filter cut
off value (128 seconds). Experimental variancéus preserved while low frequency

noise is removed.

Table 2.2-1. Matching Task. Transition matrix of experimental conditions.

Experimental condition in block n
Forms Forms & Faces Face; &
Pain Pain
-
c
v Forms - 4 - 4
)
k=,
o
£
- Forms & 4 ) 4
o Pain
=
©
c
)
o
= Faces - 4 - 4
3
c
)
£
@
o4 Face_s & 4 ) 4
< Pain
L

The table gives the number of experimental conditions that are presented in two
consecutive blocks. A given condition is equally often preceded by a form matching and a
face matching condition, namely four times. Sequence effects are thus partially balanced
(see text).

2.2.4.2 Pain Neuromatrix Localizer (ROl Localizer)

The paradigm is illustrated iig. 2-5 In total, 20 blocks lasting 20 seconds each were
presented. Painful stimulation corresponding talgext-specific rating of 8 out of 10 is
alternating with innocuous warmth (34 °C baselemperature). In the center of the screen
a fixation cross is shown throughout the experimé&he cross blinks twice during a block:
after 5 and 15 seconds with a jitter of £100 msti€lpants are instructed to press a button
on the response device as soon as the cross blihissincidental task is to ensure constant
vigilance during the experiment. Each block is posgd by a ramping interval of 10
seconds that is not included in the SPM analyssferature rises at a rate of 2 °C per
second, is held constant during the subsequentubdiock and then falls back to baseline
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(34 °C) at a rate of 10°C per second. The paradggroncluded with a screen displaying
the phrase: “Thank You!".

Pain Pain Pain Pain Pain

No Pain No Pain No Pain No Pain No Pain NoPain """

Pain Pain Pain Pain Pain

No Pain ™. No Pain No Pain No Pain Thank
You

Subject specific target temperature

Rating: 8/10
Baseline: 34 C
10 sec. 20 sec. 10 sec. 20 sec.
ramp up experimental block ramp down experimental block
+2 C /sec. -10 C /sec.

1 on/off cycle (60 sec.)

Fig. 2-5.Stimulus sequence and trial structure in the LineaparadigmUpper panel:Temporal sequence of
experimental blocks. Painful stimulation (‘Pairs)alternating with innocuous warmth (‘No Pai’hwer
panel: Timecourse of thermal stimulation (red line) dgrivo consecutive trials. Ramping intervals were no
included in the SPM model.

2.2.5 Imaging Protocol

Prior to data acquisition, an automatic shimmingcpdure was applied to minimize
magnetic field inhomogeneity. Locations of co-plamaage planes were defined on a T1
weighted structural localizer scan. Slice orieotativas parallel to the AC-PC plane.
Functional data were acquired using the same ingggiotocol for both experimental
sessions (ROI Localizer and Matching Paradigm)2aweighted gradient echoplanar
imaging (EPI) protocol (TR=2500 ms, TE=50 ms, 3ded, FoV=192 mm, flip angle=90°,
3x3%3.3 mm voxel size, ROI Localizer: 249 scanstdWimg Paradigm: 420 scans). Each
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session started with two ‘dummy’ scans allowingdteady-state tissue magnetization.
Slices were recorded in an interleaved orderacequisition of spatially adjacent slices was
delayed by TR/2. This is to minimize artifacts ey interactions between excited
slices (‘cross talk’). For each participant, a higholution brain image was recorded in the
same orientation as the functional images to erediarate location of individual brain
activity. For this purpose an MP-RAGE three dimenal T1 weighted, gradient echo
sequence was used (TR=1880 ms, TE=3.42 ms, 18 shkoV=256 mm, flip angle=15°,

1x1x1 mm voxel size).

2.2.6 Procedure

FMRI sessions were scheduled between 4:30 PM &&R\. Prior to the experiment, the
subjects completed several trials of a practicagigm outside the scanner to get familiar
with the task and response scheme. Instead ofER&SH stimuli, happy and neutral facial

expressions from the NimStim picture set (Tottenlaath others, 2009), which is available

upon request dtttp://www.macbrain.org(as of 3/1/2010), were used to avoid carry over

effects. No thermal stimulation was administerethmtraining paradigm, which was
otherwise identical with the matching paradigm diégd above. Subjects were then
positioned in the MR tube. After the automatic stmimg procedure, the structural
localizer scan was run and the subjects were regioad if necessary. The matching
paradigm was run first (18 min), followed by theatomical scan (4 min) and the localizer
paradigm (10 min). The three sessions were anndwiadoudspeakers and succeeded
without temporal gap. The participants stayed withe MR tube during the whole
procedure, which they could abort at any time hyegging the ‘panic ball'.

2.2.7 FMRI data analysis

2.2.7.1 Preprocessing

Data analysis was conducted using the SPM 5 sddtpackage (Wellcome Department of
Imaging Neuroscience, London) running under MATLAB (TheMathWorks, Natick,
MA). Prior to statistical analysis, anatomical dadctional image files were converted
from Digital Imaging and Communications in Medicifi@COM) format into the
Neuroimaging Informatics Technology Initiative (NIj format which is more amenable

to image processing operations and statistical aladysis.
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Preprocessing of functional time series consisfeufs steps, outlined in detail
below: motion correction, coregistration with austural brain scan, normalization to a
common anatomical template and smoothing. Thiseserpiserves four main goals:

)] Optimization of signal to noise ratio (SNR) byans of motion correction and
smoothing

i) Mapping of activation foci to structural anatgrony means of coregistration

i) Results reporting in a common stereotacticcgply means of normalization

iv) Facilitation of group level data analysis byane of normalization and smoothing.

2.2.7.1.1 Motion correction

Small involuntary head movements during image astijoin cannot be fully avoided,
which poses a problem, since the acquisition win¢feeld of view) is fixed.

Consequently, the sampling location of a voxel gesndepending on direction and
magnitude of head movements. If left uncheckedsdlmovements would constitute a
substantial nuisance variable precluding statistiaga analysis. The motion correction
procedure reverses motion by translating and rajaach scan (source image) to be in
alignment with a representative reference scaergate image). Functional images were
realigned to the first image of each session uairigid body model (Friston and others,
1995). This model relies on a six parameter affiaasformation that involves rotations
around and translations along the x-,y-, and z.@&@sa given scan, the algorithm finds
the optimal solution by minimizing the voxel-by-v@xntensity difference between that
scan and its reference using the method of leastreg. Scans from the ROI localizer and
matching paradigms were entered as separate segsiorthe motion correction
procedure. According to the SPM5 manual, the sessce first realigned to each other by
aligning the first scan of the first session to fing scan of the second session. Then the
remaining scans within each session are alignéaktdirst scan of that session. In this way
systematic differences between the sessions aoeiaied for. Motion correction is
concluded with the creation of a mean functionagmthat is representative for the time
series of both sessions. Note that motion alsoesamsgnetic field inhomogeneities that
influence signal to noise ratio and are not accadifdr by the realignment algorithm. This
issue was addressed by including the realignmeanpeters in the statistical model (see
below).
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2.2.7.1.2 Coregistration

Functional images are of low resolution and comtaasl do not reveal structural details of
the brain. Coregistration is needed to describ@attin foci with respect to individual

gyral anatomy. The procedure is conceptually smdanotion correction in that two
neuroimages are aligned with each other. A twebrameter affine transformation is
applied to the high resolution structural scan {seumage) to bring it into alignment with
the functional mean image (reference image) thatam@ated during motion correction. In
contradistinction to motion correction, source agfgérence have different image
characteristics. Cerebrospinal fluid, for examplgpears dark in the T1 weighted

structural scan but is bright in T2* weighted fuoogl scans. Therefore, an intensity based
similarity measure, as employed in the realignnségyp above, is not applicable here.
Instead, the so called mutual information (Maes @thers, 1997) is maximized to obtain
optimal transformation parameters. Mutual inforroatis a general measure describing the
strength of statistical dependency between thenvages irrespective of the modality they

may have.

2.2.7.1.3 Normalization

Brain geometry naturally differs across subjectsa€count for this variability each
subject’s structural scan is aligned (‘normalizeéd’a template image that conforms to a
common stereotactic space. This template is pravigethe Montreal Neurological
Institute and consists in the average of 152 brain®ung and healthy subjects (Collins
and others, 1994). The Talairach coordinate comwerTalairach and Tournoux, 1988) is
imposed on this template-defined anatomical spapecifically, the origin is set to the
anterior commissure (AC). The line between the AG the posterior commissure (PC) is
assumed exactly horizontal, x > 0 is right of thesagittal plane, y > 0 is anterior to the
AC, and z > 0 is superior to AC-PC plane. Ideabgh x/y/z triple corresponds to the
same anatomical location in all normalized braihste, however, that intersubject
variability in gyral anatomy ranges from 9 to 18 rafter an affine stereotactic
normalization (Thompson and others, 1996). Normaéibn allows for reporting activation
foci within a common reference system and thudifatgs scientific communication and
comparison of results across studies. For grougl Evalysis, normalization to a common
template is mandatory since otherwise anatomia@hbitity inherent to the sample will
largely preclude intersubject averaging of BOLDatetl activity (Ashburner and Friston,
1997). The found normalization parameters were #pgilied on the functional scans in
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order to normalize them to the MNI template, asl\Wiéiis is straightforward, since
functional and anatomical scans have been coregisie the previous step. Normalized
functional images were resampled to 2 x 2 x 2 mmguilinear interpolation to minimize
partial volume effects. Each voxel thus encompaasesume of 8 mrh(8 pl).
Normalization is similar to motion correction iratitwo neuroimages are aligned
to each other. Specifically, the subject’s struaitscan (source) is aligned to the MNI
template (reference). Source and reference aree€ldghted images, i.e. share the same
image characteristics. Therefore, normalizatiors @seintensity based cost function. In
contradistinction to motion correction, source agférence images belong to different
subjects. The ensuing differences in brain geonegtmnot be fully accommodated by a
rigid body model. A more flexible approach is reedt Firstly, a 12 parameter affine
transformation of the source image is performe@p8hand size differences may thus be
accommodated by zooming and shearing the braimeithree orthogonal image planes.
Secondly, residual anatomical variability is acdedrfor by nonlinear transformations
(Ashburner and Friston, 1999). These are deschlgesbmbinations of three dimensional
discrete cosine transforms (DCT). In the presamtys?x9x7 DCT basis functions were
used to describe warps along each coordinate Bixis.nonlinear step in particular adds a
lot of free parameters to the normalization modlich holds the risk of being overfitted.
In other words: the minimization of the cost funatimay lead to distorted and implausible
normalization results. To avoid overfitting a regyigation of medium magnitude is
incorporated in affine and nonlinear transformadifusing the SPM5 default value: 1), i.e.
parameter combinations that do not lie within tkpexted range were penalized to avoid
implausible results (Ashburner and others, 1997hbAsher and Friston, 1999).
Additionally, the normalization result was verifibgl visual inspection. No misalignment

or distortions were detected.

2.2.7.1.4 Smoothing

In the last preprocessing step, functional imagesaothed (convolved) with a Gaussian
kernel (8 millimeters full width at half maximumyhich is a way of averaging the signal
of spatially adjacent voxels. According to the cahlimit theorem, smoothing will render
the distribution of residuals more normal, whickaigrerequisite for a valid General Linear
Model estimation. Averaging will also reduce theseccomponent of the data and thus
increase its signal to noise ratio (SNR) at the obspatial resolution. By the matched
filter theorem, this tradeoff between sensitivibhdaspatial specifity is minimal when the

width of the smoothing kernel matches the spatitérd of the anticipated signal. It has
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been shown that a FWHM of 10 mm (full-width at halximum) works best for
subcortical regions and 6 mm is best for the cofiteopfinger and others, 2000). We chose
8 mm as a compromise. In the context of the greupllanalyses smoothing facilitates
intersubject averaging of functional data. As mamid above, normalization may leave a
considerable amount of structural variability ie gample. Moreover, activation foci are
not necessarily bound to the same anatomical stesin all participants and thus
constitute an additional source of variability (Brdohnsrude, and Owen, 2002). This has
to be taken into account by an adequately largeotimmgg kernel. Otherwise, functional
homologous regions do not sufficiently overlap besgw subjects, precluding meaningful
group level inference (White and others, 2001).

Smoothing ensures the applicability of the familigaverror, which is used in the
present study to address the multiple comparisardgm. Adjacent voxels in the brain
are functionally related and thus become activategointly. Bonferroni correction is
overly conservative since the premise of indepethgerstributed error terms does not
hold. This spatial correlation of residuals (‘ingic smoothness’) can be described by a
continuous Gaussian Random Field (GRF). Howevkram scan is composed of discrete
units (voxels). If intrinsic smoothness does ndtisiently extend beyond one voxel, it
cannot be approximated by a continuous field. Toaase overall smoothness the image
should be convolved with an adequately large Gandsernel. Otherwise the applicability
of GRF theory and the family wise error, which &sbd thereon, is not granted (Worsley
and others, 1996).

2.2.7.2 Statistical Analysis

2.2.7.2.1 Behavioral data analysis

For statistical analysis of response times (RTBBS (v. 15.0) software was employed
(SPSS Inc., Chicago, IL). Mean RTs were calcul&be@ach condition and pooled across
participants. With regards to the ROI localizer, &iferences between painful and non-
painful conditions were assessed in a paired santist. With regards to the matching
task, RTs were analyzed in a 2 x 2 repeated measN®VA with factor ‘pain’ (pain vs.

no pain) and factor 'emotion’ (faces vs. forms)oMtions of the sphericity assumption
were adjusted by the Greenhouse-Geisser methogdoR&s accuracy during the matching
task was assessed under the assumption that iocmsponses are rare events that follow

a Poisson distribution. 95% confidence intervataiad the mean percentage of correct
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responses in a given condition were obtained fraroreesponding look up table
(Schoenberg, 1983). Within-subject effects werduatad in a Generalized Linear Model
framework. This approach differs from the repeatesures ANOVA in that the response
variable (number of incorrect responses) is linteethe linear model via a log function
(instead of the identity) and assumed to followogsson distribution (instead of a normal
distribution). Statistical significance was detemned by a two tailed p-value of less than
.05.

2.2.7.2.2 FMRI Analysis

Functional data were statistically analyzed adgpanmassive univariate approach.
Basically, a model is phrased and tested at eaxhl against the null hypothesis that any
similarity between the observed signal and the n®geediction is due to chance. A
statistic (Student’s t-statistic) was calculateat tfeflects evidence against the null
hypothesis. The probability of obtaining this stati under the assumption of chance can
be computed from the statistic’s null distributigdistribution). If this p-value is smaller
than a given significance criterion, the null hypegtis is rejected and the model's
prediction is assumed to hold at the voxel considlethis conforms to classical inference
based on parametric hypothesis testing. The appilisadopted for subject level (first
level) and group level (second level) analyses.

In the region of interest (ROI) approach, the owtti strategy is applied to brain
regions rather than individual voxels. The multipteanparisons problem is thus reduced
from the number of voxels in the brain to the nuntdfenvestigated regions, which
dramatically increases statistically power. Howeugrcontrast to exploratory, voxel-level
analyses, the ROI approach requires a region-speaggriori hypothesis. In the present
study we postulate an activation of the pain neatomand the amygdala by both
physical (thermal pain) and psychosocial stresgacsal expressions). Importantly, these
regions of interest were defined independently ftbenexperiment proper to rule out

circular argument.

Model specification

A prediction model is specified in a so-called dasinatrix. Each row in this matrix refers

to a functional scan; each column refers to an x@stal condition. The columns contain
binary index variables that indicate scans, duwhgch condition-specific stimulation was

delivered. The columns (predictor variables) aentbonvolved with the canonical

hemodynamic response function (HRF). The HRF igrtiplse response of the system,
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I.e. it reflects the response to a single neurahe\A blocked design can be viewed as a
conglomeration of many such events. In this wag,dredicted hemodynamic response
time course is generated for each experimentalitond

Separate design matrices were formulated for R@hliper and Matching Task
sessions (sefeig. 2-6). Experimental conditions were modeled as box0sseconds)
convolved with the canonical hemodynamic responsetion. Each column (predictor
variable) in the design matrix thus reflects thelBGsignal time course that is expected to
be elicited in the respective experimental conditibhe ramping phases (10 seconds each)
were not explicitly modeled. The six realignmentgmaeters were added to the model as
covariates of no interest in order to reduce redichovement related variance that was not
accounted for by the realignment procedure (cfi@e®.2.7.1.1). Another source of non-
experimental variance is comprised of low frequemaige due to scanner drifts and
aliased biorhythms, e.g. cardiac and respiratocyesy Therefore, a high pass filter was
incorporated into the design matrix to remove fiezgpies below 1/128 Hz. Note that this
filter is not explicitly shown in SPM5 designs medts Fig. 2-6). To account for session

specific signal gains, activity was ratio normatize the whole brain global mean.
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Fig. 2-6. SPM design matrices for a single subjeogft: Matching Task paradigmRight: Localizer
paradigm. In both paradigms, experimental condstiare modeled as boxcars convolved with the caabnic
hemodynamic response function resulting in predsctd BOLD signal time courses.
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Model estimation

The model specified above is now estimated usi@gieral Linear Model (GLM).
Briefly, the GLM expresses the BOLD signal at eaokel as a linear combination of

predictor variables as defined in the design maiixmns:

Y=X[B+¢&

Formula 1

Y is a column vector with the observed signal tirmerse X denotes the design matrix,
whose columns are condition specific predictorthefsignal time coursg.is a column
vector with scaling factors (fit coefficients, betaights) assigned to each predictoKir:
Is a column vector with error terms.

An estimator fop is derived by minimizing the sum of squared differes {'¢)
between the model’s predictio®A) and the observed signél The GLM assumes that the
residuals: are normally and independently distributed. Urttles assumption the fit
coefficients (beta weights) fhare maximum likelihood estimates and thus the loesar
unbiased estimates. The estimatioi bfy the method of least squares is equivalenteo th

following computation, which is performed at eveoxel:

B=(X"X)XTY

Formula 2

The equation implies that the columns in the dema@irix (predictor variables) are

linearly independent, sinc¥™ X cannot be inverted otherwise. For overdetermined
models the Moore Penrose pseudoinverse can behmadyer. Nevertheless, correlations
(collinearity) among predictor variables reducenesation efficiency and should be
avoided. Collinearity is minimized in our desigs,there is a 10 seconds gap between
subsequent blocks. The BOLD signal may settle dutiese intervals improving
efficiency when estimating subtractions of conaisoNote that a constant term is by
default added to the design matrix as a predicaable of no interest to account for the
session specific mean signal at each voxel. Awetght, i.e. an element j§y may thus be
interpreted as a voxel-wise measure of BOLD relagésgonse magnitude (effect size) in

the respective experimental condition relativeh® Ibcal mean signal.
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After the beta weights have been estimated, a hgs is tested against the null
hypothesis of no effect. Hypotheses are phrasediasar combination of beta weights
(c'p) as indicated by a contrast vector. The contrestorc = [1 -1], for instance, is
equivalent to the hypothesis that condition 1 tdiei greater response than conditiofi;2:
> 3, or f1—p» > 0. Inference is based on the subtraction princigebrain areas that
exhibit a positive (negative) contrast value arevated (deactivated) by the feature that
distinguishes condition 1 from condition 2. Notattthe contrast specific linear
combination of beta(p) is stored as a so-called contrast image in SPiduBlevel
analyses are based on these images. Next, adtistdtat expresses evidence against the

null hypothesis of no effect, is calculated at eackel:

T= c'p
Jaze (xTx) e

Formula 3

Basically, the estimated effect is divided by tanslard error to yield a statistic that
follows a Student’s t distribution. The nominatsrai linear combination of beta weights
(c'B), which essentially reflects an estimator of efféize pertaining to the tested
hypothesis. The denominator contains the estimadadbility of the hypothesized effect
(standard error)X"X describes the degree of overlap (collinearity) agnpredictor

variables in the columns of In orthogonal designs, where overlap is by de@iniabsent,
the quantityc’ (XTX)_lc is minimal, which leads to an optimal estimatidiicency. ¢
denotes the standard deviation of the models’ ptiedi from the observed response.
Hence, the t-value is high, when the deviation ftbmobserved response and collinearity
among predictors are small and the estimated edfeetis large. At each voxel the
corresponding p-value is derived from a Studentistribution withn degree of freedoms,
wheren is the number of scans minus the rank of the desigtrix. For each contrast of
interest, voxel-wise statistics are stored as Tgesahat are commonly referred to as

statistical parametric maps (SPMs).
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Group level analysis

Regions of Interest Definition

We are interested in emotion and pain related kaeiiivation sites that are consistently
present in the population from which the sample drasvn. These activations, if present,
permit the definition of functional regions of ingst for later ROI analysis (see below). At
the group level (secondary level) data were andlysing a random effects model. This
approach takes into account both within and betveedaject variability of the measured
signal. This is contrary to a fixed effects modhalttignores between-subject variability and
thus precludes statistical inference on the pojuldevel. As the ROI definitions in the
present study are based on a random effects ntbdglare valid at the population level
(healthy adult males and females).

The random effects analysis involves a two-stagmfaary statistics’ procedure
(Holmes and Friston, 1998). Firstly, the GLM isiestted for each subject (as described in
the previous section). Next, contrast images angpeed for each effect of interest. A
contrast image is comprised of per voxel contraties. Contrast values are linear
combinations of beta weights as defined by theaetiye contrast vectoc{). Contrast
images are forwarded to the group level, wherevprel contrast values are averaged
across participants and divided by the standaat efrthe mean. The p-value of the
ensuing statistic is obtained from a Student’stritiution withn degrees of freedom,
wheren is the number of subjects minus 1. The procedueguivalent to a voxel-wise one
sample t-test on contrast values.

Importantly, the summary statistic approach requihat the design matrix is
identical for each subject. Otherwise, the sammamof contrast values is not a maximum
likelihood estimate for group level activity. Thss a point of concern since the
employed thermal stimuli differ in intensity acrasshjects. Consequently, at a constant
ramping rate (2 °C per second) the respective taegeperatures are reached at different
time points calling for individualized design mags. However, we found that the target
temperatures were reached within the 10 secondsimgmmterval (after 6.2 seconds on
average) in both paradigms for all participantse €kperimental conditions as modeled in
Fig. 2-6 were thus not affected by this effect.

For the Matching Task data, the summary statisjiggoach was implemented
within a flexible factorial model. For each conditiin the 2 x 2 factorial design, the
corresponding beta weights were estimated and fdedsto the second level. Thus, four
beta-images were entered per participant. The mgg@tween beta images and factors is
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specified in the factor matrid{g. 2-7), where both main effects and the 2 x 2 interactio
were entered as within-subjects factors. The stulbgetor was added as between-subjects
factor. Main effects and interactions were modegaon-independent factors in order to
take correlations between factor levels into actoun

The purpose of the ROI Localizer was to identifing@sponsive regions, i.e. the
pain neuromatrix. These were determined by a ‘Pdilo Pain’ contrast. Ensuing contrast
values were statistically assessed using a oredtaignificance criterion, since we expect
painful stimulation to increase rather than deadaain activity. The statistical map was
thresholded at a voxel-wise p value of .001 (orledauncorrected) and a cluster size of
165 voxels to yield a cluster-wise significanceéeston of p=.05 (FWE corrected for
multiple comparisons). This combination of per Vigx¢hreshold and cluster extent
threshold yields an equivalent correction for npléticomparisons based on the
assumption that true brain activation is not ccedito a single voxel but extends to
adjacent regions (Forman and others, 1995). Sggmitiactivation clusters were reported
in MNI stereotactic space and anatomically labelecbrding to the Automated
Anatomical LabelinAAL) Atlas (Tzourio-Mazoyer and others, 2002). A corresponding
SPM plugin is available dtttp://www.cyceron.fr/freewardas of 3/1/2010).

Cytoarchitectonic descriptions (Brodmann areassantortical nuclei) from th&alairach
and Tournoux Atlas (Talairach and Tournoux, 1988jenalso reported employing the
MNI Space Utility fttp://www.ihb.spb.ru/~pet_lab/MSU/MSUMain.ht@as$ of 3/1/2010)

Moreover, an emotion sensitive subregion of thegaala volume was defined by

contrasting face matching trials with form matchingls (Matching Task). Specifically, a
‘Faces > Forms’ contrast (collapsing over painfud aon-painful conditions) was
employed. A one-tailed significance criterion waed, because we do not expect aversive
faces to decrease amygdala activity. SPM analyassocenfined to the bilateral amygdala
anatomical region using the Wake Forest UniveiSM{U) Pick Atlas software (Maldjian
and others, 2003), which is availablentp://fmri.wfubmc.edu/cms/softwaKas of

3/1/2010). The amygdala region was defined accgrtiirthe AAL atlas. The ensuing
statistical map was thresholded at a voxel-wisalpesof .05 (one-tailed, FWE corrected

for multiple comparisons).
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Fig. 2-7. Design matrix for group level data (Matching Pagat). Four beta images were entered per
subject. The first 15 columns model subjects effe€@olumns 16-17 model the main effect of factor
‘Emotion’ (facesvs.forms); columns 18-19 model the main effect otdadPain’ (painvs.no pain). The last
four columns model the 2 x 2 interaction effectwesn both factors.

Region of Interest analysis

Characterization of pain responsive regions of ieg¢

As outlined above, pain responsive regions weratifiled in a separate Localizer
experiment. The modulation of regional activitythg two experimental factors in the
Matching paradigm was studied as follows. Beta isigvere extracted from each pre-
defined region and averaged across voxels usingdaisoftware v. 0.42 (Brett and
others, 2002), which is availablerdtp://marsbar.sourceforge.r(@s of 3/1/2010). The

resulting summary statistics were entered into 8SSRepeated measures ANVOA with

factors ‘ROI’, ‘Pain’ (‘No Pain'vs.‘Pain’) and ‘Emotion’ (‘Facesvs.‘Forms’). Statistical
significance was determined using a p-value of \@8lations of the sphericity assumption
were corrected with the Greenhouse Geisser me&id@VA results were further
investigated in one sample t-tests that were segdgreonducted for each region and
contrast of interest. The emotion related resparesedefined as ‘Faces > Forms’ contrast
collapsing over painful and non-painful conditioAsone-tailed significance criterion of
p=.05 was adopted here, since we expected avdegiig stimuli to increase (and not

decrease) brain activity in pain responsive ROilke\Wise, the pain related response was
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defined as ‘Pain > No Pain’ contrast collapsingrdaee and form matching conditions.
Since a positive response to pain was expectdgstatal significance was determined
using a one-tailed p-value of .05. For statistasgessment of the 2 x 2 interaction effect
(‘Forms & No Pain’ + ‘Faces & Pain’ > ‘Forms & Patn ‘Faces & No Pain’), however, a
two tailed t-test was carried out, since we dohate ara priori hypothesis regarding the
direction of this effect. In contradistinction teptoratory analyses, t-tests were performed
on a single summary statistic per ROI rather thamdividual voxels. The multiple
comparisons problem is thus reduced from the numbeoxels in the brain to the number
of ROIs. Bonferroni correction was applied as iatkcd in the results section.

It should be noted that the summary statistic (nmeanrast value) in a given
contrast of interest can be interpreted as pegignal change relative to the whole brain
global mean signal (Penny, 2004). This interpretais valid because

i) each time series was by default ratio normalizeal value of 100, i.e.

each voxel in each scan was multiplied by 100/ner&m is the average
value across all voxels and scans (SPM ‘grand reealing’);

i) a beta weight expresses activity relative to tlwallonean signal (see

section ‘Model estimation’); due to ‘grand meanlisicg, the local mean
signal has an average value of 100;

iii) the constant term, i.e. the predictor for the leuahn signal, and the

condition-specific predictor variables (i.e. théucons inFig. 2-6) are

equally scaled.

Characterization of Amygdala response behavior

Amygdala response behavior towards painful heataaredsive faces was evaluated
analogously. Furthermore, amygdala responses taumezhd intense thermal pain
administered in the ROI Localizer (pain rating:@/and Matching Paradigm (pain rating:
5/10) were assessed i) within the anatomical amggddume as defined by the Marsbar

AAL plugin (available atttp://sourceforge.net/projects/marsbar/fiessof 3/1/2010), and

i) within the emotion sensitive amygdala subregibhe latter was defined functionally by
a ‘Faces > Forms’ contrast as described in theiguewsection. A repeated measures
ANOVA with factor ‘laterality’ (left amygdalass.right amygdala), ‘ROI definition’
(functionalvs.anatomical) and ‘pain intensity’ (‘5/10%.'8/10’) was conducted.
Statistical significance was determined using alue of .05. Violations of the sphericity
assumption were corrected with the Greenhouse &airssthod. ANOVA results were

further investigated in a separately conductedsameple t-tests. A one-tailed significance
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criterion of p=.05 was used, because we expectedupatimulation to increase (and not
decrease) amygdala activity.

Assessment of covariates

ROI activity may be influenced by two sources déisubject variability: i) the subject
specific temperatures that were employed to equi@ién perception in the sample, and ii)
the response times related to the incidental faskeach contrast of interest, an ANCOVA
design was formulated at the secondary level. Teatypes and response times (RT) were
entered as covariates. The RT covariate was cotestibf RT differences (in milliseconds)
between experimental conditions as defined byékpective contrast vector. Both
covariates were mean centered and normalized itopibak valueskig. 2-8 shows an
example of an SPM ANCOVA design used to investigateariate effects on pain related
activity in the Localizer session. Covariate effawere statistically assessed in an F-test
approach. A full model including the appropriateaates in addition to the constant term
was compared with a reduced model that only cansighe constant term. According to
the null hypothesis, the full model does not explapre variance than the reduced model.
ANCOVA designs were formulated to assess the catagffect i) on the pain related
response (both paradigms), ii) on the emotionedla¢sponse (Matching Task), and iii) on
the interaction effect (Matching Task). Note thatthe 'Face > Forms’ contrast (Matching
Task) only the response time covariate was stugiade this contrast pools over painful
and non-painful conditions. To investigate magretadd direction of each covariate
effect, separate t-tests were carried out. A twedsasignificance criterion (p=.05) was
applied since we do not have apriori hypothesis regarding the direction of any

covariate effect.

56



Response Time

Covariate

- Constant Term
Temperature
Covariate

15 Contrast Images

Fig. 2-8. SPM ANCOVA design for the assessment of covardfiects in the Localizer experiment. In the
example given, the effect of response times (md)tamperatures (°C) on pain related activity waslisd.
One contrast image (‘Pain > No Pain’) per subjeas @ntered into this analysis.

2.3 Results
2.3.1 Behavioral Data

2.3.1.1 Localizer Paradigm

In one subject 50% of blink events were missedtduwedisconnection in the response
device wiring in the second half of the paradigrthé&wise, the proportion of misses was
below 10% in all participants. On average, one ewas missed in each experimental
condition. Mean response times in each conditioreva@eraged across participaris).

2-9 shows the result. During painful stimulation sabgedetected a blink event by 45.4
milliseconds faster than during stimulation withh@cuous warmth. A paired samples t-test
revealed that this difference is significant [T(#3)44, p=.004, two tailed].
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Fig. 2-9. Mean response time (in milliseconds) per conditiorthe localizer paradigm, averaged across
participants. Error bars denote the standard efrtire mean.

2.3.1.2 Matching Task

Due to incorrect mapping of response buttons insuigect, middle finger key presses
(indicating a right target location) were not resext resulting in 50% omissions.
Otherwise, the proportion of misses was below 2ib%| participants. All misses were
distributed evenly across conditions. Mean resptinses in each experimental condition
were averaged across participafig. 2-10shows the result. Apparently, subjects needed
more time to match faces compared to geometric§oResponses were faster, when the
matching task was combined with painful stimulatidhe 2 x 2 repeated measures
ANOVA revealed a significant effect of factor ‘PajR(1,14)=8.65, p=.011, G.G.
corrected] and factor ‘Emotion’ [F(1,14)=21.72, @1, G.G. corrected]. The 2 x 2
interaction effect was not significant [F(1,14)=.p%.66, G.G. corrected]. As shown in
Fig. 2-11response accuracy was higher when the matchikgvas combined with

painful stimulation. Relative to the respective foadence intervals, however, this effect is
negligible. The proportion of correct responses alawst 100% in all conditions.
Evaluation of within-subject effects in a repeateelsures Generalized Linear Model
revealed a non-significant effect of factor ‘Pawald X?(df=1)=.10, p=.75). Factor
‘Emotion’ and the 2 x 2 interaction were also nagn#icant (Wald X(df=1)<.001, p:1.0
for both effects).
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Fig. 2-10.Mean response time (in milliseconds) per condiiiothe Matching Task. Error bars denote the
standard error of the mean.
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Fig. 2-11. Proportion of correct responses per conditionhe Matching Task. Error bars denote 95%
confidence intervals (Schoenberg, 1983).

2.3.2 Functional Data

2.3.2.1 Definition of Pain Responsive Brain Regions

The first step was the definition of pain respoagegions of interest. These definitions
were based on a second level random effects asalf/te functional data acquired in the
localizer experiment. Neural correlates of pairsiehsation were identified by contrasting
painful stimulation (corresponding to an individyaiin rating of 8 out of 10) with
innocuous warmth (‘Pain > No Pain’ contrast). Theweng statistical mag-{g. 2-12
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reveals cortical regions that exhibit a pain relagsponse. At the cluster level, four pain
responsive regions could be reliably identified.(®sx FWE corrected). These are located
in the a) right Rolandic Operculum, b) bilateraldmus, c) right insula, and d) left
Rolandic Operculum. These anatomical labels weaedifrom the Automatic Anatomical
Labeling Atlas AtlagTzourio-Mazoyer and others, 2002). Specificaltgn all possible
AAL labels that overlap with a given activation sler, the label with the greatest
intersection area relative to the size of thattelusas chosen. These labels are used
hereafter to refer to the four pain responsiveaigiof interest. Table 2.3-1 provides
further details referring to the peak voxel valti@ach cluster. The largest cluster (388
voxels) mainly covers the right Rolandic Opercul{@n Here, the global maximum is
located. The cluster extends dorsally into thetrgglpramarginal gyrus (BA 40), where a
secondary local maximum is found. Medially, thestdu extends into the right posterior
insular region. According to the Talairach Atlds tight insula constitutes 23 percent of
the cluster volume. The thalamic cluster (b) isated bilaterally in the medial dorsal
nuclei of the thalamus, predominantly on the lefeswhere a secondary maximum is
present. The right focus extends ventrally to bhasah structures covering parts of the
hypothalamus, the right mammillary body and a smmedtlial portion of the right
hippocampus. Note that the primary maximum wasatietein the right pedunculus of the
cranial midbrain, i.e. in the extra-nuclear regidhe right insular cluster (c) is the second
largest activation focus located anteriorly and iagdto the Rolandic Operculum cluster
(a). The primary maximum is located in the infefimntal operculum, but the cluster
mostly lies in the anterior insula (BA 13), wherseeondary maximum is found. The
cluster extends medially to cover an adjacent pomif the putamen. The fourth cluster (d)
mainly covers the left Rolandic Operculum, wheseeondary maximum is present. This
focus is confluent with a medially and anteriogadted cluster in the left insular region
(BA 13) that contains the primary activation maximuNote that the largest cluster (right
Rolandic Operculum) exhibits the highest peak vaadlie, whereas peak value and
cluster size are smallest in the left Rolandic RIDke inverse contrast (‘Pain < No Pain’)
does not reveal any voxels that meet the signitieamiterion (p=.05, corrected for

multiple comparisons) at any level of inference.
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Table 2.3-1. ROI Localizer. SPM Activation Clusters.

) _— ) MNI coordinates )
Region of activation Laterality Brodmann's Area ——  — Z-score Cluster Size
X y z

Pain > No Pain

Rolandic Operculum , Supramarginal Gyrus,

: R 13/40/43 4 -20 20 4.59 388
Superior Temporal Gyrus
Thalamus ( R/L ) [Medial Dorsal Nucleus],
Hippocampus (R), Mammillary Body (R), R N/A 6 -8 -10 4.26 174
Hypothalamus
Insula, ]nfenor Frontal Operculum , Putamen, R 13/22/44/45 a4 14 4 4.95 317
Rolandic Operculum
Rolandic Operculum, Insula, Inferior Frontal L 6/13/43/44 42 4 8 414 165

Operculum, Heschl

Pain < No Pain
no significant voxels/clusters/map in whole brain search volume (p=.05, corrected)

Pain > No Pain: The table shows clusters of 165 or more contiguous voxels whose global maxima exceed a t-statistic of
3.79 (P<.001 uncorrected), equivalent to a cluster-wise false positive rate of P<.05, FWE corrected for multiple
comparisons. For each maximal activation focus per cluster, laterality, Brodmann's area, coordinates, Z-score, and number
of contiguous voxels within a cluster are provided. The anatomical location of the maximal activation focus is printed in bold.
Coordinates are defined in Montreal Neurologic Institute stereotactic space in millimeters.

Rolandic Oper. (R) =- Thalamus

p———
]4 Insula (R)

Thalamus - Insula (R)

Fig. 2-12. SPM T-map showing clusters that exhibit significantivity during painful thermal stimulation
(‘Pain > No Pain’). Maps are thresholded at T 293(Voxel-wise P=.001, uncorrected) and a clustax ef
165 voxels (1320 miito meet a cluster-wise significance level of B% (FWE corrected). The colorimeter
scale indicates per voxel T values. The SPM islaigkion a canonical brain template and is displaiyed
neurological convention. Slice coordinates (in im#ters) refer to MNI stereotactic space. L: L&t;Right.

At the region level, a measure of response magaiisithe mean activation in each
cluster expressed as percent signal change retatihe whole brain global mean. This
guantity was obtained by averaging the pain spemgponse (contrast values) across
voxels in each ROI. According teig. 2-13the right Rolandic Operculum ROI exhibits the
highest mean activity, followed by the right inguROI, the thalamic ROI, and finally the
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left Rolandic Operculum ROI. Note that the sameiragalso applies to cluster size, i.e. a
strong (weak) response in a given cluster is aasatiwith a large (low) number of
contiguous voxels contained therein. Per subjeatrast values were then entered into a
repeated measures ANOVA with factor ‘ROI’ (4 leyelBhe analysis revealed that the
regions of interest do not differ significantlytimeir reactivity to painful stimulation
(F(3,42)=.611, p=.57, G.G. corrected).

0.4
0.35 -
0.3 - | I |
0.25 | | |

0.15 A
0.1
0.05 A

Percent signal change

Thalamus (L) Rolandic Oper. (R) Insula (R) Rolandic Oper. (L)

Region of Interest

Fig. 2-13.Mean activation of pain responsive clusters inltioalizer experiment. Activity refers to the ‘Pain
> No Pain’ contrast and is expressed as percenalsahange relative to the whole brain global méanor
bars denote the standard error of the mean.

ROIs were further characterized by taking two sesim@f intersubject variability
into account that may interact with the pain relatkister response: i) the subject specific
temperatures that were employed to equalize pagepgon in the sample, and ii) the
mean RT difference between painful and non-paibliatks: RT(Pain) — RT(No Pain).
The latter is of particular interest, as behaviaralysis revealed a significant decrease of
detection times in the presence of painful stimakatindividual RTs and temperatures
were added as covariates to the random effectysaasabtatistical significance was
conjointly evaluated in an F-test approach: arfudel including the constant term and
both covariates was tested against the reducedlrt@denly consists in the constant
term. It should be noted that both covariates wettl@ogonalized with respect to the
constant term. Covariates thus do not affect thgnitiade of the estimated group effect
(Pain > No Pain) but its reliability. The resulte éisted in Table 2.3-2. The full model

does not explain significantly more variance thamreduced model in any region of
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interest, i.e. the pain related signal is unaffgédtg response time and temperature
covariates.

Table 2.3-2. ROI Localizer. Covariate Assessment. Full model versus reduced model (F-test).

Percentage of active

Region of Interest Extra sum of squares F value P value voxels
Thalamus .05 1.35 .30 6.90
Rolandic Oper. (R) .02 .33 73 1.29
Insula (R) .04 .48 .63 .63
Rolandic Oper. (L) .02 44 .66 .00

Models refer to the ‘Pain > No Pain’ contrast and were evaluated at the group level. The full model includes response time
and temperature covariates in addition to the constant term. Magnitude of covariate effect (extra sum of squares), F values
[F(2,12)] and uncorrected P values are provided for each pre-defined Region of Interest. The percentage of active voxels
that exceed an F(2,12) value of 3.89 (corresponding to P=.05, uncorrected) is also given.

The effect of each covariate on the pain specifjoa was then assessed in
separate t-tests (two-tailed). The results are sanaed in Table 2.3-3. The temperature
covariate shows a small but consistently positifeece across ROIs, i.e. response to pain
tends to increase with increasing temperature. @it is not reliable, however (all two-
tailed p values are above .44). Response timeslateregatively with ROI activity
except for the right Opercular ROI, where correlatis close to zero. In other words: ROI
activity in the sample tends to increase with iasieg detection speed during painful
stimulation. This finding is most prominent in tt@lamic ROI [T(12)=-1.62, p=.13, two-
tailed]. In concordance with the F-test above, dava effects do not reach the

significance criterion in any region of interest.

Table 2.3-3. ROI Localizer. Covariate Assessment (Pain > No Pain). Two-tailed t-tests.

Covariate Region of Interest Covariate effect T value P value
Temperature
Thalamus .05 .74 A7
Rolandic Oper. (R) .06 .68 51
Insula (R) .09 .79 44
Rolandic Oper. (L) .04 A7 .65
Response Time
Thalamus -.15 -1.62 13
Rolandic Oper. (R) .03 .21 .84
Insula (R) -11 -79 44
Rolandic Oper. (L) -.10 -.91 .38

Temperature and response time covariates were evaluated at the group level. Their interaction with pain related activity
(defined as the ‘Pain > No Pain’ contrast) is indicated as covariate effect. Covariate effects (beta weights), T values and
uncorrected P values are provided per pre-defined Region of Interest. The t-statistic has twelve degrees of freedom. P
values refer to two-tailed t-tests.
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2.3.2.2 Functional Characterization of Pain responsive Bran Regions

Thea priori defined pain responsive cortical areas were use€gasns of interest in the
factorial analysis of the functional data acquirethe Matching Task experiment. Beta
weights were extracted and entered into a 4 x 2ep8ated measures ANOVA with factor
‘ROI’ (four ROIs), factor ‘Pain’ (Paiws.No Pain) and factor ‘Emotion’ (Faces. Forms).
The main effect of factor ‘Pain’ is equivalent t&BM 'Pain > No Pain’ contrast that
collapses form matching and face matching conditibikewise, the main effect of factor
‘Emotion’ is equivalent to a SPM ‘Faces > Formshtrast collapsing painful and non-
painful conditions. As expected, ROIs were actigatignificantly by factor ‘Pain’:
F(1,14)=29.14, p<.001, G.G. corrected. Importaritig, effect of factor ‘Emotion’ also
meets the significance criterion: F(1,14)=6.01028, G.G. corrected. To assess direction
and magnitude of these main effects, separatéssese carried out (Table 2.3-4). As
illustrated inFig. 2-14 the emotion related response (‘Faces > Formgpsitive
throughout and most prominent in the right insiR@l [T(14)=2.84, p=.007, one-tailed],
followed by the right Rolandic Operculum [T(14)=2,p=.02, one-tailed], the left
Rolandic Operculum [T(14)=1.54, p=.07, one-tailaddl finally the thalamus [T(14)=.33,
p=.37, one-tailed]. The same ranking applies tgotlia specific ROI responses (‘Pain >
No Pain’). Note that the emotion related respondée right insular ROI survives
Bonferroni correction for the number of regions édjered into the analysis (p=.028,
corrected). On average, the activation by factondEon’ amounts to 30.0 percent of the

activation by factor ‘Pain’.

Table 2.3-4. Matching Task. ROI reactivity to emotional and painful stimuli. T-tests (one-tailed).

Percentage of active

Region of Interest Signal change (%) T value P value
voxels

Faces > Forms

Thalamus .02 .33 .37 10.35
Rolandic Oper. (R) .07 2.19 .02 30.93
Insula (R) .13 2.84 .007 59.31
Rolandic Oper. (L) .07 1.54 .07 6.06
Pain > No Pain
Thalamus .13 2.06 .03 36.78
Rolandic Oper. (R) .33 5.46 <.001 84.28
Insula (R) .33 4.71 <.001 99.05
Rolandic Oper. (L) .20 5.13 <.001 96.97

For each main effect in the 2 x 2 factorial design, response magnitude (expressed as percent signal change relative to the
whole brain global mean), T values and uncorrected P values are provided per region of interest. The T statistic has 14
degrees of freedom. P values refer to one-tailed t-tests. The percentage of active voxels that exceed a T value of 1.76
(corresponding to P=.05) is also given.
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Fig. 2-14.Pain responsive regions are activated by emotiandlpainful stimuli in the matching paradigm.
Pain and emotion related signals are defined ds ‘Palo Pain’ and ‘Faces > Forms’ contrasts, retipely.
Response magnitude is expressed as percent shiprade relative to the whole brain global mean. Boers
denote the standard error of the mean.

Moreover, the ANOVA revealed a significant ‘PaifR©OI’ interaction effect
[F(3,42)=5.33,p=.01, G.G. corrected]. As illustchte Fig. 2-14the group response to
painful stimulation in both right hemispheric R@8sstronger than in the thalamic ROI and
the left Rolandic ROI. A paired samples t-test aoméd that this difference is statistically
significant: T(14)=3.68, p=.002, two-tailed. Than&tion x ROI’ interaction effect is non-
significant [F(3,42)=1.08, p=.35, G.G. correctethe same holds for the ‘Emotion x Pain’
interaction effect: F(1,14)=2.61, p=.13, G.G. coted. However, two-tailed t-tests
revealed that the ‘Emotion x Pain’ interaction effes consistently negative in all ROls
(Table 2.3-5) and most reliable in the right ins@ad thalamic ROI [T(14)=-1.83, p=.09
and T(14)=-1.72, p=.11, respectively]. The threg wderaction effect was unreliable
[F(3,42)=1.56, p=.22, G.G. corrected].

Table 2.3-5. Matching Task. 2 x 2 interaction effect on ROI activity. T-tests (two-tailed).

Percentage of

Region of Interest Signal change (%) T value P value .
active voxels

2 x 2 Interaction

Thalamus -.09 -1.72 A1 25.29
Rolandic Oper. (R) -.02 -41 .69 77

Insula (R) -.12 -1.83 .09 7.57
Rolandic Oper. (L) -.05 -.93 .37 3.64

Effect size (expressed as percent signal change relative to the whole brain global mean), T values and uncorrected P
values are provided per region of interest. The T statistic has 14 degrees of freedom. P values refer to two-tailed t-tests. The
percentage of active voxels that exceed a T value of 2.14 (corresponding to P=.05, two-tailed) is also given.
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To further explore ROI response behavior, beta tsigiere extracted from each
ROI and plotted as a function of experimental cbodi(Fig. 2-15 panela). The
conditions were arranged along the x-axis in theation of expected signal gain: Forms
& No Pain -> Faces & No Pain -> Forms & Pain ->é&®& Pain. On average, BOLD
related activity increases linearly across the tlirseee conditions and saturates in the last
(black line). Hence, the response amplitudes betweams & No Pain’, ‘Forms & Pain’
and ‘Faces & No Pain’ conditions are similar. Timear ascent is particularly evident in
both right hemispheric ROIs and the thalamic R@®Llhke right insular ROI, the greatest
response amplitude is found between both non paiofuditions, i.e. between ‘Forms &
No Pain’ and ‘Faces & No Pain’. This is strikingygn the fact that this region is actually
pain responsive and was defined in an independealiter experiment. The greatest
response difference was actually expected to bedftw@tween non-painful and painful
conditions instead of non-emotional and emotiowalditions. Only in the right Rolandic
Operculum, the response difference between facéommdmatching tasks is small and
approximately equal in painful and non-painful @xts. In the ‘Face & Pain’ condition,
the signal gain is small in the left Rolandic R@ktmost absent in both right hemispheric
ROls. In the thalamic ROI, the signal even decrea®a average, the signal tends to
saturate in the ‘Faces & Pain’ condition (blacle)inwhere emotional and painful stimuli
are combined. This ceiling effect is reflected inemative 2 x 2 interaction effect, which is
small but consistently present across ROIs asnaatlabove. To further illustrate this
response behavior, beta weights were averagedsaR@ and displayed in an interaction
plot: factor ‘Emotion’ has a high impact on the BDkelated activity in the context of
innocuous warmth (‘No pain’), whereas the emotielated effect ceases completely in the
context of painful stimulation. This interactiontlween factors ‘Pain’ and ‘Emotion’ is,

however, statistically not significant (Table 2.8-5
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Fig. 2-15. Activity of pain responsive brain regions as achion of experimental condition in the Matching
Task. Panel a: Activation profiles are provided in different cadoper ROI. The mean activation profile
(averaged across ROIs) is plotted in bld@knel b:Interaction plot. Mean activation (averaged aciR€ds)

in face matching (squares) and form matching (dizssd tasks in the context of painful and non-pdinfu
stimulation. Error bars denote the standard erfthemean.

Covariate effects were assessed for each confragecest. In the ‘Pain > No Pain’
contrast, two sources of intersubject variabilitgynaffect the pain related signal: the
subject specific temperatures that were employedjtmlize pain perception in the
sample, and the response time differences betwaaafupand non-painful conditions.
According to the behavioral analysis above, thisd#ference was significant:
F(1,14)=8.65, p=.011, G.G. corrected. In the ‘Fac&€®rms’ contrast, the effect of RT
differences between the face matching and form Immragaasks was investigated. On the
behavioral level, these RT differences were agaghiy significant: F(1,14)=21.72,
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p<.001, G.G. corrected. The temperature covariate ot studied here, as the contrast
collapses over painful and non-painful conditidnghe 2 x 2 interaction contrast (‘Form
& No Pain + Face & Pain > Form & Pain + Face & NaorP) the respective response time
covariate and the temperature covariate were stubliete that there was no reliable RT
effect on the behavioral level, however: F(1,14)52=.66, G.G. corrected. Covariate
effects were assessed in an F-test approach: Mfdlel including the appropriate
covariates in addition to the constant term waspamed with a reduced model that only
consists in the constant term. The results arengivd able 2.3-6. In summary, no
significant amount of variance can be explaineddyariates. However, the RT covariate
in the ‘Faces > Forms’ contrast explains a rel&filerge amount of experimental
variance, especially in the right insular ROI [A@)=3.73, p=.08] and the thalamic ROI
[F(1,13)=2.30, p=.15]. In the former ROI, 18.0 pmrcof voxels show a covariation effect

between emotion related activation and responsestim

Table 2.3-6. Matching Task. Covariate Assessment. Full model versus reduced model (F-test).

Percentage of active

Region of Interest Extra sum of squares F value P value voxels

Faces > Forms

Thalamus .14 2.30 .15 10.35
Rolandic Oper. (R) .03 1.76 .21 18.04
Insula (R) .10 3.73 .08 10.41
Rolandic Oper. (L) .05 1.85 .20 3.03
Pain > No Pain
Thalamus .02 .18 .84 .00
Rolandic Oper. (R) .08 .73 .50 9.79
Insula (R) .04 .23 .80 1.26
Rolandic Oper. (L) .05 .99 .40 .00
2 x 2 Interaction
Thalamus .03 .39 .69 1.15
Rolandic Oper. (R) .06 1.35 .30 .00
Insula (R) .06 .39 .69 .00
Rolandic Oper. (L) .03 .27 77 .00

Models were evaluated at the group level. Faces > Forms: The full model includes the response time covariate plus the
constant term [F(1,13)]. Other contrasts: The full model includes response time and temperature covariates plus the
constant term [F(2,12)]. Magnitude of covariate effect (extra sum of squares), F values and uncorrected P values are
provided for each pre-defined Region of Interest. The percentage of active voxels that exceed an uncorrected p-threshold of
.05 (equivalent to a voxel-wise F(1,13)=4.67 and F(2,12)=3.89, respectively) is also listed.

Two-tailed t-tests were performed to assess sidedaaction of each covariate
effect (Table 2.3-7). In the ‘Faces > Forms’ cosiir&tests revealed a positive effect of RT
on BOLD related activity in the right insular RAI([L3)=1.93, p=.08] and the thalamic
ROI [T(13)=1.52, p=.15]. Activity thus increasesthvincreasing response times in the

face matching task relative to the form matchirgki#® weaker effect in the opposite
direction was found in both Rolandic Operculum RQOI4.3)=-1.36, p=.20 (left Rolandic
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ROI) and T(13)=-1.33, p=.20 (right Rolandic ROI} o the pain specific response
(defined as ‘Pain > No Pain’ contrast) the corretabetween response times and ROI
activity is less reliable and has an opposite f@oActivity in both Rolandic ROIs
correlate with RT, i.e. activity decreases withnpalated response acceleration:
T(12)=1.19, p=.26 (right Rolandic ROI) and T(1244Q,. p=.19 (left Rolandic ROI). RTs
show some correlation with the interaction effecthie right Rolandic Operculum
[T(12)=1.55, p=.15]. Note, however, that i) on thehavioral level, the interaction effect
on response times was unreliable, and ii) on thetfanal level, the interaction effect in
the right Rolandic ROI was very weak (see Table3).3herefore, this finding should be
interpreted cautiously. The temperature covariatevs a small and consistent positive
effect in the contrasts considered, which is, havesather unreliable (all p values are
above .36). Importantly, and in concordance withktests above, no covariate effect

reached the significance criterion (p=.05, twoetd)lin any region of interest.

Table 2.3-7. Matching Task. Covariate Assessment. Separate t-tests (two-tailed).

Contrast Covariate Region of Interest Covariate effect T value P value

Faces > Forms

Thalamus .26 1.52 .15
Response Time Rolandic Oper. (R) -11 -1.33 .20
Insula (R) .22 1.93 .08
Rolandic Oper. (L) -.15 -1.36 .20
Pain > No Pain
Thalamus .01 .09 .93
Temperature Rolandic Oper. (R) .03 .36 .72
Insula (R) .04 .51 .62
Rolandic Oper. (L) .04 77 .45
Thalamus -.06 -48 64
i .13 1.19
Response Time Rolandic Oper. (R) .26
Insula (R) 09 .63 .54
Rolandic Oper. (L) 10 1.40 .19
2 X 2 Interaction
Thalamus .05 .86 A1
Temperature Rolandic Oper. (R) .04 .94 .36
Insula (R) .05 .64 .53
Rolandic Oper. (L) .00 .00 1.00
Thalamus .01 .05 .97
Response Time Rolandic Oper. (R) 12 1.55 .15
Insula (R) A1 .75 A7
Rolandic Oper. (L) .08 71 .49

Covariates were evaluated at the group level. Their correlation with ROI activity in each contrast of interest is indicated as
covariate effect. Covariate effects (beta weights), T values and uncorrected P values are provided per pre-defined Region of
Interest. P values refer to two-tailed t-tests. Faces > Forms: The t-statistic has thirteen degrees of freedom. Other contrasts:
The t-statistic has twelve degrees of freedom.
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2.3.2.3 Functional Characterization of the Amygdala

The amygdala was defined as a structural regiontefest using the WFU Pick Atlas.
SPM analysis was thus confined to the bilateralgaala anatomical region. The emotion
related response was specified by a ‘Faces > Faramgrast collapsing painful and non-
painful conditions. This contrast was employedricayver emotion responsive subregions
within both amygdaladrig. 2-16shows the ensuing SPM T-map overlaid on a canbnica
MNI template.

Fig. 2-16. Amygdala activation by factor ‘Emotion’ in the mhing task (‘Faces > Forms’ contrast). The
SPM T-map is thresholded at a voxel-wise p valu®bf(FWE small volume corrected) and is overlaidao
coronal slice of a structural MNI brain template &NI coordinate y=-4.3 mm). L: Left; R: Right.

Table 2.3-8 provides statistical details. The peakel value (Z=4.67) in the left
hemispheric cluster is greater than in the righstr. Moreover, the left cluster is larger. It
comprises 46.4 percent of the left amygdala vol(®i6é mn7) as defined by the Marsbar
AAL plugin. The right cluster comprises 30.7 peitcehthe right hemispheric volume
(608 mnf). One further contrast yielded a significant aation focus, namely the negative
2 X 2 interaction contrast (Form & Pain + Face &Rain > Face & Pain + Form & No
Pain). This focus is comprised of only one voxdhie right amygdala surviving voxel
level correction for multiple comparisons (p=.0%/E corrected). Here, activation by
emotional stimuli is attenuated during painful stlation and vice versa. Note that other
contrasts (‘Faces < Forms’, ‘Pain <> No Pain’ amel positive interaction contrast) did not

reveal significant activation foci (p= .001, unamted) at any level of inference.
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Table 2.3-8. Amygdala Characterization. SPM activation clusters in the Matching Task.

MNI coordinates
Region of activation Laterality Z-score Clu_ster
X y z Size
Faces > Forms
. -24 -4 -18 4.67 102
Amygdala (anatomical ROI)
26 -2 -18 4.07 76

2 x 2 Interaction <0
no significant voxels/clusters/map at p=.001, uncorrected
R 28 -2 -24 3.21 1

The table shows clusters whose voxels exceed a t-statistic of 3.34 (P<.05 FWE corrected). The associated contrasts are
indicated. For each maximal activation focus per cluster, laterality coordinates, Z-score, and number of contiguous voxels
within a cluster are provided. Coordinates are defined in Montreal Neurologic Institute stereotactic space in millimeters.

Amygdala (anatomical ROI)

Amygdala reactivity was further characterized atnbgion level. Beta weights
were extracted from each structural ROI, averageolsa voxels and entered into a 2 x 2 x
2 repeated measures ANOVA with factors ‘Lateralitgft vs.right), ‘Pain’ (painvs.no
pain) and ‘Emotion’ (facegs.forms). As expected, analysis revealed a higlggifcant
effect of factor ‘Emotion’ [F(1,14)=29.2, p<.008eparate t tests (Table 2.3-9) confirmed
that both amygdalae are reliably activated in faces > Forms’ contrast. This effect is
particularly prominent in the left amygdala [T(18)68, p<.001, one-tailed]. Specifically,
the size of the emotion related response in thehalgdala is by 23.0 percent greater than
in the right amygdala. However, a paired samplestirevealed that this difference is not
significant in the sample [T(14)=-.67, p=.26, oaded]. Consistently, the effect of the
ANOVA factor ‘Laterality’ is unreliable: F(1,14)=84, p=.701. However, there is a
borderline significant effect of the ‘LateralityPain’ interaction indicating that the
magnitude of pain related amygdala activation diffeetween hemispheres: F(1,14)=1.40,
p=.049. Separate t-tests confirmed that the pdétett response in the right amygdala is
stronger and more reliable than in the left amygd@bble 2.3-9). Still, the significance
criterion is missed in both amygdalae. Concordaritly effect of the ANOVA factor
‘Pain’ is unreliable [F(1,14)=5.72, p=.46]. The ‘Btion x Pain’ interaction and the three
way interaction are unreliable, as well [F(1,14831.p=.20 and F(1,14)=1.40, p=.26,
respectively].
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Table 2.3-9. Amygdala Characterization. ROl Response Behavior in the Matching Task. T-tests.

Signal change

Contrast Laterality (%) T value P value Active voxels (%)
Faces > Forms
L .32 5.08 <.001 78.64
.26 3.51 .002 87.90
Pain > No Pain
L .01 14 .45 1.36
R .08 1.36 .10 5.24
2 X 2 Interaction
L -.04 -.65 .52 3.64
R -.08 -1.98 .07 23.39

For each contrast of interest, response magnitude, T values and uncorrected P values are provided per hemisphere.
Response magnitude is expressed as percent signal change relative to the whole brain global mean. The T statistic has 14
degrees of freedom. T tests are two-tailed (interaction contrast) or one-tailed (main effects). The percentage of active voxels

that exceed a T threshold of 1.76 and +2.14 (conforming to a one-tailed and two-tailed P value of .05, respectively) is also
listed. L: Left; R: Right.

Amygdala response profiles were created by plottiegextracted beta weights as a
function of experimental conditioffrig. 2-17, panela). Conditions were arranged along
the x-axis in the order of expected signal gainnt& No Pain -> Forms & Pain -> Faces
& No Pain -> Faces & Pain. The response amplitadgeatest between ‘Forms & Pain’
and ‘Faces & No Pain’ conditions, particularly iretleft amygdala. In the left amygdala,
the response profile displays a sigmoid shapéenhdrright amygdala, however, activity
increases steeply and almost linearly across thetfiree conditions. Painful stimulation is
thus associated with a signal gain that is companatth the gain produced by emotional
stimuli. In the last condition (‘Faces & Pain’), ede emotional and painful stimuli are
combined, amygdala activity saturates (right amigjdar drops (left amygdala). The
interaction plot (pand) summarizes bilateral amygdala responsivenessimiatching
paradigm: In the context of neutral visual stin{fdrm matching task), amygdala activity
is enhanced by painful stimulation. However, expegsa aversive faces (face matching
task) reverses this effect: Painful stimulatioridgea slightly lower amygdala activity than
non painful stimulation (cross interaction). Thegyative interaction effect is not reliable,
but it is present in both amygdalae, more promigeantthe right hemisphere [T(14)=-

1.98, p=.07, two-tailed, see Table 2.3-9].
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Fig. 2-17. Amygdala activity of as a function of experimentainditions in the Matching TasRanel a:
Activation profiles per hemisphere (right: squarkst: diamonds).Panel b: Interaction plot. The mean
response (averaged across both ROIs) to painfulaeg) and non-painful (diamonds) stimulation ia th
context of face matching and form matching tasksr@vided. Error bars denote the standard erradhef
mean.

In the following, the amygdala response to the fohstimulation as administered
in the Matching Task (pain rating: 5/10) and thedl@er Paradigm (pain rating: 8/10) is
investigated. Within the amygdala ROI, SPM analgsisnot reveal any significantly
active voxels in the ‘Pain > No Pain’ contrast otlbparadigms (p=.001, uncorrected).
The analysis was repeated at the region levelr@$dts are given in Table 2.3-10.
Bilateral ROIs showed a reliable activation by tighly painful stimulation administered
in the Localizer Paradigm (corresponding to a paiimg of 8 out of 10). This response is
slightly stronger and more reliable in the left gydgla [T(14)=2.49, p=.01, one tailed] and

activates as much as 50.9 percent of the anatorotahe. This pain related activation
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survives Bonferroni correction for the number ofIRQ) entered into the analysis. In the
Matching Task, painful stimuli are of medium intépgcorresponding to a pain rating of 5
out of 10) and elicit a clearly weaker responses Jignificance criterion is missed in both
hemispheres. The right amygdala is more sensiitked medium intense pain in the
Matching paradigm [T(14)=1.36, p=.10, one-taildiittactivates 5.2 percent of the

anatomical volumerig. 2-18summarizes amygdala responsiveness to emotiodal an

painful stimuli.
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Fig. 2-18. Magnitude of amygdala activation by painful ando@ibnal stimuli. The pain related response
refers to a ‘Pain > No Pain’ contrast performeddata from the Matching Task (medium intense pain,
rating: 5/10) and the Localizer Paradigm (high mse pain, rating: 8/10). The response to aversices
refers to a ‘Faces > Forms’ contrast. Error barotiethe standard error of the mean.

It was further investigated, whether the amygdeasgponse to painful stimulation
can be sharpened by narrowing down the search eotarthose subregions that exhibit a
reliable response to aversive faces. These regiens defined functionally by a ‘Faces >
Forms’ contrast. The ensuing activation clustersevg¢udied in detail abov€&iQ. 2-16
and Table 2.3-8). The analysis was then re-run thigse emotion-sensitive ROIs instead
of the anatomical ROIls. Table 2.3-10 comparesébalts of both variants of ROI
specification. In emotion sensitive ROIs, the pgprcific mean response (‘Pain > No
Pain’) was higher, more reliable, and a greatecqgrgnge of voxels was activated
compared to the anatomical definition. This holaiskfoth intensity levels (5/10 and 8/10).
In particular, the amygdala response to mediummsggoain (5/10) benefited from the

narrower functional ROI definition, but the sigodince criterion was still missing here. To

74



comprehensively assess the amygdala responsetoap@ix 2 repeated measures ANOVA
was carried out with factors ‘Laterality’ (lefs.right), ‘ROI definition’ (functionals.
anatomical), and ‘Intensity’ (mediuws. high). The analysis revealed a significant eftdct
factor ‘ROI definition’ [F(1,14)=5.77, p=.031, G.Gorrected]. A paired samples t-test on
collapsed data confirmed that the pain relatedadignemotion sensitive ROIs was
significantly higher (by 16.4 %) than in anatomigalefined ROIs: T(59)=2.74, p=.008,
two-tailed. For factor ‘Intensity’ and factor ‘Latdity’ the significance criterion was
missed [F(1,14)=3.04, p=.10, and F(1,14)=.77, pd€pectively]. All two-way
interactions and the three-way interaction were atn-significant.

Table 2.3-10. Amygdala Characterization. Pain reactivity of anatomical and functional ROIs. T-tests.

Amygdala . Signal change Active voxels
Contrast definition Laterality (%) T value P value (%)
ROI Localizer
Pain > No Pain
anatomical
L .15 2.49 .01 50.91
12 2.25 .02 41.13
functional
L .16 2.61 .01 79.41
14 2.31 .02 60.53
Matching Task
Pain > No Pain
anatomical
L .01 14 .45 1.36
.08 1.36 .10 5.24
functional
L .02 41 .34 2.94
R .09 1.40 .09 9.21

Magnitude of pain related response (percent signal change), T and uncorrected P values are provided per hemisphere and
type of amygdala ROI definition. amygdala ROIs were defined i) functionally from amygdala clusters exhibiting significant
activation in the ‘Faces > Forms’ contrast, and ii) anatomically according to the AAL Atlas. Heat stimuli in the Matching Task
and the Localizer paradigm correspond to medium (rating: 5/10) and intense pain (rating: 8/10), respectively. The T statistic
has 14 degrees of freedom. P values refer to one-tailed t-tests. The percentage of active voxels that exceed a T threshold of
1.76 (conforming to a one-tailed P value of .05) is also listed. L: Left; R: Right.

Amygdala activity may be influenced by two souroémter-subject variability: i)
the individual temperatures employed to equalize parception in the sample, and ii) the
response times related to the incidental task. Gateseffects were assessed in an F-test
approach: A full model including the appropriate@aeates in addition to the constant
term was compared with a reduced model that ontgists in the constant term. F-tests
were carried out for each contrast of interest. fEsalts are given in Table 2.3-11 for both
paradigms. Note that for the 'Face > Forms’ contflsiatching Task) only the response
time covariate was studied as the contrast collapser painful and non-painful

conditions. In summary, no significant amount afiaace can be explained by covariates.
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This holds for both functional and anatomical défams of the amygdala region of
interest. Some effects however, albeit statistiaakignificant, are worth mentioning. In
the Matching Paradigm, there is a notable covagtitet in the ‘Faces > Forms’ contrast.
19.1 percent of the left anatomical volume coreslawith per subject response times
[F(1,13)=3.32, p=.09]. This number rises to 29.f&eet for the functional ROI definition.
The F statistic concordantly indicates are moralpé effect for the functional definition,
but the significance criterion was still not me(JA.3)=3.83, p=.07]. Separate t-tests
(Table 2.3-12) revealed that emotion related agti/iFaces > Forms’) increases with
growing response time in the left emotion sensiRe@ [T(13)=1.96, p=.07, two-tailed],
and to a lesser extent in the anatomically defiRéd [T(13)=1.82, p=.09, two-tailed].
Moreover, t-tests revealed that the pain relateggal@la response (‘Pain > No Pain’) and
the interaction effect positively correlate with Ra6 well. The covariate effect is generally
stronger in the left hemisphere and in the funailydefined ROIs. The second-strongest
RT effect refers to the pain-related response ({PadNo Pain’) of the functionally defined
left amygdala, i.e. the response to pain increasisgrowing response time: T(12)=1.69,
p=.12, two-tailed. With respect to the Localizergehgm, there is no substantial covariate
effect evident from F-tests (all>p.42, two-tailed). Separate t-tests referring ® th
Localizer Paradigm are provided in Table 2.3-13.
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Table 2.3-11. Amygdala Characterization. Covariate Assessment. Full model versus reduced model. F-tests.

Percentage
. Amygdala . Extra sum of .
Paradigm Contrast definition Laterality squares F value P value of active
voxels
ROI Localizer
Pain > No Pain
anatomical
L .01 A1 .90 .00
R .07 .70 .52 4.03
functional
L .01 .10 .90 .00
R A1 .93 42 11.84
Matching Task
Pain > No Pain
anatomical
L .15 1.40 .28 3.18
R .08 .84 .45 2.02
functional
L .13 1.43 .28 6.86
R .09 .73 .50 1.32
Faces > Forms
anatomical
L 17 3.32 .09 19.09
R .00 .00 .98 .00
functional
L .18 3.83 .07 29.41
R .00 .01 .93 .00
2 X 2 Interaction
anatomical
L .07 .74 .50 3.64
R .03 44 .65 .00
functional
L .05 .49 .62 .98
R .02 .16 .85 .00

Models were evaluated at the group level for each contrast of interest in both paradigms. Faces > Forms: The full model
includes the response time covariate plus the constant term [F(1,13)]. Other contrasts: The full model includes response
time and temperature covariates plus the constant term [F(2,12)]. Magnitude of covariate effect (extra sum of squares), F
values and uncorrected P values are provided for functional and anatomical ROI definitions. The percentage of active
voxels that exceed an uncorrected p-threshold of .05 (equivalent to a voxel-wise F(1,13)=4.67 and F(2,12)=3.89,

respectively) is also listed. L: Left; R: Right.

77



Table 2.3-12. Amygdala Characterization. Covariate Assessment. Matching Task. Separate t-tests (two-
tailed).

Contrast Covariate ﬁgﬁgﬁf Laterality C%\;fegi;tte T value P value
Faces > Forms
Response Time
anatomical
L .28 1.82 .09
R 00 -.02 98
functional
L 29 1.96 07
R -.02 -.09 93
Pain > No Pain
Temperature
anatomical
L .07 1.03 .32
R 05 .78 45
functional
L 06 91 38
.05 .67 .52
Response Time
anatomical
L .18 1.65 12
R .13 1.29 .22
functional
L 17 1.69 12
R .14 1.21 .25
2 x 2 Interaction
Temperature
anatomical
L 04 .68 51
R -.04 -85 41
functional
L 04 .68 51
-.02 -.37 .72
Response Time
anatomical
L .13 1.15 .27
R .02 .16 .87
functional
L A1 .88 .40
R .04 .32 .75

Covariates were evaluated at the group level. Correlation of response times and temperatures with amygdala activity in
each contrast of interest is indicated as covariate effect. Covariate effects (beta weights), T values and uncorrected P values
are provided for functional and anatomical ROI definitions. P values refer to two-tailed t-tests. Faces > Forms: The t-statistic
has thirteen degrees of freedom. Other contrasts: The t-statistic has twelve degrees of freedom. L: Left; R: Right.
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Table 2.3-13. Amygdala Characterization. Covariate Assessment. ROI Localizer. Separate t-tests (two-tailed).

Covariate Amyg_qala Laterality Covariate T value P value
definition effect
Temperature
anatomical
L -.06 -.46 .65
-.08 -.66 .52
functional
L -.06 -.43 .68
-.15 -1.14 .28
Response Time
anatomical
L .03 .19 .85
=11 -74 A7
functional
L .05 .28 .79
R -.06 -.37 72

Covariates were evaluated at the group level. Correlation of response times and temperatures with amygdala activity in the
‘Pain > No Pain’ contrast is indicated as covariate effect. Covariate effects (beta weights), T values and uncorrected P
values are provided for functional and anatomical ROI definitions. P values refer to two-tailed t-tests. The t-statistic has

twelve degrees of freedom. L: Left; R: Right.
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2.4 Discussion

The aim of the present study was to investigatertezaction between pain and emotion
processing in the human brain. Heat stimuli eqgedlifor perceived pain intensity were
employed as pain stimuli. Photographs of high vadefiacial expressions (anger and fear)
were employed as socially relevant emotional stinWle report four major results: i) pain
responsive cortical regions are activated by battol ‘Pain’ and factor ‘Emotion’ in
approximately the same relative proportions. iig Hilateral amygdala responds to high
intensity thermal pain. iii) This response is partarly strong in those subregions of the
amygdala that exhibit a reliable response to tb@fatimuli. iv) Factor ‘Pain’ and factor
‘Emotion’ do not interact significantly. There Ispwever, a consistent trend towards a
negative interaction effect. Specifically, neuratrelates of thermal pain and emotional
stimuli aggregate less than additively (subaddiivim all investigated regions.
Neurobiological studies have identified the amygdsd a key structure in the
processing of fear and anxiety (Aggleton, 2000n&wodantly, facial stimuli elicited a
strong and reliable bilateral amygdala respongkarpresent study. Given this activation
we assume that a negative affective state hasdreated successfully in the participants.
Our paradigm did not provide any rating scheme (&igpleasantness’ rating) that could
confirm the success of emotional induction. Ondtieer hand, asking the participants to
rate their feelings would have introduced cognig¥iects complicating the interpretation
of results (see below). Moreover, employed fadiahgli are well validated (Calder and
others, 2000;Calder and others, 1997), and avefsoes have previously been shown to
elicit a significant autonomous stress respongkearoriginal version of the face matching
paradigm (Hariri and others, 2002c). The left anajgatluster is larger and shows a more
reliable emotion related signal than the right reggheric focus. In most other studies
employing the face matching paradigm or its denvest the right amygdala is dominant,
however. Hariri and colleagues found that averfaces engage particularly the right
amygdala, whereas the left amygdala is more styangblved in the processing of
aversive scenes that are devoid of social elenfelatsri and others, 2002c). It may be
argued therefore, that our amygdala activation ao¢seflect the social signal implied by
angry and fearful expressions. This is a pointasfoern as there is reason to believe that
maladaptive processing of social stimuli is a kesnponent of somatoform diseases
(Grabe, Spitzer, and Freyberger, 2004). A paradigahdoes not reliably probe neural

systems related to the social dimension may beessdbr validating corresponding
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disease models. One must bear in mind, howevdrtaaignal quality in the amygdala
region (signal to noise ratio, SNR) is reduced wususceptibility artifacts cause by the
neighboring sinus cavities. LaBar and colleaguestpput that the laterality of activation
foci in the limbic forebrain is highly variable feinis reason and should not be
overinterpreted (LaBar and others, 2001). Unsurggig, other studies have found a
predominantly left sided response to aversive fatimuli (Heinz and others, 2005). This
even holds for (at least) one study employing #ue fmatching paradigm (Hariri and
others, 2002a). Hence, our findings do not conttaaliblished results concerning the
neural correlates of socially aversive stimuli.

Another point of concern refers to the baselinedaoon. The emotion related
signal was defined as the remainder of the sulirabetween the BOLD responses in the
face matching and the form matching task. Thisrsigtibn principle commonly applied in
fMRI studies has been criticized in that experimaénbnditions are likely to elicit a whole
series of changes in the brain (Jezzard, 200lldtws that the baseline condition must be
in every aspect equal to the experimental condiixept for the feature of interest, i.e.
negative emotionality. In this sense, the ‘bessdime would employ photographs of
neutral faces as opposed to abstract geometricsfdmiact, the ‘Faces > Forms’ contrast
in the present study did not only reveal activwitythe amygdala but also in the visual
cortices and the fusiform ‘face’ areas. We triededuce additional activations by
equalizing baseline and experimental conditiorteims of stimulus shape, luminance and
position (see method section for details). Meyardleinberg and colleagues defend the
usage of simple geometric forms (Meyer-Lindenberd athers, 2008) as it has been
shown that a low-level baseline is necessary fetiable amygdala activation (Lawrie and
others, 2002). Moreover, the fMRI environmeet secan create anxiety and participants
may misperceive neutral faces as threatening thusiitg amygdala activation in the
control condition (Thomas and others, 2001).

We were impressed by the high signal quality iegian that is affected by
susceptibility induced signal drop outs. Accordiagur literature research, the amygdala
response in our study (peak Z=4.67) was more felidan in many other neuroimaging
studies with similar sample sizes. Our modificagio the original Hariri paradigm have
successfully optimized the signal to noise ratidiR3. It should be stressed that a good
signal to noise ratio is crucial for finding an dina related signal in pain responsive
regions, i.e. in brain areas that have been defweedrding to their response to thermal

pain rather than their response to emotional fates.following key modifications have
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been applied to the original face matching paradiginstly, the number of face matching
blocks has been increased from two to eight. Nutejever, that a significant habituation
effect for facial stimuli has been repeatedly foim@MRI studies of the amygdala (Hariri
and others, 2002c;Wedig and others, 2005;Wrightadhers, 2001). Increasing the
number of trials by repeating stimuli is probabbt enough to improve SNR substantially.
Secondly, we reduced the duration of a block fr&d320 seconds. This is closer to the
theoretical optimum (16 seconds) that applies ¢éocimonical HRF (Henson, 2007). Trial
duration was reduced from 5 seconds to 3.3 sedtndsncreasing the proportion of time
during which the participants are engaged in thichiiag task. Thirdly, we optimized the
covariance structure of the design by insertingd€bnd pauses between subsequent
blocks. This allows the BOLD signal to settle dowproving the estimation efficiency of
the statistical model (see Formula 2, p. 50). Fdyrive employed computer enhanced
stimuli that are of higher emotional valence tham driginal Ekman and Friesen stimuli
(Calder and others, 2000). The stimuli were maskdbe hairline, i.e. the subjects had to
match the photographs according to facial featun&tead of hairstyle or background
details that are devoid of emotional content. Ttmtal region is most important to
determine a person’s identity and has been showe farticularly relevant for producing
a BOLD response in the amygdala (Morris, deBoms, Rolan, 2002).

The percentage of correctly matched images (facg$ams) was close to 100 for
all participants indicating a good compliance. iegrants matched geometric shapes
significantly faster than facial images. This fingimay raise concern about the specificity
of the reported amygdala activity: It may not exokely reflect the aversive character of
the stimuli but also the higher task difficulty dwg face matching compared to form
matching. However, the slowest response time recb(tl. 7 seconds) was still well below
the duration of a trial (3.3 seconds). We theretlwenot think that task related stress may
have contributed to the reported amygdala actimatBovariate assessment nevertheless
revealed a borderline significant correlation betweesponse time (RT) and the emotion-
related amygdala signal. As illustratedHig. 2-19 the amygdala response to factor
‘Emotion’ increases with increasing task specifit &d saturates when RT in the face
matching task exceeds the baseline RT (form magdaisk) by approximately 400 ms.
This relationship is well approximated by a logamiic function (red curve; &.36;
F(1,13)=7,42, p=.02)

82



0.60—

0.40—

Contrast Estimate

o
N
o

1

0.00—

0 200 4(')0 600
ART(ms)

Fig. 2-19.Mean activation in the left emotion sensitive anigig cluster as a function of response time. The
emotion related signal is defined as ‘Faces > Fboustrast. Likewise ART denotes the (average) RT
difference between face matching and form matchiiads. Each point in the scatter plot refers tae on
subject. Data are fitted by a logarithmic functiging SPSS (v. 15).

It has been shown that amygdala activity can beutaded by cognitive factors.
For instance, activity decreases when facial emetare explicitly labeled rather than
implicitly processed (Hariri, Bookheimer, and Mazta, 2000;Critchley and others,
2000). Cognitive top down modulations are worrisphmvever, when the cognitive task
per seis unrelated to the research question. In theeptegudy the employed task is
‘incidental’, i.e. it shall merely confirm the paipants’ attention towards the stimuli.
Liberzon and colleagues have found that task instms relating to recognition memory
and interoception (‘unpleasantness rating’) difftiadly influence amygdala reactivity to
aversive stimuli (Liberzon and others, 2000). Tagod colleagues (Taylor and others,
2003) have suggested that amygdala activity mighireserved best by not combing
emotional stimuli with cognitive tasks at all (‘&g viewing’). However, this implies that
the experimenter must rely on the subjects to dtterthe stimuli in an uncontrolled way.
As to our knowledge, the influence of RT on amygdattivity in the Matching Task
paradigm has never been studied before. Our findidigates that activity evoked by
facial stimuli depends on the amount of time duriigch participants actively attend

towards these stimuli while performing a low lepeflceptual task. The ceiling effect
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shown inFig. 2-19adds credibility to this interpretation. This find may motivate design
optimizations that aim to further improve the sigiwanoise ratio in the amygdala region
of interest. For instance, trial duration couldfimher reduced in order to increase the
period of time the subjects spend in a state avaetitention. As an alarm system, the
amygdala can respond very rapidly to aversive stjimhich has been repeatedly shown
in fMRI studies (Etkin and others, 2004;Morris, Cdimand Dolan, 1998). Hence,
statistical power might particularly benefit fronmeduction of trial duration in favor of a
higher number of trials.

We observed that the amygdala was activated byditierent modalities, namely
by aversive visual stimuli and — to a lesser exteby physical pain. The response to
intense pain (rating: 8/10) accounted for 47% efrésponse to aversive faces. Moderately
painful (rating: 5/10) stimuli elicited a positiveit unreliable response. Pain related
activity was detected bilaterally in line with aepious fMRI study investigating neural
correlates of acute thermal pain (Bornhovd andrsit#002). The amygdala is an alarm
system, whose primary role is to signal impendirgat and to elicit behavioral and
hormonal measures before body harm can be inflittetthe present study we found
amygdala activation during ongoing body injury tbatises a first degree skin burn. The
amygdala as a nociceptive structure, is well docuatkin animal research (Neugebauer
and others, 2004). In human neuroimaging, howehkerrole of the amygdala in the
processing of pain is less established. Numerousoimeaging studies failed to report
amygdala activity during acute noxious stimulatiBeview articles do not mention the
amygdala as a core region of the pain processistgsy(Tracey, 2008;Peyron, Laurent,
and Garcia-Larrea, 2000;Neugebauer and others, PG@gy and Mantyh, 2007).
Moreover, both activations and deactivations haaenlreported (Neugebauer and others,
2004). Tracey and colleagues (Tracey, 2008) lsttmygdala among those regions that
are optionally but not mainly activated by acutenp@hese authors suggest a large
interindividual variation of the pain related amwgtalresponse depending on context
factors. It has been emphasized that the amygslaaeagion involved in a variety of
different but somewhat related functions. It wotkidrefore be particularly important to
select the baseline condition carefully. Differbaselines may partly explain the
inconsistencies regarding the nociceptive amygaponse, which are, however, “yet to
be understood” (Neugebauer and others, 2004). ¢t imeinoted in this context that the
methodological concerns regarding the form matcbeggline discussed above do not

apply here. High intensity pain stimuli were adretared in a separate paradigm that was
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tailored to unambiguously identify pain respongiegions. The two conditions employed
there (‘pain’vs.‘no pain’) differ only in the feature of interesiamely high intensity
thermal pain corresponding to a subjective ratihg out of 10.

Bornhovd and colleagues have identified an importanfound regarding the pain
related amygdala response (Bornhovd and otherg)208ey presented heat stimuli of
various intensities in random order and at randatervals. They found a substantial
amygdala response in trials, where the stimulensity was actually below the perceptual
threshold (‘null’ trial). During these trials, tiparticipants could not be sure whether a
‘null’ trial is being presented or a painful triglabout to be initiated. The authors suggest
that the amygdala is involved in coding this ‘urtasty’. Concordantly, it has been shown
that expectation of paiper secan engage anatomical regions implicated in tbegssing
of pain (Ploghaus and others, 1999). In the prestewlty, however, the pain stimulus was
announced 10 seconds prior to the trial. Thereamasequently no uncertainty involved
that could have augmented the amygdala responsgrioMoreover, the time intervals
(ramping intervals), during which anticipation ageparatory responses might have taken
place, were not included in the statistical modgkctively ruling out these confounds.

Psychometric profiling revealed that pain perceptba given stimulus intensity
can vary greatly across subjedesy( 1-4). This observation may partly explain the above-
mentioned inconsistencies in the neuroimagingditee regarding the nociceptive
amygdala response. In designs that operate wigld fimperatures (i.e. temperatures are
identical for all subjects) only a subset of papénits may experience a substantial pain
sensation. Since amygdala responsiveness largpgnds on the subjective perception of
pain (Bornhovd and others, 2002;Giesecke and qtBe65;Schneider and others, 2001),
fixed temperature designs are less powerful indieig a pain related signal change. A
second reason for the above-mentioned inconsigeneay involve the anatomical
location of the amygdala near the sinus caviti®R $1 echo-planar imaging is reduced by
macroscopic susceptibility gradients at air-borterfiaces, particularly when higher field
strengths are utilized (Deichmann and others, 20@3now and others, 2003;Merboldt
and others, 2001). Research groups investigatimgrpaponsive regions often do not
focus on the amygdala. They often employ high fegténgths, since 3 Tesla machines
become increasingly available and are clearly atdwgaous in regions that lie remote from
air-bone interfaces. However, this general advantiges not apply to the amygdala and
the orbitofrontal cortex (Krasnow and others, 2008)ich are particularly implicated in

psychiatric research. Optimized EPI sequencesvaitahble for these elusive regions
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(Merboldt and others, 2001;Deichmann and othe@3R®mut appear to be underutilized.
A third reason for the reported inconsistencies nedate to the task instruction. In the ROI
localizer paradigm the task was kept as simpleoasiple: the subject had to press a button
as soon the fixation cross blinks. Many studieslegnpnpleasantness ratings or pain
intensity ratings. Rating of an unpleasant expegaepresents a cognitive task that
produces a feeling of control over that experiefi¢es phenomenon is utilized in a
therapeutic setting (Marks, 1985). For our purpbseyever, a rating task may reduce the
neural response to pain by exerting a top downrobatver the amygdala. It has already
been shown that amygdala activity is attenuatedchbyg the unpleasantness of aversive
visual stimuli compared to passive viewing (Taydod others, 2003). To avoid
interactions between pain processing and cogniti@participants were not required to
evaluate their pain experience during fMRI datauggitjon. Instead, the pain stimuli were
rated in a separate session outside the scaneesdston 1.2.4).

We found that the response to pain was particukdriyng in those subregions of
the amygdala that exhibited a reliable respongadial stimuli. As shown iffrig. 2-2Q the
pain related activation cluster resides almostelytwithin the cluster activated by
aversive faces. Inost hocanalysis we further investigated the regional gippgof the
amygdala response. For this purpose we employedbalpilistic atlas (Eickhoff and
others, 2005) that parcellates the human amygdtdahree major subdivisions based on
differences in cyto, myelo and chemoarchitectumaAts and others, 2005): the
laterobasal amygdaloid group (LB), the centromeglialip (CM), and the superficial
(cortical) group (SF). These structures encompaskenthat have been characterized in
animal research: LB comprises the lateral, bas@hteasomedial and paralaminar nuclei,
CM the central and the medial nuclei, and SF inetuithe anterior amygdaloid area, the
ventral and posterior cortical nuclei. In humarssfilnctional properties of these
subdivisions are largely unexplored. Existing inmggstudies rarely assess amygdala
response behavior in terms of cytoarchitecturbpaljh some authors report that regional
differences in function do indeed exist (Etkin aniders, 2004;Whalen and others, 2001).
As to our knowledge no imaging study so far ingegd correlates of pain in different

amygdala subregions.
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Fig. 2-20. Spatial relationship between emotion and paintedlactivation clusters in the amygdala. The
emotion related signal was defined as ‘Faces > Focontrast (green). The pain related signal wdmele

as ‘Pain > No Pain’ contrast (red) referring tohiygpainful stimulation (rating: 8/10). The intecti®n area

of both clusters is indicated (yellow).

In mammals, highly processed polymodal informateaches the amygdala from
the thalamus and the cerebral cortex through tieedla(LA) and basolateral nucleus
(BLA), and is then conveyed to the central nuclglsA). The human homolog lies dorsal
to the laterobasal part and comprises only 10% egimygdala volume. This output
nucleus has efferences to the hypothalamus, beamahd forebrain regions, regulating
behavioral, emotional and autonomic responses (LgP2000). The LA-BLA-CeA
connection has been described as fear and angietgd circuitry, which also receives
input from pain processing structures such asrbelar cortex and the midline nuclei of
the thalamus. Single unit recordings in rats reagtal high concentration of nociceptive
neurons in the laterocapsular part of the Centraleus. These neurons typically have a
large bilateral receptive field, which is in agresrhwith our finding of a bilateral
nociceptive amygdala response. The neurons redewet input from the spinal cord
(Burstein and Potrebic, 1993) and ascending paimyzgys such as thepino-parabrachio-
amygdaloid pain pathway (Gauriau and Bernard, 200} ‘nociceptive’ amygdala also
has indirect connections with the medial dorsdktinas, hypothalamus and agranular
insular via the substantia innominata dorsalis.s€h&ructures are implicated in pain
processing, which we were able to confirm in thespnt study. The amygdala is part of
the endogenous pain control system via its effguasjections to midbrain regions such as
the periaqueductal grey (LeDoux, 2000). The amyaydativation in the present study may
thus reflect both its afferent and its efferentdiions, relating to nociception and pain
control, respectively.

Given the convergence of polymodal inputs on tmeesaeural circuitry it may be
no surprise that aversive faces and thermal pdiveded overlapping clusters within the
amygdala. The modality specific activation peaksolly 4.5 mm (left amygdala) and 6.3

mm (right amygdala) apart. Thermal pain and averfaces engaged all three subdivisions
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in almost the same relative proportidfig. 2-21 The SF and LB are prominently
activated in line with the recent meta-analysiBayl and colleagues (Ball and others,
2009). We observed the largest response in thailsdigsion, which is adjacent to the
laterobasal group. In rodents this structure idicaped in the acquisition of conditioned

fear responses (Gonzalez-Lima and Scheich, 1986).

0.3
0.25
Q
T 0.2
£
7] W Pain > No Pain (8/10)
L 0.15 A
7 W Faces > Forms
g
=
c 0.1
o)
O
0.05
0 -

Centromedial Group Superficial Group Laterobasal Group

Amygdala Subdivision

Fig. 2-21.Response of amygdala subdivisions to emotionalpanaful stimulation. The corresponding SPM
contrasts are indicated. Intensity of thermal pairresponds to a subjective pain rating of 8 out@fThe
amygdala subdivisions are defined according toasgtutectonic criteria (Amunts and others, 2005hgis
the SPM Anatomy toolbox v. 1.5 (Eickhoff and othe&2805).

In summary, facial and pain stimuli share the sam@al substrate within the
amygdala. Both modalities appear to be processeithsly even at the microscopic level
with the only major difference being the highemsiggain observed for facial stimuli
compared to thermal pain. Given this concordancktla@e connection between the
amygdala and the descending pain control systeenp@y speculate that a persistent
negative emotional state may affect the PAG andeguently the filtering of sensory
information at the dorsal horn. This could be tkenmal mechanism behind the concept of
‘somatic amplification’ of sensory stimuli (Barskaynd Klerman, 1983), which has been
proposed to link states of emotional distress ysjgal symptoms (McCracken, Faber, and
Janeck, 1998).

We cannot determine in the present study, whettxeions information reached the
amygdala via spinal pathways or through structtlraswe identified as pain responsive
regions in the localizer experiment. This particylaefers to the midline thalamus and the

anterior (‘agranular’) insular cortex. These stanes were shown to be connected to the
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amygdala in animal studies (see above) and weragtr activated by the same thermal
stimulation that also engaged the amygdala. Viguadrsive faces) and thermal
stimulation is processed strikingly similar, whiobnfirms the general notion that the
amygdala attaches emotional significance to polyahednsory inputs. In this sense, the
lack of significant amygdala activation in respotsenoderate pain suggests that the
applied thermal intensity was possibly too low &ilterpreted as threat. The high
relevance of aversive social signals (angry andudktaces) to social animals like humans
(Darwin, 1872;Ekman, Sorenson, and Friesen, 19@8) aiso explain, why the amygdala
responds stronger to these visual cues of thrdaréhan to body injury caused by
noxious heat.

It has been argued that high resolution imagingase appropriate to differentiate
functional aspects of the amygdala nuclei, sine& tiespective centers lie less than 1cm
apart (Annemieke M. Apergis-Schoute in respondgaibet al. (2007)). In this way,
functional differences within the amygdala coulddedineated more accurately. The
central nucleus (CeA) as a mediator of the stresganse would be particularly interesting
for further studies in the context of chronic paymdromes and affective disorders.
Neugebauer and colleagues have focused on thetceatleus of the amygdala in an
animal model of chronic pain (Neugebauer and LQ3)0In this model, monoarthritis in
rats was induced in one knee by injection of iniga Within hours after injection, a subset
of neurons within the central nucleus exhibitedasrded responses to mechanical stimuli,
not only at the site of injury but also at intaodly sites. This indicates a sensitization of
neurons by a persistent pain stimulus as well aanéargement of their receptive fields.
This hypersensitivity to pressure stimuli resemisigsptoms observed in some chronic
pain syndromes, such as fibromyalgia. In the arthpain model, whole-cell voltage-
clamp recordings on CeA neurons confirmed enhasgedptic transmission of both
spinal and thalamocortical inputs. Moreover, tretingg membrane potential of CeA
neurons was raised indicating a general hyperdilkita In the present study, we found an
activation of the CeA homolog in humans by botmpdiand emotional stimuli. In the
light of these electrophysiological results, omding suggests that similar neuroplastic
changes may not only be evoked by persistent pairalso by persistent emotional
distress. Emotional distress may cause somatofomplaints by increasing amygdala
responsiveness to non noxious stimuli. It wouldsthe particularly worthwhile to probe
the pain and emotion related response behavidreodmygdala in chronic pain patients.

Another interesting target of investigation is doanectivity between the CeA and
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midbrain regions. The amygdala exerts pain commlts projections to the

periaqueductal grey, which is part of the descandihibitory pain control system. In an
fMRI study, Kirsch an colleagues found that Oxylg@ nonapeptide implicated the
formation of social bonds in mammals, modulatesfional connectivity between the
amygdala and the midbrain region (Kirsch and otH2085). These authors employed the
Hariri matching paradigm. Our factorial design, leeer, would allow addressing the
question, whether modulation of descending pairtrobaystems is specific to visual cues
of threat or also applies to physical pain. In thés, the distinguishing functional
differences between healthy controls, chronic ggimdromes and affective disorders could
be identified at the systems level.

The factorial design in the present study allowsdouassess the interaction
between the factor ‘Pain’ (corresponding to a patmg of 5 out of 10) and the factor
‘Emotion’. We found that neural correlates of thatpain and aversive faces aggregate
less than additively (‘subadditively’). This negatiinteraction effect was consistently
present in all regions considered. In the amygodadéon, the combination of heat pain
with aversive faces did not yield a significantigltier hemodynamic response compared to
aversive faces without concomitant thermal pains teiling effect presumably restricts
the neural response within a physiological range/ould therefore be particularly
interesting to assess whether this physiologicgaoase behavior is retained in
pathological conditions, e.g. in chronic pain sydes. Existing neuroimaging studies of
clinical pain found that neural correlates of enédly applied noxious stimulation are
reduced compared to healthy controls (Derbysh®89) To our knowledge, the
interaction between non-physical stressors (engotienal faces) and externally applied
pain stimuli has not been studied in patients $ath studies would be worthwhile,
particularly since these syndromes are known tsttmagly associated with affective
disorders (McCracken, Faber, and Janeck, 1998).

Our findings also provide insights into the phenaoreof stress induced analgesia
at the systems level in humans. It is commonly pismkthat exposure to aversive contexts
results in potent analgesia, so-called stress-edlacalgesia (SIA). SIA is of evolutionary
significance as it allows an animal in threatersitgations to react as if there were no
pain, which increases chances of survival (Amit @atina, 1988). Animal models use
physical stressors (e.g., inescapable electrick3lioestablish an aversive context. SIA is
subsequently assessed using standardized nocieégsis (e.g., tail flick test). A similar

approach has been adopted in humans: Inescapaldle stiness increases the threshold of
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a nociceptive flexion reflex, an effect reversedligu-opioid receptor antagonist
naloxone (Willer, Dehen, and Cambier, 1981). Mompfear induced by acute
uncontrollable shock reduces pain perception indns{Rhudy, Grimes, and Meagher,
2004). The same holds for phobic anxiety induceddrfronting arachnophobes with a
spider, i.e. a potent visual cue of threat (JanaseinArntz, 1997). Neurobiologically, SIA
has been linked to opioidergic neurotransmissianlie phenomenon has never been
studied with functional imaging techniques befdferd and Finn, 2008), although
behavioral evidence in humans suggest the involnéwfesupraspinal mechanisms
(Rhudy, Grimes, and Meagher, 2004). In the prestrly we employed aversive social
cues. The face matching task has been shown tesoeiated with a significant increase in
the electrodermal response (Hariri and others, @0€@nfirming the effectiveness of this
stressor. We found a reduced hemodynamic respomaederately painful heat stimuli
during face matching, i.e. in the context of a niegaaffective state. This observation
holds for both the bilateral amygdala and the imtelently mapped pain responsive
regions. Our findings agree with behavioral measofeSIA reported in the studies
mentioned above. We suggest that at the supradpired) SIA results directly from a
physiological ceiling effect evident in those raggdhat respond to both physical and non
physical stressors. Concordantly, the right instégron, which showed the strongest
response to aversive faces, also exhibited the pnostinent ceiling effect among all pain
responsive regions. Moreover, the amygdala responde emotional stressor could
activate the descending pain control systems asréfibre attenuate the transmission of
nociceptive information at the dorsal horn. Thischrenism provides an additional account
for the observed negative interaction effect betwtbe factors ‘Pain’ and ‘Emotion’.
Placebo analgesia, which depends on expectati@htharefore is a function of the
cognitive domain, has been found to relate to timetional coupling between the PAG and
the rostral ACC (Bingel and others, 2006). On ttleephand, stress induced analgesia,
which apparently depends on the affective statg,imsiead relate to the coupling between
the PAG and the amygdala. Analyses of connecthetyveen the amygdala and midbrain
regions are therefore warranted.

So far we discussed the modulation of amygdalaiactly thermal pain and non
painful, but emotionally salient stimuli (aversifaees). Our factorial analysis also
includes those brain regions that are involvedegrocessing of painful heat stimuli. Pain
is, however, not processed in a single specialieggubn but is represented in a distributed

network, the so-called pain neuromatrix (Melzad9@). We could have identified this
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matrix by searching for voxels with a significan&im effect of factor ‘Pain’. However,
this approach is circular, since ROI definitionlaé biased by ROI characterization, and
vice versa, if both objectives are addressed witensame paradigm. We therefore
defined the pain neuromatrix separately from thexreaperiment, i.e. in an independent
localizer experiment.

Pain intensity in the matching paradigm was mo@eaat! located in the middle
portion of the stimulus response function, wheralsohanges in thermal intensity elicit
relatively large changes in subjective pain intgnd®y choosing a moderate rather than
intense noxious stimulation we wanted to avoidicgieffects when assessing the
modulation of the pain related hemodynamic respbysan emotional stressor. As
mentioned above, we indeed found a ceiling effectli pain responsive regions
manifesting as a negative interaction effect infdutorial analysis and presumably
reflecting saturation of the neural response. Tihding confirms our decision to use
moderate pain stimuli. More intense physical statioh would probably have concealed
any modulating influence of non-physical stresgaversive faces) in regions that were
actually defined according to their response tospta) stressors (thermal pain). In order to
define these regions reliably, the localizer expent was designed to elicit a strong pain
related response. For this purpose, ‘ceiling’ wasnatter of concern and a stronger pain
stimulus (corresponding to a subjective pain ratih§ out of 10) could be applied.

The strongest pain related response was obsentbd night anterior insula and
right Rolandic Operculum, followed by the bilatena¢dial thalamus and the left Rolandic
Operculum. The size of the respective activatiasters descends in the same order. It
should be noted that the Rolandic Operculum (Syjvias Operculum) is consistent with
the secondary somatosensory area (Sll) locatdteihuman suprasylvian cortex (Frot and
others, 2001). The strongest activation foci wdrgeoved contralateral to the stimulation,
which is in line with the anatomy of the spinothmla tract. This pathway conveys
nociceptive information from small diameter affeigeand crosses at the level of the spinal
cord. The activation of the ipsilateral insular/8drtices in the present study is concordant
with the bilaterality of receptive fields in anirsgZhang, Dougherty, and Oppenheimer,
1999). Intracerebral recordings in humans indicthedl ipsilateral activation is compatible
with transcallosal input (Frot and Mauguiere, 2008)teworthy, contralateral insula/SlI
activation was suggested to reflect the earliegiaad response to heat pain in that study.

These regions were also activated by aversive fiadb® present study. A negative
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affective state may thus be able to modulate peicg®f somatic pain at the earliest
cortical stage.

The bilateral engagement of insula/Sll is regulathgerved in neuroimaging
studies of pain (Peyron, Laurent, and Garcia-Lar2880). This may indicate a role of
these cortices that goes beyond the spatial latafian externally applied noxious
stimulus. No clear somatotopic organization haslveeealed for Sl with regard to
noxious stimuli (Apkarian and others, 2005). Alamigh the bilateral amygdala, the
insula/SlI cortex has been implicated in the codihgerceived pain intensity (Bornhovd
and others, 2002). For this reason we equalizegstiNe pain perception across
participants. This approach helps reducing thesntgect variability of the pain related
BOLD response thus increasing the statistical pawérreliably detect neural correlates
of pain (localizer experiment) and ii) find an iraetion effect between pain and aversive
faces (matching task). Differing temperatures nde¢déoe employed in order to equalize
individual pain perception. Covariate analysis edgd that this heterogeneity in applied
thermal intensity did not introduce a significam@unt of variance to any region of
interest. This observation confirms that the priyndgterminant of hemodynamic activity
was perceived pain intensity rather than physitaligus intensity.

On the other hand, the primary somatosensory catiews a graded response for
non-noxious stimuli but saturates already at mddguain intensities (Bornhovd and
others, 2002). It is therefore less suitable fatiog the pain experience. Patients with
lesions in the primary somatosensory cortex armpaired in evaluating pain intensity
(Knecht, Kunesch, and Schnitzler, 1996). Concotglargports on pain related Sl
activation have been “notoriously inconclusive” yRm, Laurent, and Garcia-Larrea,
2000). Likewise, neither the *hand area’ of the atmeensory homunculus nor the lateral
thalamic relays were reliably activated in the prestudy. Peyron and colleagues (2000)
suggested that the size of stimulated skin araarsicial factor for Sl activation. In the
present study we used a thermode with a contafatcguof 900 mrh This is below the
average (estimated) surface in studies showingaat®iity increase (16,300 nfin
Moreover, we applied an innocuous thermal stimaatiuring non-painful trials, i.e. we
provided an input to Sl in the control conditiomshreducing the signal gain in the
subtraction.

Furthermore, we found a reliable activation clugtahe bilateral thalamus, in line
with previous reports. The bilaterality and thedtion in the medial thalamus suggest that

this activation does not reflect a sensory disaratory response. It is more likely to mirror
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a non specific arousal reaction triggered by noxistimulation (Peyron and others, 1999).
In line with this notion, we found a significandrgction of response times during noxious
stimulation, i.e. participants detect a target eadier, possibly due to the alerting effect of
pain. The thalamic cluster extends caudally ineohiipothalamus and midbrain regions,

perhaps indicating the engagement of autonomoufaneans that subserve pain control.

In the context of pain processing, midbrain actorats commonly referred to the
PAG activation (Peyron, Laurent, and Garcia-Larg0). The PAG and the rostral
ventromedial medulla (RVM) limit transmission ofxious information at the dorsal horn
through descending projections. The midbrain attbmamaximum in the present study is
located anteriorly to the PAG. However, given tha&ccuracies of stereotactic
normalization (Thompson and others, 1996) the focayg be related to the PAG. It should
be noted that we applied rigorous statistical tho&ts for the definition of pain responsive
regions. The signal to noise ratio (SNR) at thenstam level is, however, compromised
by rapid systolic displacements (Poncelet and efl492), which reduce the power of
BOLD fMRI to detect signal changes in this regiicording to a meta-analysis
(Apkarian and others, 2005), only 6 from 68 hemaugit studies on experimental pain in
healthy subjects found PAG activation. The SNR [@wobcan be addressed by
synchronizing EPI acquisition with the cardiac eyftardiac gating’). Given the role of
the PAG and RVM as final output regions of top-davaticeptive control and their
implications in the pathogenesis of chronic paindsgmes (Tracey, 2008), application of
sophisticated methodology is warranted.

The anterior cingulate (ACC) is commonly linkedhe affective dimension of
pain. The region is regularly reported in neuroimggstudies but not in the present study.
Many paradigms combine noxious stimulation witlating task that is performed during
data acquisition. These designs, however, introdoogplex interaction effects between
sensory/affective and cognitive domains. Ratingni€laborate cognitive task that involves
orienting towards the stimulus, its evaluationamis of a given category (‘intensity’ or
‘unpleasantness’) and the selection of a respaonse & number of competing options. As
a multi-integrative region, the ACC is involvedeawery single step of this process in a
highly context dependent manner (Peyron, Laurerdt,Garcia-Larrea, 2000). Rating the
unpleasantness of aversive pictures produces A@acon, but passively viewing them
does not (Taylor and others, 2003). Moreover, Rewrad colleagues stress the role of the
ACC as mediating attentive and orienting procegBegron and others, 1999). In a recent

conceptualization of pain perception, affect tratisa takes place at the level of the
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insular cortex, Sl and amygdala, whereas ACC aerdtefrontal cortex are responsible
for cognitive attention, action planning and resgwselection (Chen, 2008).

From an evolutionary perspective, the ACC represantlatively new invention
providing a specialized interface between the ngega@nd limbic structures (Allman and
others, 2001). It is therefore not surprising th&t structure is engaged in experiments
involving some kind of top-down control of paingevia hypnosis (Rainville and others,
1999), expectations (Landgrebe and others, 200Bjofeedback (deCharms and others,
2005). It is very difficult to disentangle the affere components of ACC activation from
cognitive/evaluative components as long as theqgaeints are asked to explicitly rate
their experience. In the present paradigm we smple incidental task that is merely to
ensure constant vigilance and does not involveutisnappraisal. We thus avoid any
interplay between the affective/sensory domainstaaatognitive domain via the ACC
interface. This holds for both matching and loaaligaradigms. Emotional induction in the
matching task occurs implicitly by attending towaaersive stimuli that are known to
elicit an autonomous stress response (Hariri an€elrst 2002c). Conversely, in a study of
pain modulation by affect (Rainville and others97p an affective feeling state was
actively induced by the participants following hygpic suggestions. In the present study,
however, participants are passive recipients affphand emotional stressors rather than
active modulators. Our design thus probes theantem of pain and affect at a rather
basal perceptual level, which renders it robustrej@ognitive confounds.

Early characterizations of the human pain procgssystem divided it into a lateral
and medial component (Bowsher, 1957). The lateaal pystem involves somatotopically
organized cortices and corresponding relays ilateeal thalamus. It subserves the
sensory discriminatory aspects of pain, whereasnibdial system processes its affective
dimension (Treede and others, 1999). The medi&sysomprises the medial thalamus
and its projections to the limbic system. In thegemt study, prominent activation of the
insula, bilateral medial thalamus including the dtyyalamus and the bilateral amygdala
highlight the strong engagement of the medial systaring painful stimulation. A closely
related neurocircuitry has been shown to be engegedjor depressive disorder (Drevets,
1998). In this sense, the medial pathway is comgethe ‘suffering’ component of both
painful and affective experiences.

We observed that the response to a non physiesssir (aversive faces) was
positive in all pain responsive regions. This r&stg given the fact that these regions

were defined according to their response to exligrapplied pain (‘pain neuromatrix’).
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Both modalities activated the same regions in apprately the same relative proportions.
This finding supports the idea that physical angtpgal stressors share a common
neurosignature. William James regarded somatiaigefrom the body as basis for
emotions (James, 1890). A close relationship betvseasory and affective domains is
indeed confirmed in the present study. Aversive$aaduce a motivational state
(‘emotion’), whose neural correlates engage tha pauromatrix in a way as if somatic
pain would be processed (‘body feeling’). Conversele have shown that intense pain
engages the amygdala in those subregions thatsaractivated by the psychical stressor
(faces). We cannot solve the hen and egg probldrathe@r emotions arise from body
states or vice versa. Instead, we suggest thahgsgnd somatic stress share a common
neural network and thus reflect two sides of theesaoin.

As mentioned above we found that Sll/insula is Imgd in the processing of facial
expressions. The amygdala’s importance in recoggiaversive facial emotions has been
repeatedly demonstrated (Adolphs and others, 1984 and others, 1995;Morris and
others, 1996), but the involvement somatosensamtyces may appear counterintuitive.
However, an fMRI lesion study on patients revedled the right somatosensory cortices
(SI, SlI) and the insula are crucial for identifgifacial expressions (Adolphs and others,
2000). These authors also found a correlation bEtvgematosensory deficits and impaired
emotion recognition. It has been proposed thabbservation of emotion in others
automatically activates the neural representatfdhai emotion in the observer (Preston
and de Waal, 2002). This representation includesilsited somatic activity patterns
reflecting how the observer would feel when experileg the depicted emotional state.
This account explains the involvement of somatasgnsortices in emotion processing in
addition to the amygdala. In the domain of motarcgssing, the mirror neuron system
demonstrates that observation of a motor actioonaatically evokes neural
representations of that action in the observerz®tatti, Fogassi, and Gallese, 2001). The
same may indeed apply to the emotional domain. itleis has been further substantiated
in a neuroimaging study, where disgusting odorantkfacial images of disgust activated
the same sites within the anterior insula (Wickadt athers, 2003). Our findings indicate
that the internal representation of an aversivetEmal state — induced by watching angry
and fearful faces — evokes correlates of physiaad.p

In this context the following animal study is nota¥hy (Ferguson and others,
2001). Oxytocin knockout mice show impaired sopéglognition. Exposure to

conspecifics elicits a lower activity in the medaahygdala but a higher activity in the
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somatosensory cortex. Since this system, whicpeasialized in the processing of social
signals, is defective, KO mice appear to activiter@ative pathways of sensory
processing for compensation. As outlined above |pttbband colleagues emphasized that
both amygdala and the somatosensory cortices dispensable components in the
recognition of emotional stimuli in humans (Adolprsd others, 2000). While our results
agree with this notion, the amygdala respondedhgéoto the social signal than the
Sll/insula cortices, i.e. the ratio of amygdalaation and somatosensory cortex
activation was well above 1. In their animal stliayguson and colleagues suggest that
impaired social recognition translates into aneases activity in somatosensory
pathways. According to this logic, the mentionetibravould change in favor of the
somatosensory component of emotion processingekitAymic human subjects. If this
hypothesis proves correct, the shift towards theag@ aspect of emotion may explain a
potential association between alexithymia and sofoah disorders (De Gucht and
Heiser, 2003).

From all regions constituting the pain neuromattire, right insular ROl was most
strongly activated during both painful and emotistanulation. Previous imaging studies
confirm the involvement of the right insula in pgirocessing (Peyron and others, 2002)
and emotion processing (Buchel and others, 199 g3hand others, 1998). In line with
these reports we found that the pain responsivaariwvithin the insular cortex also
responds to aversive faces. What could be the condapnominator of these two very
different stimulus types (aversive faces and thépam)? Craig and colleagues suggest
that a phylogenetically distinct pathway supplies dorsal insula with detailed
information about the current physiological statéhe body via lamina | spinothalamic
neurons (Craig, 2002). The right (non-dominantegat insula integrates this information
SO as to generate a mental image of the bodilywbith subserves maintenance of
homeostasis. From a homeostatic point of view, jgaypain does not primarily signal a
sensation from the external world; it instead sig@adisturbance of the internal state of
the body, i.e. a threat to homeostasis, which ntetle corrected to ensure survival.
Similarly, aversive faces convey a social signat thdicates a disturbance in the social
domain. A threat to the integrity of the social sghmay jeopardize survival to the same
extent as a threat to body integrity, at leastafimals that are dependent on a well
functioning social environment. Biological evolutics certainly conservative, i.e. novel
functions are piggybacked on established neur&sys From this perspective it makes

sense that the same neural mechanisms that ermlydnbmeostasis are made use of in
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order to support ‘social homeostasis'. It has ks&ewn that neural systems involved in
pain processing are also activated in responsecialexclusion (Eisenberger, Lieberman,
and Williams, 2003) and when beloved ones are (®imger and others, 2004). We
therefore propose that ‘threat to homeostasis’ccbelthe common denominator for both
stimulus modalities (aversive faces and thermal)ghius explaining why they engage a
common neural network.

Within this network the physical and psychical asp@f stress are predominantly
represented in the bilateral insula/SlI corticed tre bilateral amygdala, respectivaPpst
hoccorrelation analysis revealed that insula/SlI attigxplains a significant amount of
experimental variance in the ipsilateral amygdRleafson’s r=.49, p < .001).
Concordantly, anatomical connections between aniggal insula are known to exist in
the rat (Yasui and others, 1991;Floyd and othé8pRay and Price, 1992) and in
primates (Augustine, 1996). It may be speculatatitfa this connection the amygdala
attaches emotional significance to the insularas@ntation of the physiological body
state. Conversely, the insula may attach somagiafgiance to emotionally salient
information that is represented in the amygdalaad@adantly, an fMRI lesion study has
demonstrated an indispensable role of somatoseaseag including the insula in emotion
processing. In this context our findings suggedtia representation of salient stimuli in

terms of their affective/emotional and somatic/pblggyical significance.
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Fig. 2-22.Right insular activity as a function of right antda activity. Per subject beta weights for each
experimental condition are entered into the scaltetr(see legend).

This conceptualization offers a straightforwardlarption for the phenomenon of
somatization, which links anxiety and depressian@pms to somatic complaints: a
negative affective state would persistently heighitee activity in the pain neuromatrix.
Incoming sensory inputs would further augment iheseased baseline activity creating a
painful percept in response to non-noxious inpdtsonic pain and depression may thus
reflect extremes of an either somatic or psychipldiwation of endogenous stress along
an insula—amygdala axis. It is therefore of paldicinterest to determine the aggregation
rule by which somatic and non-somatic stressorsugpddh the present study on healthy
subjects, both stressors appear to attenuate #ashtbus keeping the neural response
within a physiological range. As mentioned aboles saturation behavior is evident
throughout the pain neuromatrix and is manifessitagistically in a negative interaction
effect between factor ‘Pain’ and factor’ Emotiomhe significance criterion, however, was
missed. To uncover brain regions that exhibit @lbbé interaction effect, we applied the
interaction contrast at the whole brain level. gnglicant activation cluster was found in

the midline thalamus. As part of the medial paistem this structure relays nociceptive
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information to limbic areas including amygdala @he insula. It is conceivable, that a
thalamic filter function, which prevents the codlisystems from overload, causes the
saturation effect in the response to combined ematiand physical stressors. Hence,
pathology could already be located at the thaldeviel, i.e. at a very early stage of
processing. It may be noted in this context thakege risk factors for affective disorders
were shown to be associated with an altered progessprimary sensory cortices in an
ERP (Event-Related Potentials) study (Herrmannadhers, 2007), i.e. these factors affect
an early stage in the processing pipeline indigadin altered encoding of stimuli rather
than an altered affective or cognitive appraisambtherwise ordinary representation of

the environment.

Fig. 2-23.SPM T-maps with clusters exhibiting a negativeiiattion effect between factor ‘Emotion’ and
factor ‘Pain’. The maps were thresholded at T=3\8ixel-wise P=.001, uncorrected) and a cluster size
170 (1360 mn) to meet a cluster-wise significance level of P<BWE correctedThe SPM is overlaid on a
canonical brain template and is displayed in negiockl convention. Slice coordinates (in millimejerefer
to MNI stereotactic space. The colorimeter scatkicmtes per voxel T values. L: Left; R: Right.
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3 Conclusion

In this thesis the author introduced a novel medhagly allowing the assessment of
psychosocial stress and somatic pain in the human bmploying BOLD fMRI. This
multi-step approach involves a) acquisition of peyoetric profiles b) functional
localization of the pain neuromatrix c) factoriakdysis of pain and emotion correlates in
predefined regions of interest, i.e. in the paiarneatrix (as defined in step b) and the

bilateral amygdala.

a)

On the behavioral level, psychometric profiles tiatasubjective pain perception to
stimulus intensity were acquired. We devised a agenzed rating paradigm that
effectively controls for sequence and habituatiffects. Fitted stimulus response
functions allowed us to determine thermal inteasithat equalize pain perception across
participants. In this way heterogeneity in the paiated BOLD response was reduced
improving the signal to noise ratio. The varialilif subjective pain perception was
particularly high for medium temperatures and tfaeeeconstitutes a serious nuisance
variable in designs that rely on fixed temperatufdge acquisition process was completely
automatized, i.e. the paradigm can be carried dhiowt the presence of a supervisor. This
allows studying the relevance of psychosocial cdnieg. subject-instructor interactions)
on pain perception in future experiments. Moreotrex,method provides a high resolving
power for medium sized samples. Psychometric pmngfitould be a more powerful tool

for defining a pain related phenotype of psychiatlisorders compared to procedures that
are based on single thresholds and are more podsiag and confounds.

b) & c)

We conceived thermal pain (factor ‘Pain’) and awer$aces (factor ‘Emotion’) as
conveying signals of threat arising in the somatid social domains, respectively. We
found that somatic and social stressors activataxanon neural network comprising the
bilateral amygdala, insular/SlI cortices and thdlme thalamus. Specifically, perception
of aversive faces activated pain responsive avdash had been identified by their
reactivity to thermal pain in an independent laoadiexperiment (‘pain neuromatrix’, step

b). Conversely, the amygdala, whose importanchemtocessing of aversive social
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signals is well established, was reliably activdigdntense thermal pain. The spatial
activity patterns of both sensations within thenpa@uromatrix and the amygdala are
strikingly similar. These findings indicate thaetprocessing of pain and the processing of
psychosocial stressors rely on a common neuromatiixevoke similar neurosignatures.
Within this network, the amygdala particularly resds to aversive faces, whereas the
insula/SlI cortices are more prominently activabgdhermal pain.

Preexisting studies support the idea that percemtidhreatening bodily signals
such as pain and dyspnoe are mapped to commorclbndin areas. We extend this
observation from somatic sensations to social $sgiecording to the action perception
model of empathy, the observation of angry andiiééaces evokes the neural
representation of these emotions in the observes{® and de Waal, 2002). We
demonstrated that this representation of an intemational state involves a neuromatrix
that was independently defined by external noxgiimulation. William James regarded
somatic feelings from the body as basis for ematidames, 1890). We leave open the
direction of causality between somatic and emotisaasations. Instead, we stress that
negative emotional signals evoke neural correlatghysical pain and vice versa. Our
findings indicate that the pain neuromatrix is ilwea in the generation of somatic
representations of anger and fear, whereas thedata/gttaches emotional significance to
noxious heat. More recent theories of emotion ersigkahe role of the anterior insula in
linking somatic sensations to the experience ofteamgDamasio, 1994;Craig, 2002). This
idea is supported by the present study as the agfietrior insula showed the strongest and
most reliable response to both somatic and emdtstressors within in the pain
neuromatrix. Given the correlation between amygdalhinsula activity in our study and
their anatomical interconnection, we suggest a tepksentation of emotionally salient
stimuli in terms of their affective (amygdala) aswmatic (insula) significance.

Social animals like humans are dependent on bogkigdd health and an intact
social environment for their survival. In this septhermal pain and aversive faces convey
signals of threat, which arise in the somatic asadad domains, respectively. The striking
neural congruency of both stimulus types in thes@né study may indicate that aversive
social and aversive physical signals representgacable threat to survival. We suggest
that the shared limbic network relates to a commameostatic control system that
processes the threatening character of these aieevery different stimulus modalities

(aversive faces / thermal pain). It follows that 8ame effector mechanisms that ensure
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body homeostasis are also made use of to suppaptiae social behavior. Further studies
are warranted to substantiate this hypothesis.

The observed common network implies that neuraktates of painful and
emotional stimuli need to aggregate when presesitedlitaneously. The neural response
amplitude is limited due to inherent physiologicahstraints, however. Indeed, we found a
saturation of the hemodynamic response when enaltiaoes were combined with
thermal pain. The respective neural correlateseagge less than additively. This negative
interaction effect may reflect physiological coastts preventing the system from
overload. It follows that the response to paireuced in the presence of the emotional
stressor and vice versa. This finding suggestgsmanious implementation of ‘stress
induced analgesia’ at the systems level, whichctirdéollows from the convergence of
physical and affective stressors on a common nautatrate. Alternatively, the amygdala
response to aversive faces may engage descendmiplpiditory systems thus limiting the
transmission of nociceptive information at the dbisorn. Additionally, the midline
thalamus, where the negative interaction effepaisicularly prominent, may act as a
filtering element while relaying somatic and affeetinformation between the insula and
the amygdala.

The identification of a common neural basis for pihecessing of physical and
emotional stressors may have important implicationglinical research as it offers a
unifying perspective on affective disorders andair pain syndromes. Our findings
designate the insula and the amygdala as targeinsefpr the characterization of chronic
pain syndromes and affective disorders at the systevel. In this conceptualization,
chronic pain and depression may reflect predomipaoimatic and predominantly
affective augmentation of stress along an insulargaiaa axis, respectively. Persistent
emotional distress may up-regulate the pain neutr@ataus amplifying non noxious
inputs from skin and viscera, which are conseqygugtceived as pain (allodynia).
Conversely, persistent somatic pain may up-regtitete@mygdala thus increasing the
vulnerability to emotional stressors. This concaptivould explain the high comorbidity
between both syndromes (Bair and others, 2003pemdde a neural rationale for
incorporating chronic pain syndromes and depresstonunified diagnostic and
therapeutic efforts in the context of clinical nogt Neuroplastic changes pertinent to
chronic disorders may compromise the observedaatarof the neural response to

combined emotional and physical stress thus causiagoad in limbic networks. These
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assumptions need to be verified in subsequent empets on patients. If true, new
avenues in the diagnosis and therapy of chronic padromes may be opened up.
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APPENDIX

A. Materials

Klinik und Poliklinik fir Psychiatrie und Psychotherapie
Bezirksklinikum Regensburg

Direktor: Prof. Dr. H.-E. Klein

Universititsstr. 84, 93053 Regensburg, Tel. 0941-941-1001

Medizinische Einrichtungen [
des Bezirks Oberpfalz GmbH & /1]

Beschreibung fiir Versuchsteilnehmer
Liebe Versuchsteilnehmerin, lieber Versuchsteilnehmer,

in diesem Experiment geht es um die Untersuchung der Schmerzverarbeitung im Gehirn und
deren Beeinflussung durch emotionale Reize. Das Experiment besteht aus 3 Teilversuchen. In
allen Teilversuchen werden schmerzhafte Temperaturen iiber ein kleines Thermoelement
zugefiihrt, das am Handgelenk befestigt wird.

TEILVERSUCH |: BEWERTUNG VON SCHMERZREIZEN UNTERSCHIEDLICHER STARKE

Zunichst wird Thre personliche Schmerzschwelle und Thre personliche Toleranzschwelle
bestimmt. Zur Bestimmung der Schmerzschwelle sind mehrere Wiederholungen notig. Der
Beginn eines jeden Durchgangs wird durch einen Piepton signalisiert.

Zuerst wird Thre Schmerzschwelle bestimmt.
Ausgehend von einer angenehmen Temperatur (= Baseline) wird das Thermoelement
an Ihrem Handgelenk langsam wirmer. Sobald Sie die Leertaste der Tastatur vor
Ihnen driicken, kehrt die Temperatur sofort zur Baseline zuriick. Driicken Sie die
Leertaste, sobald die Temperatur beginnt, schmerzhaft zu werden.

Dann wird Ihre Toleranzschwelle bestimmt.
Wie zuvor wird das Thermoelement langsam erwérmt.
Driicken Sie nun die Leertaste, sobald die Temperatur beginnt, unertriglich
schmerzhaft zu werden.

Als Drittes wird Thr personliches Schmerzprofil aufgezeichnet.
Hierzu werden Thnen in zufilliger Reihenfolge Temperaturen dargeboten, die
zwischen Ihrer personlichen Schmerz- und Toleranzschwelle liegen. Diese
Temperaturen werden durchgehend fiir 20 Sekunden dargeboten.
Waihrend dieser Zeit sehen Sie auf einem Computerbildschirm eine Schmerzskala
angezeigt (siehe Abbildung).

Bitte verschieben Sie den Zeiger entsprechend Ihrer Schmerzempfindung. Der
Skalenwert ,,1° verweist dabei auf Ihre Schmerzschwelle, der Skalenwert ,, 10 auf
Ihre Toleranzschwelle (siehe oben). Werte unter 1 verweisen auf schmerzlose
Empfindungen. Horchen Sie in sich hinein und versuchen Sie, withrend der 20
Sekunden einen Skalenwert anzupeilen, der Threr Schmerzempfindung am besten
entspricht. Durch einen Mausklick geben Sie Thre Wertung endgiiltig ab. Klicken Sie
bitte erst nach dem Piepton, der nach 20 Sekunden ertont. Ein Zeitdruck besteht
nicht. Nach dem Klick kehrt die Temperatur zur Baseline zuriick und ein neuer
Durchgang beginnt.

Fig. A-1. Written task instructions for study participar®sage 1.
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Verschieben Sie den Zeiger entsprechend Ihrer Schmerzempfindung.

Klicken Sie nach dem Signaltoeon.

— gering

Kein Schmerz
Schmerz unertrasglich

Bitte beachten Sie, dass sie eine Temperatur der Stirke 10 nicht aushalten miissen! Sie
konnen jederzeit durch Druck auf die Leertaste eine sofortige Riickkehr zur Baseline
erzwingen. Wenn Sie einen Temperaturreiz auf diese Weise abbrechen miissen,
bewerten Sie ihn bitte mit ,, 10

Fig. A-2. Written task instructions for study participar®age 2.
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Klinik und Poliklinik fiir Psychiatrie und Psychotherapie

Bezirksklinikum Regensburg dEMEBdizirli::IghEin;iclhténggﬂ Ef:}j[
Direktor: Prof. Dr. H.-E. Klein = Bezirks Oberpfalz Gm ¥

Universititsstr. 84, 93053 Regensburg, Tel. 0941-941-1001
TEILVERSUCH 2: LOKALISIERUNG VON ,,SCHMERZZENTREN* IM GEHIRN
Dieser Teilversuch findet innerhalb des Kernspintomographen statt. Thr Kopf befindet sich in
einer Rohre. An Threm linken Handgelenk befindet sich das bereits bekannte Thermoelement.

In der rechten Hand halten Sie eine angepasste Tastatur.

Es ist entscheidend fiir das Gelingen des Experimentes, dass Sie Ihren Kopf absolut
ruhig halten.

In diesem Experiment wird Thnen eine schmerzhatte Temperatur zugefiihrt, die einer hohen,
aber ertriiglichen Schmerzbewertung aus dem ersten Teilversuch entspricht. Die Temperatur
wird fiir 20 Sekunden dargeboten und kehrt dann zur Baseline zuriick. Es folgt eine Pause.
Schmerzhafte Stimulation und schmerzlose Pausen wechseln ab und werden mehrmals
wiederholt.

Wiihrenddessen beobachten Sie bitte den Punkt in der Mitte des Bildschirms. Dieser Punkt
verschwindet etwa alle 10-15 Sekunden kurz. Wenn Sie dies wahrnehmen, driicken Sie bitte
auf die Taste unterhalb Thres Zeigefingers. Diese Aufgabe dient dazu, eine gleichmafige
Wachsambkeit fiir die Dauer des Experimentes sicherzustellen.

TEILVERSUCH 3: EINFLUSS EMOTIONALER REIZE AUF DIE SCHMERZVERARBEITUNG IM GEHIRN

Dieser Versuch wird vor oder nach Teilversuch 2 innerhalb des Kernspintomographen
durchgefiihrt.

Es ist entscheidend fiir das Gelingen des Experimentes. dass Sie Ihren Kopf absolut
ruhig halten.

Ihnen werden Fotographien von Gesichtern oder geometrische Formen (Kreise und Ellipsen)
gezeigt. Die Gesichter haben dabei einen unangenehmen emotionalen Charakter.

Es werden jeweils drei Bilder gleichzeitig gezeigt: ein Bild oben in der Mitte, zwei Bilder
jeweils in der rechten und linken unteren Ecke des Bildschirms. Dabei handelt es sich
entweder um drei Gesichter oder um drei Formen (siehe Beispiele unten). Eines der beiden
unteren Bilder ist identisch mit dem oberen Bild. Ihre Aufgabe besteht darin, das doppelte
Bild zu finden.
Ist es das linke untere Bild, driicken Sie bitte die Taste unterhalb Ihres Zeigefingers.
Ist es das rechte untere Bild, driicken Sie bitte die Taste unterhalb Thres Mittelfingers.

Die Dreierbilder werden stets fiir 3 Sekunden angeboten, unabhingig von Threr Antwort. 6
Dreierbilder einer Kategorie (Gesicht/ Form) werden nacheinander angeboten, also in einem
,.Block® zu 20 Sekunden. In der Hilfte der Blocke wird ein moderat schmerzhafter Reiz iiber
das Thermoelement zugefiihrt. Nach einem schmerzhaften Block folgt immer ein
schmerzloser Block.

Fig. A-3. Written task instructions for study participarRage 3.
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Beispiele fiir eine Reizdarbietung aus Teilversuch 3 aus der Kategorie ,,Formen* (links) und
aus der Kategorie ,,Gesichter” (rechts). Aufgabe ist es, das jeweils doppelte Teilbild zu
finden.

Fig. A-4. Written task instructions for study participarRsage 4.
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B. Declaration of consent

Klinik und Poliklinik fiir Psychiatrie und Psychotherapie Meddizinisehe Einrichiungen aP]

Bezirksklinikum Regensburg des Bezirks Oberpfalz GrmbH &) ]
Direktor: Prof. Dr. H.-E. Klein
Universitatsstr. 84, 93053 Regensburg, Tel. 0941-941-1001

Einverstandniserklarung

Teilnahme an der Studie

,Einfluss emotionaler Stimuli auf die Pain Neuromatrix“

Ich habe die Information flr Studienteilnehmer mit der Anlage ,Aufklarung flr die
Teilnahme an der Studie” gelesen. Der Ablauf der Experimente und deren Ziele sind mir
bekannt. Ich bestatige, dass bei mir keine Griinde vorliegen, die mich von der Studie
ausschlieBen wurden. Ich wilige ein, dass meine Daten fur wissenschaftliche
Abhandlungen in anonymer oder pseudonymer Form verwendet werden durfen. Ich
hatte Gelegenheit, offene Fragen mit dem Versuchsleiter zu klaren. Mir ist bewusst,
dass ich mich bei Fragen auch jederzeit an den Studienleiter wenden kann, dessen
Kontaktinformation mir vorliegt. Ich weif3, dass ich jederzeit und chne Nennung naherer
Griinde meine Einwilligung zur Teilnahme an der Studie zurlckziehen kann, ohne

Nachteile zu erleiden.

Ich (Name des Probanden)

(StraBe, Hausnr.)
(PLZ, Wohnort)

willige hiermit ein, an dieser Studie teilzunehmen.

(Ort + Datum) (Unterschrift des Probanden)

Die Probandeninformation wurde durchgefthrt durch:

(Name)

(Ort + Datum) (Unterschrift des Informierenden)
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