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Even though research over the past decades has continuously provided new insights into the 

nature of nociceptive processing, pain still represents a serious public health issue affecting 

approximately 20% of the adult population, particularly women and the elderly (Breivik et al., 

2006; Harstall, 2003). Compared to acute pain, especially the management of chronic pain 

remains suboptimal, leading to considerable distress in patients as well as to high economic 

losses due to pain-related disability, which have been estimated to be about €200 billion in 

Europe per year. The lack of better treatment options is partly due to a still imperfect 

understanding of the complexity of human pain processing.  

Pain is not only a conscious experience, but constitutes an interpretation of the nociceptive 

input influenced by memories as well as emotional, pathological, genetic, and cognitive 

aspects. This combination of factors can shape the pain experience in terms of amplification 

or attenuation so that resultant pain is not inevitably linearly related to the nociceptive input. 

Moreover, pain does not always support vital protective functions as can be seen in chronic 

pain states and the individual behavioral reaction to a painful event is adapted according to 

what is suitable in a specific context. Therefore, pain represents a highly subjective 

experience, which makes its investigation and treatment so difficult. Its subjective nature is 

also illustrated by the definition given from the IASP (International Association for the Study 

of Pain; Merksey & Bogduk, 1994): “an unpleasant sensory and emotional experience 

associated with actual or potential tissue damage, or described in terms of such damage”. In 

order to improve diagnosis of pain and development of new treatments, additional 

information of how pain signals are interpreted, transmitted and maintained, i.e. concerning 

the neural correlates of pain perception, has to be attained.  

The introduction of neuroimaging techniques has enabled researchers to non-invasively study 

the many centrally mediated factors influencing pain perception. By relating changes in neural 

activity to varying pain experiences, further knowledge of how factors such as cognition, 

emotion, context, and injury can influence pain perception has been gained. It is now of 

crucial importance to determine the relative contribution of peripheral versus central 

influences and to specify the role of pathological versus emotional or cognitive factors. 

Dissociating the various mechanisms active in the modulation of pain processing and 

perception at the different levels of this complex system in healthy and disease states will 

advance the development of more effective prevention and treatment methods of clinical pain 

syndromes.  
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By employing functional magnetic resonance imaging (fMRI) in a heterotopic noxious 

counter-stimulation (HNCS) design, this thesis aims to investigate mechanisms of pain 

modulation in the healthy human brain.  

After the outline presented in the current chapter, the second chapter, consisting of two parts, 

will provide the relevant theoretical background. In the first section of chapter 2, 

neuroimaging methods are introduced with a specific focus on fMRI. After having supplied 

this basic information about the most important technical issues, the second part of this 

chapter tries to illuminate the phenomenon of “pain”. Starting with a description of its multi-

dimensional character and different classification systems, current knowledge pertaining to 

the underlying functional neuroanatomy and neurophysiology of the pain experience is then 

presented. During the remainder of this section, evidence will be presented to illustrate how 

pain processing is subject to modulation by a variety of factors. More specifically, the 

psychological context (i.e. cognitive and emotional aspects) and the stimulation context (i.e. 

counter-stimulation) are discussed with regard to their potential in shaping the experience of 

pain. In chapter 3 the main research questions, i.e. the aims of this thesis are outlined together 

with a short summary of the relevant theoretical background. Then, chapter 4 introduces the 

methods employed and in chapter 5 all results are presented. In consideration of the wealth of 

information presented, the most relevant aspects pertaining to the methods and results are 

summarized in chapter 6. Finally, in chapter 7 the empirical findings presented in the previous 

chapters are discussed and an outlook on future research questions is given. For sake of 

clarity, information in chapters 3 to 7 is presented separately with regard to functional versus 

structural brain imaging. 



 

 

 
 
 
 
 
 
Chapter 2 
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The theoretical background is divided into two parts. First, in order to explain the method of 

data acquisition, an introduction into neuroimaging within the field of pain research is given. 

Then, the experience of pain is characterized and its neuroanatomical and neurophysical 

correlates are described. 

 

2.1 Neuroimaging in pain research 

Earliest knowledge concerning cerebral functioning with regard to pain processing is based on 

post-mortem examinations of brains as well as studies of patients in which cerebral lesions 

had caused an increased (hyperalgesia) or decreased (hypalgesia) pain perception. Additional 

insights were gained through (sub-)cortical electrostimulation during neurosurgery and from 

the neurosurgical disconnection of functionally connected brain areas. Interestingly, results 

from these first systematic studies initially led to a questioning of the role of the cerebral 

cortex in pain processing. Firstly, lesions of the somatosensory cortex only rarely affected 

pain processing and its direct stimulation during neurosurgery did not consistently elicit a 

pain sensation (Head & Holmes, 1911; Schnitzler & Ploner, 2000). Even though other reports 

have documented reduced pain sensation following cortical lesions (Marshall, 1951; Ploner et 

al. 1999a), it has to be noted that these observations are relatively sparse, and that analgesia 

often is not a major feature (for review see Kenshalo & Willis, 1991). Secondly, only few 

direct terminations of anterolateral spinothalamic tract fibers to the thalamus were found in 

human post-mortem studies (Bowsher, 1957) and nociceptive projections to the primary 

somatosensory cortex (SI) were even more sparse (Apkarian, 1995). These results have been 

further corroborated by in-vivo stereotactic implantation of electrodes in animals used to 

register electrophysiological activity from neuron assemblies. Data from these single-unit 

recordings demonstrated that nociceptive pathways in the somatosensory system project to 

Brodmann areas (BAs) 3b and 1 of SI (Kenshalo & Willis, 1991), as well as to the secondary 

somatosensory cortex (SII) and the neighboring posterior parietal cortex (PPC; Dong et al., 

1989). Importantly, however, particularly in SI nociceptive units seem to be relatively sparse. 

This finding may explain some of the variability of functional imaging results concerning this 

area and also why until the advent of brain imaging methods in the 1980s pain processing was 

widely believed to occur without significant contribution from the cerebral cortex.  

Non-invasive technologies such as electroencephalography (EEG) and 

magnetoencephalography (MEG) enabled studying physiological brain functions in real time 
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resolution. Compared with EEG, more reliable localization of brain activity by MEG 

advanced the understanding of cortical pain processing in the 1980s, and researchers were 

able to localize cortical responses to painful dental and nasal stimuli in bilateral SII (Hari et 

al., 1983; Huttunen et al., 1986). While these methods enabled the detection of changes in 

neuronal activity in the milliseconds range, anatomical mapping remained difficult due to 

relatively poor spatial resolution. Moreover, these techniques only allowed examination of 

cortical areas located close to the vault of the skull, whereas neuronal activity in structures 

such as the basal ganglia and the brainstem could not be studied.  

The application of modern imaging techniques such as first positron emission tomography 

(PET) and later fMRI to the study of pain since the beginning of the 1990s sidestepped some 

of these drawbacks. In PET, brain activity is inferred indirectly from measuring changes in 

regional cerebral blood flow (rCBF) resulting from neurovascular coupling phenomena, 

which cause a dilation of capillaries in the vicinity of activated neurons. Apart from 

measuring blood flow changes using for example radioactively labeled water (H2
15O), PET 

also enables the radioactive labeling of substrates for analyses of metabolic processes, such as 

glucose metabolism, as well as registering the distribution of various receptor types (e.g. 

opiate receptors) in the brain.  

Mainly by comparing responses to noxious and non-noxious stimuli, the first PET studies 

(Jones et al., 1991; Talbot et al., 1991) revealed multiple activation sites in the cerebral cortex 

and have brought relevant information to the understanding of pain processing in the healthy 

brain. Thereafter, hundreds of neuroimaging studies have confirmed these findings and 

characterized widespread (sub-)cortical activation patterns during painful stimulation in 

healthy subjects (Peyron et al., 2000). The insights provided by studying healthy subjects 

have opened a large field of investigations in patients with chronic pain, with the aim of 

understanding and possibly treating the brain dysfunctions and reorganizations leading to 

these conditions. Together with increasing evidence from lesion and stimulation studies these 

findings have greatly advanced the understanding of pain-related brain functions.  

 

In the following paragraphs, fMRI, the neuroimaging method employed in this thesis, will be 

described in more detail. First, an introduction into the most important physical principles of 

magnetic resonance imaging (MRI) underlying the acquisition as well as the creation of 

images will be given in paragraphs 2.1.1 to 2.1.3. Then, in paragraph 2.1.4, the activation 

physiology of fMRI based on blood oxygen level dependent (BOLD)-contrast is explained, 
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followed by a description of preprocessing and analysis steps performed on fMRI data in 

paragraph 2.1.5. Finally, the last paragraph 2.1.6 evaluates the advantages as well as 

drawbacks of fMRI compared to other neuroimaging techniques. 

As an exhaustive description of fMRI is beyond the scope of this thesis and since its aim was 

to investigate aspects pertaining to pain modulation rather than to concentrate on technical 

details of the methods employed, the following sections are solely designed to provide an 

introduction to the basic principles of functional brain imaging. For a more comprehensive 

coverage of this extensive topic, the interested reader is referred to Brown and Semelka 

(1995), Cox et al. (1994), Jessard et al. (2001), and Rinck (2001).  

 

2.1.1 Nuclear magnetic resonance 

Since it is based on the same physical phenomenon as employed in nuclear magnetic 

resonance (NMR) spectroscopy, MRI was originally described by the term nuclear magnetic 

resonance imaging (NMRI). When atomic nuclei with an odd number of protons, neutrons, or 

both, are placed in a magnetic field and irradiated with a radio frequency (RF) excitation field 

at their resonance frequency, they absorb and re-emit energy at the same frequency. The 

NMR phenomenon then arises from the interaction of the nuclei’s magnetic moment and 

angular momentum with the external magnetic field. The relationship between the resonance 

frequency ω and the applied magnetic field B0 is described by the so-called Larmor equation 

ω = γB0, where the constant of proportionality γ is distinctive for a given nuclear species. For 

hydrogen nuclei, which are observed in conventional MRI because the human body is 

primarily composed of fat and water, both containing many hydrogen atoms, γ is 42.58 

MHz/T. Therefore, for a 1.5 Tesla MRI scanner, hydrogen nuclei have a resonant frequency 

of approximately 64 MHz. This linear relationship between resonance frequency and 

magnetic field strength is central to imaging, in which magnetic field variations are 

intentionally introduced to allow spatial localization of the signal based on resonant 

frequency. 

 

2.1.2 Relaxation parameters – T1, T2, and T2* 

Following the laws of quantum mechanics, a population of hydrogen nuclei placed in a 

magnetic field orients itself either parallel or anti-parallel to the applied field. At thermal 
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equilibrium a small net excess of nuclei (approx. 1-10 nuclei per 1 million at MRI field 

strengths) assumes the lower energy state, being aligned with B0. As the net effect of all these 

nuclei a small bulk magnetization M0, oriented in the direction of B0, is formed. This is the 

parameter that is manipulated and measured in MRI. 

After placing a sample in a magnetic field, M0 does not form directly but approaches its 

equilibrium value via a first-order process referred to as spin-lattice relaxation. The time 

constant of the exponential growth of M along the direction of B0 (conventionally referred to 

as the z or longitudinal direction) is called T1. This process of spin-lattice relaxation occurs 

whenever M is changed from its equilibrium state M0. The equilibrium amplitude of M0, 

which is known as proton density ρ, reflects the number of nuclei present in the sample and is 

often referenced to water. For instance the proton density for cerebrospinal fluid is ρ ≈ 1 and 

for white matter ρ ≈ 0.65.  

While the equilibrium magnetization points along the longitudinal direction (i.e. M = Mz = 

M0), this magnetization cannot be directly detected because MRI is only able to measure the 

component of magnetization perpendicular to B0 (i.e. in the transverse plane) that precesses at 

its resonant frequency. Therefore, a transverse magnetization is generated using an RF 

excitation pulse that rotates M away from the longitudinal direction. An RF excitation pulse 

causing a 90° rotation of M (sometimes called flip angle) rotates all longitudinal 

magnetization into the transverse plane, thereby maximizing the detected signal. The 

component of M in the transverse plane, Mxy, precesses at its Larmor frequency but at the 

same time decays via a process known as spin-spin relaxation, with a time constant T2. Spin-

spin relaxation is induced by the loss of coherence (also called dephasing) between precessing 

transverse magnetization because the frequency of precession fluctuates slightly over space 

and time as the nuclei experience the fluctuating magnetic fields of their environment. In 

addition to naturally occurring random field variations, static field inhomogeneities often 

enhance the loss of coherence, thus increasing the rate of decay of Mxy. The time constant T2* 

describes the exponential decay of Mxy according to 1/ T2* = 1/ T2 + 1/ T’2, where T’2 is the 

decay time constant due just to field inhomogeneities.  

These static field inhomogeneities and the resulting accelerated signal decay are often 

considered undesirable effects. In BOLD-based fMRI, however, they can be of explicit 

interest. There are two basic types of MRI acquisitions, enabling either T2* or T2 signal 

dependence. In gradient-echo (GE) imaging the signal is measured after a time delay of TE 

(time to echo) following excitation and decays according to T2*. If, at a time of TE/2, a 180° 
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pulse is applied, the Mxy dephasing due to static field inhomogeneities can be reversed, and an 

echo forms at TE with an amplitude dependent only upon T2. This technique is known as 

spin-echo (SE) imaging, and the 180° pulse used to correct for static inhomogeneities is called 

a spin-echo pulse. In order to achieve variable sensitivity to T2 (SE) or T2* (GE), TE can be 

adjusted. To obtain sensitivity to T1, the time between excitations, i.e., the repetition time 

(TR), can be varied, with a shorter TR introducing a greater T1 weighting. Another technique 

to induce a T1 weighting is called inversion recovery (IR) imaging and used in perfusion-

based fMRI techniques. In IR imaging the experiment begins with a 180° pulse that inverts 

Mz. After an inversion time delay (TI), during which Mz recovers according to T1, an 

excitation pulse is used to measure the partially recovered longitudinal magnetization by 

converting it into observable transverse magnetization (Mxy).  

 

2.1.3 Imaging 

In order to create images, linear magnetic field gradients (i.e. magnetic fields whose 

amplitude varies linearly with position) are used to establish a direct relationship between 

resonant frequency and location along the gradient. These gradient fields are much smaller 

than the main field and cause a dispersion of frequencies about the main resonant frequency. 

Since position is encoded as frequency, a Fourier transform calculating the frequency 

spectrum of a signal is used to reconstruct images in MRI.  

In conventional MRI acquisitions, the raw data required to reconstruct an image are measured 

on a Cartesian grid with one line being measured per TR. This type of acquisition is sufficient 

for most anatomical imaging. For the imaging of dynamic physiological processes, however, 

it is relatively slow and therefore subject to artifacts resulting from changes in the subject 

(e.g. motion) during data acquisition. Therefore, to minimize motion artifacts and to increase 

temporal resolution for sequential measurements, fast imaging techniques such as single-shot 

methods in which all data required to reconstruct an image are acquired after a single 

excitation have been developed. In echo-planar-imaging (EPI), the most common single-shot 

technique, a plane (two-dimensional grid) of data is collected from a single echo. A typical 

64x64 matrix EPI acquisition takes less than 50 ms, thereby avoiding the problem of intrascan 

movement artifacts. However, interscan movement still poses a problem for fMRI using 

single-shot EPI and has to be controlled via head restraint within the experiment and pre-

processing techniques during data analysis (see 2.1.5). 
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2.1.4 Physiology of BOLD-based fMRI activation 

In fMRI physiological events that are detectable by MRI are used to identify regions of 

increased neuronal activity. Stimulation of neural tissue and the following increased electrical 

activity of neurons raise the activity of adenosine triphosphate (ATP)-dependent ion pumps 

located on the neuronal cell membrane, thus increasing the demand for glucose and oxygen, 

the basic substrates of ATP production in the brain. This greater demand is met through 

accelerated tissue perfusion (Fox & Raichle., 1986; Frostig et al., 1990; Roy & Sherrington, 

1890). Under steady-state resting conditions, approximately 70% of the oxygen delivered by 

the blood is extracted by brain tissue (Schmidt & Thews, 1983), leading to the presence of 

deoxyhemoglobin in the cortex. Early evidence indicates that the magnetic susceptibility of 

hemoglobin depends upon its oxygenation state (Pauling & Coryell, 1936) and it has been 

shown that the transverse relaxation rate of blood is based partly on oxygen saturation 

(Thulborn et al., 1982; Wright et al., 1991). Due to its paramagnetic properties 

deoxyhemoglobin can be used as an endogenous contrast agent because it results in small 

magnetic field inhomogeneities that enhance the rate of decay of transverse magnetization 

(i.e. it shortens T2 and T2*), thus exerting a significant attenuating effect on the intensity of 

T2*-weighted MR images acquired at rest (Brooks & Di Chiro, 1987; Thulborn et al., 1982). 

During brain activation, changes in blood flow and in the rate of oxygen consumption 

produce shifts in the level of tissue deoxyhemoglobin, which can be detected using T2*-

weighted fMRI. Therefore, fMRI with BOLD contrast exploits the fact that changes in the 

oxygen state of hemoglobin lead to measurable changes in the local magnetic field 

susceptibility of the blood and surrounding tissue and that by tracking these susceptibility 

changes over time during an experimental manipulation (e.g. a cognitive task), one can 

measure localized changes in cerebral blood flow as a correlate of brain activity. While 

substantial evidence suggests that oxygen consumption rises during brain activation (Davis et 

al., 1998; Frostig et al., 1990; Hoge et al., 1999a,b; Mandeville et al., 1999; Marrett & 

Gjedde, 1997), it is generally assumed that these metabolic changes are accompanied by 

proportionately larger increases in blood flow. This acceleration of oxidative metabolism and 

resulting increased deoxyhemoglobin production explains the initial counter-intuitive 

observation of a BOLD signal increase (and not decrease) during brain activation. In an 

attempt to explain the observed imbalance between aerobic metabolism and blood flow it has 

been proposed that the diffusibility of oxygen from blood to brain limits the rate at which it 

can be used at a given perfusion level. All quantitative models of oxygen delivery that have 
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been put forward (Buxton & Frank, 1997; Gjedde, 1997; Hudetz, 1999; Hyder et al., 1998), 

predict that disproportionately large blood flow increases are necessary to cause a given 

increase in oxygen delivery by increasing blood-brain gradients. Generally, when the 

perfusion rate in tissues is increased, venous deoxyhemoglobin is diluted, resulting in the 

signal intensity increase that represents the BOLD response, which forms the basis for fMRI 

brain mapping (Kwong et al., 1992; Ogawa et al., 1992). This BOLD technique is actually so 

predominant in functional brain imaging that its use is usually implicitly assumed when 

referring to fMRI. 

 

2.1.5 Preprocessing and analysis of fMRI data 

The analysis of fMRI data involves the detection of small signals in the presence of 

significant noise and therefore requires statistical methods. To achieve optimal results, 

functional volumes are subjected to several preprocessing steps before analysis. It is 

important to note that the visualization of fMRI data has a constructive component that 

includes the researcher’s idea of a model supposedly underlying the acquired data and that 

neither for design nor for statistics a “gold standard” practice has been established yet (Davis, 

2003). The programs most commonly employed provide multiple possibilities to assemble a 

set of analysis steps tailored to the specific needs of the experimental design. While this 

diversity of different analysis options can make comparisons across studies difficult, some 

basic routines have proven their usefulness and are now realized by the majority of 

researchers. Commonly applied preprocessing steps include movement correction and spatial 

smoothing. In addition, volumes of all subjects are normalized to a common template, 

whenever a group-level analysis is computed. For movement correction, translation and 

rotation parameters are defined in each dimension for all other volumes with respect to a 

reference volume. Using these parameters, each volume is then aligned to match this chosen 

reference volume. Volumes are smoothed by a Gaussian filter to increase signal-to-noise 

ratio, to compensate for inter-individual variance in functional anatomy, and to make data to 

conform more closely to statistical models (Friston et al., 1994). Normalization applies both 

linear and nonlinear transformations to fit volumes to a common template volume (Friston et 

al., 1995a). For data analysis, a general linear model, based on the study protocol, is first 

created (Friston et al., 1995b). This model is then convolved with a hemodynamic response 

function to take into account the time lag between neuronal activation and hemodynamic 
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response. Additional functions can be included as regressors to compensate for slow signal 

drifts, a procedure that corresponds to high-pass filtering. As the fMRI signal is temporally 

autocorrelated, an autoregressive model is also included (Bullmore et al., 1996). The time 

course of the signal is then fitted, voxel by voxel, to the model by a least-squares fit, resulting 

in multipliers of the general linear model (parameter estimates) and their variance for each 

condition. Statistical parametric maps (SPM) are then formed by comparing these parameter 

estimates between conditions (e.g. task versus rest). An alternative method consists in 

correlating the model function with the time behavior of the signal (Bandettini et al., 1993). 

This method can also be applied to detect brain areas where the time behavior of the signals is 

similar, being interpreted as an indicator of functional connectivity (Friston, 1994). For group 

analyses, the individual contrast or correlation images are fed voxel by voxel into statistical 

tests (Holmes & Friston, 1998). Statistical decision making in fMRI studies has to take into 

account the problem of multiple comparisons, as testing hundreds of thousands of voxels 

results in numerous false positive findings if a 95% confidence level is applied. Therefore it is 

crucial to use conservative statistical thresholds as well as knowledge about functional 

neuroanatomy and the potential extent of expected activation to restrict the amount of false 

positive results. 

 

2.1.6 Comparison of fMRI with other neuroimaging techniques 

As described above, fMRI does not measure brain activity directly but is based on the 

detection of changes in various physiological correlates of neuronal activation. These include 

cerebral blood volume, blood flow, and blood oxygenation (Rosen et al., 1998; Turner, 1992), 

with BOLD-based fMRI being the most common approach. Since coupling between neuronal 

activation and blood-oxygenation change is slow (response peaks 4-6 s after neural 

activation), fMRI cannot provide the same temporal resolution as MEG and EEG. Concerning 

spatial resolution, however, fMRI is still unrivalled by MEG and EEG and able to detect 

activations in both superficial and deep brain areas. Interestingly, strong correlations have 

been noted between data acquired with fMRI and results obtained with PET in identical 

paradigms (Coull & Nobre, 1998; Rees et al., 1997; Sadato et al., 1992). Compared to PET, 

fMRI offers certain advantages, including the lack of radiation, which enables multiple 

repetitions of individual studies. Even though newer PET systems have been applied to 

single-subject analysis (Chmielowska et al., 1998), the possibility to take into account 
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anatomy and other individual characteristics by fMRI represents an advantage over PET, 

especially in the field of pain research, as the processing of pain and its experience is highly 

dependent upon individual factors. In terms of temporal resolution, fMRI ranging from a 300 

ms theoretical value to 1-3 s in event-related fMRI studies with echo-planar systems 

(Buckner, 1998), offers an intermediate solution between PET (tens of seconds) and 

electrophysiology (tens of milliseconds). 

One of the disadvantages of fMRI, however, is the fact that ferromagnetic materials as present 

in most electronic devices and recording instruments cannot be introduced into the scanning 

environment. Consequently, subjects with implanted ferromagnetic devices such as for 

instance metal protheses cannot be examined with fMRI. This requirement of MRI-

compatible (i.e. non-ferromagnetic) equipment, as well as the necessity for precise timing 

between stimuli and acquisition in rapidly alternating conditions, increases the technical 

constraints, so that some experimental set-ups are more difficult to realize with fMRI 

compared to PET. Moreover, in fMRI the existence of pulsation artifacts still poses a problem 

in the analysis of brainstem and thalamic responses. Also, the imaging of resting activity (i.e. 

without stimulation) is still less well established in fMRI than in PET. In addition, in contrast 

to PET, pharmacological receptor activation and distribution studies cannot yet be carried out 

with fMRI, as it cannot directly visualize changes in receptor density. This, however, will be 

of eminent interest for future studies on pain, which should investigate the in vivo distribution 

and the functional properties of neurotransmitters related to pain processing and pain control 

(Jones et al., 1991; Jones et al., 1994; Jones et al., 2004; Vogt et al., 1995a). Interestingly, in 

so-called pharmacological MRI (phMRI) a new means of addressing these research questions 

has been created. By combining pharmacological manipulation of neurotransmitters with 

fMRI technology, the physiological effects of neurotransmitters can be assessed beyond their 

primary site of action and this new combined approach can be used for investigations of 

cognitive and emotional functions during pharmacological manipulation that are not possible 

with PET (Alves Fda, et al., 2008; Chen et al., 1999; Chin et al., 2006; Dixon et al., 2005; 

Ireland et al., 2005; Nguyen et al., 2000; Schwarz et al., 2007; Takahashi et al., 2005). 

According to a recent meta-analysis (Apkarian et al., 2005) reviewing which types of 

information could be obtained employing the different imaging techniques, hemodynamic 

imaging methods such as fMRI and PET are most suitable to identify areas of the pain 

network, while EEG and MEG are the methods of choice when the temporal sequence and 

time delays to activating different cortical regions are to be investigated. While studies 
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involving neurotransmitter and neuroreceptor changes are important when analyzing which 

brain areas participate in modulating pain perception, psychological mechanisms of pain 

modulation are also being examined with fMRI, PET, and EEG/MEG studies. Table 2.1 

provides an overview of selected brain imaging techniques most relevant for studies on pain 

processing. 
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2.2 Pain – a multidimensional experience 

The physiological sequence of reception, transmission and processing of nociceptive signals 

is subsumed under the term “nociception” and the structures involved in these processes 

constitute the nociceptive system. The term “pain” on the other hand refers to the conscious 

perception and processing of nociceptive signals. While the subjective sensation of pain often 

results from an activation of the nociceptive system, not every stimulation of nociceptors 

necessarily leads to pain. Conversely, studies using perceptual illusions, hypnotic suggestions, 

or empathy manipulations have shown that a pain sensation can arise and activations in pain 

processing brain areas can be observed without any noxious input (Craig et al., 1996; 

Derbyshire et al., 2004; Raij et al., 2005; Rainville et al., 1997; Singer et al., 2004).  

These observations highlight the fact that the conscious experience of pain is not always 

linearly related to the nociceptive input and that pain processing is characterized by an 

interaction of sensory, affective, motoric, and vegetative components, as well as an 

experience-based cognitive pain evaluation and its psychomotoric expression (Melzack & 

Casey, 1968). Potentially harmful stimuli above pain threshold are first registered via the 

sensory-discriminative component, which mediates the first pain sensation and allocates 

attention to the painful stimulus in order to code information concerning its localization, 

character (e.g. stimulus modality), and intensity. As painful stimuli disrupt a subject’s well-

being, they can lead to the expression of negative emotions such as feelings of 

unpleasantness, which are coded by the affective component. Defensive reflex reactions, 

which may be initiated in order to withdraw an affected extremity from the noxious stimulus, 

belong to the motoric component. The vegetative component in turn defines the involvement 

of the autonomic nervous system in pain processing, which can manifest itself via an 

adrenergic reaction to painful stimulation such as increased heart rate, respiration, and 

perspiration on the one hand, and vasovagal reactions such as reduced heart rate and 

hypotension on the other hand. Depending on the allocation of attention during painful 

stimulation, the interplay of the above described components results in a cognitive evaluation 

of the pain stimulus with regard to the degree of associated danger, intensity, and 

unpleasantness. Importantly, during this evaluation process pain experiences stored in short- 

and long-term memory are compared with the current pain stimulus. The memory for pain 

consists not only of personal experiences with previous pain events, their intensity and 

associated constraints, but also of social reactions and benefits, such as for example the 

handling of pain-related disability in the family setting. The expression of pain characterized 
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by lamentation, facial expressions as well as gestures associated with feelings of 

unpleasantness is mediated via the psychomotoric component. The extent to which pain is 

expressed not only depends on the individual’s personality (e.g. extraversion), but also on the 

specific situation of the painful event and the corresponding personal evaluation as to how 

appropriate expressions of pain are in this particular setting. Furthermore, sociocultural 

differences with regard to how experienced pain is expressed shape individual reactions to 

pain.  

Various classification systems of pain have been put forward. Cervero and Laird (1991) for 

instance distinguish between three types of pain: acute physiological nociceptive pain, 

pathophysiological nociceptive pain, and neuropathic pain. According to their definition, 

acute physiological nociceptive pain results from the application of an acute noxious stimulus 

to normal tissue, which it protects from being (further) damaged as withdrawal reflexes are 

normally elicited. Pathophysiological nociceptive pain develops when the tissue is inflamed 

or injured and may present as spontaneous pain, hyperalgesia and/or allodynia (i.e. a painful 

response to non-painful stimulus). While nociceptive pain is elicited by stimulation of the 

sensory endings in the tissue, neuropathic pain results from neuronal injury or disease in the 

peripheral or central nervous system. It has to be noted, however, that the above suggested 

classification of pain is oversimplified and not exhaustive because in many cases pain cannot 

be defined as strictly inflammatory or neuropathic and also because research now addresses 

other types of pain (e.g. cancer pain), hopefully leading to a more diversified classification 

system taking into account general and disease-specific neuronal mechanisms. Another 

important factor in the classification of pain is the time dimension, i.e. the distinction between 

acute and chronic pain. While the IASP defines chronic pain as “pain without apparent 

biological value that has persisted beyond the normal tissue healing time of 3 month” 

(Harstall, 2003), other definitions call pain “chronic” when it lasts longer than 6 months 

(Russo & Brose, 1998). 

 

2.2.1 Neurophysiology and functional neuroanatomy of the nociceptive 

system  

In the following paragraphs, a general overview is given about the structure and function of 

the most important parts of the nociceptive system, as described in numerous reviews (Besson 

& Chaouch, 1987; Byers & Bonica, 2001; Craig, 2003; Craig & Dostrovsky, 1999; 
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Handwerker & Kobal, 1993; Jessel & Kelly, 1991; Peyron et al., 1999; Raja et al., 1999; 

Schnitzler & Ploner, 2000; Treede et al., 1999; Villanueva & Nathan, 2000; Willis & 

Coggeshall, 1991; Willis & Westlund, 1997), with a focus on acute physiological nociceptive 

pain in healthy human subjects as investigated in the present study. It is to be noted that 

current knowledge about the nociceptive system is partly based on animal studies, and that 

many details are still a matter of debate. 

 

2.2.1.1 The peripheral nociceptive system 

Stimuli that can potentially damage tissue are received by special receptors of the peripheral 

nervous system, the so-called nociceptors, which are widespread in the superficial skin, 

periosteum, peritoneum, vascular walls, and meninges. Nociceptors register nociceptive 

stimuli as free nerve endings and can be classified according to their reactivity into thermal, 

mechanical, and polymodal nociceptors (cf. Kruger et al., 2003). The nociceptors activated by 

either thermal or mechanical stimuli belong to thinly myelinated Aδ-fibers conducting 

impulses at 5-30 m/s. The majority of nociceptors, however, are polymodal, which means that 

they react to mechanical, thermal and chemical stimuli (cf. Belmonte & Cervero, 1996). 

These polymodal nociceptors belong to the unmyelinated C-fibers that conduct signals at 0.5-

2 m/s. Both fiber types project to the dorsal horn of the spinal cord or, coming from the facial 

regions, to the trigeminal ganglia. As more types of fibers are often activated at the same 

time, it can be difficult to determine which fibers are involved in the actual transmission of 

nociceptive signals. Experimental stimulation of Aδ-fibers results in a clearly localizable pain 

sensation, so-called first pain, while excitation of C-fibers corresponds to a diffuse burning 

type of pain referred to as second pain (Schmidt et al., 1995; Simone & Kajander, 1997; 

Treede et al., 1995; Weidner et al., 1999). Importantly, nociceptors also convey other inputs 

relevant to homeostatic functions including local metabolism, neuroendocrine, vascular, and 

trophic processes (Byers & Bonica, 2001; Craig, 2003). For instance, nociceptors can exert 

efferent functions in tissue by releasing neuropeptides (e.g. substance P, calcitonin gene-

related peptide) from their sensory endings. Thereby they induce vasodilatation, plasma 

extravasation, and attraction of macrophages or degranulation of mast cells, resulting in 

neurogenic inflammation (Lynn, 1996; Schaible et al., 2005). While nociceptors of different 

tissues are assumed to share most of their general properties, subtle qualitative and 
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quantitative differences of neurons supplying different tissues cannot be ruled out and may be 

important in pain processing.  

 

2.2.1.2 Nociceptive processing in the spinal cord 

In pain processing, at least three different neurons, designated primary, secondary and tertiary 

sensory neurons, are necessary to transfer information from the sensory receptors to the 

cerebral cortex. The primary sensory (i.e. peripheral nociceptive) neuron has its cell body in 

the dorsal root ganglia with its axon projecting into the spinal cord where it terminates 

segmentally on secondary a) projection neurons that send ascending axons towards higher 

centers, b) inhibitory interneurons that are involved in the regulation of transmission of 

nociceptive information, and c) excitatory interneurons that relay input to the projection 

neurons. While most nociceptive Aδ-fibers project to lamina I (and II), some Aδ-fibers have 

further projections into lamina V. Cutaneous C-fibers, on the other hand, project mainly to 

lamina II. Neurons with nociceptive response properties, such as wide dynamic range (WDR) 

neurons (mainly lamina V) and nociceptive-specific neurons (mainly lamina I), have been 

located in the superficial and deep dorsal horn. WDR neurons are characterized by large 

receptive fields and receive input not only from nociceptors but also mechanoreceptors (i.e., 

from Aβ-, Aδ- and C-fibers), responding in a graded fashion to both innocuous and noxious 

stimulus intensities. In contrast, nociceptive-specific neurons are only activated by Aδ- and C-

fiber stimulation at noxious stimulus intensities. While a proportion of neurons receive only 

input from the skin or deep tissue such as muscle or joint, the majority of neurons exhibit 

convergent input from both skin and deep tissue.  

Nociceptive processing in the spinal cord became the focus of attention, when Melzack and 

Wall (1965) formulated their “gate control theory” and propagated the idea that the 

transmission of pain from the peripheral nerve through the spinal cord was subject to 

modulation by both intrinsic neurons and control mechanisms emanating from the brain. By 

proposing that signals arising from the brain could influence afferent input at the “earliest 

synaptic levels of the somesthetic system” (Melzack & Wall, 1965), they argued against the 

concept of an invariant relationship between stimulus and sensation in a fixed, direct-line 

connection from the skin to the brain. Basically, the theory asserted that activation of nerves 

that do not transmit pain signals can interfere with signals from pain fibers and inhibit an 

individual's perception of pain. More specifically, Melzack and Wall (1965) suggested a 
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gating mechanism within the spinal cord that closed in response to normal stimulation of the 

fast conducting “touch” nerve fibers, but opened when the slow conducting “pain” fibers 

transmitted a high volume and intensity of sensory signals. The gate could be closed again if 

these signals were countered by renewed stimulation of the large fibers. According to 

Melzack (1999), the gate control theory’s most important contribution to understanding pain 

was its emphasis on central mechanisms by conceptualizing the brain as an active system that 

filters and modulates inputs, and the dorsal horns as sites at which dynamic activities (e.g. 

inhibition or excitation) occurred instead of being simply passive transmission stations. This 

emphasis on the modulation of inputs in the spinal dorsal horns and the dynamic role of the 

brain in pain processes had a clinical as well as a scientific impact and by integrating 

experimental and clinical observations, the gate control theory prompted new impulses for 

pain research. Although the hypothesis in its original form has been much revised since its 

conception, the idea of the modulation of pain perception within the nervous system continues 

to be central to pain studies (Handwerker, 2007).  

 

2.2.1.2.1 Plasticity of spinal nociceptive processing  

The response of spinal neurons is determined by the interplay between primary afferent input, 

spinal inter-connections and descending influences. It has been observed that the response 

properties of spinal neurons (e.g. receptive field size) can be modified when peripheral tissue 

is sufficiently activated by noxious stimuli. Importantly, in pain states, the excitability of 

spinal nociceptive neurons to peripheral inputs can change so that spinal nociceptive 

processing is amplified. Furthermore, deep spinal and medullary dorsal horn neurons are 

subject to inhibitory and facilitatory modulation by superficial and deep dorsal horn lamina I 

projection neurons via local intraspinal pathways as well as pathways descending from the 

brainstem (Dallel et al., 1998; Dickenson et al., 2004; Fields & Basbaum, 1999; Suzuki et al., 

2002). It is generally assumed that spinal cord plasticity plays a major role in the development 

and maintenance of clinical pain conditions. Plasticity of spinal nociceptive processing has 

been investigated with regard to phenomena such as wind-up, long-term potentiation, long-

term depression, and central sensitization in terms of spinal hyperexcitability (Herrero et al., 

2000; Ji et al., 2003; Sandkühler, 2000). 
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2.2.1.2.2 Projections to supraspinal sites  

While most dorsal horn neurons are local interneurons with axons terminating in the same or 

adjacent laminae, a proportion of neurons projects to tertiary sensory neurons in supraspinal 

sites via ascending pathways in the white matter tract of the spinal ventral quadrant. 

Ascending axons of laminae I and V projection neurons cross the spinal cord and conduct 

nociceptive information in the anterolateral system at velocities corresponding to those of the 

peripheral neurons providing the input (Tran et al., 2001). Among these ascending pathways 

is the spinothalamic tract (STT), in which the anterior parts are primarily composed of lamina 

V neurons while the lateral parts contain predominantly lamina I neurons. The fact that 

anterior lesions within the STT affect mainly tactile perception and movements, whereas 

lesions of the lateral parts reduce peripheral pain, together with the observation that 

stimulation of the lateral STT elicits pain, suggests that spinothalamic projections of lamina I 

nociceptive neurons seem to play a predominant role in pain perception. 

Nociceptive information ascends to the thalamus in the STT and to the medulla and brainstem 

via the spinoreticular (SRT) and spinomesencephalic (SMT) tracts. These tracts serve 

different purposes related to both their lamina origin in the dorsal horn and final central 

destination (Dostrovsky & Craig, 2006). Spinal projections to the brainstem are particularly 

important for integrating nociceptive activity with homeostatic, arousal, and autonomic 

processes, as well as for providing a means to indirectly convey nociceptive information to 

forebrain regions after brainstem processing. In addition, several spinal projection paths, 

namely the spinohypothalamic, spino-parabrachio-amygdalar, and spino-amygdalar tract 

among others, are not relayed via the thalamus, but have straight access to the limbic system, 

projecting directly to the amygdala involved in emotional responses, and to the hypothalamus 

regulating bodily functions by hormone secretion (cf. Craig & Dostrovsky, 1999; Villanueva 

& Nathan, 2000; Willis & Westlund, 1997).  

Since a more detailed description is beyond the scope of this chapter and not crucial to the 

interpretation of results presented in this thesis, the interested reader is referred to Almeida et 

al. (2004), Craig (2002; 2003), Pralong et al. (2004), and Weiss et al. (2005). 

 

2.2.1.3 Brainstem and midbrain influences on nociceptive processing 

In addition to being involved in the regulation of autonomic functions and maintaining vital 

circulatory and respiratory functions, brainstem and midbrain structures have been implicated 
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in the descending modulation of pain processing (cf. Fields & Basbaum, 1999; Ossipov & 

Porreca, 2005). This was based on the observation that noxious stimulation activates several 

spino-brainstem-spinal pathways simultaneously, resulting in widespread negative and 

positive feedback loops by which nociceptive signals may attenuate or increase their own 

magnitudes (Dickenson et al., 2004; Fields et al., 2005; Porreca et al., 2002; Villanueva & Le 

Bars, 1995). Importantly, in addition to exerting facilitatory or inhibitory influences on the 

spinal cord, resulting in pro- or anti-nociception, respectively, forebrain activity can also be 

modulated (Fields & Basbaum 1999; Hagbarth & Kerr, 1954). 

Projection sites of nociceptive pathways in the brainstem and midbrain include the 

catecholaminergic nuclei, periaqueductal gray (PAG), superior colliculus, pretectal nuclei, 

and red nucleus, among others (Willis & Westlund, 1997).  

More specifically, the catecholaminergic nuclei of the brainstem receive input from lamina I 

pathways and regulate vigilance and attention through cortical projections. In addition, to 

controlling bodily functions via the autonomic nervous system, they are involved in the 

descending modulation of spinal nociceptive afferents. While the superior colliculus and the 

red nucleus are suggested to play a role in visuomotor orienting and motor functions related to 

pain, the pretectal nuclei and especially the PAG are involved in endogenous analgesia by 

modulating and inhibiting nociceptive afferent signals (Ingvar, 1999). The crucial role of the 

PAG in pain modulation is reflected by the fact that this structure receives direct nociceptive 

signals from ascending spinal connections (Blomqvist et al., 1991), which are projected to the 

thalamus, hypothalamus and the limbic system and then transformed into a defense reaction. 

The PAG also sends projections to the rostral ventromedial medulla (RVM; Fields et al., 

1991), which then projects along the dorsolateral funiculus (DLF) back to the dorsal horn. 

The RVM contains so-called on- and off-cells, which are thought to facilitate nociceptive 

mechanisms at the spinal dorsal horn or to exert descending inhibition of nociception, 

respectively. Thus, RVM seems to generate both antinociception and facilitation of pain 

transmission (Gebhart, 2004; Ossipov & Porreca, 2005). The integral part of the PAG and 

RVM in pain modulation is also demonstrated by the fact that these brain areas are, in 

addition to the spinal dorsal horn, the main sites of action of exogenous opiates, which induce 

analgesia by imitating endogenous opioids (Ossipov & Porreca, 2005).  

As brainstem and midbrain structures entertain connections with various (sub-)cortical 

regions, descending influences from the thalamus, hypothalamus, amygdala, anterior 

cingulate cortex, insula and prefrontal cortex can elicit inhibition or facilitation of nociceptive 
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transmission via brainstem structures in different behavioral circumstances (e.g. placebo 

analgesia). This is consistent with the concept that prefrontal mechanisms can trigger opioid 

release within the brainstem and, thereby, influence the descending pain modulatory system to 

modulate pain perception. 

Only few imaging studies have reported pain-related activation of these brainstem structures 

in humans, possibly because firstly autonomic responses tend to habituate during prolonged 

stimulation (Petrovic et al., 2004) and secondly due to the fact that in these controlled pain 

experiments the subjects were well informed about the nature of the painful stimulus to be 

expected. However, when character and intensity of a painful stimulus are unknown to the 

subjects (Hsieh et al., 1999) or a pain syndrome is associated with intense anxiety, as for 

instance in angina pectoris, activation of the PAG can be observed (Rosen et al., 1994). 

Interestingly, this activation has been reported to be correlated with the subjectively 

experienced intensity of the pain stimulus (Tölle et al., 1999).  

 

2.2.1.4 Cortical nociceptive processing 

As pain is a very complex and multidimensional subjective experience, electrophysiological 

and neuroimaging data have delineated a large central network accessed during nociceptive 

processing (see fig. 3.1). This brain network activated upon noxious stimulation was first 

described as the “pain neuromatrix” (Melzack, 1999), but it is now more commonly referred 

to as the “pain matrix”. Basically it can be thought of as having lateral (sensory-

discriminative) and medial (affective-cognitive) neuroanatomical (Albe-Fessard et al., 1985) 

and functional (Treede et al., 1999; Vogt, 2005) components. However, as different brain 

areas play a more or less active role depending upon the precise interplay of the factors 

involved in influencing pain perception (e.g. cognition, mood, and injury), the question of 

which regions should be included in the pain matrix remains a matter of debate. Since it is 

now known that pain processing is carried out in parallel as well as sequentially, enabling a 

reciprocal exchange of information in these structures (Price, 2000), emphasis should be laid 

on investigating the interaction within this network of brain regions responsible for the 

generation of the pain experience, rather than trying to define a fixed set of neuroanatomical 

structures. Meta-analyses of human data from PET, fMRI, EEG, and MEG studies provide 

clarity regarding the regions most commonly found active during an acute pain experience 

(Apkarian et al., 2005; Peyron et al., 2000). As can be seen in figure 2.1, these areas include 
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the thalamus, somatosensory cortex I (SI) and II (SII), insular and anterior cingulate cortex 

(ACC), as well as the prefrontal (PFC) and posterior parietal cortex (PPC). Other regions such 

as the basal ganglia, cerebellum, amygdala, hippocampus, and areas within the temporal 

cortex can also be active dependent on the particular set of circumstances for an individual 

within a specific experimental setting.  

In the following paragraphs, the most relevant of the above cited brain regions will be 

described with regard to their role in pain processing. 

 

 

 
Fig. 2.1 Cortical and sub-cortical regions involved in pain perception, their inter-connectivity and 
ascending pathways. Locations of brain regions involved in pain perception are color-coded in a 
schematic drawing and in an example MRI. (a) Schematic shows the regions, their inter-connectivity 
and afferent pathways. (b) The areas corresponding to those shown in the schematic are shown in an 
anatomical MRI, on a coronal slice and three sagittal slices as indicated on the coronal slice. The six 
areas used in meta-analysis are primary and secondary somatosensory cortices (SI, SII, red and 
orange), anterior cingulate cortex (ACC, green), insula (blue), thalamus (yellow), and prefrontal cortex 
(PF, purple). Other regions indicated include: primary and supplementary motor cortices (MI and 
SMA), posterior parietal cortex (PPC), posterior cingulate cortex (PCC), basal ganglia (BG, pink), 
hypothalamus (HT), amygdala (AMYG), parabrachial nuclei (PB), and periaqueductal gray (PAG; 
adapted from Apkarian et al., 2005). 
 

2.2.1.4.1 Thalamus 

Whereas earlier views characterized the thalamus as a simple relay station, more recent 

research has demonstrated how complex the thalamic circuitry and membrane properties 

really are (Sherman & Guillery, 1996). Sherman and colleagues (Sherman, 2001; Sherman & 

Guillery, 2002) have propagated a new concept emphasizing the importance of higher-order 
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thalamic relays to general corticocortical communication, thereby challenging the 

conventional perspective that such communication is based on direct corticocortical 

connections. According to their idea, any new information reaching a cortical area, whether 

from a subcortical source or another cortical area, benefits from a thalamic relay, indicating 

that the thalamus not only provides a behaviorally relevant, dynamic control over the nature 

of information relayed, but that it also plays a key role in basic corticocortical communication 

(Sherman, 2005; 2007). In line with this it has been observed that thalamic activity is highly 

dependent on reciprocal interactions with its cortical targets (Villanueva & Fields, 2004). 

In this sense, the thalamus also represents the main relay site for nociceptive inputs before 

cortical and subcortical structures. Even though functional and anatomical divisions of the 

thalamus have been made on the basis of their connections to specific spinal cord laminae in 

various animal species and in humans (Craig, 2003; Pralong et al., 2004) and higher 

resolution imaging studies coupled to surgical studies largely confirm the relevance of nuclei 

identified to date (Montes et al., 2005; Romanelli et al., 2004), the thalamus is still relatively 

poorly understood in terms of nociceptive processing in humans. 

This may be partly explained by the fact that the thalamus represents a cytoarchitectonically 

highly complex structure, which is partitioned anatomically by the white substance of the 

laminae into four areas: nucleus anterior, nucleus medialis, nucleus ventralis as the largest 

thalamic structure, and the caudally located nucleus posterior, also referred to as pulvinar. 

These cell assemblies in turn contain many additional sub-nuclei, projecting to one or a few 

cortical areas and receiving feedback projections from the cortex. The thalamus also contains 

intralaminar and reticular nuclei that project to wide-spread cortical areas, thereby regulating 

general arousal (Herrero et al., 2002). According to current knowledge, the posterior portion 

of the nucleus ventralis, which can be further subdivided into lateral and medial subgroups of 

nuclei, is most relevant to pain processing (Hudson, 2000). These lateral and medial thalamic 

regions receive nociceptive inputs either indirectly via the brainstem (Craig & Dostrovsky, 

1999; Gauriau & Bernard, 2002; Villanueva & Nathan, 2000) or directly from superficially or 

deeply located parts of the dorsal horn (Apkarian & Shi, 1994; Craig 2003; Lenz & 

Dougherty, 1997; Willis & Coggeshall, 1991). Via the lateral thalamic nuclei nociceptive 

information is being transferred to somatosensory cortices I and II, the somatotopic 

arrangement of the thalamus enabling a precise mapping of impulses from different parts of 

the body (Hudson, 2000). Nociceptive signals being relayed through the medial nuclei of the 

thalamus are distributed in a more unspecific manner to limbic areas such as the cingulate 
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cortex (Van Hoesen et al., 1993). In addition, the posterior part of the ventromedial nucleus 

projects to the insula and insular projections of the posterior part of the ventromedial nucleus 

may send collaterals to SI. Some pain-related thalamic nuclei (parafascicular nucleus as well 

as the ventral and central lateral nuclei) project to motor areas, including motor cortex and 

basal ganglia. 

Thalamic lesions can result in a decrease of the threshold for touch, pain and temperature 

perception or compromise deep sensibility, depending on the thalamic subarea lesioned (Head 

& Holmes, 1911). Imaging studies mostly report contralateral activation of the thalamus 

across a variety of different pain modalities, indicating that mainly thalamic nuclei 

contralateral to the stimulation side relay nociceptive information to the cortex. However, 

sometimes lack of thalamic activation, ipsilateral or bilateral activation has been observed, the 

latter possibly reflecting generalized arousal in reaction to pain (Peyron et al., 2000). These 

inconsistent results can be partly explained by differences in stimulation procedures, 

application duration and frequency, as well as the intensity of nociceptive stimuli employed. 

While the spatial resolution of fMRI theoretically allows identification of single thalamic 

nuclei, special measurement techniques are required and characterization of pain-related 

thalamic nuclei in the living human brain has therefore not yet been completed. The 

observation that thalamic lesions frequently result in pain on the contralateral side of the body 

and the fact that neurosurgical interventions involving the thalamus may relieve chronic pain 

(Duncan et al., 1998) imply, however, that this structure is of great interest in pain research.  

 

2.2.1.4.2 Primary and secondary somatosensory cortex 

The sensory component of pain, including location, intensity, and quality of pain has been 

suggested to be associated with activity of contralateral SI and bilateral SII, which are located 

in the postcentral gyrus (Schnitzler & Ploner, 2000; Treede et al., 1999).  

The relation between stimulus intensity and amplitudes of evoked MEG responses from SI 

has been reported to resemble an exponential function and closely match the subjects' pain 

ratings (Timmermann et al., 2001). In addition, studies have observed that the pain-elicited 

increase of cerebral blood flow in SI is somatotopically organized (Andersson et al., 1997; 

Bingel et al., 2004). While the subjective pain perception can remain relatively unaffected, 

lesions of this structure cause deficits in the precise spatial perception of external stimuli 

(Head & Holmes, 1911; Ploner et al., 1999a) such as the ability to localize and determine 
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gradual intensity differences of stimuli. Based on these findings, SI has been suggested to be 

involved in determining the intensity of a stimulus and encoding its location by somatotopical 

mapping (Amaral, 1987; Jones & Powell, 1970; Schmitzler & Ploner, 2000; Timmermann et 

al., 2001). It is to be noted, however, that pain studies employing brain imaging techniques 

have supplied conflicting evidence with regard to this region. While some studies have 

reported increased activations, others found no changes or even a signal decrease measured in 

rCBF or BOLD-contrast. Taken together, activation of SI has been observed in only about 

half of pain imaging studies (Bushnell et al., 1999; Peyron et al., 2000) and apart from 

different stimulation protocols several arguments have been put forward as possible 

explanations for these findings. One problem is that many imaging studies investigating pain 

processing have employed methods unable to differentiate activation within SI from 

activation in the adjacent motor and posterior parietal cortices. Another difficulty is that the 

probability of obtaining SI activation appears to be related to spatial (total amount of body 

surface stimulated) and probably also temporal (rapid succession of stimuli within a time 

interval) summation, as well as the amount of attention directed to the stimulus (Johansen-

Berg et al., 2000; Peyron et al., 2000). Furthermore, some of the noxious stimuli employed 

may not exclusively access pain-related structures but additionally activate components of the 

tactile system.  

Another unresolved issue concerns the exact function of SII located in the inferior part of BA 

40, overlapping with BA 43. During processing of sensory information imaging studies often 

show bilateral activation in SII without somatotopic organization. While similar to SI a 

positive correlation with stimulus intensity has also been reported for SII, the type of 

dependence on stimulus intensity is different for both regions. More specifically, the 

relationship between SII activity and stimulus intensity has been characterized by an S-shaped 

function with a sharp increase in amplitude only at clearly suprathreshold stimuli. This all-or-

none-like activation pattern of SII points against a significant contribution of this area to the 

sensory-discriminative aspects of pain perception and suggests that SII may instead subserve 

recognition of the noxious nature of a stimulus as well as pain-related attention processes 

(Timmermann et al., 2001). This is in line with the observation that activation in SII can be 

modulated by attention (Hoechstetter et al., 2000; Johansen-Berg et al., 2000) and by the fact 

that thermal or mechanical noxious stimulation lead to stronger activations than non-noxious 

stimuli (Oshiro et al., 1998). Furthermore, it has been observed that lesion of SII may change 

pain thresholds and lead to reduced thermal or mechanical sensibility for stimuli in the 
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noxious range (Greenspan & Winfield, 1992; Schnitzler & Ploner, 2000). Moreover, injury of 

SII can result in an inability to recognize the painful quality of a noxious stimulus, even when 

the patient is asked to pick up pain-related terms (“hot”, “burning”, “pain”) from a list (Ploner 

et al., 1999a). Together with the known role of SII cortex in tactile feature analysis and object 

recognition, these findings suggest that SII may contribute to recognizing stimuli as painful 

(Schnitzler & Ploner, 2000). Importantly, connections of SII to memory-related temporal-lobe 

structures and to the motor system (Jones & Powell, 1969) imply a potential role of SII in 

pain-related learning and memory processes, as well as in pain-motor integration. It is 

conceivable that an important function of the secondary somatosensory cortex consists in the 

integration of information from other sensory modalities (Jones, 1999; Treede et al., 2000). 

Interestingly, it has been shown that SII seems to comprise four histologically separate 

regions (Eickhoff et al., 2002). The functional specialization of these subregions in pain 

processing remains to be unraveled by future studies.  

Taken together, it can be concluded that while the somatosensory cortices have been 

implicated in processes related to sensory discrimination as well as attention to and 

recognition of painful stimuli, the exact functions of SI and SII in pain processing still need to 

be further clarified. 

 

2.2.1.4.3 Insula 

According to a recent review, the insula is the most frequently activated structure in fMRI 

studies of pain (Apkarian et al., 2005), with activations having been observed in its anterior, 

middle, and posterior subregions. As this phylogenetically ancient structure appears to receive 

information via a direct thalamo-insular connection (Craig, 2003), insular activity has been 

associated with many emotional, sensory, and motor functions and can therefore be thought of 

as a site of sensory and affective integration. With regard to pain processing, the insula can in 

a simplified way be divided into an affective component with associated vegetative reactions 

and a sensory component.  

Affective processing has been attributed to the anterior-ventral part of the insula because from 

there numerous fibers project to structures of the limbic system, such as the amygdala and 

cingulate cortex, as well as to parts of the autonomic system (Hudson, 2000). Input to the 

anterior insula is mainly of olfactory, gustatory, and visceral nature (Augustine, 1996). 

Electrical stimulation of this region for instance leads to accelerated respiratory, 
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cardiovascular, and gastric reactions (Mufson et al., 1982), but due to projections to the 

amygdala it also leads to avoidance tendencies and feelings of anxiety (Gabriel, 1993). These 

amygdala projections also permit the insula to mediate feelings about the internal body state 

and gate information to the limbic system. Activation of the anterior insula is therefore 

associated with changes in the internal body state that can be physical in nature (e.g. 

temperature change, tissue damage) or related to different emotional states. Based on these 

observations, the anterior insula has been suggested to be part of a neuronal system that 

monitors the internal body state in order to maintain homeostasis (Craig, 2002). In line with 

this idea it is of interest to note that neural projections from the insula may also be involved in 

endogenous analgesia (Jasmin et al., 2003). 

Imaging studies investigating sensory-discriminative aspects of pain processing have mostly 

reported an involvement of the posterior-dorsal part of the insula (Craig et al., 2000). The 

posterior insula receives somatosensory, visual, and auditory input (Augustine, 1996). Electric 

stimulation of the posterior insula results in painful and/or thermal sensations in distinct sites 

on the contralateral hemibody that differ in quality (e.g. burning versus tingling) depending in 

the stimulation site (Ostrowsky et al., 2002). Damage in this region may result in pain 

asymbolia, a condition in which pain is perceived, but does not cause suffering, i.e. it loses its 

affective quality (Greenspan et al., 1999). In addition, the posterior insular cortex is more 

active in subjects who successfully monitor their own heart rate, which can be used as a 

marker of interoceptive awareness (Critchley et al., 2004). Furthermore, pain-related 

activation of the posterior insula is located predominantly contralaterally and shows only little 

modulation by attentional manipulation, suggesting a role for this region in the processing of 

the sensory-discriminative dimension of pain (Brooks et al., 2002). This area receives 

projections from lateral thalamic nuclei and is connected to sensory regions like SI and SII as 

well as premotor areas such as BA 6 (Peyron et al., 1999; Yamasaki et al., 2000). It is 

conceivable that the function of the posterior insula is to encode the sensory aspects of pain 

and to integrate pain-related and contextual information before activating the limbic areas of 

the medial temporal lobe (Schnitzler & Ploner, 2000). This view is in line with the clinical 

finding that patients with insular damage may have adequate sensory-discriminative capacity 

but at the same time show an inadequate emotional response to pain (Berthier et al., 1988), 

suggesting that lesions to the insular cortex may play a critical role in the development of 

asymbolia for pain by interrupting connections between sensory cortices and the limbic 

system. Further evidence underlining the central role of the insular cortex in pain processing 
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comes from a lesion study investigating the opioid receptor (OR) binding potential for 

diprenorphine. Compared to healthy controls, in patients with unilateral brainstem, thalamic 

or parietal cortex infarcts, reduced OR binding potential was observed within the neural 

circuitry processing pain (Willoch et al., 2004), but most notably in the ipsilateral ventral 

posterior thalamus and posterior insula, i.e. at both the relay site and at the possible target of 

its projections.  

To sum up, the above findings support the concept of a central role for the insula in 

generating the multidimensional experience of pain. Together with the neuroanatomical 

connections the insula entertains with the striatum, parietal association and lateral prefrontal 

cortices, the cited evidence places this structure in a unique position to assign significance to 

the sensory information it receives (Mesulam & Mufson, 1982) and to possibly effect 

decisions and subsequent behavior.  

 

2.2.1.4.4 Anterior cingulate cortex 

The original view of the human cingulate cortex being comprised of an anterior and a 

posterior subregion (Brodmann, 1909) was refined by Vogt and colleagues (Vogt, 1993), who 

propagated three major cingulate subdivisions: anterior cingulate cortex (ACC), posterior 

cingulate cortex (PCC), and retrosplenial cortex (RSC). Even though pain-related activation 

of the cingulate cortex has also been observed in its posterior subparts (Baciu et al., 1999; 

Becerra et al., 2001; Brooks et al., 2002; Niddam et al., 2002; Strigo et al., 2003; Tölle et al., 

1999), the fact that the ACC is among the most commonly activated structures in functional 

imaging studies of pain (Derbyshire, 1999; Peyron et al., 2000) suggests that it plays a pivotal 

role in nociceptive processing. The following paragraphs will therefore focus on the role of 

the ACC and its subparts. 

Lesion and electrostimulation studies have revealed that the ACC is a region of considerable 

structural and functional complexity involved in the processing and integration of sensory, 

motor, cognitive, and emotional information and with the capacity to influence cognitive, 

motor, endocrine, and visceral functions of other brain regions (Bush et al., 2000; Devinsky et 

al., 1995; Paus et al. 1998; Vogt et al. 1993). This functional diversity suggests that, although 

the ACC may play an important role in pain processing, it is a region activated by a wide 

array of inputs other than painful stimuli.  
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Neuroanatomically the ACC belongs to the limbic system and morphologically consists in a 

slender structure of approximately 10 cm length extending along the corpus callosum. 

Anatomical projections to the ACC from the midline thalamus and intralaminar nuclei (Vogt 

et al. 1979) as well as the ventrobasal complex have been demonstrated, and 

electrophysiological data indicate that the ACC receives nociceptive signals from medial 

thalamic nuclei (Vogt et al., 1987). The connections of these thalamic nuclei with the 

spinothalamic tract in turn implicate a role of the ACC in pain processing (Albe-Fessard et al. 

1985; Boivie et al. 1994). In line with this, single-unit recordings in rabbits (Sikes & Vogt, 

1992) and humans (Hutchison et al., 1999) have identified nociceptive neurons in BA 24 of 

the ACC. There is, however, substantial interindividual and interstudy variability concerning 

the location of anterior cingulate responses to nociceptive stimuli (Derbyshire, 2000; Vogt et 

al., 1996) and differences concerning the nomenclature to describe cingulate subregions still 

complicate the comparison of results across studies. This wide spatial distribution of pain 

responses within the cingulate cortex has raised the issue of both pain-specific and more 

generalized divisions of function within this region. Neuroimaging studies in addition to 

anatomical and lesion data have led to the concept of two major ACC subdivisions: a rostral-

perigenual (pACC) affect-related division and a caudal mid-cingulate (MCC) cognition-

related division (Bentley et al. 2002b; Bush et al., 1998; Bush et al., 2000; Vogt et al. 1996; 

Whalen et al., 1998).  

The pACC surrounds most parts of the callosal genu and includes cytoarchitectural areas 33, 

32, 24, and 25. It is linked via reciprocal connections to the amygdala, orbitofrontal cortex, 

and PAG, and has been associated with anticipation of pain (Eisenberger & Liebermann, 

2004), defensive behavior (Jhou, 2005), modulation of the pain response (Benarroch, 2006), 

and endogenous analgesia (Petrovic et al., 2002), as well as emotional processing including 

autonomic and visceral reactions (Bancaud & Talairach, 1992; Bush et al., 2000; Devinsky et 

al., 1995; George et al., 1996; Meyer et al., 1973; Phan et al., 2002). Interestingly, activation 

of the pACC has only been observed in few imaging studies (Bornhövd et al., 2002) and 

seems to be associated with unpredictable painful stimuli (Hsieh et al., 1999) as well as 

feelings of anxiety (Peyron et al., 2000) and unpleasantness (Kwan et al., 2000; Lorenz et al., 

2002). The observation of pACC activation during attention to pain unpleasantness (Kulkarni 

et al., 2002; 2005) is consistent with its relatively high concentration of opioid receptors 

(Jones et al., 1991b; Vogt et al., 1995a) and also with changes in occupation by endogenous 

opioid peptides observed in this subregion in chronic pain states (Jones et al., 1994; 1999; 
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Jones & Derbyshire, 1996; Spetea et al., 2002). Due to these characteristics, the pACC 

provides candidate mechanisms for some of the analgesic effects of synthetic and endogenous 

opioids on the affective component of the pain experience (Benedetti et al., 1999; Casey et al., 

2000; Foltz & White, 1962; Jones et al., 1991a; Petrovic et al., 2002; Vogt et al., 1995b). 

The MCC in turn covers approximately the middle third of the corpus callosum and 

encompasses cytoarchitectural areas 33’, 32’, and 24’ (the apostrophe distinguishing 

cytologically similar fields of the MCC from those in the pACC). It entertains reciprocal 

connections with the lateral prefrontal (BA 46, 9) and parietal (BA 7) cortex, as well as with 

premotor and supplementary motor areas. While the MCC has also been linked to pain 

unpleasantness and the component of suffering (Devinsky et al., 1995; Rainville et al., 1997; 

Tölle et al., 1999), there is increasing evidence that this ACC subregion may be mainly 

concerned with cognitive processing and executive functions such as response selection 

(Fitzgerald & Folan-Curran, 2002; Frith, 2001; Gallagher & Frith, 2003; Ridderinkhof et al., 

2004), conflict monitoring (Eisenberger & Liebermann, 2004), error detection, and reward- 

based decision-making (Devinsky et al., 1995). The MCC also represents an important 

component of the anterior attentional system (Bush et al., 2000; Posner et al., 1990) and has 

been related to attention processes (Davis et al., 1997; Derbyshire et al., 1998; Peyron et al., 

2000), such as selectively allocating attention to the pain sensation (Peyron et al., 1999). 

Furthermore, MCC activation has been associated with motor planning, for example defense 

reactions (Büchel et al., 2002; Peyron et al., 2000), and potentially with the regulation of 

autonomic bodily arousal (Critchley, 2004). Interestingly, Büchel and colleagues (2002) have 

also discussed an involvement of the MCC in stimulus detection and intensity evaluation, 

even though these latter tasks have traditionally been mainly associated with the 

somatosensory cortices (Bushnell et al., 1999; Peyron et al., 1999) and more posterior 

cingulate regions (Tölle et al., 1999). Further studies are needed to clarify this issue of debate.  

Taken together, the above results suggest that the ACC appears to not only participate in both 

the affective and attentional concomitants of the pain sensation, but to also be involved in 

cognitive control processes such as response selection and monitoring. The possibility of 

reducing pain unpleasantness while maintaining pain localization has therapeutic appeal and 

the clear identification of brain areas processing the different components of the pain 

experience raises some hope of improving on the currently limited repertoire of pain 

therapies. However, despite the fact that many imaging studies have underlined the 

importance of the ACC in pain processing, a definite mapping of the various functions to the 
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different ACC subareas is still a field of ongoing research due to the functional complexity of 

this structure.  

 

2.2.1.4.5 Prefrontal and posterior parietal cortex 

Even though prefrontal cortex (PFC) and to a lesser extent posterior parietal cortex (PPC) 

responses have been repeatedly reported as “pain-related” activities (Apkarian et al., 2005), 

the precise role of these higher order association areas in pain processing has just begun to be 

unraveled.  

The PFC constitutes an anatomically large and heterogeneous region of considerable 

cytoarchitectonic complexity that entertains connections to the majority of other brain 

regions, such as to the functionally also very heterogeneous cingulate cortex (Hudson, 2000). 

With regard to frontal cortex regions in general, other fields of cognitive neuroscience 

research imply an involvement in emotional, cognitive, and interoceptive components of pain 

conditions. Concerning more medial frontal cortex areas, a role in the processing of negative 

emotions, response conflict, decision making, and appraisal of unfavorable personal outcomes 

may be inferred (Dolan, 2002; Kalisch et al., 2006; Ridderinkhof et al., 2004; Rushworth et 

al., 2004; 2005; 2007; Sakagami & Pan, 2007). However, its inherent complexity has made it 

difficult to assign specific functions to PFC subareas unambiguously (Hudson, 2000). 

Furthermore, attempts to delineate functionally separate subregions within the PFC have led 

to a variety of different terms and inclusion of different Brodman areas for a region. Based on 

results from imaging studies, two PFC subregions that seem to be of special interest to pain 

processing have been proposed. One area is referred to as the dorsolateral prefrontal cortex 

(DLPFC) and is roughly composed of BAs 9, 10, and 46. The other region is made up of the 

ventral/orbitofrontal cortex (VOFC) and consists mainly of BAs 10, 11, and 12 (Peyron et al., 

2000).  

In the context of pain processing, the DLPFC has been associated with the allocation of 

attention to the painful stimulus (Ingvar, 1999). Other, more general functions of this PFC 

region consist in memory as well as executive processes. As such, the DLPFC has been 

defined as the neural substrate of working memory, and it has been shown that the DLPFC 

has the capacity to use hippocampal connections to retrieve information from stored memory 

in order to compare it with current information (Hudson, 2000). With regard to executive 
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processes, DLPFC lesions can lead to deficits in abstractive ability (e.g. problem solving), 

future-directed planning, and decision making (Hudson, 2000).  

The VOFC on the other hand has been suggested to be involved in the negative affective 

evaluation of the pain experience (Lorenz et al., 2003). Moreover, the orbitofrontal cortex has 

also been implicated in the modulation of neural circuits associated with emotional responses 

to aversive stimuli (Rule et al., 2002). It is conceivable that this PFC subarea acts in concert 

with the ACC to exert an inhibitory control on pain-relevant affective signals of the limbic 

system (Ingvar, 1999).  

Interestingly, both lateral and orbital PFC regions have been implicated in pain modulatory 

processes. Petrovic et al. (2000) have for instance observed a relative increase of activation in 

lateral orbitofrontal regions paralleled by a decrease of pain ratings during painful stimulation 

combined with a distractive cognitive task. Further support for a specific role of the lateral 

PFC as a “pain control center” comes from a study of experimentally induced allodynia in 

healthy subjects. In this study by Lorenz et al. (2003), increased DLPFC activation was 

related to decreased pain affect, supposedly by inhibiting the functional connectivity between 

medial thalamus and midbrain, thereby driving endogenous pain-inhibitory mechanisms. 

More recent studies investigating mechanisms of pain control support this notion by showing, 

for example, that the analgesic effect of perceived control over the experienced pain relies on 

activation of the right anterolateral PFC (Wiech et al., 2006) or by observing that repetitive 

transcranial magnetic stimulation (TMS) of the DLPFC increases pain tolerance during the 

cold pressor test (Graff-Guerrero et al., 2005).  

Finally, evidence for a role of the PFC in pain processing also comes from lesion studies as it 

has been reported that patients with unilateral lesions in the frontal cortex show changes in 

sensory discrimination, i.e. an increased pain threshold of the contralateral side with regard to 

noxious electrostimulation of the skin (Daum et al., 1995).  

 

Even though the PPC has received renewed research attention in recent years (Cavanna & 

Trimble, 2006; Duncan & Albanese, 2003), the parietal cortex in general represents one of the 

least explored cytoarchitectonic regions of the human cerebral cortex (Zilles & Palomero-

Gallagher, 2001) and the specific role of its posterior regions in the conscious experience of 

pain still remains a matter of debate (Bushnell et al., 1999; Duncan et al., 1992; Roland, 1992; 

Stea & Apkarian, 1992).  
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The PPC can be subdivided into the superior (SPL) and inferior parietal lobule (IPL), which 

are separated by the intraparietal sulcus. The SPL consists of BA 5 and BA 7, also referred to 

as the precuneus, while the IPL is roughly composed of BA 39 and BA 40.  

With regard to functional connectivity it has been suggested that BAs 5 and 7 receive 

nociceptive information from both thalamic and cortical regions, such as the PFC, SII, and the 

cingulate cortex (Forss et al., 1996; Porro et al., 2007; Staines et al., 2002), indicating a serial 

and parallel processing of nociceptive information in which higher-order areas including PPC 

and SII modulate the primary somatosensory cortex via backward projections (Mauguière et 

al., 1997). Electrophysiological, lesion, and neuroimaging studies have amassed evidence 

supporting this concept of a cortical hierarchy of somatosensory representation. It has, for 

instance, been shown that in comparison to higher somatosensory cortical areas, which are 

found in more posterior parietal regions (Kaas, 1993), SI neuron properties correspond more 

closely to stimulus properties. In line with this, electrophysiological data in nonhuman 

primates has revealed a small number of neurons responsive to noxious stimuli in the vicinity 

of area 7b (Dong et al., 1994; Whitsel et al., 1969) that does not seem to encode stimulus 

location and intensity with the same fidelity as nociceptive cells in SI, but has demonstrated 

intensity-dependent responses correlated with the monkey’s tendency to escape noxious 

stimulation. Furthermore, neurons in BA 7 have been shown to exhibit highly complex 

response properties attributed to spatial multimodal and multisensory convergence (Dong et 

al., 1989; Dong et al., 1994), which is consistent with earlier results (Gelnar et al., 1999), 

showing that this region is activated during multiple sensory and motor tasks, such as thermal 

pain or vibrotactile stimulation. Interestingly, lesions in and around the region can give rise to 

pain perception abnormalities in monkeys (Dong et al., 1996) and in humans (Berthier et al., 

1988; Greenspan & Winfield, 1992; Salanova et al. 1995; Schmahmann & Liefer, 1992), so 

that thermal pain tolerance increases while thermosensitivity may remain intact. Based on the 

evidence presented by Dong et al. (1994; 1996) it has been suggested that nociceptive neurons 

of BA 7 seem to be the only ones found in the cortex featuring response characteristics that in 

the human would be described as related to the perception of pain (Apkarian et al., 1999). 

However, owing to the small number of neurons recorded and the extension of the 

experimental lesion into the adjoining parietal operculum (Dong et al., 1996), the relevance of 

this data to posterior parietal function is difficult to assess.  

In humans, activation in the PPC has been associated with temporal properties of pain 

perception (Apkarian et al., 1999), spatial localization of noxious stimuli (Porro et al., 2007), 
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and perceptual processes identifying a stimulus as noxious (Bornhövd et al., 2002). 

Furthermore, regions in the PPC have been implicated in pain-related short-term memory 

(Albanese et al., 2007) and attention processes (Apkarian et al., 2005; Coghill et al., 2001; 

Petrovic et al., 2000; Peyron et al., 1999). In addition, it has also been suggested that the PPC 

may process attentional aspects associated with sensory integration and body orientation to 

potentially damaging painful stimuli. Hsieh et al. (1996) for example reported that acute pain 

evoked by intracutaneous injection of ethanol was associated with significant rCBF increase 

within contralateral SI and bilateral PPC. This observation is consistent with a role of SI in 

localizing stimuli. At the same time, this result also supports the notion of a PPC function in 

orienting toward the stimulus and in the integration of motor responses involving a reaction of 

the opposite body side to care for the afflicted hemibody. A potential role of the PPC in 

orientation and attention toward painful stimuli is consistent with existing literature 

describing this region as a polymodal association area concerned with intrapersonal and 

extrapersonal space as well as with results from studies that actually manipulate the subjects’ 

level of attention relative to painful stimuli (Peyron et al., 1999). 

 

Overall, it can be concluded that prefrontal and posterior parietal association cortices, which 

are activated in various experimental settings including painful stimulation, are related to 

higher-order mental functions. In the context of pain processing, PFC and PPC areas are 

therefore likely to mediate part of the cognitive dimension of pain processing associated with 

localization and encoding of the attended stimulus (Peyron et al., 1999), in addition to playing 

a role in pain modulation by regulating attention and endogenous analgesia (Petrovic et al., 

2002; Wager et al., 2004). In line with this, connectivity analyses have highlighted the 

relevance of frontal cortical regions in mediating or controlling the functional interactions 

among key pain processing regions to subsequently produce changes in perceptual correlates 

of pain, independent of changes in nociceptive inputs (Eisenberger et al., 2003; Lorenz et al., 

2003; Tracey, 2005a). It is conceivable that these prefrontal and posterior parietal association 

cortices may apply information from memory and sensory systems to assign meaning to the 

pain experience, in addition to subserving the planning and execution of coping strategies.  
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2.2.1.4.6 Network level 

The pain processing brain areas described in the previous sections are all interconnected via 

direct or indirect pathways. An important aspect for understanding the flow and processing of 

information within these networks is the timing of different activations (see fig. 3.2). As 

explained earlier (see chapter 2), the temporal resolution of fMRI and PET is too poor to 

separate serial from parallel activations and to follow the proceeding of serial activation 

patterns. MEG and EEG, however, provide a means of recording such processes on a 

millisecond scale. Together with intracranial recordings performed during surgery, MEG and 

EEG studies have shown that noxious input from the hand reaches the bilateral SII cortices, 

ACC, and superior parietal cortex at about the same time, around 150 ms after stimulus onset 

(Kakigi et al., 1995; Lenz et al., 1998; Ploner et al., 1999b). At about 200 ms after stimulation 

onset, the bilateral insula becomes activated, its latencies being in the same range as later 

components of the ACC response (Frot & Maugière, 2003; Lenz et al., 1998). Up to now, 

little is known about how precisely different brain areas interact during pain processing. 

However, new methods for estimating functional connectivity between brain areas will 

facilitate characterization of cortical networks involved in sensory, motor, or cognitive tasks 

and will allow investigation of pathological connectivities in neurological disorders (Gross et 

al., 2001). 

 

2.2.2 Endogenous pain modulation 

While in humans the forebrain occupies 85% and the spinal cord 2% of the volume of the 

central nervous system (Swanson et al., 1995), the corresponding percentages in rats are 44% 

and 35%, respectively. Moreover, the human corticospinal tract is composed of almost a 

million fibers (Blinkov & Glezer, 1968; Towe, 1995), whereas the spinothalamic tract 

contains only a few thousand. The large volume of the human forebrain in relation to the 

spinal cord suggests that descending modulatory forebrain influences are likely to play a 

uniquely important role in humans compared to other species. To better understand how 

nociceptive inputs are altered to subsequently influence changes in the pain experienced, it is 

useful to separately examine the main factors known to modulate pain perception. 
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2.2.2.1 Psychological context 

Evidence underlining the importance of psychological factors comes from a number of 

experimental observations demonstrating the powerful influence that top-down effects can 

exert on pain processing (Frith, 2001). It has, for instance, repeatedly been observed that 

attention is effective in modulating the sensory and affective aspects of the pain experience 

(Bantick et al., 2002; Bentley et al., 2004; Legrain et al., 2002; Levine et al., 1982; Miron et 

al., 1989; Petrovic & Ingvar, 2002; Peyron et al., 1999; Villemure & Bushnell, 2002). In line 

with this, fMRI and neurophysiological studies have reported attention- and distraction-

related modulations of nociceptive-driven activations in many pain processing regions, with 

concomitant changes in pain perception (Bantick et al., 2002; Legrain et al., 2002; Ohara et 

al., 2004b, 2004c; Petrovic et al., 2000; Peyron et al., 1999). More specifically, distracting 

subjects from painful stimulation has been shown to modulate pain-evoked activity in SI, 

ACC, insula, and the thalamus. At the same time, distraction tasks in pain experiments have 

led to activations in the PAG, in parts of the ACC and in the orbitofrontal cortex, suggesting 

that these regions may be involved in a modulatory circuitry related to attention (Frankenstein 

et al., 2001; Petrovic et al., 2000; Tracey et al., 2002). It has been suggested that attentional 

modulation may in part reflect a change in cortical processing and in part a decrease in 

ascending afferent input from the spinal cord due to activation of a descending inhibitory 

system, which has for instance been documented by EEG studies in humans (Hoshiyama & 

Kakigi, 2000; Plaghki et al., 1994; Reinert et al., 2000). However, the question whether a 

specific circuitry dedicated to pain modulation by attention exists that can be differentiated 

from the network producing analgesia in other contexts (i.e. during placebo, acupuncture, or 

pharmacological manipulation) remains an unresolved issue.  

Apart from attention, the subject’s emotional state and associated cognitive processes can also 

have a significant impact on the resultant pain perception and individual ability to cope. It 

has, for example, been demonstrated, that negative emotional states can enhance pain-evoked 

activation in limbic regions such as the ACC and insula (Phillips et al., 2003). In line with 

this, it is a common clinical and experimental observation that being anxious about pain, 

which stimulates anticipatory processes, can exacerbate the pain experienced. Many studies 

aimed at understanding how anxiety and resultant anticipation cause a heightened pain 

experience have been performed over the past decade (Hsieh et al., 1999; Ploghaus et al., 

1999, 2000, 2001; Porro et al., 2002, 2003; Song et al., 2006). According to their results, the 

entorhinal complex, amygdalae, anterior insula, and prefrontal cortices can be regarded as 
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critical regions involved in amplifying the pain experience in the context of negative 

emotional states.  

With regard to anticipatory processes, previous data seemed to indicate that expectation of 

pain might only activate certain components of the medial pain system, such as the medial 

PFC and ACC, which were thought to be discrete from those activated by painful stimulation 

(Ploghaus et al., 1999). Subsequent studies, however, have suggested that these responses 

could be blocked by benzodiazepines and may therefore be more related to anxiety than 

anticipation of pain per se. Interestingly, it has been shown that most of the pain-processing 

regions such as SI, ACC, PAG, insula, PFC, and cerebellum can be activated by anticipation 

of a painful stimulus in the absence of any noxious stimulation (Beydoun et al., 1993; Hsieh 

et al., 1999a; Ploghaus et al., 1999; Porro et al., 2002; Sawamoto et al., 2000; Villemure & 

Bushnell, 2002), with the anticipatory responses being smaller than the pain intensity-related 

activations, however (Porro et al., 2002). Furthermore, it has been observed that the degree of 

anticipation of a painful event positively correlates with the reported pain intensity and that 

this amplification is mediated in part via activity within the PAG and the ventral tegmentum 

area of the brainstem, as well as the entorhinal cortex (Fairhurst et al., 2007). Interestingly, 

anticipation of painful stimuli and semantic priming with pain-related adjectives have been 

observed to enhance signal strength in EEG studies (Dillmann et al., 2000; Larbig et al. 1982, 

Miyazaki et al., 1994). 

Based on the above presented data, it has emerged that the psychological context of painful 

stimulation in terms of attention, emotional state and anticipation may be as important as the 

physical stimulus parameters in determining the responses to experimental pain (see fig. 2.2). 

To a certain extent, this evidence reinforces the potential for psychological approaches to pain 

therapy, as for example altered cingulate cortex responses during different attentional 

instructions have been interpreted as potential differences in coping strategies (Hsieh et al., 

1999). 
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Fig. 2.2 Schematic illustrating factors influence nociceptive inputs to affect pain perception (from 
Tracey, 2005) 
 
 

2.2.2.2 Stimulation context  

Apart from the above described psychological factors such as attention, emotional state and 

anticipation, the relationship between the reported pain sensation and the peripheral stimulus 

that evokes it depends on the stimulation context, i.e. the stimulus characteristics and the 

setting in which the stimulus occurs.  

Based on the discovery of a modulatory pathway leading from the PAG via the RVM to the 

dorsal horn (see section 2.2.1.3), it was proposed that noxious stimuli could activate 

descending inhibitory controls, thereby providing a negative feedback mechanism to dampen 

the nociceptive transmission at the level of the spinal cord (Basbaum & Fields, 1984). 

Consistent with this idea, noxious stimuli in one part of the body have been observed to 

inhibit dorsal horn nociceptive neurons in spinal segments innervating distant body parts 

(Gerhart et al., 1981). Importantly, however, pain signals can after having ascended in the 

spinal cord and arrived in the brainstem, not only generate descending inhibitory, but also 

facilitatory neural messages, which are then projected back to the dorsal horn where they 

modulate pain processing (Fields, 1992; Urban & Gebhart, 1997; Zhuo & Gebhart, 1992). 

Therefore, since noxious stimuli activate multiple central nervous system networks, which 

can either have an antinociceptive or pronociceptive effect on pain processing, it is important 
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to bear in mind that descending modulation is of bidirectional nature. Apparently, inhibitory 

and facilitatory controls are produced by different pain-modulating neurons. Depending on 

their characteristic burst and pause in activity associated with withdrawal reflexes, three 

classes of nociceptive modulatory neurons have been identified: on-cells, off-cells and 

neutral-cells. While on-cells are consistently excited by noxious stimuli over much of the 

body surface, most off-cells are inhibited by the same cutaneous stimuli. Neutral-cells in turn 

either show variable responses or are unresponsive to noxious stimuli. Importantly, these 

three classes of pain-modulating neurons have very large receptive fields and are not only 

present in the RVM (Fields & Heinricher, 1985; Fields et al., 1991), but also in the PAG 

(Heinricher et al., 1987) and the dorsolateral pontine tegmentum (Haws et al., 1989). Since 

studies employing pharmacological agents have accumulated evidence supporting the notion 

that on-cells facilitate and off-cells inhibit nociceptive transmission (Bederson et al., 1990; 

Fields et al., 1991; Heinricher et al., 1992; Kaplan & Fields, 1991; Kim et al., 1990), it might 

be expected that noxious stimuli in one part of the body enhance nociceptive transmission in 

other parts of the body. Although this may occur under some circumstances (Ramírez & 

Vanegas, 1989), noxious input more often activates systems that produce analgesia. 

Therefore, when two nociceptive stimuli of differing intensities are applied simultaneously, 

i.e. a stronger conditioning stimulus together with a weaker test stimulus, pain from one site 

may mask pain from another site. This interaction between two pain sensations underlies the 

practice of acupuncture and many other traditional pain therapies based on counterirritation 

procedures (‘pain inhibits pain’), such as cupping for example (Le Bars et al., 1979a,b; 

LeBars et al., 1984; Melzack, 1975). Even in the recent past, physicians used flaxseed and 

mustard poultices to treat joint pain and other pain syndromes, such as neuralgia and chest 

pain related to lung diseases. As a theoretical basis for understanding these inhibitory 

mechanisms activated by noxious stimulation, LeBars and colleagues have propagated the so-

called Diffuse Noxious Inhibitory Controls (DNIC), which involve a spinal-medullary-spinal 

feedback loop partly driven by serotonergic mechanisms (Le Bars et al., 1979a; Le Bars & 

Willer, 2002; Schouenborg & Dickenson, 1985). According to this concept, noxious stimuli 

activate a “surround” inhibition that enhances the contrast between the stimulated area and 

adjacent regions. This sharpened contrast would actually have a net enhancing effect on the 

perceived intensity of pain. Outside the stimulated zone, however, there would be a net 

analgesic effect. It is this surround analgesia that has been used to explain various 

counterirritation mechanisms for producing pain relief. The most striking feature of DNIC is 
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that they can be triggered by heterotopic noxious counter-stimulation (HNCS), a term often 

used to describe the effect of endogenous analgesia in humans that can be assessed by a DNIC 

paradigm. By applying nociceptive stimuli to any body site outside the receptive field of the 

inhibited neuron, including sites located within internal organs (Calvino et al., 1984), HNCS 

can be used to induce endogenous analgesia. Furthermore, DNIC effects have also been 

reported to reduce both spinal and trigeminal reflexes as well as the perception of 

experimental acute pain following HNCS in humans (Price & McHaffie, 1988; Talbot et al., 

1987; Villanueva & Le Bars, 1995).  

DNIC designs employing HNCS have been increasingly acknowledged as a clinically 

relevant method to psychophysically measure the individual capability to modulate pain and 

consequently predict physical health or susceptibility to pain disorders (Edwards et al., 

2003a). Unfortunately, since no generally accepted standardized criteria for evoking and 

measuring endogenous analgesia through HNCS have yet been formulated, a whole variety of 

different approaches have been proposed. Thus, the effect of endogenous analgesia has been 

measured experimentally using various noxious stimulation modalities and a range of pain 

testing paradigms, including pain thresholds, tolerance, supra-threshold painful stimulation, or 

temporal summation (Bouhassira et al., 2003; Edwards et al., 2003a; Grill & Coghill, 2002; 

Lautenbacher et al., 2002; Marchand & Arsenault, 2002; Staud et al., 2003; Tuveson et al., 

2006). In addition, while some studies recruited healthy participants (Boyle et al., 2006; 

Longe et al., 2001), other investigations focused on clinical pain patients (Song et al., 2006; 

Wilder-Smith et al., 2004). Furthermore, different noxious (Song et al., 2006; Wilder-Smith et 

al., 2004) or even non-noxious heterotopic conditioning stimuli, such as acoustic noise for 

example (Boyle et al., 2006) and vibrotactile stimulation (Longe et al., 2001) have been 

employed. This multitude of heterogeneous experimental designs complicates the comparison 

of previous studies investigating counter-stimulatory effects on pain perception and it is 

therefore not surprising that several issues pertaining to HNCS-induced endogenous analgesia 

remain a matter of debate. Most importantly, the specific characteristics of the conditioning 

stimulus in an HNCS design are still disputed. While it might appear logical to assume that 

stronger conditioning stimuli will result in greater endogenous analgesia responses, the 

available data is ambiguous with respect to this issue. Support for the above notion comes 

from previous studies showing a positive relationship between the intensity of the 

conditioning stimulus and the magnitude of reported endogenous analgesia (Fujii et al., 2006; 

Le Bars et al., 1995; Villanueva & Le Bars, 1995). However, these results are contradicted by 
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Pud et al. (2005) and Baad-Hansen et al. (2005) who found no correlation between the pain 

scores of the conditioning stimulus and the extent of endogenous analgesia. Most intriguingly, 

however, the question of whether the conditioning stimulus needs to be painful or not and 

how much its painfulness determines the extent of observed modulation processes still 

remains open. While Le Bars (2002) reported that only painful stimuli induced endogenous 

analgesia, Lautenbacher and colleagues (Lautenbacher & Rollman, 1997; Lautenbacher et al., 

2002) found that this was also the case for non-painful stimuli. Interestingly, Granot et al. 

(2008) could show that the effectiveness of endogenous analgesia is independent of the 

conditioning stimulus modality and of the pain magnitude reported for the conditioning 

stimulus, as long as the latter is perceived as painful. Based on the available evidence it can 

be concluded that several variables such as site, surface area, duration, intensity of 

conditioning and test stimuli (Edwards et al., 2003a; Le Bars, 2002; Staud et al., 2003), as 

well as the environment in which the stimulus is applied and the behavioral state of the animal 

(Watkins et al., 1982) or human subject may affect the extent of the endogenous analgesia 

response and determine whether responses to noxious stimuli are enhanced or suppressed.  

 

2.2.2.3 Summary - Mechanisms of pain modulation  

The data presented in the previous sections has demonstrated that almost all nociceptive 

relays within the central nervous system are under control of a top-down endogenous pain 

modulatory system. By producing either facilitation (i.e. pronociception) or inhibition (i.e. 

antinociception), this anatomical network provides the organism with a mechanism to regulate 

nociceptive processing depending on the specific set of circumstances (Fields et al., 2005; 

Hagbarth & Kerr, 1954; Jasmin et al. 2003; Villanueva & Fields 2004). First evidence for this 

ability of higher centers of the brain to modulate the transmission of nociceptive information 

within the central nervous system was delivered by Sherrington in the early 1900s by showing 

that nociceptive reflexes were enhanced following spinal cord transection (Sherrington, 

1906). Over the last decades, evidence has accumulated that a variety of brain regions, such as 

the PFC, ACC, insula, amygdala, hypothalamus, PAG, and RVM, are involved in this 

descending modulation. Moreover, in addition to the thalamus and insula, animal studies have 

identified several midbrain and brainstem structures where stimulation or pharmacological 

manipulation produces analgesia (Jasmin et al., 2003; Willis & Westlund, 1997) because their 

projections regulate the transmission of pain signals in the dorsal horn. Interestingly, 
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corticofugal modulation has also been observed to selectively modify pain perception 

following manipulation of a number of factors including attention, expectation, and emotional 

state (Bantick et al., 2002; Peyron et al. 2000; Ploghaus et al., 2001; Ploghaus et al. 2003; 

Tracey et al., 2002). Furthermore, counter-stimulation procedures have been observed to 

result in altered pain processing with subsequent changes in pain perception (Song et al., 

2006; Valet et al., 2004). The fact that the endogenous pain modulatory system is under 

regulation of hierarchically higher brain regions has also been demonstrated by studies 

showing that activity of the PFC is associated with placebo analgesia and covaries with 

activity of the brainstem, implying that signals from the PFC may activate the endogenous 

analgesia system (Petrovic et al., 2002). Moreover, it has been suggested that the PFC may 

directly regulate activity of the cortical pain-processing areas (Miller, 2000; Wager et al., 

2004). Importantly, however, there are also descending pathways that facilitate pain 

transmission, and it is thought that sustained activation of these circuits may underlie some 

states of chronic pain (Gebhart, 2004; Porreca et al., 2002; Suzuki et al., 2004). In line with 

this, a recent study using diffusion tractography confirms that anatomical connections exist 

between PFC and brainstem regions in the human brain, thereby enabling such bidirectional 

top-down influences (Hadjipavlou et al., 2006). Despite this wealth of evidence characterizing 

a bidirectional endogenous pain modulatory system, many questions with regard to the 

precise functioning of these complex mechanisms remain unanswered. 
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The main research questions of this thesis are investigated via functional brain imaging and 

are described in the first paragraph of this chapter (section 3.1) in connection with a short 

summary of the corresponding theoretical background, which has already been introduced in 

the previous chapter. The second paragraph (section 3.2) in turn outlines a research question 

in which structural imaging parameters are analyzed. Since this part is to be regarded as an 

addendum to the main part, its theoretical background is presented as a very concise summary 

limited to this chapter. Due to the wealth of information that needs to be presented and for the 

sake of clarity, the distinction between research aims and data related to functional versus 

structural imaging (see below) will be continued throughout the remaining chapters of this 

thesis. 

 

3.1 Aims related to functional imaging 

3.1.1 Counter-stimulation induced endogenous pain modulation 

The perception of pain is not a simple function of passive processing of nociceptive input, but 

subject to modulation by a whole range of cognitive and sensory factors, as has been 

demonstrated in psychophysical and imaging studies. 

Distraction tasks and directed attention during the application of painful stimuli have been 

reported to alter subjective pain sensations (Johnson & Petrie, 1997; Johnson et al., 1998; 

Staud et al., 2003) as well as to modulate noxious-stimulation evoked potentials (Siedenberg 

& Treede, 1996) and activations in the commonly described pain matrix using fMRI (Bantick 

et al., 2002; Miron et al., 1989; Seminowicz et al., 2004; Tracey et al., 2002; Valet et al., 

2004), magnetoencephalography (MEG; Qiu et al., 2004) and positron emission tomography 

(Petrovic et al., 2000; Peyron et al., 2000; for review see also Villemure & Bushnell, 2002). 

Similar modulator effects are inducible by so-called counter-stimulation, i.e. by concurrently 

applying an innocuous (Longe et al., 2001) or another noxious stimulus (Bouhassira et al., 

2003) along with the original pain stimulus. It has been presumed that these latter suppressive 

effects of heterotopic noxious counter-stimulation (HNCS) might depend on diffuse noxious 

inhibitory controls (DNIC), which modulate the spinal transmission of nociceptive signals. 

Indeed, it has been demonstrated that pain-related brain activations can be modulated by 

heterotopically applied conditioning stimuli (Pertovaara et al., 1982; Song et al., 2006; 

Washington et al., 2000; Wilder-Smith et al., 2004; Willer et al., 1999). 
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Most of these investigations on counter-stimulation phenomena have employed stimuli of 

dissimilar intensities, which poses the problem of confounding intensity with attention, as the 

stronger stimulus is evidently more salient. Since the modulatory role of attention on pain 

processing is well documented (cf. Villemure & Bushnell, 2002), integrating this factor in the 

experimental design is crucial for the interpretation of the counter-stimulation effects 

observed. 

The main aim of the present randomized controlled fMRI study was therefore to explore 

changes in nociception-specific brain activity engendered by concurrent heterotopic noxious 

input of equal subjective intensity, while attempting to stabilize the subjects’ attentional focus 

via specific instructions.  

 

3.1.2 Changes in pain modulation over time 

Despite the fact that investigations of pain modulatory mechanisms typically involve repeated 

application of noxious stimuli in consecutive experimental sessions, few studies have 

explicitly evaluated changes in pain processing over time. Analyses of variations in pain 

sensitivity (Quiton & Greenspan, 2008; Rosier et al., 2002; Sjölund & Persson, 2007; 

Yarnitsky et al., 1996) and pain-related neural correlates (Becerra et al., 1999; Christmann et 

al., 2007; Ibinson et al., 2004) within and across sessions have demonstrated that pain 

thresholds and ratings as well as BOLD signal and EEG dipole strength can be differentially 

affected within the course of an experiment.  

Since time has therefore to be considered as an inherent confounding factor in pain studies, a 

second aim of this thesis was to analyze the direction of changes in brain activation patterns 

over time. The experimental design with two fMRI runs separated by a 15 minute break 

enabled us to study across-session carry-over effects and to analyze whether these would 

affect the identified subgroups in the same manner.  

 

3.2 Aims related to structural imaging 

The corpus callosum (CC) constitutes the largest inter-connective neuronal tract in the brain, 

thus representing a major anatomical basis for inter-hemispheric interaction (see Hoptman & 

Davidson, 1994 for review). Its primary role seems to underlie the coordination of neural 
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processing between both hemispheres, subserving functions like sensory integration and 

attentional resource allocation.  

Even though ipsilateral brain activation seems to be partially independent of the CC and 

mediated by uncrossed subcortical pathways or extracallosal commissures, the functional 

importance of transcallosal information transfer for pain processing has been demonstrated in 

acallosal or callotomized patients (Duquette et al., 2008; Fabri et al., 2002; Olausson et al., 

2001; Stein et al., 1989). More specifically, its midbody (truncus) and anterior areas 

(rostrum), may be of particular interest to noxious processing as they interconnect 

homologous areas involved in somatosensory processing (Witelson, 1995) and prefrontal 

cortices of both hemispheres implicated in attentional control (Banich et al., 2003; Horton et 

al., 2004), respectively.  

Although the CC seems to transmit both inhibitory and excitatory effects to the respective 

contralateral hemisphere (for review see Bloom & Hynd, 2005), investigations on its role in 

endogenous pain modulation (e.g. anti- or pronociceptive mechanisms induced by heterotopic 

noxious counter-stimulation [HNCS]) are scarce. 

In order to supplement the above described research questions related to functional imaging 

parameters we decided to collect complementary structural imaging data by comparing the 

subjects’ size of the total CC and five of its subregions, with emphasis on truncus and 

rostrum.  

 

Therefore, in this thesis a HNCS design with equi-intense stimuli was utilized in order to 

acquire functional and structural imaging data, which might illuminate some of the above- 

described unresolved issues pertaining to the nature of pain processing and perception in the 

presence of two simultaneous stimuli. The following chapters will first describe the employed 

design and analyses performed and then present the pain parameters and brain activation 

patterns associated with the utilized stimulation paradigm. 
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4.1 Ethical approval 

All procedures were conducted in accordance with the IASP ethical guidelines for pain 

research in humans and with the approval of the ethics committee of the State Medical 

Chamber of Rhineland-Palatinate (ref. no. 837.285.06 [5383]). Informed participant consent 

was obtained. 

 

4.2 Subjects  

Thirty-four healthy drug-free subjects (17 females, 17 males) participated in this study. The 

age of the participants ranged from 20 to 31 years (median 23.5 yrs.). All subjects were right-

handed as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) and free of 

dermatological disorders or skin lesions. Participants were screened for contraindications to 

MRI and did not take any analgesics or antiphlogistics 48 h prior to investigation. Persons 

with an anamnestic history of neurological disorder or pain syndrome were not included. 

 

4.3 Study protocol 

The study protocol was based on a repeated measures design and included one experimental 

session, in which two types of tonic noxious pain stimuli were repeatedly applied in parallel 

with the acquisition of fMRI brain scans, directly preceded by a training session. For studying 

counter-stimulation effects, we contrasted the presentation of a single noxious (thermal or 

mechanical) stimulus with combined presentations of heterotopically applied thermal and 

mechanical stimuli. We chose different stimulus modalities to provide clearly discernible pain 

perceptions and attention focuses. In order to control for attention artifacts, each experimental 

session comprised two separate fMRI runs (see fig. 4.1) with different pre-defined attention 

focuses (i.e. attention directed on mechanical stimulation during the 1st and on thermal 

stimulation during the 2nd fMRI run, or vice-versa). The order of these two fMRI sequences 

was counterbalanced across participants (AB-BA scheme). Assignment of subjects to 

sequential order was randomized. Figure 4.1 depicts an example of a typical stimulation 

sequence. 
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Fig. 4.1 Example of a typical experimental sequence with three stimulation conditions (namely 
noxious mechanical, thermal and heterotopic stimulation). During heterotopic noxious counter-
stimulation in a given fMRI run, attention was either directed to pressure pain or to heat pain. The 
order of the two attention contexts was balanced across participants.  
 
 

With regard to the heterotopic stimulation trials, subjects were instructed to selectively 

concentrate on the specified pain modality, and to verbally assess (via an in house designed 

communication device) the perceived pain intensity of the corresponding stimulus at the end 

of each stimulation phase on a verbally anchored numeric rating scale (NRS; 0 representing 

“no pain” and 10 “maximal imaginable pain”). During single stimulation trials, subjects were 

asked to focus their attention on the sole stimulus presented (“attend to heat/pressure pain”). 

All subjects received standardized instructions.  

Each of the two fMRI sequences had a duration of approx. 15 minutes during which (thermal, 

mechanical and heterotopic) stimulation periods (15 s each) and rest periods (30 s) alternated. 

Stimulation and rest periods were interlaid with time for rating (6 s). In both fMRI sequences 

all three stimulus conditions (namely single mechanical, single thermal and heterotopic 

mechano-thermal stimulation) were presented six times in pseudo-randomized order, resulting 

in a total of 18 stimulation periods per run. The two experimental fMRI sequences were 

separated by a stimulation-free pause of approx. 15 min, during which structural scans were 

realized. 

In a training session prior to the fMRI session, subjects were familiarized with the noxious 

stimuli and the rating task and completed the following questionnaires for the assessment of 

trait anxiety, chronic stress and personality factors (original German versions or translations): 

State Trait anxiety Inventory (STAI; Laux et al., 1981), Trier Inventory for the Assessment of 
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Chronic Stress (TICS; Schulz & Schlotz, 1999), NEO Five-Factor Inventory (NEO-FFI; 

Borkenau & Ostendorf, 1993) and the Trier Personality Questionnaire (TPF; Becker, 1989). 

 

4.4 Stimulation apparatuses and procedures 

Thermal pain stimuli were applied on the right ventral forearm with a 30×30 mm contact 

thermode (TSA-II NeuroSensory Analyzer, Medoc Advanced Medical Systems Ltd., Ramat 

Yishai, Israel), using a constant thermal stimulation protocol. Mechanical pain was induced 

by pinching the inter-digital webs between the index, middle and ring fingers of the left hand 

with a feedback-controlled pneumatically driven forceps with round-shaped tips (diameter 6 

mm; modified version of the device used by Forster et al., 1988).  

Stimulus intensities for both modalities (namely target temperature and pressure force) were 

individually adjusted prior to the 1st fMRI run to produce an almost identical and moderately 

painful sensation (corresponding to a rating of approx. 5 on the NRS). The individually 

determined target intensities (varying from 45 to 49 °C and from 6 to 15 N respectively) were 

then held constant throughout the experimental session for every subject. Thermal stimuli had 

a rise and return rate of 10 °C/s. Adaptation temperature was 32 °C for all subjects. Pretests 

showed no significant sensitization with repeated short-duration stimulation of 15 s and inter-

stimulus intervals (i.e. rest and rating periods) of 36 s used here.  

 

4.5 Image acquisition 

MR scans were performed on a 1.5 Tesla Gyroscan Philips Intera system (Philips Medical 

Systems Ltd., Best, Netherlands) with a standard head coil. To minimize involuntary head 

motion, foam cushions were employed. In both fMRI runs (each with 5 dummy scans and 306 

volumes), thirty-two axial slices (thickness: 4 mm; no gap) were acquired using a gradient 

echo planar imaging (EPI) T2*-sensitive sequence (TR=3 s; TE=50 ms; 90° flip angle; 64×64 

matrix; field of view: 256×256 mm). In between the two fMRI runs, a high-resolution (voxel 

size: 1×1×1 mm) T1-weighted structural reference image was obtained for each subject using 

a fast field echo sequence. 
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4.6 Statistical analysis 

In order to evaluate hypothesized changes in subjective pain perception induced by noxious 

counter-stimulation with defined attention focus, pain ratings for each of the three stimulation 

conditions were arithmetically aggregated over the corresponding trials, for both attention 

contexts separately. Changes in subjective pain intensity were computed as percent 

differences (∆%) in pain ratings between single (baseline) and heterotopic stimulation for 

both fMRI runs. Based on these percent differences, subjects were post hoc divided into two 

subgroups, i.e. a group (N=12) comprising participants assigning lower pain ratings during 

heterotopic compared to single stimulation (subjective pain decrease; P-DE) and a group 

(N=10) including those assigning higher pain ratings during heterotopic versus single 

stimulation (subjective pain increase; P-IN). All subsequent analyses were carried out for the 

whole group as well as as a comparison of the above two subgroups. 

 

4.6.1 Image processing 

All imaging data were processed using SPM2 (http://www.fil.ion.ucl.ac.uk/spm) and 

MATLAB 7 (MathWorks Inc.).  

4.6.1.1 Functional imaging data 

Volumes were smoothed using an 8 mm full-width at half maximum isotropic Gaussian 

kernel after realignment to the first volume and spatial normalization (Friston et al., 1995b) to 

a standard EPI template (Evans et al., 1993). Data were first analyzed for each subject 

individually (first level analysis), and then for the whole subject group as well as both 

subgroups (second level analysis). At the group level, a random effects approach (Friston et 

al., 1999) was applied using non-sphericity correction. Data analysis was based on the general 

linear model (GLM) with modeling of the different experimental conditions (mechanical pain 

baseline, thermal pain baseline, heterotopic noxious counter-stimulation) and the rating period 

as delta functions convolved with a canonical hemodynamic response function. A block 

design matrix including the four regressors was prepared for each of the two fMRI runs. 

Regression coefficients for all regressors were estimated using least squares. Appropriate 

linear contrasts of the parameter estimates for the HRF regressor of all trial types were 

constructed to test for the effects of interest. This resulted in a t-statistic for each voxel, 

yielding statistical parametric maps (SPM) being interpreted by referring to the probabilistic 
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behavior of Gaussian random fields (Worsley et al., 1992). Unless otherwise indicated, the 

significance level was set to P=.05 (family-wise error [FWE] corrected for multiple 

comparisons). In order to determine the anatomical labels of activated regions, MNI 

coordinates were first transformed into Talairach coordinates. The findings of Lancaster et al. 

(2007) show that MNI/Talairach coordinate bias associated with reference frame (position and 

orientation) and scale (brain size) can be substantially reduced using the best-fit icbm2tal 

transform, which has been validated and shown to provide improved fit over previously used 

transforms. In a second step, Talairach coordinates were then analyzed using the Talairach 

Daemon software (Lancaster et al., 2000). 

In order to investigate counter-stimulation induced endogenous pain modulation, linear 

contrasts consisted in the heterotopic noxious counter-stimulation (HNCS) condition (i.e. 

heterotopic stimulation versus rest), as well as “heterotopic stimulation minus thermal 

stimulation” to test for pressure pain specific (referred to as HNCS/pressure pain specif.) 

activations during counter-stimulation, “heterotopic stimulation minus mechanical 

stimulation” to evaluate heat pain specific (HNCS/heat pain specif.) activations under 

counter-stimulation, and “heterotopic stimulation minus thermal stimulation minus 

mechanical stimulation” to assess counter-stimulation specific (HNCS-specif.) activation 

patterns. 

To analyze changes in pain modulation over time, appropriate linear contrasts of the 

parameter estimates for the HRF regressor of all trial types were first constructed to test for 

the effects of interest for each session separately. More specifically, these contrasts consisted 

in “heterotopic noxious counter–stimulation versus rest” to test for activations during counter-

stimulation (referred to as HNCS) and “heterotopic minus mechanical minus thermal 

stimulation” to evaluate counter-stimulation specific activation patterns (referred to as HNCS-

specif.). Then potential residual influences of the first session on the second (carry-over 

effects) were investigated by substracting the activation maps for HNCS and HNCS-specif. 

from session 1 from the corresponding conditions from session 2. Therefore, subgroup 

analyses were computed at the intra-session level in order to investigate potential a priori 

differences and carry-over effects were studied by comparing inter-session changes for each 

subgroup separately. 
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4.6.1.2 Structural imaging data 

Structural imaging data were processed using SPM2 (http://www.fil.ion.ucl.ac.uk/spm) and 

MATLAB 7 (MathWorks Inc.). The midsagittal slice yielding a clear view of the fornix and 

anterior commissure was selected. The CC was subdivided according to the commonly used 

partitioning proposed by Witelson (1995). Parallel to the bicommisural line (AC-PC) the 

maximum anterior-posterior length of the CC was divided into the four subareas: anterior 

(genu), middle (truncus) and posterior third, further subdivided into splenium and isthmus 

(see fig. 4.2). As additional Region of Interest (ROI) the rostrum was delineated by the 

straight-line method (cf. Witelson, 1985). In the present study, the genu corresponds to the 

surface area of the genu minus the rostrum. The CC was outlined and extracted using a magic 

wand procedure in Corel PHOTO-PAINT and exported as a mask into MATLAB. The total 

cross-sectional (i.e. accumulated surface) area of the CC and its subregions was computed 

using summed pixels within each ROI. All CC measurements were performed by a blinded 

investigator. 

 
Fig. 4.2 Anatomical subdivision of the CC according to Witelson (1995): parallel to the bicommisural 
line (AC-PC) the maximum anterior-posterior length of the CC was determined and divided into four 
subareas as demonstrated (2, genu [anterior third]; 3, truncus [middle third]; 4, isthmus; 5, splenium) 
by the vertical lines corresponding to the thirds and fifths of the AC-PC line. In addition, the rostrum 
(1) was delineated based on the straight-line method by Witelson (1985). Point G represents the most 
anterior point of the inner convexity of the anterior CC. The line perpendicular to the AC-PC line, 
which crosses the point G defines regions 1 and 2 (adapted from Stančák et al., 2002). 
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4.6.2 Region of interest analysis 

In addition to the voxel-wise approach, region of interest (ROI) analyses were carried out 

using the MarsBaR toolbox for SPM (Brett et al., 2002). The following areas relevant to pain 

processing were selected: prefrontal cortex (PFC) regions corresponding to the dorsolateral 

prefrontal cortex (DLPFC, ~Brodmann areas [BA] 9, 46), inferior/middle and superior 

orbitofrontal cortex (OFC, ~BA 11, 12, 47), somatosensory cortices (BA 1, 2, 3), insula (BA 

13), amygdala, thalamus, anterior (BA 24, 32, 33) and posterior cingulate cortex (BA 23, 31) 

and brainstem. Since masks covering the brainstem were not pre-implemented in MarsBaR, 

ROIs for midbrain and pons were defined manually. For all other areas, the pre-defined 

automatic anatomic labeling (AAL; Tzourio-Mazoyer et al., 2002) ROIs were symmetrized 

by combining the corresponding right and left masks of an area in one hemisphere, and then 

mirroring this combined mask onto the opposite hemisphere. For all ROIs, parameter 

estimates, which are proportional to percent signal change, were extracted. The MarsBaR 

toolbox was also used to extract time-series for each ROI. P values of less than .05 were 

considered to indicate a significant difference.  

 

4.6.3 Inferential statistics and median split analysis 

All inferential and regression analyses were performed using SPSS 14 (SPSS Inc.). A two-

tailed P value <.05 was considered statistically significant. Data are represented as arithmetic 

mean ± standard deviation (AM±SD), unless otherwise indicated.  

In order to analyze frontal activity-dependent modulation of functional connectivity between 

the thalamus and the brainstem (i.e. midbrain and pons), we performed separate regressions of 

brainstem on thalamus activations for low versus high frontal activity based on the time-series 

of selected frontal ROIs divided by median-split (cf. Büchel & Friston, 1997; Casey et al., 

2003; Lorenz et al., 2003). The resulting regression slopes were then used for inter-individual 

comparisons (ANOVA).  
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5.1 Functional imaging results 

5.1.1 Results related to counter-stimulation induced pain modulation 

5.1.1.1 Psychometrics and psychophysics 

When compared with participants showing subjective pain decrease (P-DE) during HNCS, 

subjects manifesting increased pain (P-IN), scored significantly higher on the trait-anxiety 

scale (STAI), were more worrisome about the present and future (TICS, Apprehension), 

brooded more about self and life (TPF, Self-centeredness), exhibited lower self-esteem (TPF, 

Self-esteem), and showed a tendency to score higher on the neuroticism scale (NEO-FFI; see 

table 5.1). 

 

Table 5.1  Psychometric data 

All data expressed as mean T-values ± standard deviations (w. norm values of 50±10). a Lower values 
indicate higher self-centeredness. * P<.05.  
 

 
Numerical ratings for pressure and heat pain were inter-correlated (r=.70, P<.0001) and 

highly reliable (r=.92 and .96, respectively, P<.0001) across both fMRI runs. Mean variation 

coefficients of the ratings (under single stimulus conditions) were minor and identical for both 

modalities (i.e. 0.16), which further confirms high intra-individual rating consistency. As 

intended, in the fMRI run with attention on pressure pain, baseline ratings did not 

significantly differ in both subgroups (P>.22). However, in the fMRI run with attention on 

heat pain, baseline ratings for heat pain and pressure pain differed in subgroup P-DE (7.1±1.4 

vs. 7.7±1.5; t11=–2.10, P=.06) and subgroup P-IN (6.7±1.7 vs. 7.2±1.5; t9=–1.6, P=.15). 

Mean ratios of the last rating to the first rating approximated the value 1 (0.9 and 1.1 for heat 

and pressure ratings during single stimulus conditions, respectively), thus indicating 

 P-DE (N=12)  P-IN (N=10)    
 
Personality trait (Test) 

 
Mean±SD 

 
Range 

 
Mean±SD 

 
Range 

t-value 
(df=20) 

P-value 
(2-tailed) 

Anxiety (STAI-G) 50.2±6.6 36-57 56.9±7.8 45-70 –2.20 .04* 

Apprehension (TICS) 46.8±6.5 39-59 54.1±9.5 42-77 –2.12 .05* 

Neuroticism (NEO-FFI) 43.0±6.1 36-55 48.4±10.2 33-66 –1.87 .07 

Self-esteem (TPF) 54.9±5.9 45-62 49.4±8.9 38-65 2.07 .05 

Self-centeredness (TPF) a 48.1±9.0 34-64 42.3±3.7 37-46 2.31 .03* 
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negligible habituation or sensitization effects due to stimulus repetition. In P-DE, pain ratings 

decreased significantly by approx. 5-7% when comparing the single thermal/mechanical 

stimulation with the HNCS condition (see table 5.2). In contrast, P-IN showed significant 

increases in subjective pain experience relative to the single stimulus condition by approx. 7% 

and 4% for pressure and heat pain, respectively (see table 5.2).  
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P-value 
(2-tailed) 

 

 

.006** 

 

 

.01* 

 

 

 t-value 
(df=9) 

 

 

3.58 

 

 

3.14 

 

∆% rel. 
to single 
present. 

 

 

7.2% 

 

 

3.7% 

P-IN (N=10) 

 

 

AM±SEM 

 

7.0±0.5 

7.4±0.5 

 

7.2±0.5 

7.4±0.5 

 

 

 P-value 
(2-tailed) 

 

 

.002** 

 

 

.008** 

 

 

 t-value 
(df=11) 

 

 

–3.93 

 

 

–3.26 

 

∆% rel. 
to single 
present. 

 

 

–7.4% 

 

 

–4.5% 

P-DE (N=12) 

 

 

AM±SEM 

 

7.0±0.4 

6.5±0.5 

 

7.7±0.4 

7.4±0.4 

 

 
 
Experimental condition 

(a) Pressure pain ratings 

during single presentation 

during HNCS condition 

(b) Heat pain ratings 

during single presentation 

during HNCS condition 

   

* P<.05, ** P<.01. 

Table 5.2  Psychophysics data 

* P<.05, ** P<.01. 
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5.1.1.2 Imaging  

5.1.1.2.1 Subtraction analysis: whole group  

As expected, single as well as simultaneously applied noxious mechanical and thermal stimuli 

led to the activation of areas classically implicated in pain processing, namely the inferior, 

middle, medial, and superior frontal gyrus, the pre- and postcentral gyrus, insula, cingulate 

gyrus, precuneus, inferior and superior parietal lobule, thalamus, basal ganglia, midbrain, 

pons, and the cerebellum. In addition, activations were also observed in the parahippocampal, 

inferior, middle, and superior temporal gyrus (all P<.05, FWE corr.; see fig. 5.1 A,C and table 

5.3; for concision, different BAs activated within the same region are listed under the first 

coordinates of that same region). Activations pertaining to baseline conditions (i.e. single 

noxious mechanical and thermal stimulation) are not shown for clarity. 

 
 
 
Table 5.3  Neuroimaging results for the whole group (N=34) 

 
Coordinates in MNI space a 
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. Attention directed on pressure pain 

(a) HNCS 

cerebellum –32 –64 –30  51182 b inf. ‡ 
sup. temporal gyrus (BA 22) c  56 12 –6  " inf. ‡ 
sup. frontal gyrus (BA 6) –2 12 56   " inf. ‡ 
middle temporal gyrus  42 –50 6 99 5.87‡  
precuneus (BA 7) –10 –72 46  240 5.85‡ 
middle temporal gyrus (BA 21)  64 –24 –20 169 5.67‡ 
sub-gyral temporal lobe (BA 20)  48 –14 –28  " 5.21‡ 
inf. temporal gyrus (BA 20)  52 –24 –22  " 5.19‡ 
middle temporal gyrus (BA 21) –64 –40 –10  190 5.59‡ 
fusiform gyrus (BA 20) –48 –26 –24   " 5.42‡ 
cerebellum  22 –38 –42 30 5.08‡ 

(b) HNCS minus mechanical minus thermal stimulation 

medial frontal gyrus (BA 6)  10 10 58 114 6.03‡ 
cerebellum –30 –56 –34  207 5.99‡ 
precuneus (BA 7)  4 –66 48 459 5.88‡ 
middle frontal gyrus (BA 6)  –38 6 54  95 5.81‡ 
sup. temporal gyrus (BA 22) –48 –54 22  203 5.77‡ 
inf. parietal lobule (BA 40) –44 –44 32   " 5.39‡ 
supramarginal gyrus (BA 40) –42 –38 40   " 5.17‡ 
inf. parietal lobule (BA 40) –58 –30 24  33 5.61‡ 
precuneus (BA 7)  34 –40 48 43 5.59‡ 
angular gyrus (BA 39)  46 –56 38 49 5.53‡ 
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medial frontal gyrus (BA 6) –12 12 66  56 5.49‡ 
sup. frontal gyrus (BA 6) –16 4 68   " 5.08‡ 
middle temporal gyrus (BA 21, 39) –62 –54 6  62 5.45‡ 
middle frontal gyrus (BA 6) –28 14 58  68 5.44‡ 
cerebellum  42 –56 –34 21 5.23‡ 

2. Attention directed on heat pain 

(a) HNCS 

cerebellum –32 –66 –30  51782 inf. ‡ 
inf. temporal gyrus (BA 20)  60 –58 –14 64 5.15‡ 
parahippocampal gyrus (BA 19)  40 –42 –4 20 5.14‡ 
inf. temporal gyrus (BA 20)  56 –28 –14 21 4.85‡ 

(b) HNCS minus mechanical minus thermal stimulation 

precuneus (BA 7)  6 –66 42 445 6.31‡ 
cerebellum  34 –64 –28 79 6.08‡ 
    id. –36 –66 –30  54 5.93‡ 
inf. parietal lobule (BA 7) –40 –64 56  85 5.73‡ 
sup. parietal lobule (BA 7) –42 –56 58   " 5.22‡ 
sup. temporal gyrus (BA 39) –46 –56 36  191 5.64‡ 
inf. parietal lobule (BA 40) –40 –52 40   " 5.23‡ 
     id.  54 –42 54 26 5.48‡ 
middle frontal gyrus (BA 9) –38 40 34  32 5.19‡ 
sup. temporal gyrus (BA 13, 39)  50 –48 26 28 5.05‡ 
a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Only clusters with ≥ 20 activated voxels are listed. c Where appropriate, Brodmann areas (BA) are 
listed in parentheses. ‡ P<.05 FWE corrected. L, left hemisphere; R, right hemisphere; HNCS, 
heterotopic noxious counter-stimulation. 
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Fig. 5.1 Activation maps (‡ P<.05, FWE corr.) for the whole sample (N=34) during heterotopic 
noxious counter-stimulation with attention on pressure pain (fig. 5.1 A) and on heat pain (fig. 5.1 C). 
In order to identify activations specific to heterotopic noxious counter-stimulation (fig. 5.1 B,D), these 
activation maps were corrected for mechanical and thermal baseline activation.  
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5.1.1.2.2 Subtraction analysis: subgroups 

The same second-level random effects analysis conducted for the whole group (see above) 

was calculated for the two subgroups P-DE and P-IN separately in order to investigate 

potential differences in activation patterns. 

 

5.1.1.2.2.1 Subgroup P-DE 

P-DE showed significant activations of pain processing areas in all three stimulation 

conditions (mechanical, thermal, HNCS) and the HNCS-specif. contrast (see table 5.4) when 

attention was focused on pressure pain (fig. 5.2 A,B) as well as when attention was directed to 

heat pain (fig. 5.2 C,D).  

 

 
Table 5.4  Neuroimaging results for subgroup P-DE (N=12)  

 
Coordinates in MNI space a 
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. Attention directed on pressure pain  

(a) HNCS     

cerebellum –28 –54 –40  49463 b 5.18‡ 
insula (BA 13) c  58 –20 12  " 5.16‡ 
middle frontal gyrus (BA 9) –30 48 30   " 5.14‡ 
uncus (BA 36) –24 –12 –40  22 4.21◊ 
fusiform gyrus (BA 20) –48 –26 –20  696 4.17†† 
inf. temporal gyrus (BA 20) –60 –34 –14   " 4.17†† 
cerebellum –46 –38 –28   " 3.71†† 
cingulate gyrus (BA 31)  12 –24 42 395 3.94†† 
    id. –2 –28 34   " 3.63†† 
posterior cingulate gyrus (BA 23)  8 –36 26  " 3.12†† 
inf. frontal gyrus (BA 47)  50 36 –18 21 3.59◊ 
sup. parietal lobule (BA 7) –20 –52 68  82 3.56◊ 
hippocampus  28 –46 2 32 3.47◊ 
middle temporal gyrus (BA 37) –54 –70 8  31 3.44◊ 
middle occipital gyrus (BA 19) –56 –72 0   " 3.23◊ 
thalamus, pulvinar  22 –36 10 40 3.44◊ 

(b) HNCS minus mechanical minus thermal stimulation 

middle occipital gyrus (BA 19)  50 –62 18 4607 5.22‡ 
middle temporal gyrus (BA 39)  52 –60 10  " 4.85†† 
sup. frontal gyrus (BA 8)  20 40 50 572 5.17‡ 
middle frontal gyrus (BA 9, 8)  32 46 18  " 4.97†† 
middle temporal gyrus (BA 39) –54 –58 16  1646 4.67†† 
sup. parietal lobule (BA 7) –38 –58 58   " 4.42†† 
cerebellum/ brainstem, pons –18 –40 –30  46 4.65◊ 
sup. frontal gyrus (BA 8, 6) –36 24 48  929 4.65†† 
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middle frontal gyrus (BA 6) –42 8 54   " 4.29†† 
sup. frontal gyrus (BA 6)  10 14 60 149 4.63†† 
    id. –16 32 54  168 4.53†† 
middle frontal gyrus (BA 6)  28 2 62 232 4.46†† 
cingulate gyrus (BA 24)  18 8 48  " 3.35†† 
middle temporal gyrus (BA 20, 21) –60 –42 –16  341 4.43†† 
inf. temporal gyrus (BA 20) –50 –24 –16   " 4.00†† 
cerebellum  40 –68 –38 343 4.43†† 
    id. –12 –80 –30  553 4.42†† 
brainstem, pons  12 –36 –30 89 4.29† 
    id. –8 –30 –34   " 3.56† 
middle frontal gyrus (BA 9, 6)  54 26 32 353 4.29†† 
middle frontal gyrus (BA 10) –40 44 14  24 4.03◊ 
middle temporal gyrus (BA 21)  66 –36 –12 60 3.89◊ 
supramarginal gyrus (BA 40) –42 –36 40  29 3.87◊ 
thalamus, medial dorsal nucleus  6 –10 10 25 3.86◊ 
insula (BA 13) –58 –34 22  57 3.85◊ 
postcentral gyrus (BA 40) –60 –22 20   " 3.16◊ 
inf. temporal gyrus (BA 37)  58 –42 –22 36 3.81◊ 
cerebellum  48 –44 –24  " 3.61◊ 
    id.  24 –82 –26 198 3.71†† 
lingual gyrus (BA 18) –18 –94 –12  46 3.68◊ 
cingulate gyrus (BA 24) –2 2 42  57 3.63◊ 
    id.  4 8 42  " 3.32◊ 
middle frontal gyrus (BA 46) –44 28 16  66 3.63◊ 
inf. frontal gyrus (BA 45) –50 28 8   " 3.52◊ 
insula (BA 13)  50 12 10 53 3.62◊ 
postcentral gyrus (BA 3, 43)  62 –10 18 34 3.57◊ 
sup. frontal gyrus (BA 6)  28 22 50 48 3.51◊ 
medial frontal gyrus (BA 6)  14 –2 68 26 3.46◊ 
middle frontal gyrus (BA 6)  40 18 56 23 3.32◊ 
precuneus (BA 7)  4 –44 72 22 3.31◊ 

2. Attention directed on heat pain 

(a) HNCS     

middle frontal gyrus (BA 10, 9)  42 46 4 52539 5.60‡ 
insula (BA 13)  52 12 2  " 5.24‡ 
sup. parietal lobule (BA 7) –22 –50 64  216 4.29†† 
posterior cingulate gyrus (BA 30) –30 –68 12  229 3.86†† 
middle occipital gyrus (BA 37) –42 –68 8   " 3.49†† 
middle temporal gyrus (BA 39) –28 –58 26   " 3.47†† 
sup. frontal gyrus (BA 8)  18 42 46 37 3.71◊ 
middle frontal gyrus (BA 6) –16 22 64  24 3.69◊ 
inf. temporal gyrus (BA 19) –46 –54 4  66 3.57◊ 
inf. temporal gyrus (BA 20)  54 –32 –16 51 3.48◊ 
fusiform gyrus (BA 20)  56 –38 –22  " 3.25◊ 
parahippocampal gyrus (BA 34)  34 6 –24 22 3.32◊ 

(b) HNCS minus mechanical minus thermal stimulation 

middle temporal gyrus (BA 22, 39, 37)  56 –46 –4 284 5.28‡ 
sup. parietal lobule (BA 7) –22 –46 66  219 5.08‡ 
precuneus (BA 7) –18 –44 52   " 3.43†† 
sup. frontal gyrus (BA 9)  36 50 22 163 4.54†† 
middle frontal gyrus (BA 10)  48 52 10  " 3.77†† 
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sup. frontal gyrus (BA 6) –14 –4 72  209 4.53†† 
precentral gyrus (BA 6, 4) –6 –12 70   " 4.03†† 
middle frontal gyrus (BA 10)  42 42 0 89 4.38◊ 
inf. frontal gyrus (BA 46)  50 44 0  " 3.48◊ 
precuneus (BA 7)  18 –56 46 939 4.30†† 
inf. parietal lobule (BA 40) –46 –54 40  399 4.25†† 
supramarginal gyrus (BA 40) –50 –48 34   " 3.66†† 
angular gyrus (BA 39) –44 –66 44   " 3.39†† 
cuneus (BA 18, 17) –6 –96 16  147 4.12†† 
inf. parietal lobule (BA 40)  52 –38 54 83 4.12◊ 
cuneus (BA 17)  12 –88 14 57 4.10◊ 
inf. parietal lobule (BA 40)  36 –42 38 430 4.03†† 
cerebellum  34 –62 –26 153 4.02†† 
sup. frontal gyrus (BA 8)  20 42 46 41 3.94◊ 
precentral gyrus (BA 6)  36 –4 52 37 3.92◊ 
sup. temporal gyrus (BA 22, 38) –62 –4 0  127 3.87† 
middle temporal gyrus (BA 21) –62 –4 –10   " 3.74† 
cerebellum –28 –64 –38  286 3.79†† 
cuneus (BA 18, 30)  6 –72 18 73 3.77◊ 
precentral gyrus (BA 6)  16 –12 70 80 3.76◊ 
sup. frontal gyrus (BA 6) –6 20 68  35 3.71◊ 
    id.  2 22 66  " 3.39◊ 
precentral gyrus (BA 44)  58 10 4 60 3.70◊ 
sup. temporal gyrus (BA 22)  56 14 –6  " 3.53◊ 
cingulate gyrus (BA 24) –18 4 42  27 3.68◊ 
inf. temporal gyrus (BA 20)  56 –30 –16 42 3.67◊ 
parahippocampal gyrus (BA 36)  48 –24 –16  " 3.64◊ 
sup. temporal gyrus (BA 22, 42) –52 –34 2  307 3.67†† 
claustrum  30 26 –12 37 3.65◊ 
medial frontal gyrus (BA 6)  18 –6 50 60 3.62◊ 
cingulate gyrus (BA 24)  8 –10 44  " 3.50◊ 
sup. frontal gyrus (BA 8)  42 34 46 43 3.55◊ 
middle frontal gyrus (BA 8)  36 40 42  " 3.17◊ 
thalamus, anterior nucleus –10 –4 8  111 3.54† 
thalamus, medial dorsal nucleus –6 –12 10   " 3.51† 
thalamus, lateral posterior nucleus –20 –18 14   " 3.42† 
middle temporal gyrus (BA 21) –60 –22 –16  32 3.54◊ 
middle frontal gyrus (BA 8) –36 42 38  99 3.52◊ 
sup. frontal gyrus (BA 9) –24 54 34  99 3.14◊ 
inf. frontal gyrus (BA 9)  60 10 22 44 3.47◊ 
sup. temporal gyrus (BA 13)  56 –44 20 37 3.46◊ 
inf. parietal lobule (BA 40) –54 –34 28  30 3.44◊ 
cerebellum –40 –60 –42  22 3.37◊ 
cingulate gyrus (BA 31)  10 –40 48 21 3.36◊ 
cingulate gyrus (BA 24) –6 –8 42  39 3.29◊ 
paracentral lobule (BA 31) –6 –16 44  39 3.17◊ 
 

a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Only clusters with ≥ 20 activated voxels are listed. c Where appropriate, Brodmann areas (BA) are 
listed in parentheses. ‡ P<.05 FWE corr., †† P<.01 cluster-level corr., † P<.05 cluster-level corr., ◊ 
P<.001 uncorrected. L, left hemisphere; R, right hemisphere; HNCS, heterotopic noxious counter-
stimulation. 
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5.1.1.2.2.2 Subgroup P-IN 

P-IN showed significant activations of pain processing areas in all three stimulation 

conditions (mechanical, thermal, HNCS) and the HNCS-specif. contrast (see table 5.5) when 

attention was focused on pressure pain (fig. 5.2 E,F), as well as when attention was directed to 

heat pain (fig. 5.2 G,H). However, activations in P-IN were generally smaller in extent and 

magnitude compared to P-DE.  

 

Table 5.5  Neuroimaging results for subgroup P-IN (N=10) 
 

Coordinates in MNI space a 
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. Attention directed on pressure pain 

(a) HNCS 

precentral gyrus (BA 6) b –50 –2 4  6014 c 5.10‡ 
sup. frontal gyrus (BA 9) –34 42 28   " 4.91†† 
lentiform nucleus, putamen –22 8 –2   " 4.90†† 
medial frontal gyrus (BA 6) –4 12 56  4044 4.95†† 
sup. frontal gyrus (BA 6)  2 18 50  " 4.95†† 
cingulate gyrus (BA 32) –10 18 42   " 4.68†† 
cerebellum  34 –60 –32 2270 4.78†† 
    id. –42 –70 –36   " 4.67†† 
middle frontal gyrus (BA 6)  40 28 52 489 4.65†† 
cingulate gyrus (BA 24)  24 –2 50  " 4.51†† 
middle frontal gyrus (BA 46)  48 46 18 5234 4.51†† 
claustrum  40 4 2  " 4.50†† 
inf. frontal gyrus (BA 47)  42 28 –6  " 4.48†† 
postcentral gyrus (BA 40)  66 –22 22 796 4.42†† 
transverse temporal gyrus (BA 41)  58 –22 10  " 4.03†† 
inf. parietal lobule (BA 40)  64 –36 26  " 3.77†† 
middle frontal gyrus (BA 6) –46 10 48  294 3.97†† 
precentral gyrus (BA 6) –52 2 42   " 3.60†† 
middle temporal gyrus (BA 19)  38 –58 14 40 3.85◊ 
brainstem (midbrain, pons)  10 –26 –16 49 3.85◊ 
lingual gyrus (BA 18) –18 –102 –12  79 3.84◊ 
inf. occipital gyrus (BA 18) –38 –94 –10   " 3.83◊ 
fusiform gyrus (BA 18) –30 –100 –12   " 3.37◊ 
inf. parietal lobule (BA 40)  44 –38 44 388 3.71†† 
supramarginal gyrus (BA 40)  52 –34 42  " 3.65†† 
cerebellum  2 –54 –14 75 3.70◊ 
lingual gyrus (BA 18)  8 –102 –6 56 3.56◊ 
inf. parietal lobule (BA 40) –44 –54 56  20 3.36◊ 

(b) HNCS minus mechanical minus thermal stimulation 

sup. temporal gyrus (BA 39) –48 –54 26  87 4.50† 
middle temporal gyrus (BA 19) –46 –62 18   " 3.37† 
sup. frontal gyrus (BA 9) –10 60 20  76 4.45† 
middle frontal gyrus (BA 6)  32 –2 44 53 4.39◊ 
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inf. parietal lobule (BA 40) –56 –32 28  95 4.16†† 
sup. temporal gyrus (BA 42) –64 –30 18   " 3.50†† 
cerebellum –30 –54 –36  53 4.00◊ 
middle frontal gyrus (BA 9) –26 40 32  28 3.64◊ 
medial frontal gyrus (BA 6)  12 14 50 29 3.54◊ 
middle frontal gyrus (BA 6) –28 12 62  48 3.49◊ 
supramarginal gyrus (BA 40) –46 –46 36  29 3.48◊ 
middle frontal gyrus (BA 8) –26 20 44  23 3.43◊ 

2. Attention directed on heat pain 

(a) HNCS 

middle frontal gyrus (BA 6)  44 14 56 812 5.17‡ 
middle frontal gyrus (BA 9)  42 28 28  " 4.21†† 
caudate body –20 20 4  8068 5.00†† 
cingulate gyrus (BA 32) –10 16 40   " 4.96†† 
sup. frontal gyrus (BA 6)  8 16 50  " 4.93†† 
cerebellum –34 –64 –34  1655 4.89†† 
    id.  30 –60 –32 328 4.73†† 
middle frontal gyrus (BA 9, 10) –32 50 28  559 4.36†† 
brainstem, pons –8 –36 –32  120 4.32◊ 
    id.  10 –36 –34  " 3.30◊ 
brainstem, midbrain –8 –34 –14  250 4.23†† 
    id.  6 –22 –18  " 4.17†† 
lentiform nucleus, lateral globus pallidus  16 10 –6 124 4.20◊ 
caudate head  8 8 –10  " 3.80◊ 
supramarginal gyrus (BA 40)  50 –46 38 473 4.13†† 
inf. parietal lobule (BA 40)  46 –50 46  " 3.90†† 
sup. temporal gyrus (BA 39)  60 –58 32  " 3.48†† 
brainstem, pons –14 –48 –38  44 3.98◊ 
sup. parietal lobule (BA 7) –44 –56 56  742 3.94†† 
inf. parietal lobule (BA 40) –42 –52 40   " 3.90†† 
middle frontal gyrus (BA 6) –48 20 46  103 3.68◊ 
thalamus, lateral dorsal nucleus  14 –20 20 40 3.55◊ 
precuneus (BA 7)  28 –74 56 60 3.42◊ 
middle frontal gyrus (BA 8, 10, 47) –36 36 44  29 3.35◊ 

(b) HNCS minus mechanical minus thermal stimulation 

cerebellum  38 –68 –28 54 4.03◊ 
precuneus (BA 7)  32 –68 40 27 4.00◊ 
middle frontal gyrus (BA 6)  32 –2 42 22 3.98◊ 
cerebellum –34 –66 –30  27 3.88◊ 
middle frontal gyrus (BA 9) –36 38 32  50 3.85◊ 
middle frontal gyrus (BA 6) –46 22 46  37 3.81◊ 
precuneus (BA 7, 31)  14 –64 36 41 3.77◊ 
inf. parietal lobule (BA 40) –42 –64 56  112 3.76†† 
sup. parietal lobule (BA 7) –34 –66 54   " 3.47†† 
precuneus (BA 31)  6 –68 32 30 3.42◊ 
    id. –2 –68 34   " 3.37◊ 
 

a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Where appropriate, Brodmann areas (BA) are listed in parentheses. c Only clusters with ≥ 20 activated 
voxels are listed. ‡ P<.05 FWE corr., †† P<.01 cluster-level corr., † P<.05 cluster-level corr., ◊ P<.001 
uncorrected. L, left hemisphere; R, right hemisphere; HNCS, heterotopic noxious counter-stimulation. 
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Fig. 5.2 Activation maps (‡ P<.05, FWE corr.; † P<.05, cluster-level corr.; ◊ P<.001, uncorrected) for both subgroups (P-DE, N=12; P-IN, N=10) 
during heterotopic noxious counter-stimulation with attention on pressure pain (fig. 5.2 A,B and E,F) and on heat pain (fig. 5..2 C,D and G,H). In 
order to reveal activations specific to heterotopic noxious counter-stimulation, baseline-corrected activation maps are depicted (fig. 5.2 B,D,F and 
H). 
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5.1.1.2.2.3 Subgroup comparison  

Activation patterns between P-DE and P-IN were directly compared using second level and 

ROI analysis. Table 5.6 and figure 5.3 A-F show the results of the second level analysis 

subgroup comparison for all counter-stimulation contrasts (HNCS/heat pain specif., 

HNCS/pressure pain specif., HNCS-specif.) with attention on pressure pain (fig. 5.3 A-C) and 

with attention on heat pain (fig. 5.3 D-F). Regardless of attentional focus, P-DE always 

revealed stronger and more widespread activations compared to P-IN in the second level 

analysis across all contrasts. Only the ROI analysis revealed selectively higher activation in P-

IN compared to P-DE in the right amygdala (P<.05) for the HNCS/pressure pain specif. 

contrast and the right inferior frontal cortex (P=.04) and right amygdala (P=.09) with regard to 

the HNCS/heat pain specif. contrast. 

 
 
Table 5.6  Neuroimaging results for subgroup comparison (P-DE > P-IN)  

 
Coordinates in MNI space a  
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. Attention directed on pressure pain 

(a) HNCS minus mechanical stimulation 

cuneus (BA 18) b –10 –70 24  241 c 4.15†† 
anterior cingulate gyrus (BA 25)  2 16 –14 32 4.04◊ 
lingual gyrus (BA 17, 18) –12 –98 6  97 3.78◊ 
cerebellum –16 –60 –4  42 3.72◊ 
middle occipital gyrus (BA 19) –26 –82 28  58 3.64◊ 
precuneus (BA 7) –2 –64 54  27 3.54◊ 
sup. frontal gyrus (BA 8)  28 46 46 25 3.50◊ 
medial frontal gyrus (BA 6) –1 –20 60  36 3.41◊ 
paracentral lobule (BA 5)  2 –28 56 36 3.30◊ 

(b) HNCS minus thermal stimulation 

middle temporal gyrus (BA 19)  52 –60 18 294 4.44†† 
sup. temporal gyrus (BA 13)  46 –46 16  " 3.82†† 
insula (BA 13)  54 –38 20  "  3.67†† 
middle temporal gyrus (BA 39) –44 –76 24  89 4.18◊ 
precuneus (BA 31) –30 –72 30   " 3.27◊ 
insula (BA 13) –40 30 14  63 4.08◊ 
sup. frontal gyrus (BA 8)  22 46 48 26 4.01◊ 
insula (BA 13)  44 16 14 51 3.97◊ 
precuneus (BA 7)  14 –46 50 62 3.86◊ 
paracentral lobule (BA 5)  8 –38 58  " 3.17◊ 
cingulate gyrus (BA 31) –6 –44 48  153 3.67† 
precuneus (BA 7) –4 –64 56   " 3.56† 
    id.  6 –60 54  " 3.39† 
lingual gyrus (BA 18) –20 –84 4  24 3.65◊ 
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precuneus (BA 7)  30 –48 56 35 3.64◊ 
cuneus (BA 18) –12 –70 24  64 3.60◊ 
claustrum  28 16 18 25 3.42◊ 
sup. frontal gyrus (BA 10)  34 58 20 20 3.37◊ 

(c) HNCS minus mechanical minus thermal stimulation 

precuneus (BA 7)  30 –48 54 107 4.71◊ 
sup. parietal lobule (BA 7)  28 –56 64  " 3.99◊ 
sup. frontal gyrus (BA 8)  22 46 48 96 4.42◊ 
middle frontal gyrus (BA 8)  32 48 42  " 3.98◊ 
cuneus (BA 18) –14 –70 26  642 4.42†† 
    id.  16 –76 34  " 4.08†† 
precuneus (BA 31) –28 –76 32   " 4.05†† 
anterior cingulate gyrus (BA 25)  4 18 –14 23 4.22◊ 
middle frontal gyrus (BA 46) –42 30 14  30 4.07◊ 
middle temporal gyrus (BA 39)  52 –62 22 149 4.03† 
sup. temporal gyrus (BA 22, 13)  50 –54 18  " 4.02† 
precuneus (BA 7) –4 –64 54  150 3.93† 
lingual gyrus (BA 18) –18 –94 –8  51 3.83◊ 
cingulate gyrus (BA 31)  26 –18 36 22 3.77◊ 
precentral gyrus (BA 4) –36 –16 58  24 3.57◊ 
paracentral gyrus (BA 5) –1 –28 56  92 3.52◊ 
lingual gyrus (BA 17) –16 –88 4  34 3.47◊ 

2. Attention directed on heat pain 

(a) HNCS minus mechanical stimulation 

middle occipital gyrus (BA 37)  46 –66 6 194 4.94‡ 
cerebellum  42 –62 –6  " 3.54†† 
postcentral gyrus (BA 2) –40 –26 36  156 4.56† 
cuneus (BA 17)  16 –90 14 167 4.54† 
lingual gyrus (BA 18)  22 –78 10  " 3.41† 
sup. temporal gyrus (BA 41, 42) –52 –26 8  453 4.41†† 
middle temporal gyrus (BA 21) –56 –28 –4   " 3.67†† 
postcentral gyrus (BA 3)  38 –18 42 70 4.24◊ 
paracentral lobule (BA 5)  26 –40 50 119 4.19◊ 
lingual gyrus (BA 17)  10 –96 6 255 4.00†† 
cuneus (BA 17, 18) –14 –84 18   " 3.66†† 
sup. temporal gyrus (BA 22)  62 2 –10 87 3.87◊ 
anterior cingulate gyrus (BA 32)  20 30 –16 33 3.84◊ 
middle temporal gyrus (BA 37) –50 –52 6  43 3.83◊ 
sup. temporal gyrus (BA 41)  54 –24 8 146 3.79† 
transverse temporal gyrus (BA 41)  60 –18 8  " 3.36† 
middle temporal gyrus (BA 22)  56 –44 –2 68 3.62◊ 
sup. temporal gyrus (BA 22) –50 –4 –12  53 3.53◊ 
insula (BA 13) –42 12 –12  22 3.48◊ 
inf. parietal lobule (BA 40)  40 –46 50 23 3.43◊ 

(b) HNCS minus thermal stimulation 

sup. temporal gyrus (BA 22)  58 –18 –4 263 4.89‡ 
insula (BA 13)  46 –22 2  " 3.77†† 
cuneus (BA 23, 17, 30)  6 –74 14 1092 4.34†† 
claustrum  30 22 –10 69 4.23†† 
precentral gyrus (BA 4) –58 –8 26  47 4.09◊ 
middle frontal gyrus (BA 9) –32 30 24  35 3.97◊ 
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sup. temporal gyrus (BA 22, 41) –46 –40 4  363 3.92†† 
insula (BA 13) –38 6 6  23 3.80◊ 
middle temporal gyrus (BA 22)  56 –46 0 33 3.72◊ 
middle temporal gyrus (BA 37) –44 –70 12  104 3.71◊ 
inf. occipital gyrus (BA 19) –44 –76 2   " 3.71◊ 
middle occipital gyrus (BA 37) –38 –68 2   " 3.23◊ 
sup. parietal lobule (BA 7)  20 –54 66 22 3.64◊ 
postcentral gyrus (BA 2) –40 –24 32  87 3.60◊ 
inf. occipital gyrus (BA 17) –14 –94 –4  119 3.59◊ 
lingual gyrus (BA 17, 18) –10 –98 8   " 3.43◊ 
postcentral gyrus (BA 5)  30 –36 66 22 3.50◊ 
middle frontal gyrus (BA 9)  58 14 32  " 3.43◊ 
middle frontal gyrus (BA 9, 46)  46 22 22 28 3.43◊ 

(c) HNCS minus mechanical minus thermal stimulation 

cuneus (BA 17, 23)  16 –88 12 487 4.99‡ 
lingual gyrus (BA 18)  22 –78 10  " 3.92†† 
middle temporal gyrus (BA 22)  56 –46 0 146 4.58† 
parahippocampal gyrus (BA 19)  44 –48 –4  " 3.26† 
postcentral gyrus (BA 2) –40 –26 36  250 4.46†† 
inf. parietal lobule (BA 40) –52 –28 34   " 3.68†† 
sup. temporal gyrus (BA 41) –50 –26 6  598 4.32†† 
transverse temporal gyrus (BA 41)  50 –24 10 372 4.07†† 
sup. temporal gyrus (BA 22)  58 –14 –2  " 3.89†† 
middle temporal gyrus (BA 21)  68 –30 –4  " 3.62†† 
inf. frontal gyrus (BA 46)  42 42 2 45 3.99◊ 
postcentral gyrus (BA 3)  64 –12 30 104 3.91◊ 
lingual gyrus (BA 17) –26 –76 10  521 3.89†† 
cuneus (BA 17) –16 –84 12   "  3.83†† 
postcentral gyrus (BA 3)  36 –18 42 85 3.83◊ 
insula (BA 13) –36 –42 30  56 3.77◊ 
middle temporal gyrus (BA 37) –44 –70 12  76 3.73◊ 
inf. occipital gyrus (BA 19) –44 –80 4   " 3.43◊ 
cingulate gyrus (BA 31)  28 –36 44 114 3.69◊ 
inf. parietal locule (BA 40)  40 –42 44  " 3.62◊ 
sup. temporal gyrus (BA 22) –56 –4 –10  101 3.64◊ 
subgyral temporal lobe (BA 21, 20) –46 –10 –12   " 3.50◊ 
cingulate gyrus (BA 31)  14 –40 48 30 3.64◊ 
postcentral gyrus (BA 3)  40 –26 56 31 3.63◊ 
inf. frontal gyrus (BA 9)  58 12 26 39 3.55◊ 
precuneus (BA 7)  24 –44 64 64 3.50◊ 
sup. parietal lobule (BA 5)  30 –38 66  " 3.48◊ 
sup. temporal gyrus (BA 22)  62 2 –12 58 3.49◊ 
middle temporal gyrus (BA 37) –52 –56 4  29 3.46◊ 
caudate tail  36 –30 –2 20 3.45◊ 
middle temporal gyrus (BA 37)  50 –66 0 41 3.37◊ 
inf. parietal lobule (BA 40)  54 –24 52 22 3.30◊ 
 

a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Where appropriate, Brodmann areas (BA) are listed in parentheses. c Only clusters with ≥ 20 activated 
voxels are listed. ‡ P<.05 FWE corr., †† P<.01 cluster-level corr., † P<.05 cluster-level corr., ◊ P<.001 
uncorrected. P-DE (N=12), P-IN (N=10). L, left hemisphere; R, right hemisphere; HNCS, heterotopic 
noxious counter-stimulation. 
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Fig. 5.3 Subgroup comparison revealed stronger and more widespread activation (†† 

P<.01, cluster-
level corr.; † 

P<.05, cluster-level corr.; ◊ 
P<.001, uncorrected) during heterotopic noxious counter-

stimulation for the P-DE compared to the P-IN subgroup, independently of the direction of attention 
either on pressure pain (fig. 5.3 A-C) or on heat pain (fig. 5.3 D-F). To assess modality specific 
activation under heterotopic noxious counter-stimulation, activation maps caused by heterotopic 
noxious counter-stimulation were corrected for mechanical (fig. 5.3 A,D) or thermal baselines (fig. 5.3 
B,E). Activations specific to heterotopic noxious counter-stimulation (fig. 5.3 C,F) were determined 
by correcting both for mechanical and thermal baseline activation. 
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5.1.1.3 Median-split regression analysis: influence of prefrontal cortex 

activation on interrelations between thalamus and brainstem  

In order to test the impact of PFC regions (DLPFC, inferior/middle and superior OFC) on the 

connectivity between thalamus and the brainstem (midbrain, pons), we computed regression 

analyses based on median-split analysis of high and low PFC activation. If PFC showed a 

modulatory influence on the path between thalamus and midbrain/pons, the connectivity 

between thalamus and midbrain/pons should depend on the activation level of the PFC. 

When analyzing individual regression slopes, we observed significant main effects of DLPFC 

(P=.008) and inferior/middle OFC (P=.017) activation with regard to connectivity between 

the thalamus and the pons, and a significant main effect of superior OFC activation on 

connectivity between the thalamus and the midbrain (P=.004).  

 

5.1.2 Results related to changes in pain modulation over time 

5.1.2.1 Subtraction analysis: whole group 

Whole group second level analysis revealed activation of common pain processing areas in 

the HNCS condition (see fig. 5.4 A,C and table 5.7). Interestingly, HNCS-specif. activation 

could be observed in the precuneus (BA 7; P<.05, FWE corr.) both in session 1 and in session 

2 (fig. 5.4 B,D). A comparison of the two sessions revealed consistently higher activations in 

the second session for both the HNCS condition and the HNCS-specif. contrast (fig. 5.4 E,F). 

More specifically, significantly higher HNCS activations in session 2 were seen in the 

bilateral occipital gyrus, bilateral cingulate gyrus, middle frontal gyrus, precuneus, post- and 

precentral gyrus, and paracentral lobule (all P<.05, cluster-level corr.). Significantly higher 

HNCS-specif. activations in the second session were noted in the post- and precentral gyrus 

(both P<.01, cluster-level corr). 
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Fig. 5.4  Activation maps (‡ P<.05, FWE corr.; †† 
P<.01, cluster-level corr.; ◊ 

P<.001, uncorrected) for the whole sample (N=34) during 
heterotopic noxious counter-stimulation for session 1 (fig. 5.4 A) and session 2 (fig. 5.4 C). In order to identify activations specific to 
heterotopic noxious counter-stimulation (fig. 5.4 B,D) in both sessions, these activation maps were corrected for mechanical and thermal 
baseline activation. In addition, areas showing increased activation in the second versus the first session are depicted in figures 5.4 E and F. 
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Table 5.7  Neuroimaging results for the whole group (N=34)  

 
Coordinates in MNI space a 
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. Session 1  

(a) HNCS 

insula (BA 13) –34 20 6   44419b Inf‡ 
cerebellum –32 –64 –30    " Inf‡ 
    id.  42 –58 –34  " Inf‡ 
insula (BA 13)  44 18 0  " Inf‡ 
sup. temporal gyrus (BA 22)  54 12 –4  " 7.84‡ 
insula (BA 13)  52 12 0   " 7.75‡ 
cingulate gyrus (BA 24) –6 12 48    " 7.67‡ 
lentiform nucleus, putamen –18 8 4   " 7.66‡ 
inf. frontal gyrus (BA 47)  50 16 –10    " 7.49‡ 
precentral gyrus (BA 9) –44 32 34   " 7.48‡ 
    id.  46 32 30  " 7.35‡ 
middle frontal gyrus (BA 10)  44 44 10  " 7.24‡ 
lentiform nucleus, putamen  18 8 4  " 7.21‡ 
middle frontal gyrus (BA 9)  36 42 24   " 7.12‡ 
medial frontal gyrus (BA 32)  6 18 46  " 7.10‡ 
caudate body –20 –6 20   " 7.08‡ 
brainstem, pons  8 –26 –24   " 7.07‡ 
middle frontal gyrus (BA 10) –32 44 2   " 7.05‡ 
caudate body  16 2 20  " 7.00‡ 
inf. parietal lobule (BA 40)  46 –52 48  " 7.00‡ 
middle frontal gyrus (BA 9) –30 46 28    " 6.99‡ 
precuneus (BA 7)  10 –72 40 53 5.24‡ 
cuneus (BA 7) –10 –70 38  61 5.02‡ 
precuneus (BA 7) –16 –62 40  " 4.77‡ 
lingual gyrus (BA 18)  24 –76 4 36 3.64◊ 
    id. –18 –86 2  26 3.41◊ 

(b) HNCS minus mechanical minus thermal stimulation 

precuneus (BA 7)  8 –58 48  4649 5.38‡ 
sup. parietal lobule (BA 40)  44 –50 54 " 4.83‡ 
angular gyrus (BA 39)  48 –56 36 " 4.67†† 
supramarginal gyrus (BA 40) –42 –48 36  2534 5.27‡ 
angular gyrus (BA 39) –44 –64 40  " 5.09‡ 
sup. temporal gyrus (BA 39) –46 –58 34   " 5.06‡ 
precentral gyrus (BA 6) –34 0 58  4477 5.20‡ 
middle frontal gyrus (BA 6, 10 47) –38 10 56  " 5.00‡ 
sup. frontal gyrus (BA 8) –12 38 46   " 4.88‡ 
cerebellum  32 –68 –28 384 4.99‡ 
thalamus –10 –6 10  895 4.84‡ 
    id.  6 –4 8  " 4.66†† 
cerebellum –34 –54 –34  720 4.73†† 
sup. frontal gyrus (BA 6, 9)  18 38 50 168 4.44† 
inf. frontal gyrus (BA 47, 45) –50 16 –12  200 4.33† 
medial frontal gyrus (BA 6) –22 50 –2   697 4.22†† 
middle frontal gyrus  32 52 2 106 3.99◊ 
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precuneus (BA 7) –20 –46 60  77 3.90◊ 
sup. temporal gyrus (BA 22)  56 14 –6 116 3.88◊ 
inf. frontal gyrus (BA 47)  50 28 –14 " 3.21◊ 
middle temporal gyrus (BA 21) –62 –4 –8   34 3.63◊ 
thalamus, pulvinar  18 –26 14  21 3.62◊ 
middle temporal gyrus (BA 21) –62 –40 –10    49 3.60◊ 
precentral gyrus (BA 4, 6)  24 –16 58  20 3.55◊ 
postcentral gyrus (BA 2)  68 –16 28 38 3.53◊ 

2. Session 2 

(a) HNCS     

cerebellum –32 –64 –32  62709 Inf‡ 
medial frontal gyrus (BA 6) –4 8 52   " Inf‡ 
middle occipital gyrus (BA 18)  36 –92 6  28 5.71‡ 
inf. occipital gyrus (BA 18, 20)  42 –90 0  " 5.09‡ 
parahippocampal gyrus (BA 36)  46 –26 –16 127 5.05‡ 
inf. temporal gyrus (BA 37) –60 –64 –4   43 5.40‡ 
lingual gyrus (BA 18)  24 –82 4  91 5.30‡ 
middle temporal gyrus (BA 21) –66 –36 –10   26 5.26‡ 
fusiform gyrus (BA 18) –20 –98 –14  24 5.24‡ 
inf. temporal gyrus (BA 37)  56 –42 –22 25 5.09‡ 
lingual gyrus (BA 18) –14 –106 2  62 5.05‡ 

(b) HNCS minus mechanical minus thermal stimulation 

precuneus (BA 7)  6 –68 44   1624 6.74‡ 
middle temporal gyrus (BA 19)  46 –62 16 807 6.18‡ 
sup. temporal gyrus (BA 13, 39)  50 –48 22 " 6.13‡ 
cerebellum –34 –52 –38  578 6.16‡ 
supramarginal gyrus (BA 40) –52 –52 34  912 6.08‡ 
inf. parietal lobule (BA 7, 40) –40 –64 56  " 5.99‡ 
sup. parietal lobule (BA 7) –42 –56 58  " 5.72‡ 
middle frontal gyrus (BA 9, 6) –34 42 32  113 5.91‡ 
sup. frontal gyrus (BA 9) –26 50 28  " 4.98‡ 
cerebellum  36 –56 –36 131 5.87‡ 
middle frontal gyrus (BA 10, 6, 8)  32 46 16 66 5.63‡ 
sup. frontal gyrus (BA 10)  38 56 14  " 5.33‡ 
middle temporal gyrus (BA 21) –66 –38 –8  67 5.44‡ 
precentral gyrus (BA 6) –44 4 40  121 5.34‡ 
inf. parietal lobule (BA 40)  50 –40 56 59 5.23‡ 
sup. parietal lobule (BA 7)  30 –52 64 22 5.08‡ 
sub-gyral frontal lobe (BA 6)  24 6 56 24 5.00‡ 

3. Session 2 > session 1 

(a) HNCS 

cuneus (BA 18)  –22 –100 16   293 4.99‡ 
middle occipital gyrus (BA 18, 19) –30 –94 22  " 4.40†† 
cingulate gyrus (BA 24) –18 –2 48  1217 4.72†† 
cingulate gyrus (BA 31)  16 –4 46 " 4.43†† 
middle frontal gyrus (BA 6) –26 10 46  " 4.38†† 
precuneus (BA 7)  16 –70 58 2237 4.45†† 
postcentral gyrus (BA 7)  20 –42 70 " 4.39†† 
paracentral lobule (BA 5)  4 –34 60 " 4.06†† 
post. cingulate (BA 29)  0 –44 14 64 4.13◊ 



Chapter 5: Results 

 

 83 

middle occipital gyrus (BA 19, 18)  40 –82 22 371 4.09†† 
inf. parietal lobule (BA 40)  64 –42 24 110 4.07◊ 
middle frontal gyrus (BA 10, 8, 9)  40 54 10 132 4.06◊ 
insula (BA 13) –40 –14 16  136 3.92◊ 
precuneus (BA 7) –18 –66 54  108 3.87◊ 
cerebellum –38 –78 –24    293 3.81◊ 
fusiform gyrus (BA 19) –42 –80 –8  " 3.65†† 
cerebellum  48 –68 –16 69 3.73◊ 
fusiform gyrus (BA 37, 20)  52 –62 –12 " 3.59◊ 
precentral gyrus (BA 6, 4)  62 2 18 220 3.71† 
parahippocampal gyrus (BA 34)  22 4 –26 26 3.62◊ 
sup. frontal gyrus (BA 6)  8 6 66 30 3.62◊ 
postcentral gyrus (BA 3)  44 –18 52 124 3.56◊ 
precentral gyrus (BA 4) –42 –10 48  35 3.52◊ 
inf. occipital gyrus (BA 19)  46 –76 –6 20 3.46◊ 
lingual gyrus (BA 18)  20 –94 –6 22 3.44◊ 
postcentral gyrus (BA 3) –20 –20 66  22 3.38◊ 
medial frontal gyrus (BA 6)  4 –16 64 45 3.33◊ 

(b) HNCS  minus mechanical minus thermal stimulation 

middle frontal gyrus (BA 6) –26 10 46   88 4.40◊ 
cuneus (BA 18)  22 –98 18 124 4.13◊ 
middle occipital gyrus (BA 19)  34 –94 12 " 3.12◊ 
cerebellum –46 –78 –14  62 4.12◊ 
caudate (tail, body)  26 –20 20 56 4.05◊ 
postcentral gyrus (BA 3)  26 –28 70 163 3.99†† 
precentral gyrus (BA 4)  20 –22 70 " 3.48†† 
middle temporal gyrus (BA 39)  48 –70 22 106 3.92◊ 
inf. occipital gyrus (BA 18)  38 –90 –10   60 3.91◊ 
postcentral gyrus (BA 5)  12 –40 74 69 3.82◊ 
sup. temporal gyrus (BA 13)  48 –44 20 21 3.79◊ 
sup. temporal gyrus (BA 41) –42 –36 16  51 3.77◊ 
cingulate gyrus (BA 24)  6 10 24 81 3.74◊ 
insula (BA 13) –38 –14 12  47 3.71◊ 
paracentral lobule (BA 5) –8 –40 70  25 3.68◊ 
middle occipital gyrus (BA 18) –26 –98 16   54 3.67◊ 
precuneus (31) –26 –78 22  42 3.62◊ 
cuneus (BA 18) –18 –82 26  " 3.47◊ 
a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Only clusters with ≥ 20 activated voxels are listed. c Where appropriate, Brodmann areas (BA) are 
listed in parentheses. ‡ P<.05 FWE corr., †† P<.01 cluster-level corr., † P<.05 cluster-level corr., ◊ 
P<.001 uncorrected. L, left hemisphere; R, right hemisphere; HNCS, heterotopic noxious counter-
stimulation. 
 
 

5.1.2.2 Subtraction analysis: subgroups 

The same second-level random effects analysis conducted for the whole group (see above) 

was calculated for the two subgroups P-DE and P-IN in order to investigate potential 

differences in activation patterns. HNCS-induced as well as HNCS-specif. activations are 
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depicted in figure 5.5 and listed in tables 5.8 and 5.9 for both subgroups separately. While 

HNCS led to activations in areas commonly implicated in pain processing in both subgroups 

(fig. 5.5 A,C,E,G), P-DE showed a more widespread activation pattern in both sessions. Apart 

from the extent of brain activations, the two subgroups also differed with regard to the regions 

specific to HNCS (fig. 5.5 B,D,F,H). Whereas significant HNCS-specif. activation in P-DE 

was noted in the precuneus in both sessions and the superior frontal gyrus in session 2, P-IN 

depicted activation in the middle frontal gyrus in both sessions (all P<.05, cluster-level corr.). 
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Fig. 5.5  Activation maps (‡ P<.05, FWE corr.; †† 
P<.01, cluster-level corr.; † 

P<.05, cluster-level corr.) for subgroup P-DE (N=12; fig. 5.5 A,C)  
and P-IN (N=10; fig. 5.5 E,G) during heterotopic noxious counter-stimulation in session 1 and session 2. In order to reveal activations  
specific to heterotopic noxious counter-stimulation, baseline-corrected activation maps are depicted for P-DE (fig. 5.5 B,D) and P-IN (fig. 5.5 F,H). 
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Table 5.8  Neuroimaging results for subgroup P-DE (N=12)  

 
Coordinates in MNI space a 
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. Session 1  

(a) HNCS 

cerebellum –28 –68 –40  6442 b 5.43‡ 

    id.  42 –58 –38  " 4.96†† 

inf. parietal lobule (BA 40)  50 –60 52 30371 5.24‡ 

inf. frontal gyrus (BA 46, 47)  44 40 –4  " 5.22‡ 

insula (BA 13)  52 12 2  " 5.16‡ 

precuneus (BA 7) –20 –44 56  231 4.02†† 

sup. parietal lobule (BA 7) –18 –50 68   " 3.95†† 

fusiform gyrus (BA 20)  56 –36 –22 103 3.97◊ 

middle temporal gyrus (BA 21)  68 –32 –16  " 3.41◊ 

fusiform gyrus (BA 20, 36) –50 –36 –18  119 3.58◊ 
parahippocampal gyrus (BA 20) –42 –30 –18   " 3.33◊ 
lingual gyrus (BA 18)  28 –80 –6 118 3.53◊ 
inf. occipital gyrus (BA 17)  18 –98 –6  " 3.37◊ 
inf. occipital gyrus (BA 18) –40 –92 0  44 3.48◊ 
cingulate gyrus (BA 32)  12 28 30 52 3.47◊ 
lingual gyrus (BA 19) –32 –68 6  44 3.45◊ 
uncus (BA 28) –28 –14 –34  21 3.45◊ 
inf. temporal gyrus   60 –54 –4 81 3.30◊ 
precuneus (BA 7)  12 –72 42 32 3.38◊ 

(b) HNCS minus mechanical minus thermal stimulation 

cerebellum –28 –68 –28  668 5.72‡ 
precuneus (BA 7)  12 –48 50   1245 4.87†† 
sup. frontal gyrus (BA 6) –10 –6 70  276 4.62†† 
middle frontal gyrus (BA 6, 10, 9) –32 0 58   " 3.81†† 
cerebellum  22 –50 –22 658 4.34†† 
sup. frontal gyrus (BA 9, 8, 6)  36 52 22 121 4.24†† 
brainstem (pons)  12 –34 –30 40 4.18◊ 
precuneus (BA 7) –18 –46 62  135 4.16†† 
cuneus (BA 18) –6 –96 16  45 4.07◊ 
sup. temporal gyrus (BA 13, 39, 22) –60 –40 22  368 4.03†† 
supramarginal gyrus (BA 40) –60 –46 34   " 3.91†† 
inf. parietal lobule (BA 40) –58 –32 26   " 3.58†† 
    id.  56 –32 30   409 3.86†† 
sup. temporal gyrus   62 –54 8   " 3.71†† 
middle frontal gyrus (BA 6, 8)  40 20 52 31 3.86◊ 
inf. temporal gyrus  –52 –36 –16  49 3.55◊ 
precuneus (BA 39) –40 –66 40  84 3.72◊ 
middle temporal gyrus (BA 39, 21) –44 –58 30   " 3.33◊ 
precentral gyrus (BA 4) –24 –16 70  43 3.71◊ 
precentral gyrus (BA 6)  32 –4 50 84 3.60◊ 
cingulate gyrus (BA 32)  18 36 24 21 3.55◊ 
middle temporal gyrus (BA 39)  48 –62 20  61 3.55◊ 
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medial frontal gyrus (BA 6)  14 –2 72 22 3.38◊ 

2. Session 2 

(a) HNCS 

precuneus (BA 7)   24 –58 40  68864 5.44‡ 
transverse temporal gyrus (BA 41)  56 –22 14  " 5.43‡ 
cerebellum –28 –56 –40   " 5.34‡ 
middle frontal gyrus (BA 10, 11)  46 48 6  " 5.34‡ 
inf. parietal lobule (BA 40) –50 –46 36   " 5.31‡ 
postcentral gyrus (BA 2)  56 –26 40  " 5.22‡ 
middle temporal gyrus (BA 21, 37)  62 –46 –2  " 5.21‡ 
inf. parietal lobule (BA 40)  40 –42 40  " 5.19‡ 
sup. parietal lobule (BA 7) –36 –62 48   " 5.13‡ 
sup. frontal gyrus (BA 8) –30 42 44   " 5.07‡ 
sup. temporal gyrus (BA 38)  56 10 –8  " 5.04‡ 
middle frontal gyrus (BA 9, 6) –36 44 36   " 5.03‡ 
lentiform nucleus (putamen)  18 8 0  " 4.97‡ 
lentiform nucleus (lateral globus pallidus) –14 4 –4   " 4.94‡ 
sup. parietal lobule (BA 7)  30 –76 44  " 4.92‡ 
postcentral gyrus (BA 7) –22 –52 66  92 3.90◊ 
cerebellum  2 –56 –8 230 3.75†† 
sup. frontal gyrus (BA 9)  4 60 36 34 3.53◊ 

(b) HNCS minus mechanical minus thermal stimulation 

sup. frontal gyrus (BA 8, 10)  22 40 48  1076 5.60‡ 
middle frontal gyrus (BA 10, 9)  34 44 10  " 4.65†† 
middle temporal gyrus (BA 19, 21, 39)  54 –62 14 2946 5.38‡ 
cingulate gyrus (BA 32) –2 20 36  1643 5.35‡ 
medial frontal gyrus (BA 6)   10 14 52  " 4.30†† 
precuneus (BA 7)  4 –62 64 2396 4.88†† 
precuneus (BA 7, 31) –16 –56 46   " 4.17†† 
medial frontal gyrus (BA 8) –2 60 38  85 4.56◊ 
middle temporal gyrus (BA 39, 21, 20, 22) –56 –58 16  2375 4.47†† 
inf. parietal lobule (BA 7) –34 –56 50   " 4.43†† 
middle frontal gyrus (BA 6, 9) –20 –4 66  54 4.41◊ 
sup. frontal gyrus (BA 9) –30 50 26  229 3.45†† 
cerebellum  22 –88 –24 464 4.02†† 
precentral gyrus (BA 6) –42 0 32  226 4.02†† 
cerebellum –34 –52 –42  191 3.98†† 
cuneus (BA 23, 18)  8 –72 16 91 3.97◊ 
sup. occipital gyrus (BA 19) –30 –72 34  90 3.92◊ 
lingual gyrus (BA 17, 18) –2 –94 4  108 3.57† 
lingual gyrus (BA 17)  10 –100 –10    " 3.39† 
inf. temporal gyrus (BA 20)  54 –8 –30 29 3.56◊ 
insula (BA 13)  46 14 6 26 3.49◊ 
paracentral lobule (BA 31)  12 –26 46 21 3.41◊ 
a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Only clusters with ≥ 20 activated voxels are listed. c Where appropriate, Brodmann areas (BA) are 
listed in parentheses. ‡ P<.05 FWE corr., †† P<.01 cluster-level corr., † P<.05 cluster-level corr., ◊ 
P<.001 uncorrected. L, left hemisphere; R, right hemisphere; HNCS, heterotopic noxious counter-
stimulation. 
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Table 5.9  Neuroimaging results for subgroup P-IN (N=10)  

 
Coordinates in MNI space a 
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. Session 1  

(a) HNCS 

sup. frontal gyrus (BA 6, 8)  6 16 50 8723 b 5.06‡ 

insula (BA 13) –32 20 10    " 4.92†† 

middle frontal gyrus (BA 6) –44 12 50    " 4.80†† 

cerebellum –14 –42 –24  111 5.04† 

    id.  32 –60 –32 1747 4.77†† 

middle frontal gyrus (BA 9)  32 40 34 5884 4.80†† 

sup. parietal lobule (BA 7) –44 –56 58  512 4.39†† 

supramarginal gyrus (BA 40) –46 –50 38   " 3.83†† 

sup. temporal gyrus (BA 39) –56 –60 32   " 3.56†† 

claustrum –42 –16 –2  77 4.20◊ 

cingulate gyrus (BA 23)   0 –18 30 201 4.15†† 

brainstem (midbrain)  8 –26 –18 81 4.07◊ 
    id. –6 –28 –10    " 3.25◊ 
cuneus (BA 17)  6 –102 4 23 4.06◊ 
inf. parietal lobule (BA 40)  48 –56 52  562 4.04†† 
supramarginal gyrus (BA 40)  52 –46 38  " 3.75†† 
postcentral gyrus (BA 40) –58 –26 20  94 3.87◊ 
    id.  68 –24 22 119 3.71† 
sup. parietal lobule (BA 7)  32 –70 50 43 3.67◊ 
brainstem (medulla)  4 –36 –50 23 3.55◊ 
inf. parietal lobule (BA 40) –48 –38 44  29 3.43◊ 

(b) HNCS minus mechanical minus thermal stimulation 

sup. frontal gyrus (BA 10) –24 56 10  126 4.76†† 
middle frontal gyrus (BA 10) –40 54 6   " 4.04†† 
supramarginal gyrus (BA 40) –40 –50 36  111 4.38†† 
sup. temporal gyrus (BA 39) –46 –58 32   " 4.01†† 
middle frontal gyrus (BA 6)  38 12 46 87 3.82† 
inf. parietal lobule (BA 40)  44 –54 40 34 3.60◊ 
middle temporal gyrus (BA 39)  46 –56 30  " 3.18◊ 
middle frontal gyrus (BA 6) –32 16 62  26 3.59◊ 

2. Session 2 

(a) HNCS 

cingulate gyrus (BA 32) –8 16 40   5135 5.22‡ 
medial frontal gyrus (BA 6) –6 10 54   " 4.69†† 
medial frontal gyrus  2 16 46  " 4.65†† 
cerebellum –16 –78 –28  2052 5.20‡ 
middle frontal gyrus (BA 9, 10, 6) –34 48 28  580 4.74†† 
cerebellum  40 –68 –28 406 4.61†† 
lentiform nucleus (putamen) –18 16 –4  780 4.33†† 
caudate –20 24 2   " 4.29†† 
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thalamus (ventral lateral nucleus)  –16 –16 14   " 4.04†† 
lentiform nucleus (putamen)  30 8 6 974 4.15†† 
claustrum  34 16 4  " 4.13†† 
inf. frontal gyrus (BA 45)  40 28 –2  " 3.69†† 
brainstem (pons)  10 –28 –30 202 4.11†† 
    id. –8 –34 –32     " 4.05†† 
brainstem (midbrain) –8 –24 –18   " 3.66†† 
precentral gyrus (BA 6) –36 –2 26  59 3.99◊ 
brainstem (midbrain)  8 –20 –18 87 3.94◊ 
inf. parietal lobule (BA 40)  46 –48 44   395 3.87†† 
middle occipital gyrus (BA 19)  34 –94 12 26 3.87◊ 
middle frontal gyrus (BA 6)  40 28 52 24 3.86◊ 
thalamus (medial dorsal nucleus)  6 –18 8 198 3.68†† 
thalamus (ventral lateral nucleus)  16 –8 8  " 3.54†† 
lentiform nucleus (medial globus pallidus)  18 –4 –2  " 3.20†† 
medial frontal gyrus (BA 6)  16 –2 58 132 3.59† 
sup. frontal gyrus (BA 6)  10 8 64  " 3.45† 
precentral gyrus (BA 6)  56 8 34 78 3.58◊ 

(b) HNCS minus mechanical minus thermal stimulation 

middle frontal gyrus (BA 6)  34 2 46 78 4.68† 
middle frontal gyrus (BA 47, 6, 9) –36 46 –12  54 4.53◊ 
cerebellum –36 –44 –42  63 4.25◊ 
    id.  38 –68 –28 40 4.18◊ 
precentral gyrus (BA 6) –40 4 42  62 3.74◊ 
inf. parietal lobule (BA 7) –40 –64 56  36 3.57◊ 
precuneus (BA 19) –32 –68 50   " 3.32◊ 
sup. frontal gyrus (BA 6) –12 16 62  31 3.34◊ 
precuneus (BA 7)  0 –60 60 21 3.25◊ 
a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Only clusters with ≥ 20 activated voxels are listed. c Where appropriate, Brodmann areas (BA) are 
listed in parentheses. ‡ P<.05 FWE corr., †† P<.01 cluster-level corr., † P<.05 cluster-level corr., ◊ 
P<.001 uncorrected. L, left hemisphere; R, right hemisphere; HNCS, heterotopic noxious counter-
stimulation. 
 

 

5.1.2.2.1 Comparison between subgroups (intra-session differences) 

In addition to separate analyses of P-DE and P-IN (depicted in fig. 5.5, see above), direct 

comparison between the two subgroups with regard to the HNCS condition as well as the 

HNCS-specif. contrast were computed for each session.  

In accordance with the observed activation patterns in each subgroup (see fig. 5.5), direct 

comparison revealed higher activation in P-DE versus P-IN in the HNCS condition as well as 

concerning the HNCS-specif. contrast in both sessions (not illustrated, but listed in table 

5.10).  
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Table 5.10  Neuroimaging results for comparison session 2 vs. session 1  

 
Coordinates in MNI space a 
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. P-DE (N=12) session 2 vs. session 1 

(a) HNCS 

sub-gyral parietal lobe (BA 40)  28 –38 62   104 b 4.45†† 

postcentral gyrus (BA 7)  16 –48 72  " 3.84†† 

postcentral gyrus (BA 3) –46 –16 42  93 4.30† 

precentral gyrus (BA 4) –40 –10 50   " 3.31† 

middle temporal gyrus (BA 37)  54 –62 2 48 4.07◊ 

precuneus (BA 7, 31)  12 –68 48 247 4.06†† 

sup. frontal gyrus (BA 6) –26 18 48  39 3.94◊ 

middle frontal gyrus (BA 10)  42 54 2 32 3.87◊ 

fusiform gyrus (BA 18)  26 –92 –16 35 3.85◊ 

middle temporal gyrus (BA 21) –64 –58 4  23 3.79◊ 

sup. frontal gyrus (BA 8)  28 36 48 26 3.74◊ 

cuneus (BA 18)  6 –94 14 21 3.63◊ 

medial frontal gyrus (BA 6)  0 –10 68 23 3.55◊ 

cingulate gyrus (BA 31) –8 –30 36  20 3.54◊ 

(b) HNCS minus mechanical minus thermal stimulation 

fusiform gyrus (BA 18)  24 –92 –14 72 4.55◊ 
middle frontal gyrus (BA 6) –26 16 46  36 4.36◊ 
precuneus (BA 31)  14 –62 32 91 4.25† 
    id. –12 –58 24  33 3.88◊ 
post. cingulate (BA 30) –8 –62 16   " 3.53◊ 

2. P-IN (N=10) session 2 vs. session 1 

(a) HNCS 

middle frontal gyrus (BA 6) –20 4 44  44 4.53◊ 

(b) HNCS minus mechanical minus thermal stimulation 

parahippocampal gyrus –34 –30 –28   22 3.57◊ 
middle occipital gyrus (BA 18) –26 –102 10  36 3.53◊ 
cuneus (BA 18) –16 –104 12   " 3.37◊ 
lingual gyrus (BA 17) –16 –96 6   " 3.27◊ 
a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Only clusters with ≥ 20 activated voxels are listed. c Where appropriate, Brodmann areas (BA) are 
listed in parentheses. ‡ P<.05 FWE corr., †† P<.01 cluster-level corr., † P<.05 cluster-level corr., ◊ 
P<.001 uncorrected. L, left hemisphere; R, right hemisphere; HNCS, heterotopic noxious counter-
stimulation. 
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5.1.2.2.2 Comparison between sessions (inter-session effects)  

In order to assess possible changes in brain activation patterns from the first to the second 

fMRI session, the two sessions were compared for both subgroups separately (see fig. 5.6 and 

table 5.11).  

Second level analysis revealed that in subgroup P-DE brain activations were generally higher 

in session 2 compared to session 1. More specifically, significantly higher HNCS activations 

in the second fMRI run were found in the sub-gyral parietal lobe, post- and precentral gyrus, 

as well as in the precuneus (all P<.05, cluster-level corr.). Significantly higher HNCS-specif. 

activations in the second session were only seen in the right precuneus (P<.05, cluster-level 

corr.). 

In subgroup P-IN, comparison of both fMRI sessions revealed the same pattern of generally 

higher activations in session 2 versus session 1 during HNCS as well as in the HNCS-specif. 

contrast, however to a lesser and not significant extent than in P-DE. More specifically, while 

HNCS resulted in higher activations in the second versus the first session in the middle frontal 

gyrus (P<.001, uncorrected), increased HNCS-specif. activations could be observed in the 

parahippocampal and occipital gyrus (all P<.001, uncorrected). 
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Fig. 5.6  Activation maps (†† 
P<.01, cluster-level corr.; † 

P<.05, cluster-level corr.; ◊ 
P<.001, 

uncorrected) showing areas with higher activations in the second versus the first session for subgroup 
P-DE (N=12; fig. 5.6 A) and P-IN (N=10; fig. 5.6 B) during heterotopic noxious counter-stimulation. 
In order to reveal activation changes over time specific to heterotopic noxious counter-stimulation, 
baseline-corrected activation maps are depicted for P-DE (fig. 5.6 C) and P-IN (fig. 5.6 D). 
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Table 5.11  Neuroimaging results for subgroup comparison P-DE (N=12) vs. P-IN 

(N=10) 

 
Coordinates in MNI space a 
(x,y,z in mm) 

N° voxel/ 
cluster  

 
Z-score 

 
 
Region L R   

1. Session 1  

(a) HNCS 

sup. parietal lobule (BA 7)  –18 –52 70   31 b 3.69◊ 

precentral gyrus (BA 6) –62 2 24  24 3.55◊ 

postcentral gyrus (BA 3)  32 –26 42 22 3.48◊ 

lingual gyrus (BA 18)  26 –78 0 23 3.43◊ 

(b) HNCS minus mechanical minus thermal stimulation 

lingual gyrus (BA 17, 19) –14 –98 8    151 4.34† 
precuneus (BA 7)  16 –50 52 122 3.48◊ 
cingulate gyrus (BA 31)  8 –36 46  " 3.33◊ 
sup. temporal gyrus (BA 41, 21) –38 –30 8  250 4.13†† 
cerebellum –30 –66 –8  283 4.07†† 
precentral gyrus (BA 4)  64 –8 30  45 3.89◊ 
postcentral gyrus (BA 2)  56 –20 54 89 3.81◊ 
sup. temporal gyrus (BA 41, 42)  54 –32 14 94 3.76◊ 
inf. parietal lobule (BA 40)  60 –30 24  " 3.28◊ 
precuneus (BA 7) –18 –46 52  35 3.74◊ 
lingual gyrus (BA 18)  26 –78 –4 27 3.69◊ 
cuneus (BA 18)  22 –80 28 59 3.66◊ 
paracentral gyrus (BA 5)  0 –30 56 84 3.64◊ 
cerebellum  32 –58 –10 25 3.57◊ 
fusiform gyrus (BA 37)  32 –42 –16 20 3.46◊ 

2. Session 2 

(a) HNCS 

post. cingulate (BA 31) –12 –50 24   53 3.69◊ 
lingual gyrus –24 –82 8  59 3.61◊ 
cuneus (BA 30)  34 –78 14 49 3.57◊ 
lingual gyrus (BA 19)  38 –66 4 49 3.28◊ 

(b) HNCS minus mechanical minus thermal stimulation 

sup. occipital gyrus (BA 19) –32 –72 32   197 4.16†† 
cuneus (BA 17, 18) –20 –80 14   " 3.70†† 
middle temporal gyrus (BA 37)  52 –62 8 49 3.99◊ 
middle temporal gyrus (BA 39) –42 –72 18  79 3.94◊ 
cuneus (BA 17, 23)  18 –76 16 132 3.92◊ 
insula (BA 13) –40 –38 26  24 3.29◊ 
lingual gyrus (BA 17, 18) –10 –98 8  57 3.64◊ 
precuneus (BA 31) –6 –46 34  26 3.39◊ 
cingulate gyrus (BA 31) –4 –38 38   " 3.30◊ 
a Note that coordinates are in MNI standard space. Anatomical labels were derived by transforming the 
MNI coordinates into Talairach coordinates, which were then analyzed using the Talairach daemon. b 
Only clusters with ≥ 20 activated voxels are listed. c Where appropriate, Brodmann areas (BA) are 



Chapter 5: Results 

 

 94 

listed in parentheses. ‡ P<.05 FWE corr., †† P<.01 cluster-level corr., † P<.05 cluster-level corr., ◊ 
P<.001 uncorrected. L, left hemisphere; R, right hemisphere; HNCS, heterotopic noxious counter-
stimulation. 
 
 

5.2 Structural imaging results 

Analysis of absolute CC measurements as well as callosal subareas relative to total size 

(expressed in %, see table 5.12) revealed a significantly larger relative truncus size in 

subgroup P-DE. Moreover, in P-DE larger rostrum and truncus size was associated with 

reduced sensitivity to cold pain, as well as mechanical pain during single and heterotopic 

stimulation (see table 5.13). In order to ensure better comparability with previous studies, 

structural data are also presented for the complete initial subject sample (N=34). 
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6.1 Functional imaging 

Although it has been demonstrated that nociceptive processing can be modulated by 

heterotopically and concurrently applied noxious stimuli, the nature of brain processes 

involved in this percept modulation in healthy subjects remains elusive. Using functional 

magnetic resonance imaging (fMRI) we investigated the effect of noxious counter-stimulation 

on pain processing. FMRI scans (1.5 T; block-design) were performed in 34 healthy subjects 

(median age: 23.5 years; range: 20-31 yrs.) during combined and single application (duration: 

15 s; ISI=36 s incl. 6 s rating time) of noxious interdigital-web pinching (intensity range: 6-15 

N) and contact-heat (45-49 °C) presented in pseudo-randomized order during two runs 

separated by approx. 15 min with individually adjusted equi-intense stimuli. In order to 

control for attention artifacts, subjects were instructed to maintain their focus either on the 

mechanical or on the thermal pain stimulus. Changes in subjective pain intensity were 

computed as percent differences (∆%) in pain ratings between single and heterotopic 

stimulation for both fMRI runs, resulting in two subgroups showing relative increase vs. 

decrease. Second level and Region of Interest analysis conducted for both subgroups 

separately revealed that during heterotopic noxious counter-stimulation, subjects with relative 

pain decrease showed stronger and more widespread brain activations compared to subjects 

with relative pain increase in pain processing regions as well as a fronto-parietal network. 

Median-split regression analyses revealed a modulatory effect of prefrontal activation on 

connectivity between the thalamus and midbrain/pons, supporting the proposed involvement 

of prefrontal cortex regions in pain modulation. 

Since the specifics of our experimental design allowed for investigation of temporal changes 

in brain activation across two fMRI sessions, we conducted a supplemental analysis of 

possible carry-over effects for the identified subgroups. In agreement with the main findings 

reported above, subgroup P-DE expressed higher and more widespread brain activation in 

pain-processing areas as well as in higher order association cortices in both sessions. Apart 

from these stable general differences in activation strength and magnitude, both subgroups 

displayed a differential pattern of brain activation changes over time. While P-DE depicted 

activation increases in the precuneus and to a lesser extent in the prefrontal cortex from the 

first to the second session, P-IN showed subtle, although not significant, increases in the 

anterior cingulate cortex and cerebellum. These observed subgroup differences may be related 

to inter-individual variability in cognitive factors such as anticipation and attention processes, 
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which should therefore be considered as potential confounding factors in multiple session 

fMRI pain studies. 

 

6.2 Structural imaging 

The mid-sagittal size of the total corpus callosum and five of its subareas were measured from 

in vivo magnetic resonance imaging (MRI) recordings in 34 healthy volunteers (20-31 yrs.; 

gender ratio 1:1) during an fMRI experiment on endogenous pain modulation (see section 6.1 

above). Based on changes in pain ratings during heterotopic noxious (concurrent equi-intense 

mechanical and thermal) counter-stimulation, two subgroups displaying opposite patterns of 

pain modulation were formed. A significantly larger relative truncus size (P=.04) was 

identified in participants reporting a relative decrease of subjective pain intensity (N=12) 

during counter-stimulation, when compared to subjects experiencing an increase (N=10). This 

structural subgroup difference is discussed in terms of its potential functional implications 

with reference to earlier observed subgroup differences in brain activation patterns. 
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This closing chapter first summarizes the major observations from the empirical sections and 

discusses implications of the obtained results for functional (section 7.1) and structural 

(section 7.2) imaging data separately. Then, all results are considered in the general 

discussion (section 7.3) and reviewed in the general conclusion (section 7.4). Finally, the 

limitations of the study will be considered and an outlook on future research questions will be 

given (section 7.5). 

 

7.1 Functional imaging 

7.1.1 Magnitude and extent of brain activations differentiates between 

relative low and high subjective pain experience during counter-

stimulation 

The present work employed functional magnetic resonance imaging (fMRI) based on blood 

oxygen level dependent (BOLD) contrast and a heterotopic noxious counter-stimulation 

(HNCS) design to investigate how the specific characteristics of the counter-stimulus 

influence the resultant pain perception and associated brain activation patterns.  

Single and heterotopic application of noxious mechanical/thermal stimuli led to activations in 

common pain processing regions as well as in various fronto-parietal cortex regions 

(especially precuneus, inferior and superior parietal lobule) with large representational 

overlap between both modalities. Activations specific to the processing of heterotopically 

applied stimuli were identified in the somatosensory association (BA 7, 40) and prefrontal 

cortices as well as in the cerebellum. During HNCS we also observed activations in areas of 

the temporo-parieto-occipital junction known to be involved in the processing and integration 

of stimuli from different sensory modalities, and to be part of a multimodal attention network 

together with the DLPFC, cingulate cortex and hippocampus (cf. Rule et al., 2002). The fact 

that areas outside the “pain matrix” (cf. Apkarian et al., 2005) were activated, may indicate 

that a subject or context-dependent neural “pain signature” might be more suitable for the 

explanation of nociceptive processing than a fixed neuroanatomical set of brain regions (Tölle 

et al., 1999; Tracey & Mantyh, 2007).  

Second level and ROI analysis revealed that during HNCS, P-DE showed stronger and more 

widespread brain activations compared to P-IN in pain processing regions as well as in a 

fronto-parietal network associated with higher cognitive and modulatory functions. Although 
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this may seem counter-intuitive and inconsistent with previously described positive 

correlations between perceived pain report and brain activations during noxious stimulation 

(Coghill et al., 1999) or its modulation by distraction (Bantick et al., 2002; Brooks et al., 

2002; Bushnell et al., 1999; Dunckley et al., 2007; Frankenstein et al., 2001; Legrain et al., 

2002; Longe et al., 2001; Ohara et al., 2004; Petrovic et al., 2000; Peyron et al., 1999), it may 

be explained by heightened activity in structures involved both in pain processing and 

descending control of pain transmission (Peyron et al., 2000). Contrary to the above studies, it 

was not our objective to analyze pain processing per se nor its modulation by distraction, but 

modulatory processes due to HNCS – with attention always focused on a painful stimulus to 

prevent spontaneous focusing and switching between pain stimuli (i.e. “free floating” 

attention) that could potentially distort brain activation patterns and ratings. Directing 

attention to the mechanical or thermal pain stimulus in the HNCS condition showed no 

significant modality-specific differences in brain activation patterns, possibly indicating that 

stimulus saliency was without effect. 

A direct comparison with previous studies investigating counter-stimulatory effects on pain 

perception is problematic, as different noxious (Song et al., 2006; Wilder-Smith et al., 2004) 

or even non-noxious (acoustic noise, Boyle et al., 2006; vibrotactile, Longe et al., 2001) 

heterotopic stimuli, as well as different subject populations (i.e. clinical pain patients; cf. 

Song et al., 2006; Wilder-Smith et al., 2004) were employed. Irrespective of this, it is 

interesting to note that apart from positive associations between pain ratings and brain 

activations, Longe and colleagues (2001) also observed wide-spread activations throughout 

the brain including the insula, fronto-parietal attention areas, and premotor regions in the least 

painful condition – i.e. when subjects attended to a neutral visual stimulus during non-noxious 

counter-stimulation.  

The fact that higher activations were seen in subgroup P-DE could be attributed to increased 

activity in sensory areas showing attention-dependent activation changes. Indeed, studies 

using laser-evoked potentials (Ohara et al., 2004b), MEG (Hoechstetter et al., 2000), or single 

cell recordings (Burton et al., 1997) have demonstrated that focusing attention on a stimulus 

or task can result in increased task-related activations, which is consistent with the proposal of 

Garcia-Larrea and coworkers (1991) that attention leads to the priming of any input coming 

from the attended body region. Furthermore, higher activations in P-DE could also be 

explained by increased activity in regions such as the PFC and posterior parietal cortex (PPC) 

that are involved in pain modulation (cf. Frankenstein et al., 2001; Petrovic et al., 2000; 
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Tracey et al., 2002) and mediate sustained attention, which is in line with the observation that 

the largest part of hemodynamic brain responses is attributable to attention processes whilst 

genuine sensory encoding is restricted to a comparatively small area (Peyron et al., 1999). 

The PPC has been implicated in recognizing environmental stimuli as painful (Benuzzi et al., 

2008), as well as in pain-related spatial localization (Porro et al., 2007), short-term memory 

(Albanese et al., 2007), and attention processes (Apkarian et al., 2005; Bornhövd et al., 2002; 

Coghill et al., 2001; Duncan & Albanese, 2003; Petrovic et al., 2000; Peyron et al., 1999; 

Porro et al., 2007). The role of the PPC in pain processing has also been corroborated by work 

of Buckalew and colleagues (2008) who demonstrated a significantly decreased PPC gray 

matter volume in patients with chronic low back pain compared to healthy controls. 

Furthermore, it has beeen suggested that areas BA 5 and 7 of the PPC likely receive 

nociceptive information from both thalamic and cortical regions, including the PFC, 

secondary somatosensory cortex (SII), and the cingulate cortex (Forss et al., 1996; Porro et 

al., 2007; Staines et al, 2002), indicating a serial and parallel processing of nociceptive 

information in which higher-order areas including PPC and SII modulate the primary 

somatosensory cortex (SI) via backward projections (Maugière et al., 1997).  

Increases in regional cerebral blood flow have been associated with selective attention to 

noxious stimuli in functional pain and sensory-related attentional networks, including PFC 

(BA 44,45), ACC (BA 32), and thalamic regions (Peyron et al., 1999), which may reflect 

attentional-cognitive activity triggered by the noxious stimulus.  

The neocortical components of the above-mentioned attention network have been reported to 

predominate in the right hemisphere, which is in accordance with our findings. Even though 

data from a number of lesion, clinical and brain imaging studies have implied a special role 

for the right hemisphere in pain processing (for overview see Wittling, 2001), other studies 

have reported higher activations contralateral to the stimulation site related to sensory-

discriminative pain processing (Bingel et al., 2003; Coghill et al., 2001; Youell et al., 2004). 

Moreover, considering the different pain-related sub-processes, right lateralization seems to 

be mainly attributable to regions involved in a variety of cognitive (spatial attention and 

evaluation, i.e. rating task, Coghill et al., 2001; allocation of attention, Nebel et al., 2005; 

Peyron et al., 1999; sustained attention, Sturm et al., 1999; localization and encoding, Peyron 

et al., 2000) and emotional processes (unpleasantness, Dunckley et al., 2005; Hsieh et al., 

1996) important but not exclusive to pain processing. 
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In line with this, Staines and colleagues (2002) reported that when vibrotactile stimuli were 

presented simultaneously to the two hands, only the task-relevant one increased functional 

activation of the contralateral SI. The up-regulation of primary cortical sites was associated 

with the recruitment of specific cortical regions predominantly in the right hemisphere, 

including the right DLPFC (BA 9). This is consistent with the notion that the DLPFC 

participates in a prefronto-thalamic and prefronto-parietal sensory gating network that is 

capable of precisely regulating the access of relevant somatosensory information to the 

primary cortical reception areas (i.e. inhibition of irrelevant inputs early in the sensory 

processing stream), by sending projections with a net inhibitory effect to thalamic nuclei and 

SI. 

Therefore, it might be possible that the two subgroups experiencing different relative pain 

intensity during HNCS also manifest different patterns of endogenous pain modulation via 

feedback-loops between somatosensory cortices and higher association areas (explaining 

higher activation in SI and SII as well as other areas involved in sensory-discriminative 

processing) and via different mechanisms of attentional allocation as indicated by the stronger 

activation of a fronto-parietal network in subgroup P-DE.  

Interestingly, compared to P-DE, subgroup P-IN only showed higher activations in right 

amygdala and inferior frontal cortex and manifested higher trait anxiety, supporting evidence 

showing that critical regions involved in amplifying or exacerbating the pain experience 

through anxiety and anticipation include the entorhinal complex, amygdalae, anterior insula, 

and prefrontal cortices (Hsieh et al., 1999; Ploghaus et al., 1999; Ploghaus et al., 2000; 

Ploghaus et al., 2001; Porro et al., 2002; Porro et al., 2003).  

 

7.1.2 Time as a relevant factor in the analysis of pain processing 

In line with the results reported above (see section 7.1.1), compared to P-IN, subgroup P-DE 

showed higher and more widespread activation in pain-processing areas as well as in higher 

order association cortices in both fMRI sessions. Analysis of inter-session effects brought 

forth the finding of generally higher brain activations in the second compared to the first 

fMRI run in both subgroups. These activation increases across sessions were, however, of 

greater magnitude in P-DE compared to P-IN. In addition to such general differences in 

activation strength and magnitude, both subgroups differed with regard to the brain regions 

becoming increasingly activated over time. While in P-DE the precuneus was significantly 
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more activated and the superior and middle frontal gyrus showed subtle activation increases 

from the first to the second session, subgroup P-IN depicted small increases in the middle 

frontal and parahippocampal gyrus. 

Studies analyzing changes in pain perception over time have provided somewhat conflicting 

evidence with regard to the reproducibility of psychophysical parameters. For instance, 

Yarnitsky and colleagues (1996) reported differences in heat pain thresholds between a first 

and three successive weekly sessions, however, from the second session onward thresholds 

remained stable. Over a smaller time window of approx. half an hour, Sjölund et al. (2007) 

observed moderate and temporary changes in pressure pain threshold in healthy females. The 

direction of these systematic decreases or increases was related to having given birth or not 

and remained stable when reassessed at a second session 1 to 2 weeks later. 

With regard to subjective pain ratings, Rosier and colleagues (2002) were unable to identify a 

general pattern of habituation or sensitization as in some individuals intensity ratings 

increased from one of four weekly sessions to the next, while in others a decrease was noted. 

Yarnitsky et al. (1996) on the other hand observed poor inter-session repeatability for pain 

ratings, whereas intra-session comparisons demonstrated slightly better results. Interestingly, 

a study involving four sessions over 14 days consisting of three series each (Quiton & 

Greenspan, 2008) revealed a small but significant decline in heat pain intensity and 

unpleasantness ratings across (i.e. by the fourth session) as well as within sessions (i.e. by the 

third series). Notably, across- and within-session variation coefficients were highly correlated, 

suggesting that variability shows intra-individual consistency over both short and long time 

periods.  

In correspondence to the above-cited psychophysical data we also identified subjects with 

differing, but stable patterns of subjective pain modulation. However, the fact that we 

employed relative pain measures as indicators of pain modulation and that our design did not 

allow the acquisition of a direct psychophysical measure for changes in pain modulation 

within each pain modality over time precludes direct comparison with the above studies.  

Studies analyzing pain-induced BOLD changes have reported decreases in signal amplitude 

with multiple repetitions of a painful stimulus within a single scan and across scans. In this 

sense, Becerra and colleagues (1999) noted an attenuation of activations in the ACC, insula, 

and frontal gyrus, but not in SI or thalamus, by the third presentation of a repeatedly applied 

heat pain stimulus – although this was not accompanied by decreases of the corresponding 

pain sensation. Decreases in SI (as well as in ACC) have albeit been found by Ibinson et al. 
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(2004) after the fourth repetition as well as by Christmann et al. (2007) over the time span of 

their experiment, both employing painful electrical stimulation. Interestingly, the latter 

combined fMRI-EEG study demonstrated a differential dipole strength pattern of the ACC 

source, with decreases over the experimental run (i.e. habituation), but increases during the 

stimulation block (i.e. sensitization).  

Even though methodological differences complicate direct comparison between the above 

studies and our results, the observation that (a) pain-related brain activation patterns can be 

differentially affected over time, (b) areas may depict temporally overlapping habituation and 

sensitization processes, and (c) changes in brain activation patterns and measures of pain 

sensation do not necessarily point into the same direction, is in coherence with our results.  

 

7.1.3 Possible factors influencing temporal changes in pain processing 

It should be noted that the presented data is rather of exploratory than confirmatory nature and 

can neither account for nor directly identify all relevant factors. Due to the fact that we had an 

ABBA scheme and included a training session prior to the fMRI experiment, it is unlikely that 

the observed changes are attributable to unspecific sequence or training effects. In addition, 

the inclusion of a training session was designed to ensure stability of psychophysical 

measures, which was crucial for the formation of our subgroups on which subsequent fMRI 

analysis was based (cf. recommendation by Yarnitsky et al., 1996). Furthermore, the 15 

minutes break between our two fMRI runs clearly exceeds the recommended minimal rest 

period of 4 minutes necessary to counteract tendencies of signal decay and to restore the 

BOLD signal to original levels (cf. Ibinson et al., 2004). Signal attenuation induced by motion 

artifacts as discussed by Alkire (2004) can also not account for the selectively decreased pain-

related brain activations observed in subgroup P-IN, as critical inspection of movement 

parameters revealed only minimal intra-scan motion of comparable values in both subgroups. 

Due to the high predictability of stimulus timing in our block design anticipation and related 

processes as well as differences in sustained attention level and attentional focus may be 

assumed to be partly responsible for the observed results. In this sense, Ploghaus and 

colleagues (1999) showed that expectation of pain activated brain areas distinct from, but 

close to, locations mediating pain experience itself. More to the point, while pain-induced 

activation remained stable, activation related to anticipation augmented over successive trials. 
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Therefore, the observed increase in brain activations over time in subgroup P-DE could partly 

be due to anticipatory rather than strictly pain-related processes.  

Kulkarni and coworkers (2005) identified distinct activation patterns dependent on whether 

attention was focused on pain unpleasantness versus location. Even though we instructed all 

participants in a standardized manner to rate pain intensity, it is conceivable that activation 

differences partly reflect a confounding of pain intensity and unpleasantness evaluation.  

Porro et al. (2002; 2003) showed a widespread priming effect of anticipation in cortical 

clusters related to the perceived pain intensity, not only in the ACC but also in sensory, motor 

and prefrontal areas, which is indicative of a cognitive modulation of pain-related systems, 

occurring before actual noxious input. It has to be noted that this anticipation may also be 

inter-individually different as for example the predictability of pain seems to have different 

effects in different individuals dependent on cognitive and emotional characteristics of each 

individual (Keogh et al., 2001; Moseley et al., 2003). Fairhurst and coworkers (2007) showed 

that an increased anticipation of pain was associated with higher pain intensity ratings, an 

effect that might depend on situational factors as well as on individually available coping 

strategies. In line with this, it has been observed that subjective pain intensity and pain 

modulation can be predicted by the individual level of pain catastrophizing (Sullivan et al., 

1997; Sullivan et al., 2001; Weissman-Fogel et al., 2008), indicating that only fearful 

anticipation leads to an increased perception of pain. In this context, it is interesting to note 

that as discussed in section 7.1.1 we reported higher trait anxiety scores in P-IN compared to 

P-DE, which was paralleled by slightly higher, although not significant, amygdala activation. 

Since we did not assess state anxiety, however, we cannot decide whether changes in anxiety 

or controllability over time were responsible for the observed changes. 

 

7.1.4 Connectivity between thalamus and brainstem in relation to 

subjective pain experience and prefrontal cortex activation level 

The data from the median-split regression analyses speak in favor of modulatory effects of 

DLPFC and inferior/middle OFC activation on connectivity between the thalamus and pons, 

as well as a superior OFC influence on thalamus-midbrain connectivity. These findings are 

further corroborated by functional connectivity studies implicating the PFC, thalamus and 

brainstem in pain modulation (Mayer et al., 2005) in the sense that increased activity in left 

DLPFC attenuates connectivity between thalamus and midbrain (Casey et al., 2003; Lorenz et 
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al., 2003) and in line with diffusion tensor imaging studies evidencing anatomical connections 

between PFC-thalamus-brainstem (Behrens et al., 2003; Hadjipavlou et al., 2006; Sillery et 

al., 2005). This gives further support for the above-mentioned critical PFC implication in a 

sensory gating network capable of regulating (inhibition/excitation) access of task-relevant 

information to primary cortical reception areas either directly through cortico-cortical 

connections or indirectly via cortico-thalamic projections (cf. Knight et al., 1999; for review 

see Staines et al., 2002). 

 

7.2 Structural imaging  

It has been hypothesized that a larger callosal size and the inherent increased axon number or 

larger average axon diameter is related to a more pronounced inter-hemispheric inhibition and 

might thereby contribute to more efficient sensory integration or gating (cf. Bloom & Hynd, 

2005). Our data support the callosal involvement in the modulation of nociceptive 

contralateral input and a functional key role in contrast sharpening of noxious information in 

the sense of somatosensory spatial filtering as produced by diffuse noxious inhibitory controls 

(DNIC; Calvino & Grilo, 2006).  

This assumption is further supported by reports from Buckalew and colleagues (2008) of a 

tendency towards a relatively decreased middle CC volume in older adults suffering from 

chronic low back pain (P=.09), particularly when considering that endogenous pain 

modulation tends to subside with age (cf. Gibson, 2003). The relevance of the callosal 

midbody has been previously underscored in an EEG study (Stančák et al., 2002) 

demonstrating that the intermediate truncus determines timing and amplitude of ipsilateral SII 

source activity. Employing MEG, Hauck and colleagues (2007) could show that pain-induced 

oscillatory activity in the high γ-band increased with stimulus intensity and directed attention. 

Furthermore, coupling analysis performed for the high γ-response revealed stronger functional 

interactions between ipsilateral and contralateral sites during attention (Hauck et al., 2007). 

With regard to attentional aspects, it is furthermore interesting to note that highly 

hypnotizable subjects, displaying a more pronounced pain-inhibition capability than subjects 

with low suggestibility, have been reported to depict a larger rostrum area (Horton et al., 

2004). While we were unable to observe any difference in rostrum size between our two 

subgroups, the finding of a small, but significant difference in relative truncus size is in 

accordance with the above presented evidence. Moreover, the fact that in P-DE larger rostrum 
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and truncus size was associated with reduced sensitivity to cold pain, as well as mechanical 

pain during single and heterotopic stimulation seems to further support the observed subgroup 

differences in endogenous pain modulation. Taken together with the above presented fMRI 

data, it is conceivable that the higher fronto-parietal activations observed in subgroup P-DE 

reflect an increased sustained attention level, which could in turn facilitate inter-hemispherical 

interactions, resulting in more widespread bilateral brain activation patterns.  

We computed absolute surface area (cf. Horton et al., 2004) and relative measures using a 

proportional normalisation procedure (Clarke & Zaidel, 1994; Steinmetz et al., 1992; 

Witelson, 1989). This decision was based on the fact that the relativisation of CC to 

individual brain size remains debatable (Clarke, 2003). Studies with normalised areas have 

either reported a major influence of factors other than brain size (Jäncke et al., 1997) or have 

failed to find correlations with a sample size comparable to the one of our study (Stančák et 

al., 2003). The validity of our morphometric method is nonetheless supported by the close 

correspondence between our overall area measurements and those obtained by Jäncke et al. 

(1997). 

We are fully aware of the fact that more advanced techniques such as diffusion tensor imaging 

(see Moseley et al., 2000 for a review) or examinations of the morphological shape 

(Bookstein, 2003), rather than area, might be more appropriate for the analysis of CC 

differences in relation to sensory processing. Yet, the fact that we were able to detect in vivo 

structural brain differences in a relatively small sample of healthy participants using equi-

intense stimuli emphasises the need for analysing the CC and its potential implication in 

endogenous pain modulation. It might be expected that the use of more intense trigger stimuli 

like commonly used in investigations on perceptual DNIC may even identify stronger 

relationships.  

 

7.3 General discussion 

In a considerably large sample of 34 healthy participants, single and heterotopic application of 

noxious mechanical and thermal stimuli led to significant widespread activations in pain 

processing regions, such as the prefrontal (PFC), anterior cingulate (ACC), and posterior 

parietal cortex (PPC), as well as the thalamus, insula, and somatosensory cortex I (SI) and II 

(SII), throughout both hemispheres of the brain. This finding is in agreement with the known 

widespread distribution of nociceptive information within the neuraxis in experimental 
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animals (Willis & Westlund, 2004) and with imaging studies in humans demonstrating 

distributed, often bilateral, activation of cortical and subcortical areas in reaction to noxious 

stimulation (Coghill et al., 1999; Derbyshire et al., 1997; Derbyshire et al, 2002; Tölle et al., 

1999). These widespread activation patterns reflect the fact that supraspinal processing of 

nociceptive information activates various processes that have to be integrated at different 

levels of the central nervous system. As such, pain processing involves somatic and 

autonomic reflexes, neuroendocrine responses, hedonic experience, mnemonic functions, 

processes related to attention, arousal, and evaluation of the spatiotemporal and physical 

features of the stimulus, as well as the ascending and descending control systems that mediate 

and modulate these activities and their interactions (Price, 1988; Price, 1999; Willis, 1985).  

Our observation that brain activations related to noxious mechanical and thermal stimulation 

depicted a large overlap is in line with previous data showing that the same areas of the so-

called pain matrix are generally activated during thermal- and pressure-induced pain 

(Apkarian et al., 2005; Créac’h et al., 2000, Lui et al., 2008; Peyron et al., 2000; Ringler et al., 

2003). The differences seem to consist in the subtle patterns of response within the pain 

matrix rather than in the presence or absence of response in any one component. Moreover, 

Granot et al. (2008) could show that the effectiveness of endogenous analgesia is independent 

of the counter-stimulus modality. These results further justify our use of two different pain 

modalities designed to provide two clearly distinguishable attention foci in order to minimize 

artifacts during the experiment. 

In recent years, studies on pain processing have emphasized the need for a conjoint analysis 

of conscious behavior and brain activation patterns (Brooks & Tracey, 2005; Porro et al., 

2004). By combining psychophysical ratings to define pain report with fMRI to assess brain 

activity in healthy subjects, Coghill and colleagues (2003) validated the subjective report as a 

reliable indicator of what is going on within the brain (Coghill et al., 2003). Interestingly, 

Granot and colleagues (2008) observed that the reported magnitude of the conditioning pain 

stimulus did not exhibit a direct proportional relationship with the extent of endogenous 

analgesia, so that even a low amount of conditioning pain was sufficient to induce 

endogenous analgesia. Therefore, by applying noxious stimuli tailored to the subjects’ 

individual pain perception at the supra-threshold range corresponding to a score of 5-6 on a 0-

10 numerical pain scale based on previous recommendations (Granot et al., 2006; Tuveson et 

al., 2006), our design provided the grounds for an endogenous analgesia response. Based on 

the conclusion by Granot and colleagues (2008) that endogenous analgesia represents the 
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individual capability to modulate pain, we compared pain intensity ratings for single and 

heterotopic noxious stimulation in order to determine whether one painful stimulus would 

mask the other or whether pain perception would be enhanced in our HNCS design with two 

noxious stimuli of equal intensity.  

Interestingly, two subgroups with opposing patterns of subjective pain report during HNCS 

could be identified. While subgroup P-DE reported a relative pain decrease during HNCS 

compared to the corresponding single noxious stimulation, in subgroup P-IN pain ratings gave 

evidence of a relative increase in subjective pain intensity. Therefore, the application of a 

counter-stimulus of the same intensity as the test stimulus led to inter-individually different, 

but intra-individually stable patterns of endogenous pain modulation. This finding is 

especially intriguing since the input values for noxious mechanical and thermal stimulation 

did not differ between the two subgroups, even though they were individually adjusted as 

recommended by earlier reports (Paulson et al., 1998). More importantly, however, these 

subgroup differences at the behavioral level were paralleled by differing patterns of brain 

activation. Firstly, irrespective of attentional focus, subgroup P-DE showed stronger and more 

widespread brain activations compared to P-IN in pain processing regions as well as in a 

fronto-parietal network associated with higher cognitive and modulatory functions. Secondly, 

when analyzing potential changes in activation patterns over time, further subgroup 

differences were discovered. More specifically, subgroup P-DE showed higher and more 

widespread activation in pain-processing areas as well as in higher order association cortices 

in the first as well as the second experimental session. Furthermore, while the analysis of 

inter-session effects brought forth the finding of generally higher brain activations in the 

second compared to the first fMRI run in both subgroups, these activation increases across 

sessions were of greater magnitude in P-DE compared to P-IN. Moreover, in addition to such 

general differences in activation strength and magnitude, both subgroups differed with regard 

to the brain regions becoming increasingly activated over time. While in P-DE the precuneus 

was significantly more activated and the superior and middle frontal gyrus showed subtle 

activation increases from the first to the second session, subgroup P-IN depicted small 

increases in the middle frontal and parahippocampal gyrus. 

These findings seem to challenge the notion of an invariant positive linear relationship 

between subjective pain perception and magnitude of brain activation that has been put 

forward based on results from studies investigating pain processing per se or its modulation 

by distraction or counter-stimulation employing other (non-) noxious stimuli. Accordingly, 
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positive linear relationships between the amplitude or the spatial extents of BOLD-fMRI 

signal changes and the perceived pain intensity have been described in SI, anterior insula, 

anterior midcingulate, motor and premotor cortical areas during different kinds of noxious 

stimulation (Becerra et al., 2001; Davis et al., 1997; Frankenstein et al., 2001; Porro et al., 

1998). Due to this disparity it could be conjectured that the presented data seemingly at odds 

with previous studies might be in part ascribed to artifacts. However, a number of precautions 

were taken in order to minimize sources of artifacts that could have potentially compromised 

our experimental design. For instance, with the order of the two fMRI runs counter-balanced 

across subjects, the experimental set-up was carefully designed to minimize the risk that our 

results might be attributable to unspecific sequence effects. In addition, based on a 

recommendation by Yarnitsky and colleagues (1996), a training session was conducted before 

the fMRI experiment to maximize stability of psychophysical measures. Furthermore, 

according to Ibinson and colleagues (2004), the 15-minute break between the two fMRI runs 

clearly exceeds the recommended minimal rest period of 4 minutes necessary to counteract 

tendencies of signal decay and to restore the BOLD signal to original levels. Signal 

attenuation induced by motion artifacts as discussed by Alkire (2004) can also not account for 

the selectively decreased pain-related brain activations observed in subgroup P-IN, as critical 

inspection of movement parameters revealed only minimal intra-scan motion of comparable 

values in both subgroups. Considering these precautions taken with regard to the experimental 

design, it seems unlikely that the above described subgroups differences can be completely 

accounted for by artifacts. Furthermore, evidence for different patterns of complex 

relationships between pain sensation and brain activation has been provided with regard to the 

main pain processing regions. Ringler and colleagues (2003) for instance made the seemingly 

paradoxical observation that in S1 the more painful mechanical stimuli did not induce greater 

BOLD responses, but instead resulted in smaller activation clusters compared to the less 

painful stimuli. Results from another fMRI study employing noxious mechanical stimulation 

by Lui and coworkers (2008) are also at odds with the idea of a generally positive linear 

relationship between pain sensation and brain activation strength. According to these authors, 

noxious stimulation was followed by higher activation in the insular, anterior mid-cingulate 

and, dorso-medial frontal cortex, but at the same time fMRI signal decreases in the perigenual 

cingulate and medial prefrontal cortex. 

Based on the above presented evidence and considering the complex nature of the pain 

experience it is conceivable that the previously proposed positive linear relationship between 
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behavioral measures and brain imaging parameters may not suffice to represent all aspects of 

pain processing and its modulation and may therefore not necessarily be applicable to the 

present study with a clearly different experimental design compared to previous 

investigations.  

With regard to the observed subgroup differences, it was posited that the observed heightened 

activity in P-DE might reflect attention-dependent activation changes in somatosensory areas 

as well as processes related to descending control of pain transmission. Cortical clusters 

showing negative correlations with the corresponding psychophysical data have been 

previously observed in dorsolateral and medial prefrontal as well as medial and posterior 

parietal areas (Bornhövd et al., 2002; Coghill et al., 1999; Coghill et al., 2001; Downar et al., 

2003; Peyron et al., 1999; Tölle et al., 1999) and have been ascribed to nonspecific processing 

of somatosensory information or attentional mechanisms. These previous reports are in 

accordance with the observation that P-DE showed increased activity in prefrontal and 

posterior parietal cortex regions that are involved in pain modulation (cf. Frankenstein et al., 

2001; Petrovic et al., 2000; Tracey et al., 2002) and mediate sustained attention. In this 

context it is of particular interest to note that P-DE showed higher activation in BA 7, an area 

of the PPC also referred to as the precuneus that has received rather limited research attention 

until the recent years. Apparently, together with BA 5, BA 7 receives nociceptive information 

from various (sub-)cortical sources including the PFC and SII (Dong et al., 1994; Forss, 1996; 

Ploner et al., 1999b; Schlereth et al., 2003; Treede et al., 1999). These neuroanatomical 

connections have been interpreted as evidence for a serial and parallel processing of 

nociceptive information in which higher-order areas including PPC and SII modulate SI via 

backward projections (Maugière et al., 1997). According to a review by Cavanna and Trimble 

(2006), precuneus activity influences an extensive network of cortical and (sub-)cortical 

structures involved in elaborating highly integrated and associative information, rather than 

directly processing external stimuli. Its strategic location and widespread connections suggest 

that the precuneus is a major association area that may subserve a variety of behavioral 

functions (Cavanna & Trimble, 2006).  

Interestingly, while median-split regression data revealed a general negative modulatory 

effect of activation strength in different PFC subregions on functional connectivity between 

the thalamus and the brainstem, no subgroup difference could be detected. This significant 

modulatory effect of PFC activation is in line with the notion that activation of a network of 

“nonsensory” prefrontal and parietal regions may provide a source of modulating inputs at 
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earlier sensory processing levels in terms of inhibition or excitation (Burton et al., 1999; 

Staines et al., 2002). Interestingly, with regard to functional connectivity of parietal areas 

recent results by Babiloni and colleagues (2005a,b) have shown that predictable 

somatosensory events are anticipated not only by synchronization of neurons in parietal and 

primary sensorimotor cortical areas but also by functional coordination of these areas 

(Babiloni et al., 2005a,b). The lack of a significant main effect indicating subgroup 

differences in the median-split regression analyses could imply that the observed differences 

in psychophysics and brain activation patterns are not solely due to differences in pain 

modulation mechanisms. At the same time it is conceivable that other factors not identifiable 

in the present study have influenced the above mentioned sensory gating network 

differentially in both subgroups or that existing differences could simply not be revealed due 

to rather small subgroup sizes. 

With regard to the observation of subgroup differences in brain activation patterns over time it 

is important to note that previous analyses of variations in pain sensitivity (Quiton & 

Greenspan, 2008; Rosier et al., 2002; Sjölund & Persson, 2007; Yarnitsky et al., 1996) and 

pain-related neural correlates (Becerra et al., 1999; Christmann et al., 2007; Ibinson et al., 

2004) within and across sessions have provided the somewhat conflicting evidence that pain 

thresholds and ratings as well as BOLD signal and EEG dipole strength can be differentially 

affected within the course of an experiment. In an investigation combining fMRI and EEG, 

Christmann and colleagues (2007) for instance observed that the dipole strength of the ACC 

source increased during the stimulation block but decreased over the time-span of the 

experiment, suggesting both sensitization and habituation effects in this area. In addition, the 

authors reported that the BOLD signal change in SI decreased over time, while the dipole 

strength in SI did not attenuate. This result, which might be explained by an increasing 

synchronicity of a decreasing amount of neurons in SI (Christmann et al., 2007), underscores 

the need for a multimethod approach in order to be able to comprehensively analyze the 

complex processes involved in pain processing. 

In correspondence to the above-cited psychophysical data and as mentioned earlier, we 

identified subjects with differing, but stable patterns of subjective pain modulation. However, 

the fact that we employed relative pain measures as indicators of pain modulation and that our 

design did not allow the acquisition of a direct psychophysical measure for changes in pain 

modulation within each pain modality over time precludes direct comparison with the above 

studies. Importantly, however, the observation that pain-related brain activation patterns can 
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be differentially affected over time, that brain areas may depict temporally overlapping 

habituation and sensitization processes, and that changes in brain activation patterns and 

measures of pain sensation do not necessarily point into the same direction, is in coherence 

with our results.  

Even though the noxious stimuli in each fMRI run were pseudo-randomized, the employed 

block-design increased the predictability of stimuli. In consequence, effects relating to 

anticipation and expectation are likely to have played an important role. According to 

previous reports, attentional effects may be exerted at different levels of the somatosensory 

system (Arthurs et al., 2004; Backes et al., 2000; Johansen-Berg et al., 2000; Hamalainen et 

al., 2000), with the greatest effects being observed in secondary and association areas (Burton 

& Sinclair, 2000; Johansen-Berg & Lloyd, 2000), and may involve activation of brainstem 

modulatory centers (Tracey et al., 2002; Villemure & Bushnell, 2002). Positron emission 

tomography (PET) studies have provided evidence that anticipation per se, in the absence of 

actual somatosensory input, affects regional cerebral blood flow in specific cortical areas, 

such as the ACC, insula, PFC, and somatosensory cortices (Chua et al., 1999; Drevets et al., 

1995; Hsieh et al., 1999a). The present study was not designed to investigate the influence of 

anticipation on the processing of subsequently applied noxious stimuli. It can therefore only 

be speculated that processes related to anticipation might have differentially influenced the 

basal cortical activity of the somatosensory system in both subgroups, so that the observed 

subgroup differences in brain activations over time could partly be due to differential 

anticipatory rather than strictly pain-related processes. In this context it is of special interest to 

note that Ploghaus and colleagues (1999) observed that while pain-induced activation 

remained stable, activation related to anticipation augmented over successive trials of their 

experiment (Ploghaus et al., 1999). Moreover, Goffaux et al. (2007) could show that 

expectations regarding pain can radically change the strength of spinal nociceptive responses 

in humans. More specifically, they observed that contrary to expectations of analgesia, 

expectations of hyperalgesia completely blocked the analgesic effects of descending 

inhibition on spinal nociceptive reflexes. Somatosensory-evoked brain potentials and pain 

ratings further confirmed changes in spino-thalamo-cortical responses consistent with 

expectations and with changes in the spinal response (Goffaux et al., 2007). These findings 

provide direct evidence that the modulation of pain by expectations is mediated by 

endogenous pain modulatory systems affecting nociceptive signal processing at the earliest 

stage of the central nervous system.  
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Increased anticipation of pain has previously been associated with higher pain intensity 

ratings and suggested to depend on situational factors as well as on individually available 

coping strategies (Fairhurst et al., 2007). Moreover, it has been observed that subjective pain 

intensity and pain modulation can be predicted by the individual level of pain catastrophizing 

(Sullivan et al., 1997; Sullivan et al., 2001; Weissman-Fogel et al., 2008), indicating that only 

fearful anticipation leads to an increased perception of pain. Furthermore, numerous studies 

have shown that the affective status modulates the reaction of an extended cortical network 

involved in stimulus evaluation and integration, attention and motor action (Carmon et al., 

1978; Christmann et al., 2007; Devinsky et al., 1995; Miltner et al., 1989; Naito et al., 2000; 

Vogt et al., 2003, 2006). In support of this, Granot and colleagues (2008) observed a 

relationship between pain catastrophizing, trait anxiety, and endogenous analgesia induced by 

immersion of the hand in water at 12 °C. They interpreted this association as possibly 

indicating cortical influences on endogenous analgesia that may be affected by stimulus 

modality. Considering the above-described recent report that activation of the prefrontal 

cortex under pain-expectation conditions modulates the strength of spinal nociceptive 

responses in humans via endogenous analgesia mechanism (Goffaux et al., 2007), Granot and 

colleagues (2008) suggested that cortical areas probably affect the brainstem-based 

endogenous analgesia response, including those influenced by pain-related personality 

variables. Based on these results it appears necessary to account for differences in emotional 

response and personality factors when measuring endogenous analgesia extent as an indicator 

of the pain modulatory system and consequently as a potential predictor of a susceptibility to 

develop chronic pain conditions (Edwards et al., 2003a; Edwards, 2005). In this context, it is 

of interest to note that the only exception to the pattern of generally higher activation in P-DE 

consisted in P-IN showing selectively stronger activations in the right amygdala and inferior 

frontal cortex. Since these differences only emerged in the Region of Interest (ROI) analysis, 

they have to be interpreted with appropriate caution. Interestingly, subgroup P-IN also 

depicted activation increases in the parahippocampal gyrus over time. These results are in line 

with the higher trait anxiety scores manifested by P-IN, supporting evidence showing that 

critical regions involved in amplifying or exacerbating the pain experience through anxiety 

and anticipation include the entorhinal complex, amygdalae, anterior insula, and prefrontal 

cortices (Hsieh et al., 1999a; Ploghaus et al., 1999; 2000; 2001; Porro et al., 2002; 2003). 

Ploghaus and colleagues (2001) for instance investigated whether anxiety-induced increased 

pain perception produced a generalized increase in brain activation, similar to that produced 
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by increased nociceptive input. Supporting data from earlier studies (Prado & Roberts, 1985; 

Gray & McNaughton, 2000), Ploghaus and colleagues (2001) found that this was generally 

not the case, except for the hippocampal formation (entorhinal complex), which was 

responsible for producing anxiety-induced increased pain perception that was different to the 

increased pain produced by an increased nociceptive drive. Further support for the role of 

emotions in shaping the pain experience and associated brain activations comes from a recent 

review by Suzuki et al. (2004). The authors have amassed evidence for facilitatory 5-HT 

pathways that link spinal cord and brainstem areas involved in mood and emotions and have 

proposed that these serotonergic pathways and other circuits might be important in 

determining the levels of pain and the outcome of drug treatments, as well as in providing a 

mechanism whereby emotions can alter pain perception.  

The subgroup differences we observed with regard to personality traits and brain activation 

patterns have to be critically evaluated in the light of a recent PET study showing that 

selective attention to unpleasantness of painful laser stimuli resulted in increased regional 

cerebral blood flow (rCBF) in bilateral pACC, orbitofrontal cortices, and contralateral 

amygdala, whereas selective attention to the location of painful stimuli increased rCBF in 

contralateral SI and inferior parietal cortices (Kulkarni et al., 2002). Despite of a training 

session prior to the fMRI experiment and careful instructions to rate pain intensity it might be 

possible that subjects of our two subgroups focused on different aspects of the pain sensation, 

i.e. unpleasantness, intensity, or location. Subgroup P-IN not only showed higher trait anxiety, 

but also depicted a trend towards higher scores of neuroticism (see table 4.1), a personality 

factor that has been associated with increased pain-related unpleasantness and anxiety 

(Radvila, 2001). Therefore, it is conceivable that subjects of P-IN who were more likely to 

experience increased feelings of unpleasantness and anxiety focused on the unpleasantness of 

a painful stimulus and consequently depicted higher amygdala activation.  

At the same time, the less anxious subjects of subgroup P-DE showed prominently higher 

activations in prefrontal and posterior parietal association cortices associated with attention to 

and spatial encoding of stimuli, which could be related to a stronger focus on processing the 

location of one of the two simultaneously presented noxious stimuli. The hypothesis of a 

generally more negatively aroused and anxious state in subjects of subgroup P-IN could also 

partly account for the consistently weaker activations throughout the whole brain in this 

subgroup. Even if decreases in fMRI signals can be caused by different mechanisms 

(Lauritzen, 2001; Shmuel et al., 2002; Smith et al., 2004; Stefanovic et al., 2004), it has been 
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suggested that for instance fMRI signal decreases in pACC/medial prefrontal cortex can be 

related to affective processing and to the interruption of ongoing brain activity (Raichle et al., 

2001) because of the intrusive nature of pain in conscious experience. Unfortunately, we were 

unable to incorporate measures of arousal and state anxiety in our design in order to further 

investigate and potentially confirm the above-posited line of thought. 

As a further corroboration of the observed differences in subjective pain report, personality 

measures and functional imaging results, we also found a significant difference between the 

two subgroups when analyzing structural imaging data. More specifically, comparison of the 

size of the corpus callosum (CC) and five of its subparts between both subgroups brought 

forth the finding of a relatively larger truncus (i.e. midbody of CC) in P-DE. While this single 

significant difference between our two subgroups of rather small sample size calls for a 

cautious interpretation, this selective finding seems particularly intriguing when considering 

that the callosal truncus contains projections from the somatosensory cortices (Aboitiz et al., 

2003). Interestingly, it has been observed that the size of the intermediate callosal truncus 

contributes to the timing and amplitude of ipsilateral SII source activity (Stancak et al., 2002). 

In combination with the above described subgroup differences in brain activation patterns, the 

observation of a relatively larger truncus size in P-DE could imply differences in the 

interhemispheric transfer of information between somatosensory regions and higher order 

parietal association areas in the two subgroups. This would be a possible explanation for the 

consistently higher bilateral brain activations in P-DE, especially in PFC and PPC regions, 

that even increased over time. 

 

7.4 General conclusion 

Application of subjectively equi-intense stimuli of two different modalities allowed 

identifying inter-individually different but intra-individually stable patterns of subjective pain 

modulation and related brain activation. The often-postulated involvement of prefrontal 

cortex regions in pain modulation (i.e. sensory gating) could be corroborated by analyzing 

connectivity between the thalamus and midbrain/pons. Interestingly, relative subjective pain 

sensation during heterotopic noxious counter-stimulation was not positively related to brain 

activation magnitude as might have been expected. The observation of higher brain activation 

in areas involved in sensory-discriminative processing as well as in a fronto-parietal network 

and the finding of a relatively larger truncus size in P-DE could suggest that the two 
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subgroups experiencing different relative pain intensity during HNCS manifest different 

patterns of endogenous pain modulation via feedback-loops between somatosensory cortices 

and higher association areas and via different mechanisms of attentional allocation. 

Furthermore, it is conceivable that cognitive (e.g. anticipation, expectation) and emotional 

(e.g. anxiety, arousal) processes have influenced pain processing in both subgroups 

differentially, possibly also accounting for differential brain activation patterns over time. 

Therefore, our results underscore the importance for adopting an analytical psychophysics 

approach in order to meaningfully relate measures of individual pain experience to observed 

brain activation patterns and to complement results from functional imaging studies of pain 

by an analysis of structural brain parameters. In addition, other aspects influencing pain 

processing, such as for example personality factors, have to be taken into account as potential 

confounding factors in multiple session fMRI pain studies.  

 

7.5 Limitations of the study and future outlook 

With regard to limitations of our results, several aspects pertaining to the methodology and 

design of the present study need to be considered. 

One of the issues debated in pain literature concerns the question of whether or when to 

incorporate pain ratings into an imaging experiment. Since we instructed our subjects to 

assess the pain intensity of each stimulus immediately following its presentation it might be 

criticized that this rating task resulted in a confoundation of brain processes related to 

stimulus processing and its evaluation. However, in order to minimize the potential influence 

of the rating task on pain processing we included a relatively long inter-stimulus interval. 

Moreover, by incorporating online pain ratings in our experiment we took into account recent 

evidence demonstrating the importance of online perceptual measurements of the pain 

sensation due to the rapid deterioration of performance over time and memory bias of post-

scan ratings (Rainville et al., 2004; Tracey, 2002).  

Since data analysis in imaging studies often relies on the subtraction method, the issue of 

which baseline to choose as a reference to the painful stimulation represents another much-

debated topic in pain research. In relation to this issue our study design questioned because 

we did not include a non-painful stimulation against which noxious stimulation could have 

been compared in order to isolate brain activation specific to painful stimulation. However, 

the decision to not include a nonnoxious baseline in our design was based on an earlier 
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proposal that the interpretation of studies comparing the intensity of fMRI signal changes 

induced by nonnoxious and noxious stimuli is not straightforward due to the potential overlap 

in various proportions of different neuronal populations (low threshold, wide-dynamic range 

and nociceptive specific neurons) in single voxels (Davis, 2003).  

As discussed above, the relatively high predictability of the applied noxious stimuli will most 

likely have increased the effect of anticipation in our design. It has been previously proposed 

that anticipation exerts a selective top-down influence on both the basal activity of cortical 

somatosensory system (Chua et al., 1999; Drevets et al., 1995; Hsieh et al., 1999a) and on the 

processing subsequent stimuli (Price, 1999; Sawamoto et al., 2000). Furthermore, anticipation 

appears to be related both to changes in the level of arousal (Critchley et al., 2001) and to 

cognitive modulation of the pain system. Therefore, anticipation effects must be taken into 

account when designing fMRI experiments aimed at investigating the functional organization 

of the somatosensory system in order to disentangle processing somatosensory information 

from its anticipation. Unfortunately, the block design employed in our study could not 

discriminate between brain activity related to actual stimulus processing or anticipation. In 

order to disentangle these different subprocesses within the nociceptive system, future studies 

using parametric single-trial fMRI designs might be of advantage (Bornhövd et al., 2002).  

In connection with the results of our brain imaging study in general it should be remembered 

that fMRI only indirectly reflects neural activity and that this technique, just like other brain 

imaging methods, suffers from several limitations (Raichle, 1998; Logothetis & Wandell, 

2004). For instance, a major problem of all imaging techniques consists in the fact that the 

clusters of significant brain activations revealed by data analysis do not offer any directional 

information or information about the ascending or descending nociceptive inputs from which 

they result. For instance, finding correlations between perceptual aspects and functional 

activity levels of selected brain regions is indicative of, but does not by itself prove, a causal 

role of these same regions. This can be better explored by combining fMRI with other 

techniques offering better temporal resolution such as evoked potentials (Chen et al., 1998, 

Peyron et al., 2002), magnetoencephalography (MEG; Hari et al., 1983, Schulz et al., 2004) or 

transcranial magnetic stimulation (TMS), which allows selective interference with electrical 

cortical activity (Pascual-Leone et al., 2000). TMS could provide an especially suitable tool to 

inverstigate patterns of functional connectivity with regard to pain modulation. Recent 

advances in the ability to map white matter tracts within the human brain non-invasively 

using diffusion tensor imaging and tractography (LeBihan, 2003) increase the understanding 
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of the neuroanatomical connectivity among different cortical, subcortical and brainstem 

regions and, therefore, the likelihood of finding a functional nociceptive link. Furthermore, 

the development and application of refined tools for evaluating functional connectivity 

between neural populations (Büchel, 2004; Mechelli et al., 2004; Sun et al., 2004; van de Ven 

et al., 2004) will hopefully provide new insights into bottom-up and top-down mechanisms in 

somatosensory perception. Considering the anatomical top-down projections from the PFC 

implicated in pain modulation, it of special interest to note that recent studies have extended 

some of these imaging techniques to the spinal cord (Gage et al., 2001).  

Since pain perception probably emerges from the flow and integration of information among 

specific brain areas, the interpretation of imaging studies on pain needs to move from a 

“locationist” conception to a view of composite networks, where greater emphasis is put on 

understanding the functional integration and interaction among these spatially defined brain 

regions. Connectivity analyses have highlighted the relevance of frontal cortical regions in 

mediating or controlling the functional interactions among key nociceptive processing brain 

regions that subsequently produce changes in perceptual correlates of pain, independent of 

changes in nociceptive inputs (Eisenberger et al., 2003; Lorenz et al., 2003). Since it has for 

instance been suggested that anti-analgesic expectations in patients might result in reduced 

efficacy of pharmacologically valid treatments (Goffaux et al., 2007), it remains to be 

determined whether psychological influences such as anticipation, hypervigilance, 

catastrophizing, anxiety or depression similarly mediate part of their recognized influence on 

pain perception in chronic pain sufferers via the descending pain modulatory system. 

With regard to drug modulation of nociceptive activity PET has allowed the identification of 

receptor systems and changes in their occupation during acute and chronic pain (Jones et al., 

1994, 1999; Zubieta et al., 2001) in addition to imaging aspects of cholinergic (Gage et al., 

2001) and dopaminergic transmission (Jääskeläinen et al. 2001). Since the results of imaging 

studies can only be interpreted with reference to detailed anatomical and pharmacological 

studies derived from animal studies (Vania et al., 1989a,b,c; Sikes & Vogt, 1992) and from 

human post-mortem studies (Bowsher, 1957), knowledge from human imaging and animal 

experimentation needs to be combined for the efficient development of new pain therapies. 

Given their higher spatial resolving power, imaging techniques in experimental animals 

appear a useful complementary tool for fine-grain mapping of the pain system (Coghill & 

Morrow, 2000). 
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The combined use of different techniques such as for example opiate receptor imaging with 

functional studies has already provided some important insights into the integration of 

different neurochemically defined systems within the brain (Liberzon et al., 2002). 

Electrophysiological techniques have provided some information on the temporal sequence of 

nociceptive processing within the pain matrix, and improved techniques will provide the 

greater detail required for a dynamic model of nociceptive processing (Tarkka et al., 1993).  

A deeper understanding of the serial and parallel brain circuitry (Craig, 2003; Kaas, 2004; 

Treede et al., 1999; Willis & Westlund, 2004) involved in somatosensory perception requires 

new approaches suited to investigate the spatial and temporal dynamics of activation in 

different brain regions and their functional interaction. Improving the spatial resolution of 

fMRI is one important issue (Ugurbil et al., 2003). The simultaneous assessment of several 

hemodynamic response parameters can also aid in obtaining more comprehensive measures of 

brain function. For instance, combining magnitude, delay and width maps can lead toward 

quantitative mental chronometry (Bellgowan et al., 2003).  

In addition to these advances in neuroimaging techniques, other areas of pain research include 

studies on the molecular basis of nociception (Julius & Basbaum, 2001) and thermosensation 

(Jordt et al., 2003; Patapoutian et al., 2003), as well as dorsal horn nociceptive processing (Ji 

et al., 2003; McMahon & Jones, 2004; Suzuki et al., 2004). Furthermore, studies have begun 

to link genetic influences on human nociceptive processing with physical processes within the 

brain, in order to understand why certain patients develop chronic pain syndromes and others 

do not, and perhaps be able to explain differences in treatment outcome. Zubieta and 

colleagues (2003) for example examined the influence of a common functional genetic 

polymorphism affecting the metabolism of catecholamines on the modulation of responses to 

sustained pain in humans using psychophysical assessment and PET. Individuals homozygous 

for the met158 allele of the catechol-O-methyltransferase (COMT) polymorphism 

(val158met) showed diminished regional mu-opioid system responses to pain and higher 

sensory and affective ratings of pain compared with heterozygotes (Zubieta et al., 2003). A 

recent study by Martikainen and colleagues (2007) could show that 5-HT1A receptors in the 

brain influence pain perception in the sense that sujects with high availability of 5-HT1A 

receptors experience a low pain intensity induced by cold pressor test (Martikainen et al., 

2007). This evidence that genes influence nociceptive processing within the brain and 

consequently our pain experience suggests that anatomical and physiological differences 

observed among patients may require new, genetically based technology. Therapy may 
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include local delivery of growth factors (Cho et al., 1997; Humpel et al., 1995; Rocamora et 

al., 1996) or specific suppressors, neurosurgical stimulation, or ablative procedures. For 

instance by selectively transferring genes into primary sensory neurons via administration of 

self-complementary recombinant adeno-associated virus serotype 8, Storek and colleagues 

(2008) could demonstrate that gene transfer may be suitable for developing gene therapy-

based, long-lasting treatments for chronic pain (Storek et al., 2008).  

  
In summary, the HNCS design of the present fMRI study has led to the identification of two 

subgroups of healthy subjects depicting different patterns of brain activation and endogenous 

pain modulation as well as differences in personality factors. Until recently, brain regions 

associated with nociceptive processing have often been assigned to either a lateral sensory–

discriminatory or medial affective–cognitive pain pathway (Albe-Fessard et al., 1985). 

However, it appears that this useful early construct may represent an over-simplification as a 

subjective pain experience depends upon a combination of physical, emotional and cognitive 

factors and different brain regions seem to play a more or less active role depending on the 

precise interplay of these factors rather than selectively processing one dimension of the pain 

experience. Similarly, the term “pain matrix” is still widely used to describe a set of brain 

regions involved in human nociceptive processing. Unfortunately, the literature is not always 

consistent in what represents activation of the “pain matrix”. Another issue that still awaits 

further clarification is the previously proposed invariant positive linear relationship between 

pain intensity and magnitude of brain activation. This positive relationship needs to be 

questioned based on our results from healthy volunteers as well as earlier reports showing that 

patients with clinical pain demonstrated a generally reduced response to noxious stimulation 

(Derybshire, 1999).  

In terms of an outlook on future research it can concluded that the combination of 

neuroimaging methods with advances in immunohistochemistry, histology and genetics it has 

made it possible to correlate more objective measures of nociceptive processing with the 

subjective experience of pain. Increasing knowledge pertaining to the complexity of brain 

changes subsequent to injury in chronic pain states suggests that the processing of nociceptive 

inputs from the brainstem through to the cortex is fundamentally altered compared with that 

in healthy controls. Neuroimaging methods may be a useful tool to provide novel anatomical 

targets for subsequent therapies aimed at alleviating pain (e.g. Ploghaus et al., 2001). 
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However, causality will continue to be an unresolved issue until multimodal approaches are 

used in data collection. Therefore, the emphasis for future research will be to further improve 

neuroimaging techniques and to combine results from studies investigating clinical pain 

conditions with those from studies trying to elucidate the role of genetics in nociceptive 

processing within the human brain. 
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