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ABSTRACT

INVESTIGATING PAIN PERCEPTION IN SOMATOSENSORY CORTEX FOR
HEALTHY AND FIBROMYALGIA PATIENT POPULATIONSBY USING fNIRS

Eken, Aykut
Ph.D., Department of Medical Informatics, Informatics Institute
Supervisor: Assist. Prof. Dr. Didem Gokgay
Co-Supervisor: Assoc. Prof. Dr. Murat Kara

October 2016, 147 pages

In this study, we investigated the difference in hemodynamic responses between fibromyalgia
(FM) and healthy controls via functional near infrared spectroscopy (fNIRS) during
application of painful stimulus and transcutaneous electrical nerve stimulation (TENS). We
collected severa clinical data (pain threshold, Beck Depression Inventory (BDI) score,
Fibromyalgia Impact Questionnaire (FIQ) score, pain ratings) before and during the
experiment. After data collection, we analyzed it using general linear model (GLM) and we
applied classification methods to determine which cortical structures are important in
discriminating healthy and patient groups. Our study showed that TENS effect was observed
in both hands of healthy controls, but only left hand of FM patients. However, there is an
opposite effect observed when the right hand of FM patients is stimulated. These findings
indicate that the pain perception mechanism in FM syndrome needs further investigation since
the outcome of the TENS treatment differs with respect to hands. When classification is done
using SVM using features from the painful stimulation experiment, an accuracy of %90 is
observed in distinguishing patients from healthy controls.

Keywords : Fibromyalgia, fNIRS, Classification, Pain, TENS
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AGRI ALGISININ SOMATOSENSORIY EL KORTEKSTE fNIRS KULLANILARAK
SAGLIKLI VE FIBROMIYALJ HASTA POPULASYONLARINDA INCELENMESI

Eken, Aykut
Doktora, Medikal Enformatik Ana Bilim Dal1, Enformatik Enstittisi
Tez Yoneticisi: Yrd. Dog. Dr. Didem Gokgay
Ortak Tez Y Oneticisi: Dog. Dr. Murat Kara

Ekim 2016, 147 sayfa

Bu calismada, islevsel yakin kizil alti spekstroskopisi (FNIRS) araciligi ile agrili uyaran
ve deri Ustl elektriksel sinir uyarimi (TENS) uygulayarak fibromiyalji (FM) hastalari ve
saglikli kontroller arasindaki hemodinamik tepki farki inceledik. Deney 6ncesi ve deney
boyunca bir ¢cok klinik veri elde ettik (agri esigi, Beck Depresyon Envanteri (BDI) skoru,
Fibromiyalji Etki Anketi (FIQ) skoru, agri notlandirmasi). Veri toplanmasindan sonra,
genel dogrusal model (GLM) uygulayarak analizini yaptik ve hasta ve kontrol gruplarinin
ayinminde hangi kortikal yapilarin 6nemli olduguna karar vermek icin siniflandirma
metodlari uyguladik. Calismamiz TENS etkisinin saglikli kontrollerde her iki elde de
gozlemlendigini ancak fibromiyalji hastalarinda sadece sol elde gozlemlendigini
gostermistir. Ancak, FM hastalarinin sag eli uyarildiginda, ters bir etki gozlemlendigini
gostermistir. Bu bulgular, TENS tedavisinin c¢iktilari ellere gore farklilik gosterdiginden,
fibromiyalji sendromundaki agri algi mekanizmasinin daha ileri arastirmalara ihtiyaci
oldugunu gostermektedir. SVM ile agri uyaran deneyinden gelen Ozniteliklerle
siniflandirma yapildiginda, %90 gibi bir dogruluk hastalarin sagikli kontrollerden
ayrilmasinda gozlemlenmektedir.

Anahtar Kelimeler: Fibromiyalji, fNIRS, Siniflandirma, Agri, TENS
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CHAPTER 1

INTRODUCTION

If little labor, little are our gains:
Man’s fate is according to his pain.

Robert Herrick (Hesperides 752.)

Pain perception is a complicated function and its mechanism includes affective,
sensory and cognitive processing networks in brain. According to the International
Association for the Study of Pain (IASP), pain is “an unpleasant sensory and
emotional experience associated with actual or potential tissue damage or described
in terms of such damage” and chronic pain has been classified for 5 different classes
(Merskey & Bogduk, 1994). This classification was done according to ;1. the region
of the body, 2. the system whose dysfunction may be causing the pain, 3. The
duration and pattern of occurrence, 4. The intensity and time since onset and 5.
etiology. However, in 1998 Woolf and his colleagues rejected this approach and
suggested that pain can be identified in 3 different classes; 1. nociceptive pain, 2.
inflammatory pain, 3. pathological pain (Woolf et al., 1998).

Pain is generally considered as a vital function of body due to its warning feature of
severa problems. Physiological sense of pain perception is called “Nociception”,
which is a subjective experience. This subjective experience depends on individual’s
persona psychologica mood, having cognitive disorder or not, pain belief or
expectations (Tracey & Mantyh, 2007). In 1965 Melzcak and Wall proposed a new
theory about pain mechanism and perception in the nervous system based on a gate
control model (Melzack & Wall, 1965). In this approach, spina cord includes a
neurological gate that prevents painful stimuli from reaching the brain. Nociceptive
stimuli carried by small nerve fibers are enabled to pass through while stimuli sent
by large fibers are prevented. Therefore, while nociceptive stimuli are being carried
by small nerve fibers, inhibitory neurons do not block the gate and the nociceptive
stimuli reaches over the brain. However, while non-nociceptive stimuli are being
carried by large nerve fibers, inhibitory neurons prevent them to reach the brain by
blocking the gate.

Nevertheless, since this theory was proposed, there has been no common agreement
about the mechanism of pain perception. Researchers could not describe the specific
cerebral regions that were involved in pain perception. After proposing gate control
theory, Melzcak proposed a new approach about mechanism of pain perception in
the brain called “Neuromatrix” (Melzack, 1989). In this approach, it is asserted that
several brain parts including supplementary motor area (SMA), primary
somatosensory cortex (Sl), secondary somatosensory cortex (SlI), anterior cingulate
cortex (ACC), amygdaa, prefrontal cortex (PFC), thalamus, insula and posterior
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parieta cortex (PPC) are related with processing and perception of pain.
Neuromatrix was considered as not pain specific, because it includes several brain
regions that are also related with severa cognitive processes. According to the
Melzcak, Neuromatrix was dispersed over the brain and aso includes a distributed
neuronal network that creates patterns and handles information that streams through
it (Melzack, 2001). Figure 1. shows the mechanism that was proposed by Melzcak in
details. After 90's, the term “Neuromatrix” has given its place to the term “Pain-
Matrix” (J. Brooks & Tracey, 2005; Ingvar, 1999; A. Jones, 1998; Ploghaus et al.,
1999; Talbot et al., 1991). This term emphasizes the regions over the brain that are
activated during pain perception and processing when nociceptive stimuli are used (J.
Brooks & Tracey, 2005). However, the Pain Matrix is still under elaboration by
investigators regarding to its participation in cognitive, affective and emotional
processing networks (lannetti & Mouraux, 2010). The Pain Matrix has been
investigated in several studies focusing on two main research areas. First, the regions
with significant activity after applying nociceptive stimuli are studied (Garcia-Larrea
et al., 2003). Second, associations and statistical relationships between applied
stimuli and Hemodynamic Response (HDR) magnitudes are investigated (Coghill et
al., 1999; Derbyshire et a., 1997). These relationships have proven that Pain Matrix
functions to perceive nociception intensity (Porro et a., 2003; Rainville, 2002).
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Figure 1.Pain Matrix (May, 2006)

On the other hand, regions that comprise the Pain Matrix are extremely important for
patients that have chronic pain diseases. Because these patients are extremely
sensible to even small amounts of nociceptive input, the pain mechanism is easily
activated (Moseley, 2003). In this thesis, we focused on pain perception of
Fibromyalgia (FM) patients with has 2-8 % prevalence of the population (Clauw,
2014) as well as hedthy controls. FM is a widely known disease that can be
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identified by chronic and widespread pain, tenderness and several cognitive
dysfunctions. There are severa systemic conditions that have same symptoms with
FM (Hochberg et al., 2003). Patients with FM can usually have irritable bowel
syndrome, functional gastro intestinal disorders, chronic fatigue, somatoform
disorders and other regional pain diseases (Clauw, 2014). Also, there are severa
types of FM treatment that can be divided into two groups as pharmacologic and
non-pharmacologic ones (Forte et al., 2015). Transcutaneous Electrical Nerve
Stimulation (TENS) is one of the most popular non-pharmacologic treatment
methods that has several examples in literature (Carbonario et al., 2013; Lauretti et
a., 2013; Lofgren & Norrbrink, 2009; Mutlu et al., 2013).

In this thesis, our primary motivation was to understand the hemodynamic effects of
TENS treatment in FM patients. For this purpose, we used Functional Near Infrared
Spectroscopy (fNIRS) and recruited matched healthy controls. Furthermore, we
studied the hand dominance factor in pain perception, by applying painful stimuli to
the left and right hands of strongly right handed subjects.

This thesis contains 6 chapters other than this introduction part. In Chapter 2, thereis
a general overview including physiologica, methodological and technical
background to clarify several aspects of this multidisciplinary study. Also, a detailed
literature review including neuroimaging studies of FM, pain perception, TENS and
handedness in pain perception is available along with some psychophysical studies
including pain relief of TENS. In Chapter 3, neuroimaging and psychophysical
methods and their analyses will be explained in detail. In Chapter 4, neuroimaging
and psychophysical analysis results will be presented. In Chapter 5, results will be
discussed and compared with literature. In Chapter 6, conclusions of our research
will be interpreted.






CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1.Somatosensory System

Somatosensory system is a complicated mechanism that carries out sensation from
the skin, muscles, tendons, bones and joints to the central nervous system. It has two
important subsystems. One of them is for detection of mechanical stimuli such as
pressure, light touch, cutaneous tension and vibration. The other mechanism is
related with painful stimuli and temperature. This system includes thermo-receptors,
nociceptive receptors and mechanoreceptors. These receptors can be grouped as free
and encapsulated types. Among those receptors, nociceptive receptors and thermo-
receptors can be called as “free nerve endings’.

After delivery of a peripheral stimulation is given, the afferent nerves from receptors
initiate synaptic activity on neurons with specific ascending pathway formation
based on the type stimulation. These pathways go directly to the somatosensory
cortex via spinal cord, brainstem and thalamus. According to the type of stimulus
two different pathways are available. Mechano-sensory afferent fiber and nociceptive
afferent fiber that carries pain and temperature sensation information cross either in
spina cord or brain stem. These afferent fibers are connected to the skin receptors.
There are 4 types of mechano-receptors that are specialized according to the
information they carry. Except for these mechano-receptors there are severa free
nerve endings which will be discussed later in this chapter. The receptors shown in
Figure 2. are;

e Meissner’'s Corpuscles: They are located between the dermal papillae. They
carry light touch information vialow frequency vibrations (30-50 Hz).

e Pacinian Corpuscles: They are the large endings located in the subcutaneous
tissue. They are different than Meissner’s corpuscles based on response
threshold, distribution and morphology. They carry deep pressure
information. They have an onion shaped capsule that works as a high pass
filter. They just pass through the high frequency vibrations (250-350 Hz) to
innervate the nerve endings. They act faster and its response threshold is
lower than Meissner’ s corpuscles

e Merkel’s Disks: They are in epidermis. %25 of the mechano-receptors are
Merkel’s Disks and found in hand, external genitalia, fingertips and lips
densely. They carry touch information and also distinguishes shapes, edges
and rough surfaces of objects.

e Ruffini’s Corpuscles: They are generally similar with other mechano-
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receptors. They are sensitive to skin stretch and helps to control finger
position and movement. %20 of the mechano-receptors are Ruffini’s
Corpuscles.

All these mechano-receptors are stimulated by Ap axons. These axons are large and
myelinated axons. Due to myelination, they transmit tactile information rapidly.

Figure 2. Details of Receptors onto afinger.
(taken from (Purves, 2004))

After nociceptive afferent fibers and mechanosensory afferent fibers are separated,
mechanosensory afferent fibers pass through cuneate nucleus and medial leminiscus
in medulla. Then they pass through midbrain together and reach to cerebrum. In
cerebrum, sensory information directly reaches to thalamus, which is a quite
important hub of brain network. Finally, the information goes to the somatosensory
cortex of post central gyrus of cerebrum. A general view to somatosensory System
can be seen in Figure 3.
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Figure 3. Somatosensory System.
(taken from (Purves, 2004))

2.2.Nerve Fibers (Axons)

There are 3 types of nerve fibers that innervate the mechano-receptors, nociceptors
and thermoreceptors. These are;

e AP Sensory Fiber: They provide fast signal transmission due to having high
myelination. They respond a very low threshold stimulus. They transmit the
tactile stimuli like light touch. Their diameters are large, approximately 6-12
pm.

e AJ Sensory Fiber: They provide slower signal transmission because of
having a thin myelination. They show response against thermal and
mechanical stimuli. Also carry fast and sharp pain.

e C Sensory Fiber: They are unmyelinated and have small diameter
(approximately 0.5 — 2 pm). Their conduction is slower than the others.
However, stimulus threshold of receptor activation is high. They respond
thermal, chemical and mechanical stimuli.

Details for these fibers are shown in Table 1.
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Table 1. Features of Nerve Fibers

Receptor Connected Conduction Location Function Adaptation Activity
Type Axons and | Speed of Threshold
Diameters Axons
Free Nerve | C(0.2-1.5um), | A83-30m/s | All Skin Pain, Slow High
Endings Ad(1-5um) temperature
C, 0520
m/s
Meissner's AB (6-12 pum) 80-120 m/s Glabrous Touch, Fast Low
Corpuscles skin pressure
Pacinian AB (6-12 pum) 80-120 m/s Subcutaneous | Deep Fast Low
Corpuscles tissue pressure,
vibration
(dynamic)
Merkel's AB(6-12 um) 80-120 m/s All Skin Touch, Slow Low
Disks pressure
(static)
Ruffini’s AB(6-12 um) 80-120 m/s All Skin Skin strech | Slow Low
Corpuscles

In somatosensory cortex, somatic pathways are represented according to parts of the
body. This visual representation of anatomical divisions in the somatosensory cortex
is caled Somatosensory Homunculus. Among these divisions, fingers and thumb
which are the focus of our study have the greatest representation. Detailed structure
of the Somatosensory Homunculusis shown in Figure 4.
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Figure 4. Somatosensory Homunculus



2.3.Pain Somatosensation

Stimulus that leads to tissue deformation generally triggers pain sensation. Pain
sensation is generally acknowledged as the over-stimulation of same receptors in a
specific part of body. Pain perception is also called “nociception”. In Latin “nocere’
means “to hurt. Nociceptors exit from cell bodies in dorsal ganglia and convert
various types of stimuli to receptor potentials. They transmit one nerve fiber activity
to the periphery and the other to the brain stem and spinal cord. Nociceptive nerve
fibers end up in “Free Nerve Endings’. Due to this, nociceptors can be grouped
according to the specific features of axons related with them. Axons that carry the
nociceptive stimulus information are conducted by either A or C fibers. Ad
nociceptors are associated with conduction of mechanical or thermal stimuli. C
nociceptors are associated with conduction of chemical stimuli in addition to
mechanical and thermal stimuli. According to the properties of both of these axons
shown in Table 1, although this processis slower than tactile stimulus conduction.

There are two nociception pathways. These are fast pain and slow pain pathways.
Stimulation of these nociceptors causes pain perception in two categories. First pain
and Second pain. First pain is the result of fast conduction of Ad fiber. There is a
dlight latency between first pain and second pain. Also, second pain sensation is
more spread over and lasts longer than first pain. Stimulus that triggers Ao fibers
causes a light prickling sensation. If the stimulus intensity is high enough, sharp pain
is sensed. Besides, if this intensity shows an increasing trend, C fibers engage into
this process and cause a pain sensation that lasts long. First and second pain
illustrations are shown in Figure 5.
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Figure 5. First pain and second pain.
(taken from quizlet.com).



2.4.Neuroimaging Studies of Pain Perception in Healthy Subjects

Pain perception and processing in the brain have been investigated for several years
by using different kinds of neuroimaging modalities such as Functional Magnetic
Resonance Imaging (fMRI) (Apkarian et al., 2005). Primary hemodynamic
signatures of pain were analyzed in human brain as early as 1970s (Lassen et dl.,
1978). First fMRI study in literature was performed by using electric shock (Davis et
a., 1995). Then neuroimaging of pain studies was generaly carried out in terms of
noxious and non-noxious stimuli comparison (Apkarian et al., 1999; L. R. Becerra et
a., 1999; J. I. Chen et a., 2002; Lui et a., 2008). The main aim in these studies was
the characterization of BOLD signal during noxious stimulus was application. When
a noxious stimulus was applied to the participant, a double peak biphasic BOLD
signal was observed in the hemodynamic response (Apkarian et al., 1999; L. Becerra
et a., 2001; L. R. Becerraet al., 1999; J. I. Chen et a., 2002; Downar et al., 2003;
Moulton et a., 2005; Ploner et a., 2002; Upadhyay et al., 2010). A popular
explanation about initial peak of biphasic BOLD time course is, it might be related
with threat detection mechanism of brain and the second peak might be represented
as a response of pain processing (L. Becerraet a., 2001; J. . Chen et al., 2002). In
some studies, understanding the foundations of the biphasic double peak BOLD
activity is the main goal. By anayzing the hemodynamic signal using two
explanatory variables and between these two peaks the temporal difference was
found to be 12.5 sec (Upadhyay et al., 2010).

There are severa regions related with pain perception and processing which are
mentioned in the “Pain Matrix”, such that S, SII, ACC, anterior and posterior insular
cortex (Bornhovd et a., 2002; Buchel et a., 2002; Bushnell et al., 1999; Coghill et
a., 1999; Derbyshire et al., 1997; Johnstone et al., 2012; Moulton et al., 2005; Porro
et a., 2003; Ringler et al., 2003). Also pre-frontal cortex is found to be closely
related with pain processing (L. Becerra et al., 2008; L. R. Becerra et al., 1999,
Derbyshireet a., 1997).

Some studies aso demonstrated that the magnitude of HRF can be related with
amount of pain perception for regions that are included in “Pain Matrix” (Bornhovd
et a., 2002; Buchel et al., 2002; Coghill et a., 1999; Derbyshire et al., 1997; Porro et
a., 1998). In light of this information, main function of Pain Matrix is intensity
coding of perceived pain (Porro et al., 2003; Rainville, 2002).

Neuroimaging literature of experimental nociception shows that among 36 fMRI
studies, some regions are consistently active (Apkarian et al., 2005);

ACC (22127 - % 81)

Sl (19/ 25 - % 76)

Sl (21/26 - % 81)
Insula (23 / 23 - %100)
Thalamus (13/ 16 - %81)
PFC (14 / 20 - % 70)
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According to fMRI studies in literature, four prominent regions of nociception are:
Sl, SlI, ACC and insula. Results suggest that Sl and SlI are related with perception
of sensory features of pain (Bushnell et a., 1999; J. I. Chen et al., 2002; Coghill et
a., 1999). ACC and insula are generally involved in affective network of pain
processing (Apkarian et al., 2005). Prefrontal and parietal cortices are generaly
related to memory, evaluation or stimulus perception (Coghill et al., 1999).
Amygdala and nucleus accumbens (L. Becerra et al., 2001) were activated by painful
stimulus through spinoparabrachial- amygdala connections Also, periagueductal
grey (PAG) plays an important role (Bushnell et al., 2013). In Figure 6. afferent pain
pathways that includes these regions are shown. Afferent painful stimulus goes into
brain via spinal cord and it follows three pathways. These are spinothalamic (spinal
cord — thalamus), spinoparabrachio-amygdaloid (spinal cord — parabrachial nucleus —
amygdala) and spinoreticulo-thalamic (spinal cord — reticular formation — thalamus)
pathways. Painful stimulus that comes from thalamus is directly transmitted to
insula, SlI, SI and ACC. Also from spinoparabrachio-amygdaloid tract, painful
stimulus directly comes to amygdala and it is transmitted to basal ganglia.

PFC
Thala mus
BG |

ey

Figure 6. Afferent Pain Pathways (Bushnell et al., 2013).

Among neuroimaging modalities, Functional Near Infrared Spectroscopy (fNIRS)
has recently become popular in order to analyze the pain perception in the brain. This
is because of two main reasons. First, fNIRS has less limitations than fMRI: less
stressful environment, less possibility of daydreaming. The other reason is primary
somatosensory cortex is a close structure to the scalp and its activity can be observed
by fNIRS efficiently (L. Becerraet al., 2009; L. Becerra et al., 2008; Franceschini et
a., 2003; Koch et a., 2010). Using fNIRS, mechanisms that were considered in
“Pain-Matrix” were analyzed but due to the physical restrictions, only somatosensory
cortex and pre-frontal cortex were investigated (L. Becerra et a., 2008). Studies that
focus on noxious and non-noxious stimuli comparison show that there are significant
contralateral and ipsilateral S1 activation and contralateral activation has greater
amplitude than ipsilateral activation (L. Becerra et a., 2009; L. Becerra et al., 2008;
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Franceschini et al., 2003). A recent study also focuses on observing this comparison
by using fNIRS on 11 hedthy participants and the responses for both stimuli were
easly discriminated (Yucel et al., 2015).

2.5.Diagnostic Measuresin Fibromyalgia Syndrome

Fibromyalgia (FM) is a complicated widespread pain syndrome that appears during
physical examination on several tender points of body. Prevalence of FM is generally
%2-8 in population (Clauw, 2014). In Turkey, its prevalence is reported as 3.6 %
(Topbaset al., 2005).

Smythe and Moldofsky have identified FM syndrome in 1970s (Smythe &
Moldofsky, 1977). Initialy, it was defined as inflammation of tissue and called
“fibrositis’. However, after there was clear evidence that this was not a tissue
inflammation, its name changed as “fibromyalgia’. After this relabeling, tender
points of body were identified and accepted as a one of the primary diagnosis criteria
by American College of Rheumatology (ACR) in 1990 (Wolfe et a., 1990).
According to these criteria, patients feel intense pain sensation at least 11 of 18
tender points and complaints for more than 3 months. Tender points to be used for
diagnosing FM are; Back of neck, Front of neck, Elbows, Hips, Lower back, Knees,
Upper back, Shoulders, Chest.

In 2010, ACR updated the diagnosis criteria of Fibromyalgia (Wolfe et al., 2010).
According to these criteria, symptoms should still be present for at least 3 months
Patient should not have any other disorder that is possible to trigger pain syndrome.
Pain in FM is quantized by two measures called Widespread Pain Index (WPI) and
Symptom Severity (SS) scale. Patient WPI score should be > 7 and SS scale score
should be> 5 for diagnosis. An alternative option is; WPI score should be between 3
and 6 and SS scale score should be > 9. Before 2010 ACR criteria, al FM patients
were women due to women having more tender points than men. Therefore, women
are diagnosed as FM more than men -with aratio of 9:1 (Firestein & Kelley, 2013).
After 2010 ACR criteria, ratio of women to men became 2:1 (Clauw, 2014).

2.6.Background of Fibromyalgia

Despite the underlying reasons that cause FM being unknown, widespread pain that
is because of the dysregulationsin CNS is the core symptom of this syndrome. These
dysregulations are more effective to increase pain sensation than peripheral
nociception. Thisis called “ Centralization Phenomenon”. In this phenomenon, when
a peripheral stimulus is applied to patient, pain sensation is observed more than
expected. This centralization can be triggered by severa factors like stress, excessive
cognitive fatigue, insufficient sleep and mood changes (Phillips & Clauw, 2013).
Patients that have FM generally suffer from chronic pain spread over their body.
They have also another complaints such as headache, dysmenorrhea, chronic fatigue,
irritable bowel syndrome, insomnia and other pain syndromes (Hudson & Pope,
1994). While determining FM, these symptoms should be considered.
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Moreover, relatives of FM patients have also chronic pain history. First — degree
relatives of FM patients have generally either FM or chronic pain syndrome (Arnold
et a., 2004). Genetic factors are assumed to trigger FM and chronic pain syndrome
(Holliday & McBeth, 2011). Genes related with pain syndromes arrange the binding
of efficient neurotransmitters in pain sensation. Pain sensitivity is regulated by
several genes (Clauw, 2014). Altered activity of these neurotransmitters causes
significant change in pain sensitivity.

On the other hand, environmental factors with genetic factors are also effective in
developing a pain syndrome. Factors that create stress on patients can generally
trigger FM or chronic pain syndrome. Furthermore, several infections (like Epstein-
Barr virus, Lyme disease, Q-fever) can cause chronic fatigue, which is a classical
condition in both FM and chronic pain syndrome (Buskila et al., 2008).

As well as these factors, FM can also appear jointly with another chronic pain
syndrome in 10-30 % of FM patients (Phillips & Clauw, 2013).

2.7.Fibromyalgia and Depression

FM patients generally tend to have depressive symptoms. 90 % of FM patients also
show depressive symptoms and 62-86 % show major depressive disorder (MDD)
(Agugliaet al., 2011; Arnold et a., 2006; Marangell et al., 2011; Wilke et a., 2010).
There is a growing interest to associate depression with FM and pharmacological
treatment of both syndromes consists of the same active serotoninergic and
noradrenergic ingredients such as, amitriptyline, duloxetine and milnacipran
(Gracely et al., 2012).

2.8.Functional Neuroimaging Studies of Fibromyalgia

There are several neura evidences of FM in functional neuroimaging literature (see
reviews (Cagnie et a., 2014; Gracely & Ambrose, 2011; Jorge & Amaro, 2012,
Staud, 2011)). This literature can aso be divided in five different subtitles. These
are;

Painful stimulation studies

Non-painful stimulation studies
Resting-state functional connectivity studies
FM - Depression association studies

FM treatment studies

We evaluated studies related with depression and pain relationship in FM patients.
FM. Also, we investigated the studies about the treatment methods and its functional
results because in our study we are interested in the effects of TENS onto the FM
patients. Among these studies, active regions that were found and pioneering studies
arelisted in Table 2 and Table 3 respectively.
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2.8.1. Painful Simulation Sudies

Neuroimaging literature of FM generally focuses on painful stimulation studies using
fMRI. In these studies, painful stimulation was generally applied to thumb. The main
idea to focus on the thumb is tenderness. Tenderness was shown by deep tissue
receptors found in muscular and non-muscular tissue. Also, the thumb has a great
area of representation in both somatosensory and motor homunculi. Activations were
generally observed in pain related regions such as Sl, SlI, ACC (sensory processing),
STG, IPL (sensory association), putamen, cerebellum (motor activity) and DLPFC,
VMPFC, insula, ACC, caudate, PAG (affective, emotiona and cognitive processing)
(seereview (Jorge & Amaro, 2012)).

Painful stimulation studies generally focus on neural effects of subjectively equal
painful stimulation (Cook et al., 2004; Craggs et a., 2012; Giesecke et a., 2005;
Gracely et al., 2002; K. B. Jensen et a., 2009; K. B. Jensen et a., 2012; Pujol et al.,
2009; Staud et al., 2008) and equal amount of painful stimulation (Cook et al., 2004;
Giesecke et al., 2004; Gracely et al., 2002; Pujol et a., 2009). In stimulation studies,
with equal amount of pain, the same stimulus intensity is applied to al subjects. In
“subjectively equal pain”, stimulus intensity for control group is larger so that pain
sensation is equated for both groups. (i.e. Stimulation of FM patients and healthy
controls were adjusted to obtain perceptually equa stimulus to accommodate for
increased pain sensitivity of FM patients. This adjustment resulted in lower painful
pressure stimulus applied to FM patients than applied to healthy controls).

Stimulation studies with subjectively equal amount of pain

Increased BOLD activation was found in FM patient group compared with healthy
controls. In these studies, increased activation was observed in contralateral S, SlI,
IPL, insula and cerebellum as shown in Figure 7. On the other hand, deactivations
were found in ipsilateral SI (Gracely et al., 2002), thalamus and right ACC (K. B.
Jensen et a., 2009; K. B. Jensen et a., 2012). All these regions are known regions
from the definition of “Pain — Matrix”. Another important finding in these studies is
the activity differences between FM patients and healthy controls. FM patients
generally showed higher activation in commonly activated regions (Cook et al.,
2004; Giesecke et al., 2004; Gracely et a., 2002; K. B. Jensen et al., 2012; Pujol et
a., 2009). In addition to these findings, time series of hemodynamic activation
showed a prolonged insula activity. Also, hemodynamic activity was correlated with
subjective pain sensation ratings of applied stimulus. It is suggested that painful
stimulus enables common active regions in “Pain-Matrix” have higher levelsin FM
patients than healthy controls due to excessive tenderness of their body. This may be
the result of changes in CNS that causes failure of processing afferences and
stimulus was ended at spinal cord nociceptive neurons (Cook et a., 2007).
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REGIONS OF INCREASED ACTIVITY DURING PAIN
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Figure 7. Activated regions and relationship between stimulus intensity and pain intensity
(Gracely et a., 2002).

Stimulation studies with equal amount of pain

Activations were observed in pain related regions such as Sl, SlI, insula, ACC, IPL,
cerebellum (Giesecke et al., 2005; Gracely et al., 2002; Pujol et al., 2009). Increased
activation in contralateral Sl, SlI, IPL were found in FM group compared to healthy
controls (Giesecke et a., 2005; Gracely et al., 2002). In Figure 7 it is shown that FM
patients showed higher activity in SI, SII, ACC and insula than heathy controls.
However, healthy controls also showed higher activations than FM patients in these
regions (Pujol et al., 2009).

For both conditions above, FM patients showed activity in similar regions with
magnitude than healthy controls, while painful stimuli were applied for equal amount
of pain sensation. When same amount of painful stimuli was applied, FM patients
show wider activation patterns than the other condition.

Another phenomenon in painful stimulation is temporal summation of “second pain”
(TSSP), which is also called “wind up”, is the addition of hemodynamic response
caused by “second pain” after the activity for the initial stimulus as an impulse
response (Figure 8). This is clinically important and relevant for chronic pan
syndrome (Price et a., 1977). This phenomenon is thought as result of C-fibers
evoked responses of dorsal horn neurons. Also, it was associated with hemodynamic
activity in severa brain areas which is related with receiving input from spinal
pathways and regions related with pain perception. Repetitive heat pulse stimulation
showed that frequency of stimulus > 0.33 Hz causes activation in Sl, SlI, insula,
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ACC in both groups with no difference in activation and connectivity (Craggs et al.,
2012; Staud et al., 2008). However, participants with FM syndrome required lower
painful stimulus intensity for TSSP due to their excessive tenderness. These results
may indicate an increased sensitivity to pain in FM patients that is not related with
dysfunction of cerebral mechanisms. However, it might be related with excessive
sensitivity of spinal cord neurons.

Does not return to baseline
during stimuli of 2 0.33 Hz

Pain Sensitivity

Baseline

Time Axis

Stimuli of Equal Intensity
and Duration

Figure 8. Representation of temporal summation of second pain on pain sensitivity.
(Staud, 2006).

Moreover, incison studies measured the hemodynamic activity by applying an
incision to right forearm in FM patients (Burgmer, Gaubitz, et a., 2009; Burgmer et
a., 2012; Burgmer et al., 2010; Burgmer, Pogatzki-Zahn, et al., 2009). Frontal
(Burgmer, Gaubitz, et al., 2009; Burgmer et al., 2010; Burgmer, Pogatzki-Zahn, et
a., 2009), cingulate, SMA and thalamic activity (Burgmer, Gaubitz, et al., 2009;
Burgmer, Pogatzki-Zahn, et a., 2009) were found in these studies. In some studies
activations were found higher in FM patients (Burgmer, Gaubitz, et al., 2009;
Burgmer, Pogatzki-Zahn, et al., 2009), in some not (Burgmer et al., 2010). In
addition to these findings, pain anticipation was observable without painful
stimulation (Burgmer, Pogatzki-Zahn, et a., 2009). These studies showed a
significant alteration in hemodynamic activity after the incison in FM patients
compared with healthy controls.

A very recent and unique fNIRS study has focused on cerebral signatures of FM
syndrome (Uceyler et a., 2015). In this study, painful stimulation and non-painful
stimulation (verbal fluency test) were performed to FM patients, Mgjor depression
patients and healthy controls. Results showed that painful stimulation experiment
caused an increased bilateral activation in FM patients than healthy controls. DLPFC
activation was higher in contralateral side in FM patients than major depression
patients. Verbal fluency test results showed that all groups have similar activity.
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2.8.2. Non-painful Simulation Sudies

In the literature, there exists few studies related with non-nociceptive sensory
responses of FM patients. These suggest that FM patients show higher sensitivity not
only to painful stimulation but aso to non-painful stimulation such as tactile (Cook
et a., 2004; Lopez-Sola et al., 2014), auditory and visual (Lopez-Sola et a., 2014) .
In 2004 Cook and his colleagues tried to analyze the nociceptive system in patients
with FM by fMRI (Cook et al., 2004). According to (Lopez-Sola et al., 2014)) in
fMRI scans FM group has greater activity than controls for non-painful stimuli over
severa brainregions. PFC, SMA, Insular Cortex and ACC.

It was thought that FM syndrome can affect the sensory systems. A recent study also
found differences for auditory, visual and tactile motor stimulation responses
between healthy controls and FM patients (Lopez-Sola et a., 2014). Patients showed
increased sensitivity to the multisensory stimulation in, SI/SII, insular cortex and
medial / lateral frontal areas. Also, increased responses in the insula and anterior
lingual gyrus were observed. fMRI results indicate that, hemodynamic response of
patients is significantly reduced at the visual and auditory regions. Brain activity
results of these regions were associated with subjective sensory hypersensitivity and
clinical measures. This study showed that FM might cause perception abnormalities
in several sensory systems.
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Table 2. Activated regionsin fMRI studiesin FM.
In thistable; FM: FM group, HC: Healthy controls, P : Painful stimuli study, NP : Non-painful stimuli study, RS : Resting state study.
ACC : Anterior Cingulate Cortex, PCC : Posterior Cingulate Cortex, Sl : Primary Somatosensory Cortex, Sl : Secondary Somatosensory Cortex,
Ins. : Insular Cortex, Amyg. : Amygdala, IPL : Inferior Parietal Lobe, SPL : Superior Parietal Lobe, PPC : Posterior parietal cortex, Cer. : Cerebellum,
Thal. : Thalamus, PFC : Pre Frontal Cortex, FG : Frontal Gyrus, SMA : Supplementary Motor Area, M| : Motor Cortex, STG : Superior Tempora Gyrus.
Uppercase (X) : shows activity in aregion is greater in a group than the other one. Lowercase (x): shows activity in aregion islower in a group than the other one.
M : Middle, | : Inferior, S: Superior. ICA : Independent Component Analysis, GLM : General Linear Model. * In Gracely et a., 2004 study, only FM patient group.

ctivated xmmmo:m ACC SI SII Ins. >3<m. IPL Cer. Thal. PCC PFC FG SMA MI STG
Studies FM HC | FM | HC FM HC | FM | HC| FM| HC | FM | HC | FM | HC| FM | HC | FM | HC FM HC FM HC FM | HC | FM | HC | FM | HC
Gracely et al,, 2002 (P) X X X X X X X X X X X X X X x (M) X X X o0
) !
P X X
Cook etal,,
2004
(P &NP)
NP X X X X X X X X
Gracely et al., 2004 *(P) X X X X X X X X meu
Giesecke et al,, 2005 (P) X X X X
Pujol etal, ICA X X X X X X X X X X X X X X
2009 (P) (ICA
&GLM) GLM X X X X X X X X X X
Jensen etal., 2010 X X X X X X
(P&NP)
Napadow et al,, 2010 (RS) X X X X
Lopez- Solaetal, 2014
(NP) X X X X X X




2.8.3. Functional Neuroimaging Studies of Pain and Depression in FM Syndrome

Effects of depression on neural mechanisms are quite related with FM syndrome. In
2005 Giesecke and his colleagues investigated the relationship between depression,
clinical pain and experimental pain by using fMRI (Giesecke et a., 2005). In this
study, contribution of depression to the pain perception in FM patients is evaulated.
A 25 sec subjective nociceptive stimuli and 25 sec resting period is applied to
participants 12 times during fMRI scan. Randomly varying intensities of nociceptive
stimuli is used. In this study, depression and co-morbid major depression disorder
(MDD) was found to be uncorrelated with the results of QST and hemodynamic
activity in SI and SlI. However, same factors were associated with magnitude of
hemodynamic activity in amygdala and contralateral anterior insula. Clinical pain
intensity was related with QST and hemodynamic activity of bilateral insula,
contralateral ACC, PFC, which are regions of importance in affective processing.
The most important result of this study is; sensory dimension of pain perception is
not related to depression nor MDD.

The relationship between cognitive disorders and fibromyalgia is another topic of
importance. According to Jensen and her colleagues, anxiety and depression caused
poor perception of health and there was no relationship between these cognitive
disorders and pain sensitivity or pain processing in brain in FM patients (K. B.
Jensen et al., 2010). Depressive symptoms, anxiety and catastrophizing scores
showed higher correlation coefficient with each other, but did not correlate with
clinical pain ratings or pain sensitivity. SF-36 scores were correlated with BDI and
State-Trait Anxiety Inventory. fMRI results showed that cerebral activity was not
modulated by BDI, State-Trait Anxiety Inventory and Coping Strategies
Questionnaire. This study showed that negative emotional state in FM patients could
cause poor health perception. However, it does not affect the clinica and
experimental pain experience of FM patients.

Another indicator to explain the severity of FM syndrome is catastrophizing.
Catastrophizing is a collection of negative emotional processes and irrational
thoughts which can be seen in several chronic painful diseases. Patients generally
tend to exaggerate pain-related symptoms; they feel helplessness related to their
disease. Higher levels of this problem is strongly related with increased pain
intensity in FM patients (Hassett et al., 2000). Catastrophizing has been known to
increase pain perception through increased attention to nociceptive stimuli and
increased emotional reactions to pain. A painful stimulation study showed that
hemodynamic activity is strongly related with catastrophizing in FM patients
(Gracely et al., 2004). In this study, it was hypothesized that catastrophizing is
strongly related with activation in brain regions associated with pain processing.
Scores of catastrophizing were correlated with the activation in ipsilateral claustrum,
cerebellum, DLPFC, parietal cortex, contralateral dorsal, DLPFC, MFC, and
lentiform nuclei. Also, subjects were discriminated as high and low catastrophizing
groups by dividing the patient group considering the median value of catastrophizing
ratings. Both groups demonstrated increasing activity in ipsilateral S, ipsilateral Sl,
contralateral insula, S, inferior parietal lobule (IPL), PCG, SFG, IFG and thalamus.
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High catastrophizers also showed activation in contralateral ACC and bilateral
lentiform. In this study, it was shown that pain catastrophizing is significantly related
with anticipation of nociception (MFC, cerebellum), attention to nociception (ACC,
DLPFC), emotiona effects of nociception (claustrum) and motor activity. Pain
anticipation is a reflection of catastrophizing with augmented activation in frontal
cortex, cingulate cortex and SMA before and after incision based stimulation with
higher pain ratings as shown in Figure 9 &

Figure 10. This mechanism might be specific to FM, because other rheumatic
diseases do not reflect such a mechanism (Burgmer et al., 2010; Burgmer, Pogatzki-
Zahn, et al., 2009).

Figure 9. Significant brain activity in catastrophizing.
Significant differences between FM patients and healthy controls were observed in SMA,
MCC, ACC and MFG(Burgmer, Pogatzki-Zahn, et al., 2009)
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Precentral gyrus (58 6 28)

Z=28

SMA (-4 20 50)

Figure 10. Correlations between pain ratings and BOLD activity
during incision in FM, RA (Rheumatoid Arthritis) and healthy control participants.
Multiple regression was done and HADS, pre-anxiety and clinical pain were used as covariates
(Burgmer et al., 2010)

2.8.4. FM Treatment Sudies

Functional neuroimaging methods have aso been used to observe the efficacy of
pharmacologic and non-pharmacologic treatment methods in FM. Among
pharmacologic treatments, effects of milnacipran which is a noradrenaline reuptake
inhibitor were observed in fMRI. Decreased pain sensitivity and increased activity is
observed in PCC and precuneus, which are parts of the descending inhibitory system
(Mainguy, 2009).

fMRI studies showed that non-pharmacol ogic treatment methods were aso effective
in treatment of FM. A study protocol focused on effects of visuals of albeit exercises
on pain catastrophizing (Morris et a., 2011). Also, rea-time fMRI was used for FM
patients to guide themselves for controlling the pain modulation system in especialy
rostral ACC (rostral ACC isaregion that is strongly involved in pain perception and
regulation). When FM patients were able to decrease or increase the rostral ACC
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activation, their pain perception caused by a nociceptive stimulus also changed

(deCharms et al., 2005).

Table 3. Summary of important studiesin FM literature.

(LH: Left Hand, RH: Right Hand)

FM . . .
Study Patients / Controls Experimental Design Results Conclusions
2" experiment cauises
Two conditions. 1% activity in 19 regions for HC
n=16 ( right handed | same amount of and 12 regionsfor FM. 7
15 female, 1 male pressure was given. regions were activated in
age=52.6+12.3 2™ different amount common. o
range 19-69 non- of pressure that causes | 1% experiment caused only 2 FM Is identified by
.Y ’ ; P cortical or
Gracely et al., | clinically depressed) | sameamount of pain regions of activity increase subcortical
2002 (fMRI) | n=16 (right rating was given. For that none of them is common inor ain
handed, 15 female, every experiment 10 with FM group. Statistical rocessiN p
1male age: 45.8+ | cyclesincluding 30 comparison shows that 13 processing.
10.5, range 22-61) sec painful stimuli 30 | region has greater activity in
(LH) sec non-painful FM group than HC group.
stimuli was applied. Only oneregion isgreater in
HC group than FM group.
. ) PP results show that FM
5runincluding h o
’ patients were sensitive to
) practlce,_warm = experimental heat than
n=9 (right handed 47 C, Pain of 5 and )
controls. Functional results These results
female age 18-45 warm heat. Every run . ' )
Cook et al., o show that painful provide evidence to
years) / n=9 (right lasts 230 sec . .
2004 (fMRI) . : ) (contralateral insula) and non | further explanation
handed female age including 5 times 10 ) ;
—painful (PFC, SMA, insula, | of FM.
18-45 years) (LH) sec ON 30 sec off imuli high
eriod with afinal 30 | ACC) Stimuli causes higher
P activity in FM patients than
SEc.
HC controls.
Twice activation in ipsilateral
SlI1 in high catastrophizers. ] -
15 High 25 SEC pressure Both groups > SlI, Cont. P an catastr_ophm ng
- stimuli 25 sec rest x . isrelated with
catastrophizing . . insula, Sl, IPL, thalamus. . ;
Gracely et a., - 12 times. Different - increased brain
patients/ 14 Low : L High cat. > Cont. Ant. ACC, L
2004 (fMRI) - intensities were . . activation,
catastrophizing — bilateral lentiform. Both .
- applied in random - independent of
patients (LH) Lence. groups - ipsilateral Sl, ant. depression effect
Seq . and post. Cerebellum. PCC, Cres '
SFG and IFG.
11 CLBP patients Common regions for equal Equal pain intensity
(age 44 + 13, 3male amount of pressure (CLBP & | causes more pain
,8female) , 16 FM FM) - Cont. Sl & SII, IPL, sensation in CLBP
Giesecke et patients (age 45 + . Cerebellumand ipsi. SI. and FM patients.
a., 2005 12,4 mae, 12 asla'g%\g"lth Gracely et Commonn regions for equal Equally pain
(fMRI) female) / 11 Healthy v pain sensation (FM, HC & sensation causes
Controls (age 41 + CLBP) > Cont SI, SII, IPL, neuronal activations

7, 7 male, 4 female)
(LH)

Insula, ACC & ipsi. S,
cerebellum.

weresimilar in all
groups.
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9 right handed
Female FM patients

9 sec painful stimuli

ICA and GLM were done.
For same amount of pain,
ICA results shows activation
in both groups Sl, SII, M1,
IPL and insula. FM patients
also show activationin ACC,
SMA, Basal ganglia, Ang.
Gyrus, Visua Cortex, and
Frontal Operculum. FM

ICA method can be

gaEiglief:algeiiaéllir: 21 sec resting period X | group shows greater 22: |(;?gle f;)irn
Controlsin 2 Y 12 times. 2 different activation than HC group. ; )(;nsag gn d
Pujol et al., roups. Group 1 (9 experiments. 6.8 kg GLM results shows that FM i:ﬁ? brain
2009 (fMRI) ﬁ htphénded pe- /cm2 (same pain patients shows activation in activation in EM
4$2+89) anag : rating) and 4kg/cm2 | SI, M, IPL, SII, insula, s oo b
r(;u_z '(9 riaht (same amount of frontal operculum. HC only Pelated with
EandZd o ?18 o4 pain). shows activation in SI, M| amotional Drocess
5.5) (Rl-?)g T and insula. FM also shows P )
' greater activation than HC.
For same sensation of pain,
pain-related regions were
activated but FM patients
show greater activation in
anterior insula, basal ganglia
and cingulate cortex.
4 sessions were
carried out only first
and second sessions
were analyzed. In 1%
f)gaﬁ;?r?eav?e:’r; rs]cann od These results shows
then a5 min no Activation differences were that central pain

18 Female FM . - o | foundin fronto-cingulate processing, cognitive

. ) scanning period. In 2 ¥
Burgmer et patients (age: 52.6 + session. after a1-min cortex, supplementary motor | and affective
a., 2009 7.9)/ 18 Female - nci'si on period area and thalamus between systems during pain
(fMRI) Healthy Controls ipncision wasp ' both groupsin not only pain anticipation can be

(49.5 £ 8.9) (RH) stimulation but also pain effectivein pain
performed and after oo iod ossing f
the period of this anticipation period. processing for FM
incision there are 3 patients.
periods of post-
incision that have
durations of 2, 2,5 and
5,5 mins.

Depressive symptoms,

anxiety and catastrophizing

scores were correlated with
An event-related each other (P<0.001). No Denression. anxiet
study. Painful correlation between clinical Orecpatro ey
stimulation was pain ratings or sensitivity of can causeg h sigcal
carried out with a pressure pain. General health health perc pti)(/Jn in

83 female patients mean stimulus onset rating was correlated with lower Izvelzp

Jensen et al., P of 15 seconds (btw. depressive symptoms and '

(43,8 £ 8,1 years) / N - . However, these

2010 (fMRI) 10-20 sec). 4 different | anxiety. Bilateral PAG,

No healthy controls - factors do not affect
random sequences Amygdala, ACC and insula erformance on
were applied for every | were activated. Contralateral f:)lini cal and
patient but patients Sl and Sl were activated. experimental pain
received sequencesin | Cerebellum and thalamus P P

assessments.

different order.

were a so activated. None of
these regions were modul ated
by depressive symptoms,
anxiety or catastrophizing.
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35 female subjects

30 second rest, 30
second stimulation
(visual, auditory and
tactile motor
stimulation) in 4 rest
activation cycles.

Patients shows increased
unpl easantness to
stimulations. fMRI showed
that patients demonstrated
reduced activity in primary

FM patients shows

Lopez- Solaet | (46,55+ 594 years) | Visual stimulationis3 | and secondary visual and increased sensitivity
a., 2014 / 25 female subjects | Hz full field flashing auditory cortices. These areas | to non nociceptive
(fMRI) (44,64, + 5,94 checkerboard. were highly correlated with inputs in sensory

years)

Auditory stimulation
isaseries of 15 tones
in different
frequencies. Motor
stimulation isthe

subjective sensory sensitivity
and clinical measures. Also
increased responses were
observed ininsulaand
anterior lingual gyrus.

cortices.

finger opposition task.

2.9. Transcutaneous Electrical Nerve Stimulation

TENS is a non-pharmacologic and core treatment method for inflammatory,
neuropathic and muscul oskeletal pain. It is generally used standal one among patients
with mild to moderate pain but used jointly with medications for patients with
moderate to severe pain. It is non-invasive, inexpensive, safe and easy to apply. Its
purpose is to stimulate nerves to decrease transmission of painful stimulation (M. 1.
Johnson & Bjordal, 2011).

There are two types of TENS techniques that are generally used ;

e Conventional TENS: In this technique, high frequency and low intensity
electrical nerve stimulation is applied to patients. It causes a strong and non-
painful TENS sensation. This type of stimulation does not trigger muscle
contraction on the painful region in body.

e Acupunctrure-like TENS: This technique uses low frequency and high
intensity electrical nerve stimulation that causes non-painful muscle
contractions in the painful region of the body.

Conventional TENS is the most commonly used technique for treatment at the site of
pain. Only extra-ordinary conditions might require application of Acupuncture-like
TENS such as change in skin sengitivity, widespread or multi-regional pain or
availability of pain in deep structures (M. Johnson, 2014).

For conventional TENS, strong electrical stimulation is quite important (Moran et al.,
2011). By considering the “gate control theory” mechanism, AP fibers that are also
known as “large nerve fibers’ are activated by using TENS and A and C-fibers that
are dso known as “small nerve fibers’ that carry nociceptive stimulus to brain
regions.

Conventional TENS analgesic effect is shown in Figure 11. Nociceptive activity in
Ad and C fibers causes a triggering effect of interneurons in substantia gelationosa
(SG) in spinal cord. This effect appears via neurotransmitters substance P (SP) or
vasoactive intestinal peptide (VIP). Central nociceptor transmission T neurons
excites somatosensory cortex of brain via spinoreticular and spinothalamic pathway.
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In contrast, TENS stimulation in A fibers cause an inhibitory activity in SG and T
cells via the secretion of gamma amino butyric acid (GABA). Paraesthesia related
with TENS s produced by stimulus going through to the brain by dorsal columns.

Paraesthesia |
A iB
g i3
Conventional % “é
TENS = iR
G
8 _—8
_ L
AB fibres E
@ 5
GABA a
Nociceptor | - ye
activity SP @ )@
As&Cfibres VIP @~ @
Spinal cord

Figure 11. Neurophysiology of Conventional TENS analgesia
(Mark 1. Johnson, 2001).

TENS application is performed by an adjustable pulse generator and conducting
pads. One of these pads is used as anode and the other is used as cathode. Cathode
directly stimulates the axon. This pad is directly placed to the proximal of the anode
to not to block nerve transmission caused by hyperpolarization shown in Figure 12.
When positive or negative direct current (DC) is applied, cathode directly triggers
the axon and the impulses carried by nerve move in both directions. This is called
depolarization of axon. Then, anode inhibits the axon to suppress nerve impulse.
Thisis called hyperpolarization of axon.
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Potentially blocked by
hyperpolarisation

<«—— Nerve impulse —>»

Figure 12. TENS application onto skin and stimulation of nerve fibre
(Mark 1. Johnson, 2001).

2.10. TENS Effects Based Functional Neuroimaging Studies

Despite the uncertainty of the exact mechanism of TENS, it is a widely known pain
treatment and relief method. There are few neuroimaging studies that focus on
demonstrating treatment effects of TENS. One of these studies investigates the effect
of TENS in Carpal Tunnel Syndrome (CTS) patients by using fMRI (Kara et dl.,
2010). In this double blind randomized placebo-controlled study, it was amed to
observe the effects of TENS by using fMRI in CTS patients. 20 Female patients were
randomly grouped into groups. One of these groups (n=10) received TENS and the
other group (n=10) received sham-TENS treatment. For both groups, first an initial
fMRI scan was carried out by stimulation of digits 2, 5 and 3. After that TENS was
applied to the treatment group and sham-TENS was applied to placebo group. Then a
second fMRI session was carried out after 20 minutes. 2™ finger stimulation fMRI
scan started on 20™ minute, 5 finger stimulation fMRI scan started on 25™ minute
and 3" finger stimulation fMRI scan started on the 30™ minute. fMRI activations
were analyzed between TENS and sham-TENS groups. Results showed that TENS
treatment caused a BOLD response decrease significantly for digit 2 in Sll,
ipsilateral M1, contralateral SMA, contralateral parahippocampal gyrus, contralateral
lingual gyrus and bilateral STG. 25™ and 30™ min scans for digit 5 were observed
similar between groups. After the TENS treatment, significant BOLD response
decrease was observed in contralateral M1 and contralateral SMA 30 to 35 minutes
for digit 3. This study supports the effectiveness of TENS treatment by showing that
in pain-related regions, stimulation of fingers which median nerve directly innervates
causes adecrease in the BOLD signal, valid up to 35 minutes after treatment.

Another study by Klingner and his colleagues showed that ipsilateral brain activity is
effective for somatosensation (Klingner et a., 2011). In this study, 12 hedthy
subjects were stimulated by electrica median nerve stimulation using block and
event-related design. The data was analyzed by data-driven (ICA) and model-driven
(GLM) methods considering both negative and positive BOLD responses. Results of
both analysis methods showed that negative BOLD responses were observed??? in
ipsilateral Sl, insula, SMA, dorsal PCC and contralateral cerebellum. Also, negative
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BOLD activation shows a delay of 2.4 sec and peak delay of 0.7 sec which may be
related to different physiological basis of positive BOLD responses.

Another important by Kocyigit and her colleagues aimed to observe the effectiveness
of TENS in subacromia impingement syndrome (SIS) (Kocyigit et a., 2012). 20 SIS
patients attended this study and randomized into low-frequency TENS and sham-
TENS groups. In this study, nociceptive stimuli were applied during fMRI scans
before and after treatment. 10 ROI that were published to act in pain processing,
were selected and analyzed in both hemispheres. Pain intensity was evaluated by
VAS. Results demonstrated that low frequency TENS group gave significantly less
VAS scores compared with sham-TENS group. Also, TENS group showed
significant BOLD response decrease in Sl, bilateral caudal ACC, and ipsilateral
SMA. Significant correlation was found between VAS scores and activity changesin
contralateral thalamus, PFC and ipsilateral PPC. Sham-TENS group did not show a
significant change in VAS scores and activities in pain related regions. This study
suggests that low frequency TENS may affect affective and motor aspects of pain
perception.

TENS treatment literature does not only consist of fMRI based studies but aso
electrophysiological ones. Vassal and his colleagues analyzed TENS effect on
nociceptive brain responses and pain processing on brain (Vassal et a., 2013). In this
study, nociceptive laser pulses were applied onto dorsum of both feet of 20 healthy
subjects. Laser evoked potentials (LEPs) and pain thresholds were acquired in 3
respective conditions. These are sham-TENS (2 Hz/ low intensity) onto left thigh,
TENS (120 Hz / low-intensity) onto peroneal nerve and sham-TENS as replication of
first condition. Results suggest that TENS condition shows a reduction in LEPs
amplitude when TENS stimulation was performed ipsilaterally to the stimulation
site. Pain threshold increase were observed in both limbs after TENS and sham-
TENS sessions. However, TENS condition related amplitude increase was
significantly greater than 3" condition of TENS on the foot ipsilateral to TENS. This
study shows that, high frequency and low intensity TENS caused a significant
weakening effect on pain sensation and L EPs caused by painful stimuli.

Another TENS cooperated pain inhibition study was published by Choi and his
colleagues (Choi et al., 2015). In this study, it was hypothesized that pain sensation
caused by painful stimuli, hemodynamic responses, temporal summation and
functiona connectivity are weakened by TENS. Also pain relief is different between
men and women. Pain only and pain + TENS conditions were applied to 24 healthy
controls (12 men and 12 women). In pain only condition, nociceptive stimuli were
delivered without applying TENS. In pain + TENS condition, nociceptive stimuli
and TENS application were carried out simultaneously. TENS intensity that causes
disturbance was applied to participants below a determined threshold. TENS
intensity was applied in an increasing trend to overcome temporal summation from
painful stimuli delivered in a repetitive order. Results show that ratings collected
after the application of pain-only condition were significantly greater than ratings of
pain + TENS condition. SI, SII and parietal cortices were found active with non-
painful TENS stimulation. TENS augmented PAG and latera PFC functional

27



connectivity. Women gave higher pain ratings than men during TENS and showed
higher activation in TPJ and augmented PAG functional connectivity with the OFC.
This study showed that, TENS is effective in pain reduction because of activation in
the descending pain inhibition pathway. This indicates that TENS can be applicable
inclinics.

2.11. TENSEffect on Fibromyalgia Syndrome

TENS effect on FM patients was investigated in small sample sizes in severa
studies. In general, according to the literature there is a common agreement about
significant pain relief effect dueto TENSin FM syndrome.

For example, Lofgren and her colleagues carried out this study over 32 FM patients
(Lofgren & Norrbrink, 2009). Patients were randomly divided into two groups. One
group of patients treated themselves via applying 42 °C superficial warmth and
others applied TENS themselves. After 3 weeks they are required to give pain rating
after each treatment and are asked about their treatment preference. Results suggest
that there was no difference between two treatment modes for pain relief levels.
Patients that used warmth therapy changed their median pain rating from 77.5 to
62.5. Other group changed their median pain rating from 80 to 62.5. 17 of 32 patients
chose warmth therapy, 10 of them chose TENS. According to results of these
treatment methods, pain reduction was observed in both methods.

Carbonario and his colleagues carried out another study over 28 women with FM
(Carbonario et a., 2013). In this study, all participants attended 8-week aerobic
exercises program and half of the participants took TENS treatment in addition to
this program. Also the participants gave pain intensity by using visual analogue scale
(VAYS). Results show that TENS group performed a decrease in pain relatively non-
TENS group.

Lauretti and her colleagues, applied two TENS systems at the lower back and the
region between C7 and T1 vertebral regions simultaneously to FM patients (Lauretti
et a., 2013). 39 patients attended to this study and were divided into three groups;
placebo group, single active TENS group and double active TENS group. Single
active TENS was applied to worst area of pain chosen between these two regions.
Double active was applied both regions. Also, diclofenac was given to patients as
analgesic. Among these groups, placebo group reported no pain reduction compared
with previous VAS pain score. Single TENS group patients reported reduction of
2.5cmin VAS rating (drop from 8.5 to 6) and DTG patients reported reduction of 4.2
cmin VAS score (drop from 8.5 to 4.3 cm). There was areduction in analgesic tabl et
usage in both single TENS group and double TENS group. Among groups amount of
analgesiawith quality of sleep and disposition was ordered as follows: Double TENS
group >Single TENS group >Placebo group. TENS system was found effective and
useful subjectively.

Among these studies, the greatest number of participants is 66 FM patients that
attended the study of Mutlu and her colleagues (Mutlu et al., 2013). In this study,
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TENS effect with exercise was investigated over 66 women FM patients similar to
Carbonario’s study. They were treated after dividing into two groups randomly. Both
groups were admitted into an exercise program for 12 weeks. In addition to exercise
program, first group had also been treated via TENS during the first 3 weeks since
the study began. Number of tender points, myalgic pain score, FIQ and short form-36
evaluations were done after the end of 3" and 12" weeks. According to the results of
these evaluations, both groups showed important progress in these evauations.
Progress in myalgic pain score was significantly greater than in the first group
(p=0.01) at the 3 week. But there was no significant difference at the end of 12"
week (p=0.87). According to these results, exercise program was effective to treat
myalgic pain and quality of life for women with FM. Exercising and TENS
application can be effective to relieve pain for treatment of FM.

2.12. Handednessand Its Effect on Pain Sensitivity

Handedness or hand dominancy is an active research area in pain perception studies.
There is no common agreement about the effect of handedness on pain perception.
Some studies show that pain perception is different between hands (Chandramouli et
al., 1993; Friedli et al., 1987; Ozcan et al., 2004; Pauli et a., 1999). Some does not
agree about this difference (Neri & Agazzani, 1984; Newton & Mumford, 1972; Pud
et a., 2009; Taylor et a., 1993). However if there is a difference between hands,
non-dominant hand shows a higher sensitivity to nociceptive stimulus (Brennum et
a., 1989; Buchanan & Midgley, 1987; R. Jensen et al., 1992; Murray & Safferstone,
1970; Petersen et a., 1992; Sarlani et a., 2003; Schiff & Gagliese, 1994). This
conflict shows that while analyzing pain perception on either psychophysical studies
or neuroimaging studies, handedness effect should be considered as effective factor.
Moreover, some studies shows that pain threshold measured by a pressure algometer
is greater in dominant hand than non-dominant hand of right-hand dominant
participants (Brennum et al., 1989; Buchanan & Midgley, 1987; R. Jensen et 4.,
1992; Ozcan et a., 2004; Pauli et a., 1999; Petersen et a., 1992; Pud et al., 2009).
When pressure pain threshold results show consistency about effect of laterality, on
the other hand other types of stimulus such as heat (Bingel et al., 2003; Coghill et al.,
2001; Long, 1994; Sarlani et al., 2003; Taylor et a., 1993), mechanica stimulation
(Greenspan & McGillis, 1994) or electrical stimulation (Friedli et al., 1987; Neri &
Agazzani, 1984; Newton & Mumford, 1972) does not give consistent results.

2.13. Functional Neuroimaging of Hand Preferencein Pain Perception

There are severa neuroimaging studies that include painful stimulation to both hands
(Bingel et al., 2002, 2003; J. C. Brooks et al., 2002; Symonds et al., 2006).These
studies were performed by using noxious laser(Bingel et al., 2002, 2003), electrical
(Symonds et al., 2006) and heat stimulation (J. C. Brooks et al., 2002). Results of
these studies showed that, there is bilateral activation and contralateral bias in Sl,
Sl, insula and thalamus (Bingel et a., 2003; J. C. Brooks et a., 2002) and also
motor output related structures such as putamen and cerebellum (Bingel et al., 2002).
Also, these studies suggested pain processing was strongly lateralized to the right
hemisphere especialy in MFG, ACC, IFG, medial / superior FG and IPL (Symonds
et a., 2006).
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In addition to these results, a meta-analysis was performed by using activation
likelihood estimate (ALE) method (Duerden & Albanese, 2013). In this meta
anaysis, hemispheric lateralization of pain perception was analyzed by comparing
two groups of studies on right hand and left hand stimulation. Results showed that
without considering the left or right stimulation, insular cortex and right ACC
showed the most significant probabilistic values which is generally observed in
severa pain studies (see review (Apkarian et al., 2005)). For left-side stimulation,
likelihood of activation were found significant in right SI, MI, PPC and SFG and |eft
SI, ACC, MI, IPL and MFG for right-side stimulation. Likelihood of activation in
ipsilateral side was found significant in mid-brain for left-side stimulation. For right
side stimulation, ACC, IPL and MFG showed the significant likelihood activation.

2.14. Classification of Fibromyalgia by Using Machine L earning

Classification of FM and healthy controls was performed using resting state
functiona (Sundermann et al., 2014) and structural MRI (Robinson et a., 2015) data.
These studies indicated that accuracy of resting state functional data was found up to
%73.5 by using support vector clustering and %53-76 accuracy was found for
structural data using different classification algorithms such as multilayer perceptron,
SVM, Naive Bayes, J8 etc. Robinson and his colleagues used structural
neuroimaging data obtained from 55 different regions and self report data including
mood and pain intensity from 26 (14 FM, 12 HC, Age- Gender matched) participants
was used in classification. Accuracy results of neural data based classification could
not outperform self-report based classification (Robinson et al., 2015). Self- report
data that includes mood and pain intensity, were used as input for classification. For
mood %96.17 and pain intensity %95.83 accuracies were found which are higher
than accuracies obtained from neuroimaging data (%76). Sundermann and his
colleagues used Resting state functional connectivity data obtained from 50
participants (17 FM, 16 RA, 17 HC). MVPA was used as extracting models to
discriminate SN and DMN. Highest accuracy result was %73.5 for FM vs HC
(Sundermann et al., 2014).

2.15. Motivation and Hypothesis

Our primary motivation to carry out this study is to observe the effects of TENS in
FM syndrome by using a recently popular functional neuroimaging method fNIRS.
TENS is generally used in pain relief and treatment of chronic pain patients. But its
hemodynamic features on FM patients are unknown. In this study, we aim to activate
Ad and C-fibers that carries nociceptive stimulus information by using painful
stimulus and block by activating AB fibers using TENS. We decided to compare the
resulting effects of TENS in the hemodynamic activity with the condition when
TENS was absent. Our expectation is to see a higher hemodynamic activity in the
“Pain only” condition than the “Pain + TENS’ condition. Because, we are expecting
TENS to decrease the activity during the application of painful stimuli.
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2.16. Research Questions

Our primary research question is “isthere apain relief effect of TENSin FM patients
while applying painful stimulus and can we observe this in the hemodynamic
activity?’. We also investigate whether we can observe a difference between FM
patients and healthy controls. Earlier, severa studies were carried out by fMRI to
understand the FM syndrome. But fMRI is an expensive method with low mobility
when compared with fNIRS, making its application in clinic difficult. Our
hypotheses for this research question are;

e Hypothesis 1. There exists a significant activity decrease in painful
stimulation with TENS compared to painful stimulation without TENS in
healthy controls. This activity decrease might reflect that TENS might block
painful stimulus transmission to that region by activating Ap fibers.

e Hypothesis 2: For FM patients, we are expecting to as in hypothesis 1.
Because several studies indicated that TENS treatment shows a significant
pain relief in these patients.

Hypotheses 1 and 2 are studied on both hands of strongly right-handed subjects.

Another important research question is “ Can we distinguish FM patients and healthy
controls using brain activity patterns during painful stimulation?’. Classification of
FM disease was generally carried out using self-reports such as pain thresholds,
mood information or structural neuroimaging (Robinson et al., 2015) and resting
state functional connectivity data (Sundermann et al., 2014). We are expecting to see
a higher accuracy using functional neuroimaging data collected after our painful
stimulation experiment.

Hypothesis 3: Classification accuracy between then FM and HC groups will be larger

than 80 %. For this purpose, we performed classification for every channel in order
to understand which channels discriminate the FM patients and healthy controls.
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CHAPTER 3

METHODOLOGY

Ankara University Faculty of Medicine Ethical Review Board committee approved
our study and we were allowed to carry out this study using the fNIRS system at the
Ankara University Brain Research and Application Center (AUBAUM). Ethical
Board Approval isprovided in APPENDIX A.

3.1.Data Collection Before The Experiment

All participants signed written informed consent shown in APPENDIX B. Before the
experiment, the subjects filled Beck Depression Inventory (BDI), and Edinburgh
Handedness Inventory (EHI). For patients Fibromyalgia Impact Questionnaire (FIQ)
is also filled. For female participants, menstruation cycle information was aso
collected. The subjects were told that they will feel experimental pain in their thumbs
and they can stop participating in the study during any part of procedure. Pain
threshold values were collected for both thumbs by using electronic Von Frey (eVF)
anesthesometer. For patients, number of tender points (TP) was measured by
medical experts (M.K & A.B).

This information, as well as pain ratings during the experiment were recorded to
“Participant Information and fNIRS Experiment Report Form” shown in APPENDIX
C.

3.1.1. Beck Depression Inventory

Beck Depression Inventory (BDI) is aself-report inventory that includes 21 multiple-
choice questions for determination of severity of depression (Beck & Beamesderfer,
1974). Subjects are required to fill this inventory according to their mood in past two
weeks including the day they fill this inventory. Every question in this inventory
correspond to the 21 different symptoms of depression including sadness, pessimism,
past failure, loss of pleasure, guilty feelings etc.

BDI score is the sum of all scores over the 21 questions. According to the score
ranges of BDI, after the revision in 1996 (Beck et al., 1996), severity of depression is
categorized as;

0-13 isminimal depression.
14-19 ismild depression.
20-28 is moderate depression.
29-63 is severe depression.
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3.1.2. Fibromyalgia Impact Questionnaire

Fibromyalgia Impact Questionnaire (FIQ) (Burckhardt et a., 1991), is a measure to
observe the general health of FM patients for clinical and research purposes.
Burckhardt and her colleagues (1991) developed FIQ by considering the information
taken from patient reports, functional status of patients and clinical investigations.
FIQ measures the effects on FM in daily life activities, depression, anxiety, pain,
stiffness and fatigue.

FIQ includes 20 questions, first 11 questions are related with physical impairment.
12" question is about physical and psychological mood of patient in the past week.
13" question is related with missing work due to FM. 14-20" questions are related
with pain, fatigue, rested, stiffness, anxiety and depression respectively. Evaluation
of this questionnaireis as follows.

e First 11 questions have a score range between 0-4 (0 - aways, 1 —-most, 2-
occasionaly, 3- never, 4- | don’'t). Among these questions, sum of al scores
of questions except for answers “4- | don’'t” are considered and averaged and
the result is multiplied with 3.33. For example, if a participant doesn’t do 2
activities among 11 activities, the sum of scoresisdivided into 9.

e For 12" question, the result is found by subtracting the score from 7 and (e.g.
if the score is 3 days. The answer of this question is 7-3=4)

e Score of 13" question is multiplied with 1.43.

e Scoresof questions from 14-20 are directly considered without any additional
operation.

e Sum of all scoresgivesusfina FIQ score.

3.1.3. Edinburgh Handedness Inventory

Edinburgh Handedness Inventory (EHI) is used to determine the dominance of a
person’s hand during carrying out daily activities. It was developed by Oldfield in
1971 (Oldfield, 1971). In this inventory, there are 12 questions. 10 of this 12
guestions are directly associated with hand preference and last two questions are
related foot and eye preference. First 10 questions ask the hand preference while
writing, drawing, throwing, using scissors, knife, spoon, broom and toothbrush,
striking a match and opening alid.

3.1.4. Quantitative Sensory Testing

For our painful stimuli experiment, we obtained individual pain thresholds for every

participant. To obtain this value we applied Quantitative Sensory Testing (QST)

method. In this method, stimulus is applied to the participant unless he/she gives a

verbal sign to show their pain feelings. There are several types of measuring this

value such as Staircase method, 4-2-1 Stepping algorithm, Multiple Random
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Staircase method (see review (Yarnitsky, 1997)). We used electronic Von Frey
anesthesometer (eVF) (Ugo Basile Co., Varese, Italy) to carry this out. eVF is an
precise and accurate method for measuring pressure pain threshold that has a
standard usage to measure pain threshold that is mentioned in several studies
(Ambalavanar et al., 2006; KuKanich et a., 2005; Tena et al., 2012; Vivancos et al.,
2004). The eVF pressure pin has a 0.5 mm diameter and the measurement range of
systemis 1 to 1000 gram force with 0.1 gram force increments.

In this method, while the stimulation was being applied in linearly increasing
intensity trend, participants gave the verbal sign when the stimulation caused an
unpleasant feeling. This procedure was applied five times in order to obtain an
accurate threshold value. The mean result of five measurements was considered as
individual pain threshold value. Between every measurement, there is a 20 second
interval to prevent habituation. Instead of a discrete measurement, continuous
measurement gives a higher resolution of response to painful stimuli.

All measurements were taken from the dip joint between distal and proximal phalanx
as shown in Figure 13. This region does not include a fatty area. Measurements from

distal phalanx can vary and causes extreme results due to tissue flexibility. In Figure
14. it is shown that branch of median nerveis close to skinin dip joint.

il

Figure 13. Location of painful stimuli application onto the thumb.
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ligament

Median nerve

Figure 14. Median Nerve and its branches.
Inthisfigureit isclear that our application points onto the thumb corresponds to the path
that median nerve passes. (Hochberg et al., 2010)

3.2.Participants

3.2.1. Healthy Participants

17 hedlthy controls attended our study (15 female and 2 male participants; age: 36,2
+ 9,01, BDI score: 9,17 = 8,78, education years. 16,7 + 7,85). The incluson and
exclusion criteriawere as follows.

Subject inclusion Criteria: Subjects with ages between 20-49, right hand dominant,
no ongoing psychiatric or physical disorder.

Subject exclusion Criteria: Participants with psychiatric or nervous system disorder
or other significant clinical conditions that cause chronic pain.

Some participants were disqualified during the setup because of excessive amount of
hair which prohibited fNIRS signal collection.

3.2.2. Fibromyalgia Patients
19 FM patients attended (17 female and 2 male participants; age: 37,7 = 5,86, BDI

score: 19,63 £+ 10,05, education years: 11,21 + 6,07, FIQ : 61,31+ 13,88, TP: 1342 +
2, Duration of illness: 4,32 + 5,93).
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All methods and procedure were explained in details.

They will feel experimental pain in their thumbs.

Neither fNIRS system nor experimental pain will be harmful for them.
They will give up participating study in any part of procedure.

Inclusion Criteria: Participants with age between 20-49 years, right handed, having
more than 11 tender points for at least 3 months according to the ACR criteria
(Wolfe et al., 1990) were included in this study.

Exclusion Criteria: Participants with psychiatric or nervous system disorder and that
have other significant clinical conditions and who were taking their medications less
than 12 hours ago, were excluded. Some patients were excluded from study because
of less gain caused by excessive amount of hair while setting up probes.

3.3. Experiment Flow

After setting up 24-channel fNIRS cap to all participants, TENS stimulation and
painful stimulation experiment were performed respectively to right and left hand.

3.3.1. Channd Positioning by EEG 10-20 System

fNIRS scans were carried out Using Hitachi ETG 4000 Continuous Wave Near
Infrared Spectroscopy system. In this system 680 and 830 nm of near infrared
wavelengths are used to observe the hemodynamic activity by considering Acygo2
and Acy . Sampling frequency is 10 Hz. Optical light is sent to the head surface viaa
source optode and captured by a detector optode attached to a cap or grid. Optical
light signals are converted to Acypg, and Acy by using Modified Beer Lambert
Law (Cope & Delpy, 1988).

To maximize spatial accuracy, we utilized the EEG 10-20 electrode positioning
system (Jasper, 1958) to position the source and detectors on to the head surface. In
Figure 15. this system is shown in detail. In this positioning system, half of the
distance from nasion to inion (Nz-1z) corresponds to the channel Cz. After defining
the position of Cz, we set the 3 x 3 probe holders for both hemispheres over the line
of right ear and left ear.
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Figure 15. 10-20 System over the scalp from axial and sagittal view.

Distance is divided over 100 and 30 % from left tragus to right tragus corresponds to the C3
and opposite direction provides us to reach C4. 50 % of Nasion to Inion distance gives us Cz.
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