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Introduction

Itch

Itch or pruritus is defined as the unpleasant sensation which induces the urge to scratch (Misery and Ständer, 2016;Misery et al., 2014;Yosipovitch et al., 2003). As often stated, it is the most frequent symptom of dermatological diseases, but it is not restricted to them and a plethora of other diseases can generate this unpleasant symptom too (Carstens and Akiyama, 2014). Itch is among the most common sensations, such that in a given week almost one-third of the global population experiences it (Dalgard et al., 2007;Misery et al., 2012). Itch can dramatically reduce the quality of life and can cause mental distress (Halvorsen et al., 2009), and there are even some studies demonstrating a relationship between itch and suicidal ideation (Halvorsen et al., 2012). There are two main ways for researchers who study itch. The first one focuses on the skin, while the second focuses on the central mechanisms and how our brain perceives the itch.

The closest phenomenon to the itch is the pain. Although itch was previously considered as corresponding to low-level activation in nociceptors (von Frey, 1922;Misery and Ständer, 2016;[START_REF] Yosipovitch | Itch: Basic Mechanisms and Therapy[END_REF], this theory called intensity theory has been proven to be wrong (Misery and Ständer, 2016). Nowadays several independent research teams have demonstrated that itch is different from pain and that there are, at least, two specific pathways dedicated to itch. The first pathway is known to respond to histamine while the second responds to cowhage (Mucuna pruriens) (Misery and Ständer, 2016). Nonetheless, there are many similarities between pain and itch, especially regarding their central mechanisms. If we keep in mind that they are different mechanisms, the vast literature about the central processing of pain can be helpful in understanding itch central processing but not near enough to shed light on every aspect of it. The number of studies investigating the central mechanism of itch is limited. This lack of studies could be traced back to a misconception regarding the importance of itch and problems in designing a fMRI studying itch.

As it was mentioned before, itch is defined as an unpleasant sensation which urges us to scratch. Itch sensation usually emanates at the dermo-epidermal junction of the skin, by activation of the nerve fibers which are present in this region. Removing the epidermis would damage these neurons therefore eliminate the pruritus. Interestingly in contrast to that, inflammation of the reticular dermis (the lower layer of the dermis) or the hypodermis would cause pain and not itch (Misery et al., 2014). Over all, itch is limited to the surface of the body including skin, cornea, and other mucosal surfaces and it cannot arose from any internal organ (Akiyama and Carstens, 2013).

Reasons for itchy inflammatory dermatoses involving the superficial dermis and the epidermis, like atopic dermatitis or psoriasis, can be traced back to an increase in the number of free nerve endings in these areas (Misery et al., 2014).

There are many pruritogens which can induce itch. These mediators include endogenous pruritogens which can be produced by neurons as well as non-neuronal cells, like keratinocytes and immune cells, along with exogenous pruritogens from the external environment. Among these pruritogens, histamine and cowhage are known to activate the two itch transmission pathways. While histamine will activate the H1-4 receptor and its corresponding pathway, cowhage will stimulate the PAR 2/4 receptors leading to a different pathway activation (Misery and Ständer, 2016). Activation of the primary sensory afferents would lead to activation of the secondary sensory neurons in the spinal dorsal horn. The primary sensory neurons which transmit the itch from epidermis can be sub-divided into two groups as mentioned before. The mechanosensitive itch transmitting C-fibers are mostly activated by cowhage and not histamine. In contrast, the mechanic-insensitive C-fibers are primarily responsible for transmitting histamine-induced itch. Beside these C-fibers, itch transmitting mechanosensitive Aδ-fibers are more responsive to cowhage, though there is a small subgroup which is more responsive to histamine (Johanek et al., 2008;Namer et al., 2008;Ringkamp et al., 2011). Furthermore, spinothalamic tract (STT) transmits the itch signals to the thalamus.

Central mechanisms of itch

After transmission of itch signal to the brain, thalamus dispatches it into all the itch matrix. The reason that we are calling it itch matrix is the fact that, like its counterpart "pain", there is no region that specifically encodes itch. We would briefly explore the important elements of this itch matrix. Primary somatosensory cortex (SI) and secondary somatosensory cortex (SII) are among the regions that activate during the most itch stimulus (Desbordes et al., 2014;Drzezga et al., 2001;Papoiu et al., 2015;Vierow et al., 2015). In the pain studies it is shown that these regions play a crucial role in the encoding of the place and intensity of itch and pain (Mochizuki and Kakigi, 2015;Xiang et al., 2018). Based on pain studies (Timmermann et al., 2001;Dong et al., 1989Dong et al., , 1994;;Bornhövd et al., 2002;Frot et al., 2007) some researchers suggest that the activity in the SI have a linear relationship with itch intensity and the activity in the SII have sigmoid function (Sshape function) with itch intensity (Mochizuki and Kakigi, 2015). Another region that play an important role in itch processing is the motor cortex (including but not limited to supplementary motor area (SMA), premotor cortex (PM) and primary motor cortex (MI)), which is especially involved in the scratching. We should mention that in most studies subjects' movements were restricted and the subjects were not allowed to scratch; even with these restrictions some studies have observed activation in motor regions (Ishiuji et al., 2009;Pfab et al., 2010;van de Sand et al., 2018;Schut et al., 2017). This is due to the fact that even imagining an action can activate the motor cortex in anticipation of it (Lacourse et al., 2005;Szameitat et al., 2007).Another region which is involved in the itch perception is insular cortex. Insular cortex (IC) can be divided into two parts: posterior and anterior part. Posterior insular cortex (pIC) receives sensory signals through spinothalamic tract (STT) (Dum et al., 2009), therefore same as pain (Fenton et al., 2015), its activity is one of the earliest in conscious nociception and pruriception. Unlike pIC the anterior insular cortex (aIC) has been shown to be involved in subjective itch sensation, unpleasantness of itch or regulate amount of attention resources that is allocating to itch (Fenton et al., 2015;Herde et al., 2007;Leknes et al., 2007;Mochizuki et al., 2007Mochizuki et al., , 2016;;Papoiu et al., 2012). The cingulate cortex is divided into three main regions: the anterior cingulate cortex (ACC), midcingulate cortex (MCC), and posterior cingulate cortex (PCC). It is generally accepted that in the pain matrix ACC is involved in the affective experience of the pain while MCC and PCC are responsible for cognitive aspect of pain (Fenton et al., 2015;Xiang et al., 2018). In the itch studies, all three of these regions have been reported to be involved, reference to the ACC seems to be more prevalent (Kleyn et al., 2012;Mochizuki et al., 2014Mochizuki et al., , 2015;;Papoiu et al., 2014;Vierow et al., 2015). It is believed that cingulate cortex is involved with cognition or evaluation of itch or maybe the urge to scratch (Mochizuki et al., 2016).

Itch induction

In this chapter we would discuss the main methods that the researchers use in order to induce itch. We would discuss advantages and disadvantages of each of them briefly.

Histamine

Histamine is a nitrogenous substance that plays an important role in itch. In the skin, it is produced mainly by mast cells. It can directly activate histamine type 1 receptors (H1) on itch-specific fibers, therefore intradermal injection of it can produce itch sensation. Histamine-induced itch has some specific characteristics. Itchiness begins 30-45 s after injection and gets to its peak after 2 min, afterward it decreases to the baseline. Histamine-induced itch is associated with a wheal which develops 8 min after application and a surrounding flare. The wheal is a direct response of H1 receptors to histamine, while the flare is caused by the indirect effect of histamine at increasing vasoactive substances. These two symptoms are specific to histamine-induced itch and don't exist in another type of itch stimulus (Misery and Ständer, 2016;Twycross et al., 2003).

Histamine is the key moderator for itch in most forms of urticarial, insect bites reactions, cutaneous mastocytosis and drug-induced rashes. These conditions cause an increase in histamine levels and this increase would induce itch.

Until recently histamine was considered as the gold standard in the study of itch and was used in the majority of studies in order to induce itch; to do so histamine should be delivered to the nerve ending present in the dermo-epidemal junction. This can be done by three main methods: skin pricking, iontophoresis and microdialysis. In skin pricking method, a needle transfers the histamine to the dermo-epidemal junction, while in the iontophoresis an electrical current transfers the already ionized histamine molecules. In the microdialysis, microdialysis fibers inserted intracutaneously into the skin.

Non-histaminergic itch

Although histamine-induced itch is really important and well-studied, it is not the most suitable model for pathologies with pruritus since most of them don't respond to antihistamines. Newer studies suggest that non-histaminic pruritus is a better model to study chronic pruritus. Among them cowhage-induced itch seems to be the most dominant one. Cowhage (Mucuna pruriens) is a tropical plant native to tropical parts of Asia and Africa, which can induce an intensive itch accompanied with pricking, stinging, and burning sensations in humans, rodents, carnivores and primates (Davidson et al., 2007;Johanek et al., 2007Johanek et al., , 2008;;Ma et al., 2012;Namer et al., 2008;Ringkamp et al., 2011;Shelley and Arthur, 1955a;Sikand et al., 2009;Tuckett and Wei, 1987).

Cowhage spicules rubbed against skin would cause release of mucunain, a cysteine protease which, in place, would be absorbed by nerve endings of primary neurons in the epidermis, hence activating protease-activated receptors (PAR) 2 and 4, therefore induces itch sensation (Reddy et al., 2008;Shelley andArthur, 1955a, 1955b).

Physically-induced itch

There are two physical stimuli which can experimentally induce itch. The advantage of these methods could be that they are more standardized and repeatable than the chemical stimulus, though they are somehow subject-dependable. The first method is to use electrical currents in order to induce itch. Ikoma et al. (2005) suggested that a low intensity, high frequency transcutaneous electrical stimulation, using a localized electrode can induce an itch without axon flare. Based on their results a most effective stimulus is a pulse train with a frequency of 50 Hz and pulse duration of 2ms. Mochizuki et al. (2008) have examined the electrically induced itch using electroencephalography (EEG) and concluded that electrically-induced itch is associated with Cfibers. Nevertheless, it should be mentioned that, due to similar nature and relationship of pain and itch, this method could have disappointing results or even have the inverse effect. Nilsson et al. (1997) have shown that a pulse train with a frequency of 4Hz and pulse duration of 1ms can be used to inhibit itch.

Another method to physically induce itch is to use mechanical stimulus. Mechanically evoked itch is a known phenomenon, particularly in chronic pruritus such as atopic dermatitis (Andersen et al., 2017). Healthy subjects can experience mechanical itch by contacting wool fibers to the skin (Wahlgren et al., 1991). Fukuoka et al. (2013) have shown that a vibratory stimulation of human face can induce a flare and painless itch.

Contagious itch (audio-visual itch)

Another experimentally induced itch is the audiovisual itch. Although we observe mentallyinduced it in our daily lives, it is understudied. Contagious itch is a very interesting concept because it can help to study pathologies without any injection or exposing subjects to any material and give clues for the treatment of the pruritus. The exact mechanisms behind this, are poorly known but it is suggested that, it is closely related to socially contagious behaviors like yawning, and it might be correlated to empathy or maybe "mirror neurons" play a role in it. Niemeier et al. (2000) observed that a lecture about itch can induce itch. Ward et al. (2013) showed that the location of the itch and scratch has no relation to the location of the stimulus in the video, contrary to pain (Osborn and Derbyshire, 2010) and touch (Banissy et al., 2009). Yu et al. (2017) have reported contagious itch in mice and Finneran et al. (2013) have observed this behavior in primates.

The fact that contagious itch exists in rodents and primates is in favor of the "mirror neuron" theory but the finding of Ward et al. (2013) supports another option, therefore most probably both of them play a role in contagious itch. Ward et al. (2013) have observed that there is no correlation between the scratching area shown in the video and the itch induced by it. This is in contrast to the mirror neurons response which is highly body location (Wheaton et al., 2004) and context dependent (Iacoboni et al., 2005), meaning by changing the body part or the context that subjects are watching the response changes.

Another interesting fact about audiovisual itch is that it seems that patients with some diseases are more susceptible to contagious itch than others. Schut et al. (Schut et al., 2014) have shown that atopic dermatitis patients are more sensitive to audiovisual itch than a healthy control group, but in another study, Schut et al. (Schut et al., 2015a) didn't observe any difference between psoriasis patients and healthy controls. In both of the studies, the video was effective.

Pain

Pain and itch have a very complex relationship. They have usually antagonistic interactions but they also have a surprisingly similar (but distinctive) central and peripheral activation patterns. Antagonistic relation of them is in the way that increase in pain would inhibit the itch sensation.

As mentioned before itch is defined as a sensation which urges us to scratch, pain can be defined in the same manner as the sensation which urges us to withdraw (nociceptive pain), although this definition is not inclusive enough (it doesn't include neuropathic pain).

Their degree of similarity is so much that some scholars previously classified itch as low-level activation of pain-sensitive neurons (von Frey, 1922), though recent studies reject this hypothesis (Misery et al., 2012;[START_REF] Yosipovitch | Itch: Basic Mechanisms and Therapy[END_REF]. The newer theories suggest that there is an itchspecific population of neurons which transmits just itch. This is supported by the fact that, deactivation of specific neurons (NPRA + and GRPR + neurons) in the spinal cord, or (MrgprA3 + ) in primary sensory neurons of mice would change their scratching behaviors with little to no effect on their response to nociceptors [START_REF] Han | A subpopulation of nociceptors specifically linked to itch[END_REF][START_REF] Mishra | The Cells and Circuitry for Itch Responses in Mice[END_REF][START_REF] Sun | A gastrin-releasing peptide receptor mediates the itch sensation in the spinal cord[END_REF]. This supports the fact that there exists an itch-specific line, which transmits itch signals from skin to spinal cord. However, some subsets of neurons are both pruriceptors and nociceptors (Johanek et al., 2008;Namer et al., 2008). Another hypothesis which has been proposed to overcome this problem is called "population coding", which is an extension of the "labeled line hypothesis" discussed before with added condition that these lines are not independent (Akiyama et al., 2009;Ma, 2010).

It is a well-known fact that pain inhibits itch (Misery et al., 2014), this inhibition is not restricted to a certain type of pain and stimulations with thermal, mechanical, and chemical pain can also inhibit itch [START_REF] Ward | A comparison of the effects of noxious and innocuous counterstimuli on experimentally induced itch and pain[END_REF]. The electrical pain can inhibit itch even hours after the stimulation and an itch sensation can be inhibited by a painful stimulation in an area at least 10 cm away (Nilsson et al., 1997). Beside that electrically induced pain doesn't affect flare induced by histamine administration (Nilsson et al., 1997[START_REF] Nilsson | Profound inhibition of chronic itch induced by stimulation of thin cutaneous nerve fibres[END_REF]. The fact that a painful stimulus in order to inhibit an itch sensation doesn't need to share the location nor stimulation time with it, suggests that the inhibition of itch caused by pain is not happening in the skin but somewhere else in the central nervous system. Thought-provoking thing is that, the itch cannot inhibit the pain. This could be due to the evolutionary importance of the pain in comparison to itch.

Itch and pain have a relatively similar but distinctive representation in the central nervous system. Mochizuki et al. (2007), using cold-pain and iontophoresis of histamine to induce itch, have reported that posterior cingulate cortex (PCC) and posterior insular cortex (pIC) were statistically more active during itch condition compared to pain condition, while thalamus was more active during pain. They also observed the same activation patterns in the pre-supplementary motor area (Pre-SMA), anterior insular cortex (aIC), anterior cingulate cortex (ACC), and the basal ganglia. In another study; Mochizuki et al. (2013), using audiovisual itch and pain, observed no significant difference between itch and pain condition, and a co-activation pattern consisting of left prefrontal cortex, left aIC, left orbitofrontal cortex (OFC), left supplementary motor area (SMA), left striatum, bilateral thalamus, and bilateral cerebellum. With a further investigation of functional connectivity; they found that, although pain and itch share a common pattern of activation, connectivity values between these regions is different. Herde et al. (2007) have studied pain and itch using hot-pain and microdialysis of histamine. They have found similar activities for both pain and itch including clusters in prefrontal areas, SMA, premotor cortex, aIC, midcingulate cortex(MCC), SI, SII, thalamus, basal ganglia, and cerebellum. They observed that cerebellum was more active during the processing of the itch, and the pattern of activation in cingulate cortex and cerebellum was different between them. MCC activity in the itch located more frontal, and the cerebellum showed a wider spread activity in the itch.

Scratching

Scratching is the normal response to the itch sensation and can reduce itch. The main mechanism behind the relief caused by scratching is not known but some consider scratching as some form of painful stimulation, which is debatable. Scratching can be considered as a highly pleasurable and addictive behavior response (bin Saif et al., 2012). The relation between itch suppression and pleasure of scratching is not a straight forward one, and it changes based on the location and intensity of the itch (bin Saif et al., 2012). Itch and scratch can cause a positive feedback loop called itch-scratch cycle. This cycle is so disruptive that in some in some diseases like atopic dermatitis, scratching doesn't affect itchiness (Ishiuji et al., 2008). This cycle can cause repeated scratching which in turn would cause self-harming and reduce the quality of life of the patients (Rishe et al., 2008;Zschocke et al., 2000). Recent studies suggest that itch inhibition by scratching happens in central neuron system, both in spinal cord and brain. Davidson et al. (2009) have shown that scratching in primates can inhibit the itch sensation in the spinal cord but has no effect on the chemically induced pain (capsaicin). Akiyama et al. (2011) have shown that cold-block or complete transaction of the upper cervical spinal cord in the mice can weaken the inhibition of the itch caused by scratching by 30 and 50% respectively. These results yield to the fact that suppression of the itch in the spinal cord is caused by both a descending pathway and a segmentally-organized inhibitory network.

Studies of central mechanisms of scratching show that scratching without presence of itch would activate secondary somatosensory cortex, insular cortex, prefrontal cortex, inferior parietal lobe and cerebellum (Vierow et al., 2009;Yosipovitch et al., 2008), while scratching an itch also have activated putamen, part of the reward system (Vierow et al., 2009). Another fMRI study has shown that pleasant scratching evokes not only reward system (i.e., the striatum and midbrain) but also regions related to perception (i.e., the primary somatosensory cortex) and awareness of subjective feelings (i.e., the insular cortex), which implies that there is a wider network involved with pleasantness of scratching (Mochizuki et al., 2014). A further fMRI study on chronic itch patients, shows higher activity during scratching in patients compared to healthy controls in areas associated with motor control and motivation to act, including supplementary motor area, premotor cortex, primary motor cortex, and midcingulate cortex, besides the caudate as a part of the reward system (Mochizuki et al., 2015). According to these authors, this overactivity may be caused by addictive scratching and/or neural hypersensitization.

Itchy diseases

The perception of itch can be different between patients with chronic pruritus and healthy subjects. This difference can be a direct result of the diseases or traced back to the differences in the past experience of the subjects regarding itch and scratching. For example, subjects suffering from atopic dermatitis (AD) are more susceptible to audiovisual itch than healthy control group (Schut et al., 2014) while this is not the case with psoriasis patients (Schut et al., 2015a).

Recently, more and more studies were interested in the central mechanisms of itch in different diseases. Among these, we can name AD (Ishiuji et al., 2009;Leknes et al., 2007;Mochizuki et al., 2015;Napadow et al., 2015Napadow et al., , 2015;;Pfab et al., 2010;Schut et al., 2017), lichen simplex chronicus (Kim et al., 2015a), prurigo nodularis (Kim et al., 2015a), end-stage renal disease (Papoiu et al., 2014), primary biliary cholangitis (Mosher et al., 2017), diabetes (Li et al., 2018) and chronic spontaneous urticaria (Wang et al., 2018a[START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF]. Ishiuji et al. (2009) have studied AD and shown that changes in the brain activation of dlPFC and ACC were correlated with the Eczema Area extent and the Severity Index (EASI), while ACC and insular cortex showed correlation with induced itch. A more notable finding was that the itchinduced brain activation was statistically higher in patients in comparison to healthy controls in the PCC, precuneus, and the cuneus. Schneider et al. (2008) have observed higher brain activity in AD patients compared to healthy control in contralateral thalamus, ipsilateral pallidum and caudate.

Studies comparing patients with diabetic peripheral neuropathy with healthy volunteers have shown increase of activation during the baseline in somatosensory regions (i.e. contralateral rolandic operculum, lateral insular cortex, contralateral caudate nucleus, cingulate cortex, and frontal gyrus), and cognitive-related regions (lateral temporal lobe, contralateral hippocampus, contralateral fusiform gyrus) (Li et al., 2018). Interestingly they didn't report any difference in activation during the temperature modulation.

In a recent study of primary biliary cholangitis (PBC), Mosher et al. (2017) have shown decrease of the resting state functional connectivity of the sensorimotor and premotor right regions of the cortex with the amygdala and the hippocampus. Also itch severity had inverse relationship with resting state connectivity between the anterior cingulate cortex with the thalamus and the putamen.

Anterior cingulate cortex is believed to be involved in the affective aspect of the itch, and this decrease in the connectivity could mean that in PBC patients this network is interrupted.

Studies of end-stage renal disease (Papoiu et al., 2014) have shown that density of gray matter was higher in patients in comparison to healthy control group in amygdala, brain stem, thalamus, hippocampus, midcingulate cortex, ACC, and nucleus accumbens; while it was decreased in the prefrontal, temporal, parietal, and occipital cortices, as well as SI, SPL, insula, and claustrum. In the previous studies, all of these regions have been reported to play a role in the itch perception. Therefore, the increases and decreases in the gray matter density could traced back into disrupts in the itch perception network. While comparison of the perfusion maps -which is a measure of brain activity-during the baseline shows a higher perfusion in anterior cingulate cortex (ACC), bilateral insula, claustrum, secondary somatosensory area (SII), superior temporal gyrus, hippocampus, amygdala, and dentate gyrus. Papoiu et al. have also reported that the activity in SI and SII in the end-stage renal disease was inversely correlated with the itch intensity. This is an interesting founding as no other pathology have reported something similar feature. This could mean that the itch in ESRD is getting suppressed in the SI and SII. [START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF], have shown that the patients with chronic spontaneous urticaria have significantly more gray matter volume (VBM) than the healthy control group in the right putamen and the right ventral striatum. By utilizing regional homogeneity in resting state functional connectivity, they observed that patients have homogeneity in their cerebellum. (Regional homogeneity is a method that can measure the synchronization of fluctuations of the BOLD signal among neighboring voxels (Wang et al., 2018a;Zang et al., 2004)) This regional homogeneity positively correlation with urticaria activity scores over 7 days. Using cerebellum as the seed of connectivity, they have observed increased functional connectivity between cerebellum and the following regains: bilateral anterior cingulate cortex, medial prefrontal cortex, right ventral striatum, angular gyrus, supramarginal gyrus, temporal gyrus, orbitofrontal cortex, and dorsal lateral prefrontal cortex (Wang et al., 2018a). By using other regions as seed region they have shown that resting state functional connectivity between the right putamen and left precentral gyrus and between have the right ventral striatum and right occipital cortex been increased [START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF].

For this purpose, we can conclude that the chronic pruritus patients show over activity in reward system, motor control, somatosensory, and cognitive control network. Beside the motor control and somatosensory systems which was expected to differ between two groups (a patient group to a healthy control group), over activity in reward based networks could indicate the addictive nature of itch and scratch cycle in the patients, while cognitive changes could imply the different feeling of subjects toward itch.

Imaging techniques

Electroencephalography (EEG), magnetoencephalography (MEG), positron emission tomography (PET), single-photon emission computed tomography (SPECT), near-infrared spectroscopy (NIRS), and magnetic resonance imaging (MRI) are collectively called functional neuroimaging techniques.

These methods can be categorized into two categoriesfirst being EEG and MEG, which measures neurons activity based on the electrical current they create. Overall these methods offer the best temporal resolution but have the worst spatial resolution in comparison to the second group. Second category consists of mostly methods that measure the neurons activity based on its secondary effect or secondary physiological phenomena notably hemodynamic response. Due to comparatively slow nature of these physiological signals, these methods suffer from low temporal resolutions, but they have a higher spatial resolution. PET, SPECT, NIRS, and MRI are in this category. There is no study which has used SPECT for studying itch and SPECT is very similar to PET in its nature; therefore, we won't go into its details.

Hemodynamic response is the vasomotor system's feedback to activation in the neurons. When neurons are activated, they consume energy which in turn would increase cerebral metabolic rate of oxygen (CMRO2) in the activated area. This consumption of oxygen in the capillaries and its waste buildup would trigger various chemical signals (CO2, NO, H + ). These signals would cause the vascular system to respond, with dilation of the capillaries. The increase in the blood flow would be in the direction to restore the local [O2], however, there would be an overshot of oxygen in the affected area. To summarize, neural activity would cause increase deoxygenated hemoglobin [Hb] and decrease in oxygenated hemoglobin [HbO2], in response to this, vasomotor system would increase blood flow to reconcile these changes. But it would overflow the region and cause an increase in [HbO2] and decrease in [Hb] in comparison to resting state [START_REF] Glover | Overview of Functional Magnetic Resonance Imaging[END_REF].

Electroencephalography

EEG is a measure of the electrical activity from scalp of the patients. This electrical activity is the effect of group of neurons firing together. Compared to other methods it has the best temporal resolution but the main problem is its interpretability, in the sense that drawing a definitive conclusion of which region is activated is almost impossible. Indeed, this technique suffers a very low spatial resolution. Finding which region is activated the in EEG signal processing is called solving the inverse problem and it can be affected by individual brain anatomy. Another problem with EEG signal is the fact that in order for the electrical activity of neurons to propagate through the tissues (i.e. brain, dura, skull, and skin) and be observable at the scalp, a vast number of neurons need to be activated in synchrony and perpendicular to the skull, while not getting canceled out by the neurons activated at the same time with opposite direction [START_REF] Woodman | A Brief Introduction to the Use of Event-Related Potentials (ERPs) in Studies of Perception and Attention[END_REF]. Another notable disadvantage is that it can't sense any deep brain activation. Beside their time resolution another advantage of EEG signals is their portability compared to other devices. Most common way of utilizing the EEG for studying of a certain physiological or psychological phenomenon is eventrelated potentials (ERP). In ERP analysis multiple EEG responses to a certain stimulus need to be averaged to surpass the background activity in the EEG signal, and produce the ERP signal. However, unlike some aspects of pain, deploying this method for itch sensation is not practical due to the slower nature of the itch especially when chemical inducers of itch are used (i.e. histamine, capsaicin).

Because of these complications, EEG studies of itch central mechanisms are really rare. [START_REF] Miraval | A preliminary study on qEEG in burn patients with chronic pruritus[END_REF] have used EEG for studying of chronic pruritus in burn patients. They have observed a decrease in the alpha activity of occipital channels and beta activity in the frontal area. However, changes in activities' origin shall not trace back to the itch, and conclusion of it is on par with the resting state studies of MRI. Disadvantage of this study is its limited dataset, they have included only 4 patients and 4 healthy control.

In order to overcome slow response time of itch induced by chemical means, Mochizuki et al. (2008) have used an electrically-induced itch. This kind of itch stimulation can be timed very precisely which make it really suitable for producing the ERPs. In their study, they had stimulated both wrist and forearm and measured the reaction time and peak latency of somatosensory evoked potential (P1). Reaction time and peak latency were 12115 (ms) and 963 (ms) for stimulating forearm and 1013 (ms) and 772 (ms) for stimulating wrist. Based on these, the conductive velocity was estimated 1.04 m/s and 0.92 m/s respectively. Amplitude of the P1 was significantly correlated with itching scores. These findings suggest that electrically induced itch is associated with Cfibers. Unfortunately, there is currently no study in which the authors have solved the inverse problem and localize the source of these activities.

Magnetoencephalography

Another method for studying the brain is MEG, which can be considered as the magnetic counterpart of EEG, both of them taking advantage of electrochemical current flows inside and between cells. While these techniques are similar for example both of them have sub-millisecond temporal resolution beside that due the fact that magnetic signals distorted very little by the tissue composition of the head the inverse problem become much easier to solve, which means higher spatial resolution for MEG. The extracranial magnetic signals are on femtoteslas scale:10 to 100 million time weaker than earth magnetic field. This makes them highly susceptible to thermal and environmental noise, some consider it the worst among the brain imaging methods. Another disadvantage of the MEG is the fact that it needs relatively big machine and this renders it immobile while EEG and NISR have some limited portability. Advantage of MEG is that it is insensitive of tissue density frontiers. Overall these limitations make use of it very limited in the study of itch [START_REF] Baillet | Magnetoencephalography for brain electrophysiology and imaging[END_REF].

In spite of limitations, MEG have been used by Mochizuki et al. (2009) in order to study itch. In their study, they have used an electrically induced itch and have observed evoked magnetic response in frontotemporal and posterior regions. The dipole associated with frontotemporal activations where in secondary somatosensory cortex (SII)/insula area. These dipoles were bilateral in seven of ten subjects, contralateral in two of them, and ipsilateral in the last subject.

Observed activation in the posterior region where traced back to dipoles in the precuneus region. Six subjects showed activation in posterior region. Regarding the timing, the activation latency was significantly higher for the ipsilateral SII/insula in comparison to contralateral SII/insula, and the activation latency of precuneus was between these two. The time difference between ipsilateral and contralateral activations suggests involvement of callosal fibers.

Near-infrared spectroscopy

NIRS is taking advantage of differences in the observed patterns of the blood. This is done by emitting light photons with wavelength in the near-infrared spectrum, this light would take a banana shape path from emitter to the detectors. During its path, some parts of the light would be absorbed by the tissue and blood. Based on the changes in the observed patterns, NIRS systems estimates the changes in oxygenated hemoglobin, deoxygenated hemoglobin, and regional cerebral blood volume then estimating the hemodynamic response.

Main advantages of NIRS in comparison to the MRI and PET is the fact that its machine is smaller and more compact compared to those two, and don't need a restrictive environment; this makes it much more portable. It is much less sensitive to the participant moves. It uses light which reduces the concerns about potential harmfulness. These render the NIRS machine besides EEG as the best machines suitable for children and neonates.

Because NIRS measures the hemodynamic response and not the neural activity itself, its response time is bound to the hemodynamic response time. And although a typical NIRS system has a sampling frequency at the millisecond rate, the effective time resolution is much bigger than EEG and MEG, and one of about a second. Although the NIRS does not need to solve the inverse problem, the pathway of the light is relatively shallow and imprecise making the spatial resolution worse than fMRI but better than EEG. Spatial resolution ranges between 3 and 5 cm. More importantly, shallow penetration of the light makes it unsuitable to study any deep brain structures.

Finally, the resulting signal-to-noise ratio of the NIRS is lower than fMRI.

Because of the importance of deep brain structures in itch perception, NIRS is not the best suitable method for studying it. Nevertheless, Lee et al. (2013a) have used histamine prick to induce itch and a push-poll digital force gauge for pain. They observed activation in prefrontal in both pain and itch stimulations, the peak in the oxygenated hemoglobin in the frontal areas was relative to the pain and itch intensity. A cross correlation study between channels, has shown that itch and pain have different delay time in information processing in prefrontal cortex, respectively τ=+0.63 sec and τ=+18.7 sec. This could mean that itch is processed in a parallel manner than the pain. This is a really interesting and can support the fact that the unlike the initial intuitions, itch needs more cognitive processes than pain.

Positron emission tomography

With PET imaging technique, tracers are tracked based on their positrons emitting patterns. These positrons are not stable in the matter, as they are antimatter, and get annihilated in patient's body by immediately colliding with an electron. This collision produces two photons with same energy (512 keV) and opposite directions (180°). These photon pairs exit the patient's body and get detected by two facing detectors, detected signal declared PET signal if two detectors identify photons coincidentally. Tracers and their stable byproducts should a) be present in natural human organism in their non-radioactive form, b) have low decay time, c) be relatively affordable, and d) obviously emit positron during decay. This limits the number of useable tracers to 18 F, 11 C, 15 O, 13 N. In clinical context fludeoxyglucose ( 18 F-FDG) is the prevalent isotope. It can be used to calculate regional cerebral glucose consumption, which in turn correlates with neural activity. In the research domain, 15 O-labeled isotopes are commonly used, like 15 O-CO administrated by nasal catheters to measure regional cerebral blood volume or 15 O-H2O to assess regional cerebral blood flow and accurate mapping of ROIs.

Main disadvantage of PET is the fact that it uses radioactive tracers. It cannot be used repeatedly or in follow up studies. Besides that, PET has limited temporal resolutions and fMRI is cheaper than it. Another problem with is the fact that 15 O-H2O have a very short half-life around 2 '30. This means that it should be produced with a cyclotron on site. A side product of this is a neutron radiation which is very dangerous. Therefore, the cyclotron needs to be shielded and often barried underground in turns adding to the costs. Apart from mentioned disadvantages of PET, it has some advantages like minimal noise during operation and its ability to measure the brain activity after finishing the stimulus, meaning patients can be injected with tracers, undergo the stimulation and after that being scanned by PET machine. As a result, use of PET is in decline, especially when a MRI based alternative is available. Therefore, itch studies using PET are not numerous and limited to the early years of neuroimaging. Hsieh et al. (1994) was the first study to investigate central mechanisms of the itch by modern neuroimaging methods. They have used a paradigm based on histamine injection and PET. They have identified activations in anterior cingulate cortex, supplementary motor area, premotor area and inferior partial lobule. Another notable study of itch with PET was carried out by Darsow and Drzezga (Darsow et al., 2000;Drzezga et al., 2001), in their study they discovered the same activity pattern with, in addition, the primary sensory cortex.

Their correlation analysis shows that itch unpleasantness was related with activation in contralateral primary sensorimotor cortex, insular cortex and prefrontal cortex; bilateral supplementary motor area. Mochizuki et al. (2003) in another study with histamine iontophoresis stimulation and PET observed activation in the ACC, the parietal cortex, the dLPFC, the premotor cortex and the thalamus. Interestingly, they observed activation of secondary sensorimotor cortex and midbrain structures during a dual stimulus of pain + itch. Activation of midbrain structures especially periaqueductal gray matter (PAG) could mean that this region is involved in itch inhibition in the same manner as it is involved in pain inhibition. The most recent study which have employed PET is the study of itch by Bergeret et al. (2011). In their study, authors reported a similar pattern of activation for itch as the previous findings but they have reported that the activity in the anterior cingulate cortex and the insula was correlated with itch intensity.

fMRI

fMRI is a functional imaging modality which take advantage of MRI imaging systems. MRI systems uses nuclear magnetic resonance of different materials in the tissues to produce images with different contrast like T1 weighting, T2 weighting, susceptibility, flair, etc.

ASL vs BOLD

MRI systems can assess the hemodynamic response and therefore neural activity in two main ways. One measuring changes in the cerebral blood flow (CBF) and other is to measure the changes in the oxygenation concentration (Blood Oxygen Level Dependent, or BOLD contrast). ASL is taking advantage of the first method, in it we are measuring CBF and by extent hemodynamic response. In ASL acquires two images one "flow labeled image or tag image" and a "control image". The tissue signal is the same between these two images but the inflowing blood have been magnetically marked and therefore makes a different signal [START_REF] Petcharunpaisan | Arterial spin labeling in neuroimaging[END_REF][START_REF] Petersen | Model-free arterial spin labeling quantification approach for perfusion MRI[END_REF]. And the BOLD-fMRI is a susceptibility-based technique which measures the inhumanity in the magnetic field caused by the changes of the ratio of the oxygenated and deoxygenated hemoglobin (dHb). BOLD-fMRI would produce a T2 * -weighted image based on this information. BOLD-fMRI has a higher SNR and temporal resolution in comparison to the ASL [START_REF] Borogovac | Arterial Spin Labeling (ASL) fMRI: Advantages, Theoretical Constrains and Experimental Challenges in Neurosciences[END_REF]. This makes BOLD the perfect method for event-related designs. Another advantage of BOLD is the fact that most MRI machines support them natively without any additional programing of RF and gradient pulses [START_REF] Borogovac | Arterial Spin Labeling (ASL) fMRI: Advantages, Theoretical Constrains and Experimental Challenges in Neurosciences[END_REF]. Another advantage of the BOLD is that it can be used for connectivity based analyses, but ASL images only give the activation patterns. ASL have three advantage compared to the BOLD. 1)

ASL signal is more straight forward to intraplate than the BOLD-fMRI. The activation location detected by ASL is closer to real location of the activity than BOLD-fMRI [START_REF] Aguirre | Perfusion fMRI for Functional Neuroimaging[END_REF]. This is due to the fact that BOLD effect is a mixed signal resulted from CBF, CBV and oxygen consumption, which makes it harder to pinpoint the location of it [START_REF] Ances | Regional differences in the coupling of cerebral blood flow and oxygen metabolism changes in response to activation: Implications for BOLD-fMRI[END_REF][START_REF] Cmrr | Comparison of blood oxygenattion and cerebral blood flow effect in fMRI: Estimation of relative oxygen consumption change[END_REF][START_REF] Davis | Calibrated functional MRI: Mapping the dynamics of oxidative metabolism[END_REF]. But the ASL theoretically reflects one signal (CBF) which in turn helps with identifying the original location of activation [START_REF] Aguirre | Perfusion fMRI for Functional Neuroimaging[END_REF][START_REF] Borogovac | Arterial Spin Labeling (ASL) fMRI: Advantages, Theoretical Constrains and Experimental Challenges in Neurosciences[END_REF]. 2) In the BOLD signal when drawing a conclusion should have in mind that the BOLD signal is ratio and have expressed in percent change, meaning that the baseline values are not accounted for [START_REF] Shulman | A BOLD search for baseline[END_REF]. But in contrast the ASL results in a physiologically quantifiable measure letting us compare the baselines after the activation [START_REF] Borogovac | Arterial Spin Labeling (ASL) fMRI: Advantages, Theoretical Constrains and Experimental Challenges in Neurosciences[END_REF][START_REF] Wang | Comparison of quantitative perfusion imaging using arterial spin labeling at 1.5 and 4.0 Tesla[END_REF]. 3) Finally the bold signal is not sensitive to any signal with frequency smaller than 0.01 Hz this makes it unsuitable for any tasks that are more 90 seconds apart [START_REF] Aguirre | Experimental Design and the Relative Sensitivity of BOLD and Perfusion fMRI[END_REF][START_REF] Borogovac | Arterial Spin Labeling (ASL) fMRI: Advantages, Theoretical Constrains and Experimental Challenges in Neurosciences[END_REF]. 4) BOLD is more prone to artifacts around areas with high susceptibility (e.g. around tissue-bone or tissue air boundaries), but ASL is much more resilient to these kinds of artifacts [START_REF] Borogovac | Arterial Spin Labeling (ASL) fMRI: Advantages, Theoretical Constrains and Experimental Challenges in Neurosciences[END_REF][START_REF] Wang | Reduced susceptibility effects in perfusion fMRI with single-shot spin-echo EPI acquisitions at 1.5 tesla[END_REF]. Though with recent advances in the signal processing methods like multi echoes we can correct for these artifacts more easily.

ASL

The changes in CBF can be measured by arterial spin labeling (ASL). ASL works by spatial localizing the tagged water molecules in the blood, tagging should happen in a plane proximal to the region of the interest. Spin inversion or saturation is the most common methods for blood tagging. The image is acquired after some delay when these tagged molecules have reached the tissues. By comparing these images to each other, one can calculate changes in CBF, therefore activity patterns. Main disadvantages of the ASL are its lesser sensitivity, its worse temporal resolution, and the fact that it is more susceptible to motion compared with BOLD contrast. Because of the slow drift effects, BOLD contrast is insensitive to the slow variations in neuronal activity, this limitation can be overcome by manipulation of time course like temperature modulating or electrical stimulation, but such experiments are highly complex and variable (Ishiuji et al., 2009). This makes the ASL the most effective method for studying slow phenomenon such as itch.

Among the studies that have employed ASL as the main method for studying the itch, we can mention the study of Ishiuji et al. (2009), we have discussed their study concerning atopic dermatitis patients in the previous chapter, therefore we would just focus here on their findings concerning healthy subjects. In their study, they have observed histamine-induced itch activity in the contralateral inferior parietal lobe, primary somatosensory cortex, primary motor cortex, superior parietal lobe, and precuneus.

In an interesting study, Papoiu et al. (2012) have studied the differences in brain activity of histamine induced itch and cowhage induced itch. They have found that the thalamus, primary and secondary somatosensory cortices, posterior parietal cortex, superior and middle temporal cortices, PCC, ACC, precuneus, and cuneus are activated during histamine induce itch. They also have observed that cowhage induced itch involves more the insular cortex, the claustrum, the basal ganglia, the putamen, the thalamic nuclei and the pulvinar. They have observed different activity between the histamine and cowhage induce itch.

In another study, Papoiu et al. (2013) have investigated the effect of scratching and why it is pleasurable with ASL. They have tried both passive (scratching carried out by another person) and active scratching. Active scratching was more pleasurable, and brain response to it contained deactivation of wider areas, especially in the anterior cingulate cortex and the insular cortex. They also reported involvement of reward system including the ventral tegmentum of midbrain, accompanied with deactivation of periaqueductal gray matter (PAG), which could imply that inhibition of itch works in inverse to the pain. In a follow up study (Mochizuki et al., 2015), authors have compared activity induced by scratching between healthy control and chronic patients. They demonstrated that chronic subjects have higher activity in motor and motivation regions. They have also concluded that there was hyperactivity of the reward system in patients which is in line with the fact that the scratching is more pleasurable.

Moreover researchers have studied the antipruritic effect of butorphanol (a κ receptor opioid with mixed action) in the histamine induced itch and cowhage itch using ASL (Papoiu et al., 2015).

Butorphanol have decreased the activity in the bilateral claustrum, insula, and putamen. Further investigation has shown that mesolimbic circuits were involved in the suppression of itch by butorphanol.

There are studies which have used ASL for studying disease which we have cowered before these includes (Papoiu et al., 2014;Schut et al., 2017) BOLD BOLD contrast can be measured with MRI machine based on the changes in magnetic property of red blood cells caused by oxygen dependent state of hemoglobin. HbO2 fully oxygenated is diamagnetic, therefore it cannot be distinguished from surrounding tissue, while fully deoxygenated hemoglobin is paramagnetic. This paramagnetism causes changes in the local magnetic fields which depends on deoxygenated hemoglobin concentrations. This changes in the local magnetic field would modulate intra-and extravascular blood's T2 and T2 * relaxation times.

In the standard clinical setups (normally consisting of 3T or 1.5T machines), T2 * images yielded better contrast, while T2 is more suitable for machines with stronger principal magnets [START_REF] Glover | Overview of Functional Magnetic Resonance Imaging[END_REF]. BOLD contrast is the most commonly used fMRI method. BOLD experiments should be designed with its limitations in mind, therefore in most studies researchers design two different tasks, and compare these tasks to each other. These tasks should differ only in one condition (aka. interested condition). Meaning that if the interested task mobilizes a visual stimulus the control task should be a similar visual cue but with a neutral cue. These conditions can be presented in two main arrangements, the first one groups stimuli according a well segmented time slots (block design) and the other one is to present the stimuli in a pseudorandom manner. Usage of these arrangements in studying itch is very limited, because itch is relatively slow and these methods are adopted for stimuli that generate brief hemodynamic responses. In order to overcome this, numerous methods have been proposed like, temperature modeling (Li et al., 2018;Napadow et al., 2015;Pfab et al., 2010;[START_REF] Van De Sand | BOLD responses to itch in the human spinal cord[END_REF]van de Sand et al., , 2018;;Valet et al., 2007), application of lidocaine (Herde et al., 2007), electrically induced itch (Mochizuki et al., 2009), audiovisual itch (Holle et al., 2012;Kim et al., 2015a;Mochizuki et al., 2013), or taking advantage of psychophysical factors (like Stroop task [START_REF] Stumpf | Sex Differences in Itch Perception and Modulation by Distraction -an fMRI Pilot Study in Healthy Volunteers[END_REF](Stumpf et al., , 2017) ) and nocebo-placebo (Napadow et al., 2015;van de Sand et al., 2018)). Another proposed possibility to overcome this problem is to find out in which regions of brain, fMRI time series correlate with the time course of induced itch (Kleyn et al., 2012;Mochizuki et al., 2007;Walter et al., 2005). Recently advances in the graph theory and statistic, have caused the connectivity based methods to gain momentum. In these methods brain region's relationship with each other is studied. Most of the time, changes in the connectivity values were reported during a resting state or a task-negative state but a growing number of studies now perform it in the presence of tasks. This kind of studies can help us with the apparent problem of itch's slow stimulation. But the problem with resting state studies is that their connectivity values are not mapped onto any stimulation and, probably, impact of pruritus is not profound enough in all the pathologies to be detectible by this method. Most connectivity based analysis to overcome the multiple comparison problem would take advantage of a method called seed based connectivity. In the seed based connectivity a series of the predefined regions is selected. The connectivity would be only measured between these regions and the whole brain, therefore reducing number of the comparisons. But the fact that there should be some predefined regions limits the ability of these methods in finding any potential new regions.

We have gone through the results of most of itch studies utilizing the BOLD contrast in the past therefore here we would just quickly review the remaining one. [START_REF] Van De Sand | BOLD responses to itch in the human spinal cord[END_REF] are the only authors to examine the processing of itch in the spinal cord.

They have applied a histamine patch to induce itch and used a temperature modulating to control itch levels, while measuring the changes in the spinal BOLD contrast. They have measure the ipsilateral activity at the transition between C5 and C6 of the dorsal horn of spinal cord.

Itch paradigms

The temperature modeling of itch was first pioneered by [START_REF] Pfab | Short-Term Alternating Temperature Enhances Histamine-Induced Itch: A Biphasic Stimulus Model[END_REF], in their study they have observed that itch sensation can be increased by reducing the temperature of the skin. This is in contrary to common belief that the reduction the skin temperature can lead to inhibition of the itch [START_REF] Bromma | Effects of menthol and cold on histamineinduced itch and skin reactions in man[END_REF]. [START_REF] Fruhstorfer | The effects of thermal stimulation on clinical and experimental itch[END_REF] have found out that the itch can be inhibited by a cold sensation, which is in contrast to founding of [START_REF] Pfab | Short-Term Alternating Temperature Enhances Histamine-Induced Itch: A Biphasic Stimulus Model[END_REF]. Pfab et al. hypostases that this could be due to the temperature changing speed. This contradictory results means that any use of this method in the fMRI studies should be carried out with caution. Another inherent problem with this method is that they need at least four kind of stimulus to detect the itch response: one cold stimulus alone (CA), one cold stimulus with itch induction (CI), one hot stimulus alone (HA), one hot stimulus with itch response (HI). Then the interested itch response would be (CI-HI)-(CA-HA). The first part (CI-HI) would calculate the response in presence of both temperature change and itch induction. In order to calculate the itch only response they need to deduct the response caused by temperature change from that with the second equation. Doing four different paradigms and repeating them in order to gain statistical significance is really complicated and leaves lots room for errors. Another method is to use lidocaine for the itch inhibition but the main problem with paradigm is the fact that the lidocaine blocks sodium channels in the neurons [START_REF] Bean | Lidocaine block of cardiac sodium channels[END_REF] and therefore it would inhibit all the sensation e.g. pain, itch, tactile. And when itch is not inhibited all of these sensations are activated therefore distinguish itch response is practically impossible. Response to any of these sensations can be present with main response which is caused by itch. We have discussed the electrically induced itch in the past but to sum it up electrically induced itch can be deceiving. In the manner that small changes induces pain instead of itch. The audiovisual itch has some advantages compared to all other methods as it is non-invasive and can easily induce itch in most set-ups. It induces a robust itch sensation in most pathologies e.g. atopic dermatitis (Papoiu et al., 2011;Schut et al., 2014Schut et al., , 2017)), psoriasis (Schut et al., 2015a), and healthy controls (Holle et al., 2012;Papoiu et al., 2011;Schut et al., 2015b;Ward et al., 2013). Unlike other psychogenic itch induction methods (stroop task, nocebo-placebo effect), it can be used to reliably induce itch and not just modulate itch. But the main problem is that no study has yet compared its brain activation pattern to histamine or cowhage induce itch. And probably its somehow different from them thought some argue it is really close to them [START_REF] Schut | Role of personality and expectations for itch and scratching induced by audiovisual itch stimuli[END_REF].

Recent studies have shown that the contagious itch without priming induce a comparable itch to histamine induce itch thought it is inferior (Marzell et al., 2019). Interestingly Marzell et al. (2019) have shown that the audiovisual itch with priming is not inferior to the histamine induce itch. This could indicate that the attention or maybe nocebo effect play an important role in the audiovisual itch. Anyhow some studies (including this theses) have used this method to study central mechanism of itch in pathologies and have shown that the itch perception can be different between pathological conditions (e.g. AD) and healthy control groups (Schut et al., 2014). While effect of audiovisual itch in some pathologies (e.g. psoriasis) don't differ from healthy subjects (Schut et al., 2015a) therefore this method should utilized with caution.

MRI analysis

We wanted to study the central mechanisms of itch perception in two different skin diseases: psoriasis and urticaria). To do so we chose fMRI, reason behind this was the fact the itch is shown to activate the deep brain regions (e.g. insular cortex and cingulate cortex), this makes EEG and NIRS not suitable for our purpose. While the fact that the PET scans are ionizing and harmful for patients rolled them out. And the fact that the MEG machines are expensive and have very low SNR eliminate them. Therefore, fMRI was the only suitable candidate. Between two fMRI methods we chose the BOLD and connectivity based analysis. Reason of this was that the ALS is only sensible to the changes in the activation patterns and it can't detect any changes in the relationship of the brain regions to each other.

For the itch stimulus we have gone with audiovisual itch. Because it has a noninvasive nature and can be used for patients without increasing their suffering anymore. But this would mean that due to the slow nature of itch, and the fact that there is no reliable method to reduce the itch sensation just audiovisual means that we can't use block design fMRI, and have to use connectivity based methods.

Here in this chapter we would go through a brief theoretical background of the methods that we have used in this theses.

Preprocessing

Recent studies have demonstrated that the blood oxygenation level-dependent (BOLD) signals are prone to various artifacts, this susceptibility is more apparent when the goal is to study the resting state fMRI or connectivity analysis [START_REF] Kundu | Differentiating BOLD and non-BOLD signals in fMRI time series using multi-echo EPI[END_REF][START_REF] Kundu | Multi-echo fMRI: A review of applications in fMRI denoising and analysis of BOLD signals[END_REF][START_REF] Power | Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion[END_REF][START_REF] Power | Steps toward optimizing motion artifact removal in functional connectivity MRI; a reply to Carp[END_REF]. A fraction of the signal captured by fMRI coils have originated from BOLD contrast [START_REF] Kundu | Multi-echo fMRI: A review of applications in fMRI denoising and analysis of BOLD signals[END_REF]. The goal of the preprocessing is to reduce these artifacts. A normal preprocessing consists of slice time correction, realignment, normalization and band pass filtering. These although effective for task based designs and analysis, are not sufficient for resting state analysis and any connectivity analysis [START_REF] Kundu | Differentiating BOLD and non-BOLD signals in fMRI time series using multi-echo EPI[END_REF][START_REF] Kundu | Integrated strategy for improving functional connectivity mapping using multiecho fMRI[END_REF][START_REF] Kundu | Multi-echo fMRI: A review of applications in fMRI denoising and analysis of BOLD signals[END_REF][START_REF] Murphy | The impact of global signal regression on resting state correlations: Are anti-correlated networks introduced?[END_REF][START_REF] Murphy | Resting-state fMRI confounds and cleanup[END_REF][START_REF] Satterthwaite | Impact of in-scanner head motion on multiple measures of functional connectivity: Relevance for studies of neurodevelopment in youth[END_REF][START_REF] Satterthwaite | An improved framework for confound regression and filtering for control of motion artifact in the preprocessing of resting-state functional connectivity data[END_REF]. The reason behind that is the fact that resting state and connectivity analysis are based on temporal correlation of fMRI signals between different regions of the brain, therefore a range of non-neural activities can affect the signal. Among theses one can name head movements, arterial 𝐶𝑂 2 concentrations, blood pressure, cardiac and respiratory cycles, and vasomotion [START_REF] Murphy | Resting-state fMRI confounds and cleanup[END_REF]. The effect of these artifacts, if not accounted for, can lead to reduction in the statistical power of fMRI signals and in turn contribute to the crisis of confidence in fMRI studies [START_REF] Button | Power failure: why small sample size undermines the reliability of neuroscience[END_REF][START_REF] Kundu | Multi-echo fMRI: A review of applications in fMRI denoising and analysis of BOLD signals[END_REF].

Two-echo MRI basses

One of the methods in order to reduce the noises in fMRI signals is to take advantage of multiecho fMRI recordings. The multi-echo fMRI (ME-fMRI) can improve the fidelity and interpretability of fMRI signals [START_REF] Kundu | Multi-echo fMRI: A review of applications in fMRI denoising and analysis of BOLD signals[END_REF]. The main advantage of ME-fMRI in comparison to the single-echo fMRI is the indeterminacy of the source of the signal. The dependency of the BOLD contrast on the echo time was shown within a few years after the discovery of the BOLD signal [START_REF] Bandettini | Time course EPI of human brain function during task activation[END_REF][START_REF] Bullmore | Statistical methods of estimation and inference for functional MR image analysis[END_REF][START_REF] Buxton | Dynamics of blood flow and oxygenation changes during brain activation: The balloon model[END_REF][START_REF] Friston | Analysis of fMRI Time-Series Revisited[END_REF][START_REF] Ogawa | Brain magnetic resonance imaging with contrast dependent on blood oxygenation[END_REF]. The next step was the introduction of single voxel spectroscopy which characterized changes in the water relaxation (𝑇 2 * ) and initial signal (𝐼 0 in some texts 𝑆 0 ), these two offers much greater sensitivity than conventional fMRI methods (Hennig et al., 1994;[START_REF] Posse | Multi-echo acquisition[END_REF] and made detection of the initial dip possible (the initial decrees in the HRF after neuron activation) [START_REF] Ernst | Observation of a fast response in functional MR[END_REF]. When the multi-echo fMRI was developed, it was principally used in the validation experiments like works done by [START_REF] Bandettini | Spin-echo and gradientecho epi of human brain activation using bold contrast: A comparative study at 1.5 T[END_REF] and [START_REF] Peltier | Analysis of fMRI signal and noise component TE dependence[END_REF]. But this doesn't stop the researchers from using it for other purposes, e.g. noise reduction. It has long been known that by utilizing fMRI signal in different echo times, one can reduce the thermal noise and improve estimation of the BOLD contrast with minimal prior knowledge of paradigm (Kiselev and Posse, 1999;Kiselev et al., 1999;[START_REF] Posse | Multi-echo acquisition[END_REF]. Though it exists lots of elegant methods to take advantage of multi echo in fMRI signal correction, like the method proposed by [START_REF] Kundu | Differentiating BOLD and non-BOLD signals in fMRI time series using multi-echo EPI[END_REF], 2013, 2015, 2017), it has been shown that a simple averaging of the multiple echoes can improve the signal substantially too [START_REF] Kettinger | Investigating the Group-Level Impact of Advanced Dual-Echo fMRI Combinations[END_REF]Kiselev and Posse, 1999;Kiselev et al., 1999;[START_REF] Posse | Multi-echo acquisition[END_REF]. It has been demonstrated that even the complex echoes combination would give better results for the single-subjects, if the random-effects group level statistic is considered they don't improve the sensitivity compared to the simple averaging [START_REF] Kettinger | Investigating the Group-Level Impact of Advanced Dual-Echo fMRI Combinations[END_REF]. In this study, we have used the latter method (averaging) for combining the echoes.

Parcellation

The fMRI signal has a very good spatial resolution, and comparing all the voxel to each other can be problematic. For example, a typical fMRI image has resolution of 128 × 128 × 45 meaning that it has 737280 voxels. If we wanted to examine the correlation of all of these voxels to each other based on equation ( 1 ( 1 )

One method to control for this is to group brain voxels into some regions. For a long time, neuroscientists have tried to partition the human brain into mosaic of functionally and/or anatomically distinct, spatially adjoined regions (cortical areas and subcortical nuclei), as an effort to study and understand how the brain works [START_REF] Glasser | A multi-modal parcellation of human cerebral cortex[END_REF]. These areas could differ from their neighbors in microstructural architecture (e.g. Brodmann atlas [START_REF] Brodmann | Vergleichende Lokalisationslehre der Grosshirnrinde in ihren Prinzipien dargestellt auf Grund des Zellenbaues[END_REF]), anatomical structure (e.g. Automatic Anatomic Labeling (AAL) atlas [START_REF] Tzourio-Mazoyer | Automated Anatomical Labeling of Activations in SPM Using a Macroscopic Anatomical Parcellation of the MNI MRI Single-Subject Brain[END_REF], Harvard-Oxford atlas [START_REF] Smith | Advances in functional and structural MR image analysis and implementation as FSL[END_REF]), functional specialization (Multi-subject dictionary learning (MSDL) atlas [START_REF] Varoquaux | Learning and comparing functional connectomes across subjects[END_REF][START_REF] Varoquaux | Multi-subject dictionary learning to segment an atlas of brain spontaneous activity[END_REF]), or connectivity with other areas [START_REF] Glasser | A multi-modal parcellation of human cerebral cortex[END_REF]. Based on the nature and goals of the study any of the atlases can be used for parcellation of the brain. The choice of these regions of interest is really important and can affect both estimation of connectome and group comparison statistics [START_REF] Wang | Parcellationdependent small-world brain functional networks: A resting-state fMRI study[END_REF]. There is a wide variety of methods for the parcellation of the fMRI data, some methods cover a large portions of the brain [START_REF] Achard | A Resilient, Low-Frequency, Small-World Human Brain Functional Network with Highly Connected Association Cortical Hubs[END_REF][START_REF] Bellec | Identification of large-scale networks in the brain using fMRI[END_REF][START_REF] Craddock | A whole brain fMRI atlas generated via spatially constrained spectral clustering[END_REF]Varoquaux et al., 2010a;[START_REF] Wang | Parcellationdependent small-world brain functional networks: A resting-state fMRI study[END_REF], but some other methods trade this generalization for a smaller subset of brain regions which would cause a small increase in the functional specificity [START_REF] Dosenbach | A Core System for the Implementation of Task Sets[END_REF][START_REF] Glasser | A multi-modal parcellation of human cerebral cortex[END_REF][START_REF] Greicius | Functional connectivity in the resting brain: A network analysis of the default mode hypothesis[END_REF][START_REF] Varoquaux | Detection of Brain Functional-Connectivity Difference in Post-stroke Patients Using Group-Level Covariance Modeling[END_REF]. In these selection and classification of voxels, each voxel belongs to only one cluster but it exists another type of classification based on fuzzy and probabilistic models or regions extracted from independent component analysis (ICA) in which each voxel can belong to more than one cluster [START_REF] Joel | On the relationship between seed-based and ICAbased measures of functional connectivity[END_REF][START_REF] Kiviniemi | Functional segmentation of the brain cortex using high model order group PICA[END_REF][START_REF] Smith | Temporally-independent functional modes of spontaneous brain activity[END_REF][START_REF] Vercelli | Node Detection Using High-Dimensional Fuzzy Parcellation Applied to the Insular Cortex[END_REF].

There are three different approaches for selecting the suitable parcellation methods. One can just simply use one of the atlases defend by others, or extract the suitable regions from literature, or they can extract the regions from the fMRI data itself. Each of these methods has some advantages and disadvantages which we would go through in the next section. For our results because interoperability and reproducibility was really important, we chose the AAL anatomical full-brain parcellation method.

Extraction of the regions from atlases Atlases allocate every part of the brain to a region, and this makes them the ideal candidates for whole brain parcellation. Among these methods that are widely used we can name AAL and Talaraich-Tournoux atlas [START_REF] Talairach | Co-planar Stereotaxic Atlas of the Human Brain: 3-dimensional Proportional System : an Approach to Cerebral Imaging[END_REF]. Harvard-Oxford atlas and method proposed by Varoquaux et al. (Varoquaux et al., 2010a) are among the less used methods of this category. Their main drawback is the fact that, as we mentioned before, a small divergence from the real active regions can affect the connectivity measures. Another problem of these methods is that some of them are based on a single subject. But their main advantage is that they are based on physiological features of the brain and this drastically improves interoperability and facilitates comparison of the inter-study results. These methods also offer a higher level of intra-study comparability. But more importantly results of these studies easily can be compared with other neuroimaging methods, e.g. block design fMRI, EEG, MEG.

Selecting regions based on the literature These methods try to define some regions based on the past studies, informally or by carrying out a systematic meta-analysis. In the past, these methods have been used to define the components of the resting state network, e.g. the default mode, but it can also be useful for studying task specific networks too [START_REF] Biswal | Functional connectivity in the motor cortex of resting human brain using echo-planar MRI[END_REF][START_REF] Dosenbach | A Core System for the Implementation of Task Sets[END_REF][START_REF] Grillon | Hyperfrontality and hypoconnectivity during refreshing in schizophrenia[END_REF][START_REF] Rissman | Measuring functional connectivity during distinct stages of a cognitive task[END_REF]. The common approach for these methods is to choose a ROI. In the next stage, placing a 5 to 10 mm ball centered at the coordination of each ROI. These regions should be defined in a manner that none of them overlap. This can be more problematic in regions with lots of different functions adjacent together, such as the parietal lobes. Disadvantage of these methods lies in the inherent problem of the inclusion criteria in systematic reviews. A more inclusive criterion can lead to more studies included and would cause high levels of heterogeneity. A high heterogeneity would decrease the number of the clusters, hence increase the type II error. On the other hand, if you are using a new stimulus method defining this method won't help definition the ROI as such that there are not enough studies. But the main drawback of these methods is that they are biased toward results that have been proven in the past. fMRI signal based methods These methods are data driven methods therefore they suffer the main advantage and disadvantage of data driven methods. Most of these methods would reduce problem of the parcellation of the fMRI data to a clustering problem. Most often each voxel is considered as an object and all of its time series would be its features. They would use these features to classify them. These methods have the advantage that they can capture the subject and/or study specific functional information. Another advantage is that they consider limitations in the data itself. For example, they can compensate for distortion in image caused by movement or vascular artifacts. Most importantly due to the fact that they are data driven, they extract the boundaries of fMRI data and therefore their regions represents the real BOLD boundaries which is more suitable in contrast to the anatomical based parcellation [START_REF] Craddock | A whole brain fMRI atlas generated via spatially constrained spectral clustering[END_REF]. But the regions defined by these methods not always present anatomical regions of the brain, and some regions owning to the same cluster could be far from each other. These methods suffer from reproducibility issues. These can be problematic when comparing pathologies with each other or to the healthy subjects. In this situation, inter-study comparability and interoperability are of the utmost importance.

Through years, lots of methods have been proposed in order to extract the regions from fMRI data, simplest one among these is to use GLM [START_REF] Poldrack | Handbook of Functional MRI Data Analysis[END_REF]. In these methods the activation map is used to define the regions, by placing a ball around the peaks or by thresholding the statistical map. It is recommended to use unsupervised multivariate analysis for resting state fMRI data [START_REF] Varoquaux | Learning and comparing functional connectomes across subjects[END_REF]. Among these unsupervised methods, clustering methods are most common and can extract full-brain parcellation [START_REF] Bellec | Multi-level bootstrap analysis of stable clusters in resting-state fMRI[END_REF][START_REF] Craddock | A whole brain fMRI atlas generated via spatially constrained spectral clustering[END_REF][START_REF] Thirion | Dealing with the shortcomings of spatial normalization: Multi-subject parcellation of fMRI datasets[END_REF][START_REF] Yeo | The organization of the human cerebral cortex estimated by intrinsic functional connectivity[END_REF]. Another method which is widely used is the independent component analysis (ICA) based methods [START_REF] Beckmann | Probabilistic independent component analysis for functional magnetic resonance imaging[END_REF][START_REF] Joel | On the relationship between seed-based and ICAbased measures of functional connectivity[END_REF][START_REF] Kiviniemi | Functional segmentation of the brain cortex using high model order group PICA[END_REF]. Beside ICA other machine learning methods like dictionary learning can be used for parcellation too [START_REF] Varoquaux | Multi-subject dictionary learning to segment an atlas of brain spontaneous activity[END_REF].

Filtering and Connectivity matrix

In the past, most of the preprocessing for functional connectivity and resting state studies included a band pass filtering. It was believed that only the fMRI signals between 0.01 and 0.1 Hz (0.08 in some studies) have been caused by BOLD signal and only the signal in this bandwidth contributes to the connectivity measures [START_REF] Biswal | Functional connectivity in the motor cortex of resting human brain using echo-planar MRI[END_REF][START_REF] Fox | The human brain is intrinsically organized into dynamic, anticorrelated functional networks[END_REF][START_REF] Fransson | Spontaneous low-frequency BOLD signal fluctuations: An fMRI investigation of the resting-state default mode of brain function hypothesis[END_REF][START_REF] Yu-Feng | Altered baseline brain activity in children with ADHD revealed by resting-state functional MRI[END_REF][START_REF] Zang | Erratum to "Altered baseline brain activity in children with ADHD revealed by resting-state functional MRI[END_REF]. The reason for low-pass filtering the data was threefold. Firstly, it has been demonstrated that the signals slower that 0.1 Hz contribute the most to the connectivity measures [START_REF] Damoiseaux | Consistent resting-state networks across healthy subjects[END_REF][START_REF] Fransson | Spontaneous low-frequency BOLD signal fluctuations: An fMRI investigation of the resting-state default mode of brain function hypothesis[END_REF]. Secondly, cardiac and respiratory signals are present in the frequencies higher than 0.1 Hz [START_REF] Chen | BOLD fractional contribution to resting-state functional connectivity above 0.1 Hz[END_REF]. Finally, until recently, due to the technical limitations of the MRI machines, the TR couldn't reduce sufficiently to capture the signals with higher frequencies. But recent studies suggest that the frequencies higher than 0.1 Hz can also contribute to the connectivity measures and the resting state networks [START_REF] Boyacioglu | An Investigation of RSN Frequency Spectra Using Ultra-Fast Generalized Inverse Imaging[END_REF][START_REF] Chen | BOLD fractional contribution to resting-state functional connectivity above 0.1 Hz[END_REF][START_REF] Gohel | Functional Integration Between Brain Regions at Rest Occurs in Multiple-Frequency Bands[END_REF][START_REF] Niazy | Chapter 17 -Spectral characteristics of resting state networks[END_REF][START_REF] Wu | Frequency specificity of functional connectivity in brain networks[END_REF]. Some studies even suggest that useful data could even exist on higher frequencies until 0.8 Hz [START_REF] Boubela | Beyond Noise: Using Temporal ICA to Extract Meaningful Information from High-Frequency fMRI Signal Fluctuations during Rest[END_REF][START_REF] Lee | Tracking dynamic resting-state networks at higher frequencies using MR-encephalography[END_REF]. The results of these studies have caused an uphill battle to increase the highest sampled frequency, or in other word to decrease the repetition time (TR). Beside the loss of information, it has been shown that low-pass filtering the fMRI signal imposes some restrictions on the data like decreasing detection sensitivity [START_REF] Della-Maggiore | An Empirical Comparison of SPM Preprocessing Parameters to the Analysis of fMRI Data[END_REF][START_REF] Huotari | Sampling Rate Effects on Resting State fMRI Metrics[END_REF][START_REF] Skudlarski | ROC Analysis of Statistical Methods Used in Functional MRI: Individual Subjects[END_REF] and more importantly low-pass filtering the signal can artificially increase the connectivity values [START_REF] Davey | Filtering induces correlation in fMRI resting state data[END_REF].

In our work, we applied a high pass filter with cutoff frequency of 0.01Hz and we didn't use any low-pass filtering. However, our TR equal to 3.15 limits the signal under 0.316 Hz.

For the connectivity measure, we have used the covariance matrix proposed by Ledoit and Wolf (2004). This covariance matrix unlike the sample covariance matrix and correlation matrices is well conditioned, invertible and more accurate asymptotically. This matrix is "asymptotically optimal convex linear combination of the sample covariance matrix with the identity matrix" (Ledoit and Wolf, 2004).

Confounds

Connectivity signals are much more susceptible to noises than the block design fMRI analysis. In the later the timing and intensity of the task are known. These plus the many responses to multiple trials can be used to reduce the noise and increase the statistical significance [START_REF] Bandettini | Processing strategies for time-course data sets in functional mri of the human brain[END_REF][START_REF] Friston | Analysis of fMRI Time-Series Revisited[END_REF][START_REF] Murphy | Resting-state fMRI confounds and cleanup[END_REF]. In the connectivity based analysis (both resting state and task based connectivity analysis), functional connectivity is defined by measuring the temporal similarity of the BOLD signal by a metric, e.g. correlation, covariance [START_REF] Murphy | Resting-state fMRI confounds and cleanup[END_REF]. In this method each time two fMRI signals are extracted and compared to each other. Since both of the time series are recorded in the same time, any non-neural activity that can affects one or both of the time series will affect the functional connectivity. Therefore, all the temporal confounding factors should be considered during the first level analysis. (the extraction of the connectivity matrix). This stage happens before the connectivity matrix calculation. In this study we have used the following temporal confounding factors for: brain volume, head movement vectors, the CompCor matrix, and high variance noises. The brain volume (cerebro-spinal fluid (CSF), gray matter, and white matter) at all the time points was calculated based on images after time correction. Jo et al. (2010) showed that brain volume signals can modulate some hardwaredriven noises, i.e., by receiving coil arrays or the RF that power it. The images were therefore segmented with the SPM segmentation tool, and the Tissue Volumes tool in SPM was used to calculate the volumes. The resting state fMRI (rs-fMRI) and all connectivity analyses are sensitive to movement (e.g., head movement vectors produced in the realignment process); therefore, even after realignment, most studies include a correcting factor for movements (Behzadi et al., 2007). Other important confounds that can play a significant role in the connectivity based analysis are the physiological fluctuations. There are two main methods to estimate and correct for physiologically induced noise:

1. Using an external signal like image-based retrospective correction (RETROICOR) [START_REF] Glover | Image-based method for retrospective correction of physiological motion effects in fMRI: RETROICOR[END_REF] and k-space-based correction (RETROKCOR) (Hu et al., 1995) 2. Using the fMRI images themselves to estimate and corrected for these noises like temporal filtering [START_REF] Biswal | Reduction of physiological fluctuations in fMRI using digital filters[END_REF] and component based noise correction (CompCor) (Behzadi et al., 2007) Here we have used CompCor therefore we would explain it with more detail. In this method some regions of interest (ROI) consisting mostly of white matter and cerebrospinal fluid are defined. Then significant principal components of the time series extracted from these regions which are mostly caused by non-neural activity are defined as noise. Then this signal would be used to correct the fMRI time series. Finally, in the python pipeline defined by Nilearn (A python library, nilearn.github.io), there is a section to extract the high variance signals and define them as noises. The Nilearn's algorithm is closely related to the CompCor algorithm too. This step is essential for our study because as we mention in section 1.7.1.3 we have not used a low pass filter in our study. And somehow we should account for these high variance fluctuations.

Network-based statistic

Functional connectivity by comparing the correlation in neurophysiological measures of the brain reveals which distinct neural systems have to activate in conjugation for a special tasks [START_REF] Biswal | Functional connectivity in the motor cortex of resting human brain using echo-planar MRI[END_REF][START_REF] Friston | Functional Connectivity: The Principal-Component Analysis of Large (PET) Data Sets[END_REF][START_REF] Varoquaux | Learning and comparing functional connectomes across subjects[END_REF]. High level functions arise from the interaction of some specific and specialized units [START_REF] Tononi | Reentry and the Problem of Integrating Multiple Cortical Areas: Simulation of Dynamic Integration in the Visual System[END_REF], functional connectivity is an important part of the description of the brain functions [START_REF] Sporns | Organization, development and function of complex brain networks[END_REF][START_REF] Varoquaux | Learning and comparing functional connectomes across subjects[END_REF]. As we saw in the parcellation chapter measuring and comparing connectivity of all the regions together is not a good idea. Even after parcellation comparing all the connectivity values in two conditions would end up with a multiple comparisons problem. Indeed, even after a parcellation of 116 regions, we would have 116*115/2=6670 comparisons.

There are two main approaches to overcome this problem. One is to use a method called seed based functional connectivity. In this method, instead of comparing the whole brain to each other, we would compare the brain to some seed regions defined according prior knowledge. The second method is to use graph properties of connectivity network to evaluate them, e.g. Network-Based Statistic (NBS). NBS has been proposed by Zalesky et al. (2010) as a method that controls family wise error (FWE) based on graph components that exist in the connectivity data. In some ways, NBS is a graph equivalent of the cluster-based thresholding of statistical parametric maps. NBS requires a threshold that is chosen based on the consistency of the results.

Behavioral and psychological evaluations

In this part, we would like to discuss some behavioral and psychological that we evaluated in our study.

Itch severity measurements

Itch is a subjective feeling therefore objectification of it remains a crucial and challenging task.

Overall there is two ways to measure the itch; subjective evaluation of itch with self-reported indexes, and measurement of scratching. The first group includes simple methods as assessment of itch based on one question (i.e. visual analogue scale (VAS), numeric rating scale (NRS), verbal rating scale (VRS)), itch questionnaires measuring the itch quality, computerized measures of itch, and measurement of pruritus perception threshold. Scratching can be measured by the observation of the scratching movement, degree of lichenification, limb meters (pressure sensors which measures wrist activity), infrared video-recording, fingernail vibration transducers (by using piezoelectric sensors and film) and acoustic evaluation system of scratching [START_REF] Reich | Visual Analogue Scale: Evaluation of the Instrument for the Assessment of Pruritus[END_REF].

There is a debate in the scientific community regarding correlates between two kinds of defining the itch, some argue that they do not always correlate [START_REF] Lloyd | Can itch-related visual stimuli alone provoke a scratch response in healthy individuals?[END_REF]Schut et al., 2014) though the general consensus is that they correlate [START_REF] Evers | The Impact of Chronic Skin Disease on Daily Life (ISDL): a generic and dermatology-specific health instrument[END_REF][START_REF] Felix | A new method for the measurement of itch and the response to treatment[END_REF]Verhoeven et al., 2008).

Here we have used primarily NRS, VRS, VAS, and scratching by observing the subjects, therefore we would discuss them in more details.

Visual analogous scale is a straight line in which the endpoints defines the extreme limits in the itch sensation i.e. "No itch at all" and "Itch as bad as it could be" (Schema in bottom of the Figure 5) [START_REF] Haefeli | Pain assessment[END_REF][START_REF] Reich | Visual Analogue Scale: Evaluation of the Instrument for the Assessment of Pruritus[END_REF]. The patients are then asked to mark their itch levels on this line. The distance of this mark from the start ("No itch at all") is defined as the itch level. VAS seems to be one of the most used methods in order to asset the itchiness levels, as it is an easy and accurate estimation of the itch [START_REF] Langner | Pruritus measurement and treatment[END_REF][START_REF] Reich | Visual Analogue Scale: Evaluation of the Instrument for the Assessment of Pruritus[END_REF]. It was originally developed to asset and measure the pain (von Frey, 1922), later it was adopted for measuring the itch. Despite its drawbacks (inability to be used for patients with motor problems, or patients having difficulties to understand it, and mostly the need to convert its graphic results into a metric measure) VAS is reported to be a reliable method to asset pain and itch [START_REF] De Jong | Reliability and validity of the pain observation scale for young children and the visual analogue scale in children with burns[END_REF][START_REF] Lundqvist | A Vertical VAS is a Valid Instrument for Monitoring Headache Pain Intensity[END_REF][START_REF] Peters | Pain Assessment in Younger and Older Pain Patients: Psychometric Properties and Patient Preference of Five Commonly Used Measures of Pain Intensity[END_REF][START_REF] Reich | Visual Analogue Scale: Evaluation of the Instrument for the Assessment of Pruritus[END_REF].

Verbal rating scale (VRS) is when adjectives are used to describe the itchiness level, presented in the Figure 3 [START_REF] Haefeli | Pain assessment[END_REF]. With this method, subjects are asked to mark the adjective which describe their itch the best. Number of adjectives defining the itch can vary from four to six adjectives.

In Numerical rating scale (NRS) patients describe their itch with a number between 0 and 10 (there are versions that have ranges from 0 to 100 or 0 to 20). Zero normally means that they feel "no itch" while 10 means the "worst itch ever possible" [START_REF] Haefeli | Pain assessment[END_REF].

Furthermore, it has been shown that all of these measures (VRS, VAS, and NRS) have strong correlation between each other [START_REF] Reich | Visual Analogue Scale: Evaluation of the Instrument for the Assessment of Pruritus[END_REF]. Because of their similarity in the instrumentations and scaling lots of researchers consider NRS and VAS to be the same method.

But it has been reported that subjects tend to report higher levels of itchiness when reporting by NRS in comparison to the VAS [START_REF] Reich | Visual Analogue Scale: Evaluation of the Instrument for the Assessment of Pruritus[END_REF]. This phenomenon is not unique to the itch and have been reported in the pain too [START_REF] Bailey | Validation and properties of the verbal numeric scale in children with acute pain[END_REF][START_REF] Bijur | Validation of a verbally administered numerical rating scale of acute pain for use in the emergency department[END_REF][START_REF] Hollen | A comparison of visual analogue and numerical rating scale formats for the Lung Cancer Symptom Scale (LCSS): does format affect patient ratings of symptoms and quality of life?[END_REF][START_REF] Price | A comparison of pain measurement characteristics of mechanical visual analogue and simple numerical rating scales[END_REF].

As it is very important to measure the itch levels during the experiments, we have used different types of itch measurements which were more suitable for that specific experiment. During the initial video we have put a VRS in the video every 3 min. While during the preliminary experiment we have used VAS and observation of the subjects. Finally, during the main experiments, we have used NRS. The reason that we have used VAS during the primary experiments was the fact that subjects was already responding to question concerning the location of itchiness therefore it was not a burden to use VAS. While during the main experiment some subjects were hospitalized, due to this and the fact that VAS and NRS are correlated we deemed it unnecessary to use VAS and deployed the easer method (NRS).

Edinburgh Oldfield

Handedness is an important cognitive and behavioral feature of human beings. Humans have two anatomically identical hands which have the same biomechanical capacities [START_REF] Edlin | On the use (and misuse?) of the Edinburgh Handedness Inventory[END_REF].

Most of the humans tend to use one of their hands more often than the other one for daily activities.

The hand that is used more is called dominant hand. Most of the human population have their right hand as dominant hand (less than 10 percent of human population are left handed, based on a common estimate; [START_REF] Coren | Fifty centuries of right-handedness: the historical record[END_REF][START_REF] Frayer | More than 500,000 years of right-handedness in Europe. Laterality: Asymmetries of Body[END_REF][START_REF] Perelle | An international study of human handedness: The data[END_REF]).

Therefore, there is a small but considerable amount of diversity in the direction of the handedness. Beside the direction, another dimension to the handedness is the degree or consistency of handedness. Degree of the handedness means that to what extent the dominant hand is used in comparison to the non-dominant hand. While the direction of handedness can be categorized (left or right handedness) the degree of handedness can vary from equal usage of both hands to using the dominant hand exclusively [START_REF] Edlin | On the use (and misuse?) of the Edinburgh Handedness Inventory[END_REF].

The variability in the degree of the handedness is not apparent for many people, because most people would associate it with the hand we use for writing only. Oldfield (1971) proposed his handedness inventory communally know as Edinburgh Handedness Inventory (EHI) more than five decades ago as a "simple and brief method of assessing handedness on a quantitative scale". The EHI can quantify both the direction and the degree of handedness. Both of degree and direction of handedness are considered important because of their importance and their association with many neuropsychological phenomena. Among these phenomena that have a correlation with both the direction and the degree of the handedness, we can name; language [START_REF] Knecht | Handedness and hemispheric language dominance in healthy humans[END_REF][START_REF] Meador | Cerebral lateralization: Relationship of language and ideomotor praxis[END_REF][START_REF] Newman | Does degree of handedness in a group of right-handed individuals affect language comprehension?[END_REF], motor control [START_REF] Bernard | Handedness, Dexterity, and Motor Cortical Representations[END_REF][START_REF] Dassonville | Functional activation in motor cortex reflects the direction and the degree of handedness[END_REF], and same goes to differences in the interhemispheric interaction [START_REF] Chase | Degree of handedness affects intermanual transfer of skill learning[END_REF][START_REF] Cherbuin | Hemispheric interactions are different in left-handed individuals[END_REF]. Recent research has also demonstrated a correlation between direction-based differences and the following actions; action understanding [START_REF] Willems | Body-Specific Representations of Action Verbs: Neural Evidence From Right-and Left-Handers[END_REF], attention [START_REF] Liu | Evidence from intrinsic activity that asymmetry of the human brain is controlled by multiple factors[END_REF], while degree of handedness is correlated to episodic memory [START_REF] Edlin | Memory for Hand-Use Depends on Consistency of Handedness[END_REF][START_REF] Lyle | Handedness is related to memory via hemispheric interaction: Evidence from paired associate recall and source memory tasks[END_REF][START_REF] Propper | A mixed-handed advantage in episodic memory: A possible role of interhemispheric interaction[END_REF], creativity [START_REF] Shobe | Influence of handedness and bilateral eye movements on creativity[END_REF], and many other phenomena (for a review, see [START_REF] Edlin | On the use (and misuse?) of the Edinburgh Handedness Inventory[END_REF][START_REF] Prichard | Degree of Handedness, but not Direction, is a Systematic Predictor of Cognitive Performance[END_REF]).

To investigate these and be sure that we have accounted for the both aspects of handedness, we have used the EHI for measuring the degree and the direction of the handedness.

Big five

The number of principal personality traits varied a lot from two dimensions in California Q-sort [START_REF] Block | role of ego-control and ego-resiliency in the organization of behavior[END_REF] to 4 in Myers-Briggs Type Indicator [START_REF] Myers | Manual: A guide to thedevelopment and use of the Myers-Briggs Type Indicator[END_REF] and finally to 20 dimensions in California Psychological Inventory [START_REF] Gough | California psychological inventory: Administrator's guide[END_REF]. The two dimensions of the California Q-sort are ego-resilience and ego-control. Myers and McCaulley measure of personality trait with four measures : extraversion, feeling, judging, and intuition [START_REF] John | Handbook of Personality, Third Edition: Theory and Research[END_REF]. The 20 scale measure was the California Psychological Inventory [START_REF] Gough | California psychological inventory: Administrator's guide[END_REF] measuring the folk concepts like status, self-control, tolerance, wellbeing, and achievement via independence [START_REF] John | Handbook of Personality, Third Edition: Theory and Research[END_REF].

Finally, the key to accurately measuring the personality traits was hidden in the data-driven methods. The first data driven personality measure was by Ernest Tupes and Raymond Christal commissioned by U.S. Air Force Personnel Laboratory during the 1950s [START_REF] Tupes | RECURRENT PERSONALITY FACTORS BASED ON TRAIT RATINGS[END_REF]. Their method was perfected by lots of researchers during the last 50 years [START_REF] Costa | Personality Disorders and The Five-Factor Model of Personality[END_REF], 1992a, 1992b;[START_REF] Digman | Personality structure: Emergence of the five-factor model[END_REF][START_REF] Goldberg | An alternative "description of personality": the big-five factor structure[END_REF][START_REF] Goldberg | The development of markers for the Big-Five factor structure[END_REF][START_REF] Goldberg | The Structure of Phenotypic Personality Traits[END_REF][START_REF] Russell | 16PF Fifth Edition administrator's manual (Institute for Personality and Ability Testing[END_REF].

In our study we have used a French version of Big Five developed by Plaisant and his colleagues (Plaisant et al., 2005[START_REF] Plaisant | Validation par analyse factorielle du Big Five Inventory français (BFI-Fr). Analyse convergente avec le NEO-PI-R[END_REF].

There is a strong evidence that there is an association between dermatological and psychiatric diseases like depression [START_REF] Bashir | Depression in Adult Dermatology Outpatients[END_REF][START_REF] Cohen | Depression in dermatological patients identified by the Mini International Neuropsychiatric Interview questionnaire[END_REF][START_REF] Dalgard | The Psychological Burden of Skin Diseases: A Cross-Sectional Multicenter Study among Dermatological Out-Patients in 13 European Countries[END_REF][START_REF] Kim | Psychological Distress in Young Adult Males with Atopic Dermatitis[END_REF][START_REF] Picardi | Recognition of depressive and anxiety disorders in dermatological outpatients[END_REF][START_REF] Purvis | Acne, anxiety, depression and suicide in teenagers: A cross-sectional survey of New Zealand secondary school students[END_REF][START_REF] Rønnstad | Association of atopic dermatitis with depression, anxiety, and suicidal ideation in children and adults: A systematic review and meta-analysis[END_REF], anxiety [START_REF] Dalgard | The Psychological Burden of Skin Diseases: A Cross-Sectional Multicenter Study among Dermatological Out-Patients in 13 European Countries[END_REF][START_REF] Linnet | An assessment of anxiety and dermatology life quality in patients with atopic dermatitis[END_REF][START_REF] Picardi | Recognition of depressive and anxiety disorders in dermatological outpatients[END_REF][START_REF] Rønnstad | Association of atopic dermatitis with depression, anxiety, and suicidal ideation in children and adults: A systematic review and meta-analysis[END_REF][START_REF] Stangier | Stress and anxiety in dermatological disorders[END_REF], and suicide rates [START_REF] Cotterill | Suicide in dermatological patients[END_REF][START_REF] Dalgard | The Psychological Burden of Skin Diseases: A Cross-Sectional Multicenter Study among Dermatological Out-Patients in 13 European Countries[END_REF][START_REF] Purvis | Acne, anxiety, depression and suicide in teenagers: A cross-sectional survey of New Zealand secondary school students[END_REF][START_REF] Rønnstad | Association of atopic dermatitis with depression, anxiety, and suicidal ideation in children and adults: A systematic review and meta-analysis[END_REF]. Recent studies have shown that there could be a significant difference in the personality traits between the dermatological patients and healthy control group too [START_REF] Cheng | The associations between personality traits, education, occupation and the occurrence of eczema in adulthood[END_REF]Schut et al., 2015a[START_REF] Schut | Role of personality and expectations for itch and scratching induced by audiovisual itch stimuli[END_REF][START_REF] Takahashi | Japanese patients with psoriasis and atopic dermatitis show distinct personality profiles[END_REF]. We should mention that there is a debate between scientific communities regarding the cause and effect relationship of these differences. But more importantly there is a compiling evidence that the personality and psychological traits can affect the subjects susceptibility to the audiovisual itch (Holle et al., 2012;Schut et al., 2014Schut et al., , 2015a)). Holle et al. (2012) have observed that the neuroticism is a significant predictor of contagious itch intensity in healthy group, while Schut et al. didn't observed any correlation between visually induced itch (VAS after itch video minus VAS after normal video) and personality traits in none of their healthy control groups (Schut et al., 2014(Schut et al., , 2015a)). Interestingly in psoriasis patients Schut et al. (2015a) observed that induced itch was negatively correlated with public self-consciousness (measured with Self-Assessment Scale [START_REF] Filipp | Der Fragebogen zur Erfassung dispositionaler Selbstaufmerksamkeit:(SAM-Fragebogen)[END_REF])) but not with any personality trait of big five. In the same study they have observed that the scratch action induced was correlated with scratching action. While in atopic dermatitis patients the induced itch correlated with depression measures (Schut et al., 2014). In the same study Schut et al. (2014) have shown that the scratching actions could be predicted by the agreeableness and public self-consciousness.

Empathy

Empathy helps us to perceive the feelings of others, their intentions, anticipate their behaviors and in its finniest experience the emotions caused by their emotions. The empathy is a recent word, despite its close relative, sympathy, which was in use since 16 th century (Baron- Cohen and Wheelwright, 2004). This is strange due to the fact that empathy has been part of our social construct for as long as Homo sapiens existed. Despite its long evolutionary history, the term "empathy" was coined by Titchener in the first half of 20 th century as translation of German word "Einfuhlung", which means "to project yourself into what you observe" [START_REF] Titchener | Lectures on the experimental psychology of the thought-processes[END_REF].

There is no consensus on the definition of empathy. But the definition of empathy can be categorized into two methods: one method is to define the empathy with an affective approach, other to define the empathy based on the cognitive aspects of it (Baron- Cohen and Wheelwright, 2004). In the affective approach, the empathy is defined based on the observer's emotional response caused by the affective state of someone else. This definition of the empathy is really close to that of the sympathy (Baron- Cohen and Wheelwright, 2004). There are four different definitions in this category:

1. Feeling observed by the observer should match that of the observed person (e.g. observing others frighten would make you frighten; [START_REF] Eisenberg | The relation of empathy to prosocial and related behaviors[END_REF][START_REF] Hoffman | Interaction of affect and cognition in empathy[END_REF]). 2. The observed feeling doesn't match others feeling but it is appropriate concerning the situation (e.g. feeling pity while observing someone else's sadness [START_REF] Stotland | Exploratory Investigations of Empathy11The preparation of this article and all of the initially reported studies were supported by a grant from the National Science Foundation[END_REF]). 3. The feeling induced in the observer has no relationship with the observed persons feeling.

(Sometime there could be relationship but it is not socially acceptable e.g. feeling pleasure or happiness from others pain.) This is also called "contrast empathy" [START_REF] Stotland | Empathy and birth order: Some experimental explorations[END_REF]). 4. The feeling induced in the observer must be with compassion toward the observed person's distress [START_REF] Batson | The Altruism Question: Toward a Social Psychological Answer[END_REF].

Among these definitions 1, 2, and 4 are more coherent and define same thing, but the definition number 3 is more inclusive. The inclusive nature of definition 3 can be problematic.

A second method to define the empathy is to use its cognitive characteristics. Most of definitions in this category is based on the fact that empathy involved the other's feeling [START_REF] Köhler | Gestalt psychology[END_REF]. The main concept of these theories try to define the empathy by cognitive process like, role taking, switching attention to take someone else's perspective (Baron- Cohen and Wheelwright, 2004;[START_REF] Mead | Mind, Self, and Society from the Standpoint of a Social Behaviorist[END_REF] or "decentering"; meaning responding non-egocentrically [START_REF] Piaget | The moral judgment of the child[END_REF]. During the early years of studying of empathy it was referred to as "social activity" too [START_REF] Chapin | Preliminary Standardization of a Social Insight Scale[END_REF][START_REF] Dymond | Personality and empathy[END_REF][START_REF] Kerr | Validation and Evaluation of the Empathy Test[END_REF]. While some recent studies refers to it as a part of "mind wandering" [START_REF] Astington | Developing theories of mind[END_REF][START_REF] Wellman | Children's theories of mind[END_REF] or "mind wondering" (Baron- [START_REF] Baron-Cohen | Mindblindness: An essay on autism and theory of mind[END_REF][START_REF] Whiten | Natural theories of mind: Evolution, development and simulation of everyday mindreading[END_REF]. Essentially this means that switching one's own current perspective into a mental state (or "attitude") attributed to the other person [START_REF] Leslie | Pretense and representation: The origins of "theory of mind[END_REF].

Sympathy is a close phenomenon to the empathy. Adam Smith defines sympathy as the "fellowfeeling" induced when observing other powerful emotional states [START_REF] Smith | The Theory of Moral Sentiments[END_REF]. Therefore, sympathy can be considered as a part of the affective component of empathy (Baron- Cohen and Wheelwright, 2004). Sympathy also can be defined as a desire to ease the observed person's suffering. This desire is motivated by an emotional state caused by observing others suffering (Baron- Cohen and Wheelwright, 2004;[START_REF] Davis | A multidimensional approach to individual differences in empathy[END_REF].

There is a few evidence that the empathy is the culprit of the contagious itch. Some researchers argue that activation of regions in brain like precuneus (Schut et al., 2017), which is proven to be involved with empathy, could indicate that the empathy is involved with contagious itch. Holle et al. (2012) argue that this is not the case as there is a correlation between contagious itch and neuroticism. They have shown that the itch-related activation of Brodmann area 44 (BA44 -pars opercularis of the inferior frontal gyrus) correlates with neuroticism. The fact that the neuroticism plays a role in contagious itch as opposed by empathy could indicate that there is differs between social processing of itch and pain. They argue that these two sensations give rise to two different reactions pain would motivate proximity while itch would motivate distance. But the fact that the autism children are more susceptible to the contagious itch [START_REF] Schineller | Increased Contagious Itch in Children with Autism Spectrum Disorder (ASD)[END_REF] could mean that the empathy plays a minimal role in it.

When we were discussing the audiovisual itch (chapter 1.2.4), we mentioned that one of the main explanations for how audiovisual stimulus can induce itch is empathy. Here in this chapter, we have discussed the definition of empathy. In order to measure the empathy levels in the subjects we have used empathy quotient proposed by Baron-Cohen and Wheelwright (Baron- Cohen and Wheelwright, 2004) which was translated into French by C. Besche-Richard, M. Olivier et B. Albert.

Material and methods

Video production

Subjects

In order to produce a video that could induce scratching, we have recorded 14 volunteers scratching themselves. Initially, the subjects were informed about the goal of the experiments and informed about their rights. Then they signed an image waiver form which is present in the supplementary material 7.1 ("autorisation de droit à l'image et diffusion"). Some information on these models is presented in Table 1.

In order to reduce any environmental cues in the video, recording for everyone was carried out in the same consulting room at the dermatology department of "Hôpital Morvan". We filmed our volunteer models with a homogenous white background and all the objects in the field of view were removed. Parts of the cloths of subjects which we deemed distracting was cover up with a white curtain. They didn't wear any object that could distract the subjects, e.g. necklace. To ensure the privacy of the models their faces were not filmed, and only the region that was tapped or scratched was filmed. 

Procedure

All the volunteers were asked to complete two kinds of actions: tapping and scratching. They started with tapping to avoid having any rash caused by scratching. Models tapped their skin in soft and regular manner with the index and middle fingers. For scratching, the subjects were instructed to scratch themselves as normal as possible. The scratching was done by three fingers and the pressure was subtle while moving the fingers with ample movement. If the act of scratching deemed artificial they were asked to repeat it.

Tasks were carried out on three body locations; forearm, abdomen (flank), neck, and thigh. In order to determine the action area for forearm; subjects forearm was divided into three parts and we asked them to scratch or tap the middle area. This area is visible in Figure 1b. The region in the middle of the thigh was selected for the legs region, this region where identified by dividing the thigh region between patella and trochanter into three regions; and selecting the middle one.

The selected region for the thigh is visible in Figure 1a. For the abdomen, the flank area was chosen as shown in Figure 1d because it was easier to film without filming any other region, especially the chest. For the neck, subjects were instructed to scratch or tap the middle area of the neck. This area is presented in Figure 1c.

All the tasks were carried out in both the right and left side of the body. Therefore, each subject carried out actions on eight regions (4 regions described before in both right and left area). With two actions per area, this resulted in 16 action-region clips. Each action was carried for 2 min for every site, therefore all the subjects were filmed for 32 min.

Video randomization and mixing

In order to produce ten minutes long videos, clips were mixed together in a pseudo-random manner. None of the clips could be presented twice in the same video. In order to minimize the habituation and expectation the duration of the clips were shortened and chosen randomly between 40 secs and 80 sec.

Overall, two kinds of videos were produced, one for the primary experiment which included both control and scratching conditions. And another one mixed for the final experiment including just the scratching action.

The video for primary experiment included both scratching and tapping actions in a manner that none of these two actions happened exactly after each other. In order to gather the information about the scratching, both its severity and location, this video made appear two questions at some regular time-points onto the clips (each 3 min). The first one was a schema of the human body, with areas of the human body in three different colors (green for the head, yellow for torso and arms, and blue for legs.). A schema was included in the questions, to help subjects identify in which region the itch sensation was induced (Figure 2). This figure was prepared in order to register the information during the MRI session too, hence the four-color configuration. The color red was reserved for the "no itch" condition.

Another visual question was a visual rating scale for measuring the itch severity, this figure is presented in Figure 3. As the body schema, this figure was adopted for the MRI machine too, therefore the four-color arrangement. Blue for no itch at all, yellow for mild itch, green for moderate itch, and red for worst imaginable itch.

A detailed timeline of this video is presented in Figure 4, in it, the itch stimulus was presented in red while the neutral condition was in white. The width of the block represents the duration of the stimulus. Each 3 min one of the schemas (itch location and itch intensity) was presented to the subjects. Table 2 contains the exact location of this stimulus. After the preliminary experiments, we determined that the itch sensation was too slow to change during the cores of the video. This meant that block design and the event-related stimulus was not suitable for itch fMRI; therefore, we decided to compare the brain connectivity in the presence of itch stimulus only. We produced the videos for this new paradigm just by using the itch action videos and mixing them appropriately into two 10 min videos. The composition of these two videos is presented in Table 3 and Table 4 respectively. We should mention that for the fMRI segment the questions were removed in order to not distract the subjects. 

Preliminary experiments

Subjects

The goal of the preliminary study was to find a suitable stimulus and prove that the stimulus video was effective. For this stage, we have recruited 15 healthy subjects (5 males, 10 females; mean age=31.2 ± 8.7) by sending mass mail to the all the students and administrative staff of the University of Western Brittany (UBO) and the Telecom Bretagne (currently IMT Atlantique).

Beside the mass emails, we put up some posters in strategic locations in both medical faculty and telecom (Posters are presented in 7.2.1 and 7.2.2).

Procedure

After recruitments subjects were informed of the goal of the experiment and sign a consent form. This part of the experiment was carried out in the meeting room of the "Laboratoire Interactions Epithéliums-Neurones" (LIEN) in the medical faculty of UBO. The environment was calm without any noise; while the field of view of the subjects was without any distractive objects. The temperature of the room was ambient, we tried to have almost the same temperature for everyone.

We also tried to have the same lamination for everyone.

Because we didn't have access to the SensaVue (fMRI compatible button response), subjects were given a form which had a schema of the human body and visual rating scales (Figure 5. They were instructed to mark them with their itch levees and its location whenever they saw a schema of the human body in the video (which was every 3 min). The main difference between this and the one that was used in the video was that in the video number of the conditions was limited to the number of the buttons in SensaVue system (4 bottoms).

The experiment consisted of two stages. During the first stage, volunteers watched the video alone and weren't allowed to scratch themselves. They responded to the questions every 3 min. During this time, they were filmed and the researchers watched the video to be sure that didn't scratch themselves and was concentrated on watching the video. This part of the experiment lasted 21 min.

Overall during this stage of experiment 7 itch level and location was recorded for each subject.

The next part of the experiment consisted of the subjects watching the reaming of the video while they were allowed to scratch themselves. During this stage, they responded to the itchiness and location forms in the same manner as the first stage. While subjects were watching the videos one of the researchers (Peyman Najafi) was present and recorded any scratching movement's time and location. To distinguish between a scratching and touching movement, scratching was defined as the movement with repeated motion (more than two) or any action which the nail of the finger was touching the skin. The table which the watching screen was suited on was chosen in a manner that the researcher can see any scratching of the legs too. 

Main experiments

Subjects

For the main experiments again the recruitment of the healthy volunteers was carried by putting up posters and mass emails to the students and staff of both UBO and telecom. Five of the subjects that have participated in the preliminary experiment was included in this stage too, (others were not interested or didn't respond to the emails and the calls). The mean age for healthy volunteers was 26.1±5.8. The healthy group was consisting of 8 females and 7 males.

For the patient groups recruitment was done by posters in the dermatology department of "Centre Hospitalier Régional Universitaire de Brest" (CHRU Brest) or by the dermatologists of the CHRU Brest. For the patients that were recruited by the posters, their treating dermatologist was consulted to be sure that their disease is served enough and the experiment cause no harm to their health.

Psoriasis patient group included 14 patients with a mean age of 45±17.8. Eighth patients among them were female and six of them were male.

The initial goal was to recruit urticaria patients too, but after finishing the experiment with psoriasis patients, due to lack of time, we abandoned it. Another reason for this was that during the running time of the experiment another group studied and published the effect of urticaria on the brain, reducing the need for studying the urticaria. Anyhow, we recruited two urticaria patients with mean age of 43±14. Both of them were female.

Inclusion call

Exclusion criteria were but not limited to legal age (more than 18 years old on the day of the experiment), having any medical implant that can be affected by MRI, being claustrophobic, take unauthorized drugs. For the healthy control group using glasses was an exclusion criterion but for the patient group, a set of MRI compatible glasses was used for correcting their vision. Finally, any pregnancy was an exclusion criterion too. All the female volunteers that were not sure of their pregnancy status before the exam, were presented with a free pregnancy test. Having any psychological diseases was an exclusion criterion too. The exact inclusion form is presented in supplementary data 7.3.

In order to be included in the healthy control group, subjects had to be free of any dermatological diseases. Any history of this disease was an exclusion criterion.

Only psoriasis patients who had chronic psoriasis during the last 6 weeks were included in the study. For the urticaria patients, in the same manner, only patients with chronic urticaria during the last 6 weeks were included.

The subjects who contacted us with mail received a mail explain the experiment and an online form which had all the inclusion and exclusion criteria. If their answers meet the inclusion criteria, they were given an appointment. Volunteers were instructed to, stop taking any dermatological drugs or any drug that cross the blood-brain barrier, 48 before the appointment. This was cried out after consulting the treating dermatologist and a pharmacist.

The subjects who called, go through a similar process. They responded to the inclusion questions.

If they were included they received an appointment and asked to stop taking the medicine 48 before the appointment. After the call, their medicine was consulted with their treating dermatologist and a pharmacist if they were taking any drugs that could have interference with experiment subjects were excluded.

First season

Administrative procedure

This stage of the experiment was carried out in the dermatology department of Morvan Hospital of CHRU Brest. All the experiments were done in the same room. This room was calm far away from any possible noise. And finally, all the distracting objects were removed from the room. The temperature of this room was controlled, we tried it to be the same for all the subjects. We also tried to have the same illumination for all the subjects.

After small greeting, subjects were sited in front of a monitor, facing the researcher. This insured that they monitor had hidden the researcher's face and researcher's face could not distract them.

After that subjects were informed about their rights and the goal of the experiments. In order to control for any unwanted nocebo and placebo effects, the examiner read a standardized text for all the participants, this text is presented in the 7.4.

After that subjects sign a detailed standardized consent form. The consent form has been already presented and approved by local ethical comity (CPP Ouest 6 -CPP926, IDRCB: 2015-A01900- 49, Jan. 5th, 2016). A version of this form can be found in section 7.5.

Subjects were free to withdraw from the experiment at any moment.

Video Watching

In this stage, subjects watched the video. In order to measure itch levels and to be sure that the video is effective, we measure the itch levels using a verbal rating scale (VRS). The researcher explained the VRS to the subjects and asked them about their VRS levels before the start of the video. Then the subjects watched the video. In 5 min mark researcher stopped the video to some moments (normally 10-20 sec) and asked for the VRS levels. At last another VRS was measured after the end of the video.

During the video, subjects were instructed to focus on video normally in the same manner as watching the television. And they were prohibited to speak to the researcher or use any mobile phone. During the video scratching the itch was not permitted in order to prepare the subjects for the MRI machine in which movement should be minimal.

Responding to questionnaires

In the last stage of the first season, subjects responded to three questionnaires. The first one was Edinburgh Oldfield laterality question. For this questionnaire, researchers asked the first three questions and filled the form, then the questionnaire was given to the subjects and they themselves fill the remaining items. Each item had 2 points which were given to left or right based on the laterality of that item in daily life. Assuming the sum of all the right side scores is D and sum of all the scores in the left is G, the final value of this questionnaire calculated by equation 2. If the value of Oldfield value was positive subject consider right-handed, and they would consider lefthanded if Oldfield value was negative. All the Oldfield values close to zero means that the subject is ambiguous.

𝑂𝑙𝑑𝑓𝑖𝑒𝑙𝑑 = 𝐷 -𝐺 𝐷 + 𝐺 * 100 ( 2 )
The next questionnaire was the Big Five. For this form subjects were instructed to score all the items from 1 to 5. Then each of five personality traits was calculated by the formulas ( 3) to ( 7 ).

In these formulas, the denotation Q1 means the scores that subjects have given to question 1, while denotation R1 means the reverse of the subject's response. (1 replaced with 5 ; and so on for 4:2 ; 3:3 ; 2:4 ; 1:5).

𝐸 = 𝑄1 + 𝑅6 + 𝑄16 + 𝑅21 + 𝑄26 + 𝑅31𝑄36 8 ( 3 ) 𝐴 = 𝑅2 + 𝑄7 + 𝑅12 + 𝑄22 + 𝑅27 + 𝑄32 + 𝑅37 + 𝑄42 + 𝑅45 10 ( 4 ) 
𝐶 = 𝑄3 + 𝑅8 + 𝑄13 + 𝑅18 + 𝑄28 + 𝑄33 + 𝑄38 + 𝑅43 9

( 5 )

𝑁 = 𝑄4 + 𝑅9 + 𝑄14 + 𝑄19 + 𝑅24 + 𝑄29 + 𝑅34 + 𝑄39 8 ( 6 ) 
𝑂 = 𝑄5 + 𝑄10 + 𝑄20 + 𝑄25 + 𝑄30 + 𝑅35 + 𝑄40 + 𝑅41 + 𝑄44 10

( 7 )
In the next stage, the subjects responded to an online version of empathy, this version gives two values for empathy one from 80 and the other one from 40. The value calculated from 40 was just a normal sum of all the values in the questionnaire. On the other hand, the value calculated with maximum of 80 the is the weighted sum.

( http://pages.infinit.net/frelyne/aspi/EmpathyQuotient.html ).

Finally, they responded to a questionnaire which is mandatory for the MRI department. This questionnaire is presented in 7.6.

MRI season

Preparing the subjects and process When subjects were in the fMRI session, they were given some information about the MRI machine and experiment process by the MRI technician and one of the researchers. Then they were asked to change into MRI compatible cloths while having just their underpants. Then they were laid down on the MRI machines bed comfortably. They were given a small cushion for putting under their legs for further comfort. They were given a headphone to protect their ears and communicate with the MRI manipulator. Three electrodes were attached to the subjects in order to record the electrocardiogram (ECG) signal. Respiratory signals were recorded with a special machine which was fixed to the chest of the subjects by a special belt. The peripheral pulse unit (PPU) was recorded by putting the sensor on the index finger of the right hand. Finally, subjects' head were comfortably fixed in the head department of the MRI machine by placing two small foams on both sides of the head.

Subjects were asked to not scratch themselves during the fMRI session, and avoid any unnecessary movement. Between two fMRI seasons, subjects were given a two min window to scratch themselves. During this time, they were still in the MRI machine and asked to scratch themselves with minimal movement. They were given a small bottom to contact the searchers while they were inside the MRI machine.

Our MRI machine was a Philips, Achieva stream 3.0T scanner (Philips, Best, the Netherlands).

We used 32-channel head coil for recording the head MRI images.

T1 image acquisition

The high resolution T1 images were recorded using a 3D-MPGR (voxel size (x,y,z) = 0.9×0.9×1 mm, Repetition Time = 8.4s, Echo Time= 3.75ms, flip angle 8°).

fMRI image acquisition

Functional images consisted of two sets of T2*-weighted images that were acquired using a singleshot multi-echo-planar imaging (MEPI) (voxel size (x,y,z) = 2.5×2.5×2.6 mm, Repetition Time=3.15s, First Echo Time = 17ms, Second Echo time=46ms, flip angle 90°, matrix size=128×128, number of slices=45, FOV=250×250×143).

Each fMRI scanning trial was contained 10 dummy scans, to allow for T1 equilibration effects.

DTI image acquisition

Diffusion Tensor Imaging (DTI) images were acquired using a b=800, with 32 different directions, a voxel size (x,y,z) of 2×2×2 mm, a Repetition Time=8.776s, an Echo Time=75 ms, a flip angle 90°a matrix size of 160×160, and a FOV=250×250×160). The vectors showing the chosen directions for the DTI image recording. 

B0 image acquisition

The B0 images which shows any inhomogeneity of the magnetic field was recorded by the following parameters. 4×4×4, Repetition Time=0.8s, Echo Time=3.9 ms, flip angle 60°, matrix size=64×64, FOV =256×256×140, delta TE=2.46

Data analysis

Statistical analysis

All the statistical analysis of these data has been carried out in SPSS 25 (IBM, Armonk, NY). For all the parameters at first, we have carried out a test of normality to be sure that they have followed a normal distribution. This has been done by doing a Shapiro-Wilk. We have also reported results of Kolmogorov-Smirnova test too. The Shapiro-Wilk test is more suitable to deal with a smaller sample size (smaller than 50) while Kolmogorov-Smirnova is more suitable for a larger sample size.

For the normal data in most cases, we have used analysis of variances (ANOVA) and if there were some confound factors we have used analysis of covariance (ANCOVA). For the measurements that didn't follow a normal distribution in some cases, we have carried a two-way ANOVA to give an overview of how data behaves. The reason behind this is that there is no two-way counterpart to two-way ANOVA in non-parametric test in standard statistical programs. Anyhow the main analysis was carried out by rearranging the data's in a way that common non-parametric tests can be applied. For non-parametric multiple comparison tests we have used Friedman's two-way ANOVA (it has two-way in its name but it is for repeated measures) and independent samples Kruskal-Wallis test.

Based on our initial hypothesis, we have followed the ANOVA tests with two different post-hoc tests, Dunnett's multiple comparisons, and Tukey's test. Dunnett's test is a many-to-one test, meaning that instead of comparing all the observed values to each other it just compares all the groups to a predefined group. By doing so it reduces the number of the multiple comparisons and therefore increases the power of the test. The only drawback with this test is that it needs a hypothesis regarding the reference group before the test. Tukey's test shall not perform in the presence of statistically significant interaction, for these instances we have used simple main effect analyses with Bonferroni correction.

The post-hoc test for Friedman's ANOVA was followed up with Dunne's post-hoc test with Bonferroni correction.

We have used the Mann-Whitney test's and Wilcoxon signed-rank test to compare the independent and paired tests for non-normal data.

Prepressing fMRI

Preprocessing of fMRI data was carried out using SPM12 (www.fil.ion.ucl.ac.uk/spm) and Matlab R2016a (The MathWorks, Inc., Natick, Massachusetts, United States).

Two -echo MRI

In order to improve the signal, we have recorded fMRI images in two echoes. Then we have averaged these two into a single fMRI for all the time points of the recording. In order to demonstrate the effect of this averaging on the quality of the fMRI images, we have chosen a random subject (subject Healthy_02) and have showed its results in two images. Figure 6 shows selected slides (with MNI coordination of x=-16, y=6, z=68) of the first (image b) and second echoes (image a). Figure 6 shows the same slide subject after averaging. Therefore, we would interpolate all the slices for the same time point. Our fMRI images didn't have any gap, therefore, acquisition time (TA) has a linear relationship with TR, equation ( 8).

𝑇𝐴 = 𝑇𝑅 -𝑇𝑅 𝑁𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑙𝑖𝑑𝑒𝑠 ( 8 ) Our slides were acquired in the ascending order, and we had 45 slices. Therefore, we chose slice number 22 as the reference slice.

Realignment

We have fixed the head of the subjects in the machine with foam but the subjects would move their head anyway, before other steps we should account for these movements. SPM corrects the images for the movement in the three translation directions (x,y,z) and three possible rotations (pitch, roll, yaw). We have used SPM's default values for realignments. Figure 8 shows the rotation and translation charts for the typical subject (subject "Healthy 02") before and after correction. 

Coregistration and normalization

The next stage in any fMRI prepressing is to register all the images for every subject into a high definition anatomical image. This is done because all the imaging modalities for each subject are almost in similar space. Therefore, transferring them into each other can be done with high accuracy. Therefore, for each subject, a high-resolution anatomical image is acquired and all the image modalities coregister into it. By registering the anatomical image into the normal space (MNI) a set of transformation matrices were calculate. Afterward these transformation matrices can be applied on fMRI images, hence transforming them into normal space. This enables us to compare subjects together.

We have used the default parameters of the SPM for these two steps.

Smoothing

Next stage in a typical fMRI processing is to smooth the images. The main goals of smoothing are to remove artifacts and account for any differences in gyral anatomy which the normalization step haven't accounted for. Here in this part, we have used a Gaussian smoothing with a 10mm fullwidth at half maximum (FWHM) kernel.

Confounds

Here in this chapter in order to demonstrate the effects of each of the confounds, we would apply them on a typical subject's (subject healthy_02) time series and calculate the connectivity matrix. Before proceeding any more, Figure 9 presents the connectivity matrix without any confound. Movement Movements are really important for any connectivity based analysis we have used the movement vectors extracted for alignment (section 2.4.2.3) as a confound. Figure 10 shows the connectivity matrix after adding just the movement vector as a confound. (6 vectors)

Brain volumes

Another important confound for the connectivity analysis is the volume of the brain regions. Brain volumes won't change during the exam, therefore any changes in brain volumes can be attributed to noise and inaccuracies in the brain extraction methods. Overall this signal can be a good indicator for machine driven noises i.e. by receiving coil arrays or the RF amplifiers powering it.

Using SPM's segmentation, we have segmented the brain volumes into gray matter (GM), white matter (WM), cerebrospinal fluid (CSF), scalp (bone) and soft tissue (and background). Then we have calculated the volumes of the GM, WM, and CSF with Tissue Volumes tool of SPM. This was repeated for all the 188 volume/time points for each season. The results of the connectivity matrix excreted from a typical subject (Healthy 02) after applying just brain volumes as confound is shown in Figure 11. (3 vectors) 

CompCor

Other important confounds that can play a significant role in the connectivity based analysis are the physiological fluctuations. From the start of the experiment, we planned for this and recorded the electrocardiography (ECG), respiration signal, and peripheral pulse unit (PPU) signals. But unfortunately, due to some inconstancies in signal recording and technical problems, we couldn't use them for this purpose (we were able to use them for heartbeat extraction and etc.).

Here we have used the CompCor algorithm to extract an estimate of these signals from the brain images. This was done by the CompCor function of Nipype (A python library, www.nipy.org). Figure 12 shows the connectivity matrix of our typical subject (Healthy 02) after using just CompCor as the confound. (5 vectors) High variance confounds Finally, the last confound was the highest variance confound extracted from the time series of the signals. We have used high_variance_confounds of Nilearn (A python library, nilearn.github.io) to calculate this. Figure 13 shows the connectivity matrix with just high variance as confound. 128×128×45) Calculating the connectivity of these voxels compared to each other would means matrixes with a dimension of 737280×737280, this means that to compare two conditions with each other we have to perform 2.717 × 10 11 pairs of comparisons. This would make the enormous month of false positives and reduce the credibility of the comparison. To overcome this, researchers use a parcellation method, in which the brain is segmented into some predefined regions, and the signals are extracted from all of these regions. Here we have used the Automated Anatomical Labeling (AAL) atlas [START_REF] Tzourio-Mazoyer | Automated Anatomical Labeling of Activations in SPM Using a Macroscopic Anatomical Parcellation of the MNI MRI Single-Subject Brain[END_REF]. (http://www.gin.cnrs.fr/en/tools/aal-aal2/) This atlas has 116 regions; these regions are presented in Table 34 of appendix chapter 0. After that, we would extract a time series from these regions. This would reduce the number of signals to 116 and in consequence matrix of connectivity is a 116×116. And a number of comparisons would be 13456.

The Parcellation and signal have been carried out by NiftiLabelsMasker function of nilean with AAL as the label image. Figure 14 shows the signal from a typical region of a typical subject (Healthy 02). As you can see here the same as resting state signals the information is not the time domain signals but the relationship between these signals, aka. connectivity matrix.

Connectivity matrix extraction

First level analysis of every functional brain analysis is to extract some kind of measure to be compared in the next stage (group-level analysis). For the connectivity methods, we would extract the connectivity matrixes for every subject.

Here we have used ConnectivityMeasure of nilearn in order to calculate the connectivity matrix. Connectivity matrixes have been calculated with by Ledoit-Wolf estimation of covariance (Ledoit and Wolf, 2004). Compared to the sample covariance matrix this method is more well-conditioned and more accurate asymptotically. Figure 10 through Figure 13 all show the connectivity matrixes calculated and demonstrated with this method.

Group level analysis

For the group level analysis, we have used the Network-Based Statistic Toolbox (NBS, sites.google.com/site/bctnet/comparison/nbs). NBS is a Matlab based toolbox proposed by Zalseky et al. ( 2010) which controls for family-wise error (FWE). NBS take advantage of graph properties of the connectivity data and based on that determine whether a network is truly significant. As a matter of fact, NBS is graph-equivalent of cluster-based thresholding statistical parametric maps. NBS uses a general linear model (GLM) which calculates the statistics (t-statistic or f-statistic). Then it would threshold this statistic with a user-defined number. Then it would calculate the significance (P-value) for the network. Then it would repeat this procedure for 5000 permutations and calculates the final significance for the network. Comparing to other connectivity methods like seed-based connectivity, NBS has the advantage that besides the threshold it needs no additional assumption.

For our data, we have used a threshold of 3.6. In our data sets, we had a statistically significant difference between the ages of the healthy control group and the psoriasis patients, so we controlled for any linear age-related effect. To do so we have added age, sex, and Edinburgh handedness as confounds for the GLM.

CAN-ICA

Independent component analysis (ICA) though it has its problems, gaining popularity recently. ICA can be used to extract mutually correlated brain regions with minimal prior information (Varoquaux et al., 2010c). The main disadvantage of ICA analysis is that it is really sensitive to the noise signals because the ICA decomposes the signal into statistically independent subcomponents. And by definition, most of the noise signals are statistically independent. As a matter of fact, one of the methods to identify the noise in signal processing is the ICA. This won't reduce the efficiency of the ICA based analysis of the fMRI, just that any results of ICA should be interpolated with a grain of salt.

After some normal pre-processing of the fMRI data, we have used the canonical ICA for our analysis (Varoquaux et al., 2010c). This is done by CanICA function of the nilearn. We have used the same confounds as the ones that we have used for NBS signal here too (see section 2.4.2.6). We have extracted 20 independent components for reach analysis. The analysis was carried out two times one for healthy control subjects another time for psoriasis patients.

TBBS Pipeline

The DTI images were analyzed with a TBSS pipeline (Tract-Based Spatial Statistics), part of FSL [Oxford Centre for Functional Magnetic Resonance Imaging of the Brain (FMRIB, Oxford, UK) Software Library; www.fmrib.ox.ac.uk/fsl].

DTI images are really susceptible to the inhomogeneities in the magnetic field. These fields can be caused by susceptibility distribution caused by the subject's head or the eddy currents.

Therefore, before any analysis, DTI images should be corrected for these confounds. In some studies, acquires two b=0 images in the DTI file with different phases and calculate the B0 and field distortion with these two images. But here we have used the Philips B0 images to estimate the field distortion.

In order to correct for B0-disturbation, B0-phase images were first unwrapped through a modified version of fsl_prepare_fieldmap. The produced fieldmap was used as an input for FUGUE command (FMRIB's Utility for Geometrically Unwarping EPIs, part of FSL package), which corrects the DTI images for B0-fieldmap distortion. A skull striped version of the B0 image of the DTI images was produced by using BET command (Brain Extraction Tool, part of FSL package) with parameters of -R -f 0.5 -g 0 -m. Then eddy_correct command of FSL package was used to correct DTI images for movement and eddy current effects. In the last part of preprocessing, FA (fractional anisotropy) images were produced with DTIFIT command of FSL.

We then used TBSS (Tract-Based Spatial Statistics) to process FA images. TBSS takes FA images of all the subjects and projects them onto a mean FA skeleton image and compares the images together. TBSS pipeline consists of 4 stages (Preprocessing, Applying the registration into MNI coordinates space (FMRIB58_FA), creating the mean FA image and skeletonizing it, thresholding the skeleton image and project all the images onto skeleton image). The value of 0.2 has been set as the parameter for thresholding the skeleton images. We used an in-house post-hoc method to spatially correct the uncorrected clusters given by TBSS. To do so, we ran a permutation test (n=5000) dividing the 29 subjects into two random groups of 14 and 15 subjects. The resultant images of these comparisons were inspected to evaluate the minimum size of the true positive cluster. In other words, to eliminate all the clusters that can form by chance given a comparison of 14 versus 15 subjects. We ended with a minimum cluster size of 67 voxels under which any cluster is a false positive. We then used this cluster extent threshold as a correction for the TBSS uncorrected results.

VBM pipeline

To compare the differences in local gray matter, we ran a voxel-based morphometry analysis using FSL ( (Douaud et al., 2007), http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM). Structural images of the brain were extracted and segmented after the gray matter images were registered into MNI 152 standard space using a nonlinear registration method. Then, a study-specific left-right symmetric gray matter template was produced by averaging the images and their flipped versions. All images were nonlinearly registered to this template while correcting for any local expansion (or contraction) due to the nonlinear nature of the transformation. The obtained images were smoothed with an isotopic Gaussian kernel (σ=3 mm), and voxelwise GLM was applied by using the nonparametric permutation-based testing of FSL (randomized) while controlling for the multiple comparison problem across space. To reduce the effects of age, handedness and sex, these parameters were included as covariates in the GLM. For the VBM analysis we used the Threshold Free Clustering Enhancement (TFCE) method with the Family Wise Error P-corrected (FWE) value p=0.05 (Smith and Nichols, 2009).

Meta-analysis

Screening and eligibility cheek

In order to find all the relevant studies regarding neuroimaging and itch, a systematic literature search was done through PubMed, Scopus and Web of Science in July of 2019. We choose the key words to be inclusive as possible. For PubMed we used (("Magnetic Resonance Imaging"[Mesh] OR "Magnetoencephalography"[Mesh] OR "Spectroscopy, Near-Infrared"[Mesh] OR "Neuroimaging"[Mesh] OR "Electroencephalography"[Mesh] OR "Positron-Emission Tomography"[Mesh]) AND ("Pruritus"[Mesh])). For Scopus following keyword was used TITLE-ABS-KEY ( ( itch OR pruritus ) AND ( EEG OR fMRI OR NIRS OR neuroimaging ) ) AND ( EXCLUDE ( DOCTYPE , "re" ) ). By using the flowing key word in the Web of Science TS=(((itch) OR (pruritus)) AND ((((eeg) OR (fMRI)) OR (NIRS)) OR (MEG)) OR (neuroimaging))).

Inclusion criteria

All the inclusion criteria were selected in a manner to be inclusive as possible. There were three general inclusion criteria and a specific inclusion criterion for each question. The general inclusion criteria were: 1) be an original research papers which uses neuroimaging techniques in order to study the central mechanisms of itch. 2) included a healthy group 2) reported the coordination of the concerning regions (I.e. for EEG, NIRS, and MEG studies this meant that they should have done a source localization) 3) have done a correlation or subtraction analysis (this meant that unfortunately all the connectivity analysis had to be excluded) Additional criterion for the first group (subtraction analysis) was that the study should have compared data before and after itch induction. For the second group (correlation analysis), the additional criterion was that they have examined the regions that correlated with the itch levels. Another group included studies that have employed an itch reduction method and have reported the results (itch decrease group). Finally, for the chronic itch group in the first inclusion, the criterion "healthy" was replaced with "atopic dermatitis" (AD).

Meta-analysis

The meta-analysis was carried out using Anisotropic Effect Size version of Signed Differential Mapping (AES-SDM) software, version 5.15 (www.sdmproject.com) , which has been validated and used for several structural and functional fMRI studies [START_REF] Radua | A new meta-analytic method for neuroimaging studies that combines reported peak coordinates and statistical parametric maps[END_REF][START_REF] Radua | Anisotropic Kernels for Coordinate-Based Meta-Analyses of Neuroimaging Studies[END_REF]. It would create a brain map of the effect size of the brain activity for each study (for both of the SPMs and peak value information) then it would conducts a meta-analysis in a voxel-wise random-effects manner (Calculating study weights based on sample size and variance) (Fullana et al., 2016). Based on Radua & Mataix-Cols study (Radua and Mataix-Cols, 2010), SDM parameters were set as following 100% for anisotropy and 25 for kernel full width at half maximum with 100 Monte Carlo permutations. Finally, the voxel threshold was set to P<0.005, while the peak height threshold was set as SDM-Z>1, and extend threshold was set as cluster size≥10 voxels.

Results

Preliminary experiments results

VAS time profile

As described before, the main goal of the preliminary experiments was to assess weather, with our video we can induce any itch sensation or not. For this goal, we have analyzed the VAS ratings of the subjects during watching the video. The time profile of VAS levels in the subjects is presented in Figure 15. In this figure, the red part of the graph is the condition in which the subjects were not allowed to scratch themselves. As it is evident in the figure the VAS levels was in rising until 9 min after the start of the experiment regardless of the position of natural blocks. This meant that unlike our initial intuition it seems that the blocks of the neutral action didn't affect the VAS results. Both VAS in min 3 and 15 was measured after neutral condition. 7 of supplementary material). We have 210 data point and some statistical references argue that ANOVA test is robust enough to apply in this many data points even though it has some deviants from the normal distribution [START_REF] Glass | Consequences of Failure to Meet Assumptions Underlying the Fixed Effects Analyses of Variance and Covariance[END_REF][START_REF] Harwell | Summarizing Monte Carlo Results in Methodological Research: The One-and Two-Factor Fixed Effects ANOVA Cases[END_REF][START_REF] Lix | Consequences of Assumption Violations Revisited: A Quantitative Review of Alternatives to the One-Way Analysis of Variance[END_REF]. Anyhow, we have presented the ANOVA results to give an insight into the data and presented the nonparametric tests at the end to be sure that our statements remain correct even in this situation too.

VAS values didn't follow the normal distribution (Results of normality test is presented in Table

The main goal of this part was to be sure that our video is effective enough and can induce itch in the subjects, and it is suitable for the MRI machine. Therefore, we carried an ANOVA on the VAS levels on condition scratch forbidden and allowed. The results of one-way ANOVA showed a Another one-way ANOVA was carried out to compare the effect of time of the VAS levels while the scratching was allowed. This ANOVA showed that there is no significant difference in the VAS levels due to the time elapsed watching the videos, 𝐹(6,91) = 0.265, 𝑃 = 0.952.

We have done two Friedman's ANOVA too, one for scratching forbidden and another one for scratching allowed. The scratching forbidden situation's non-parametric ANOVA rejected the null hypothesis same as the parametric test, 𝜒 𝑓 2 (14) = 26.208, 𝑃 < 0.001. Unfortunately, there is no equivalent of Dunnett's test for non-parametric data. Therefore, we carried out the post-hoc with Dunn's test, which showed that VAS after 15 min (Median=3) was significantly higher than the before of the video (Median=0.25), 𝑧 = -2.821, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.012, and 3 min after the start of the video (Median=1.65),𝑧 = -2.536, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.40. Same goes for the scratching allowed condition which Friedman's ANOVAs was non-significant, 𝜒 𝑓 2 (14) = 9.856, 𝑃 = 0.131.

Scratching allowed vs not allowed

A visual inspection of the VAS time profile in Figure 15 would suggest that the VAS levels decreased after subjects were allowed to scratch. To investigate this matter more profoundly, a two-way repeated measure ANOVA has been carried out. Results of this ANOVA showed that permeated to be scratched had no significant effect on VAS levels, 𝐹(1,13) = 0.093, 𝑃 = 0.766, while time has a significant effect on VAS, 𝐹(6,78) = 6.181, 𝑃 < 0.001. (Which is the same as two ANOVAs in the last section.)

Unfortunately, there are no non-parametric equivalents of the two-way ANOVA in the regular distributions of the statistical programs. To test for the effect of scratching allowed or not allowed we had to pile up all the VAS levels for the scratching allowed and forbidden together and run a Mann-Whitney U test. The results of this showed that the VAS levels while scratching forbidden (Median=2) was not statistically different from VAS levels for scratching allowed (Median=2), U=4889, P=0.824. Figure 16 shows the rank-frequency for this Mann-Whitney U test.

Number of scratchings vs self-rated itch intensity

To examine whether there is any correlation between VAS itchiness reported by subjects and number of scratching actions observed by the researcher, we have carried out a Spearman's rankorder correlation test (a nonparametric correlation test). Spearman's test showed that there is a statistically significant correlation between VAS and number of scratching, 𝑟 𝑠 = 0.628, 𝑛 = 105, 𝑃 < 0.001. A scatter plot of VAS against the scratching is presented in Figure 17. 

Induced itch location vs stimulus video location

To investigate whether the location of the induced itch has any relationship to the location of the stimulus in the video, we have done a chi-square analysis. The relation between these variables was not significant, 𝜒 2 (6, 𝑁 = 216) = 1.863 , 𝑃 = 0.932. Figure 18 shows a bar diagram of frequency counts of the different parts of body that itch have been induced and the location of the stimulus video. Our video contained the clips from diverse part of the body (hand, leg, and neck) but regardless of that, the vast majority of the subjects reported induced itch in the head area.

Scratching location vs stimulus video location

A chi-square test of independence was carried out to examine the relation between area scratch by subjects and the stimulus location in the video. We found no significant between these two variables, 𝜒 2 (6 , 𝑁 = 90) = 4.452, 𝑃 = 0.616. Figure 19 shows a bar graph of frequency counts of scratching actions performed by subjects and observed by researchers, grouped based on their location and the location of the stimulus in the video. Here it is visible that the subjects tend to scratch their head more frequently, regardless of the stimulus video too. 

First session (behavioral and VRS)

Behavioral

Here in this section, we would discuss the behavioral results of the main experiment. Behavioral trait includes big five personality traits (extraversion, agreeableness, conscientiousness, neuroticism, and openness to experience) and empathy. Big five traits are normalized to be between 0 to 5, but empathy has a range from 0 to 80. This causes problem for some tests therefore.

For some tests (Two-way ANOVA, etc.), range of the empathy have been changed into 0 to 5 range. A summary of all of these variables is presented in Table 8. Figure 20 shows a bar diagram of a big five personality traits side by side, a healthy control group in red, psoriasis subjects in green, and urticaria subjects in purple. Figure 21 shows the empathy questionnaire for all three groups.

The Shapiro-Wilk normality tests show that all of big five traits and empathy follow a normal distribution, all the P values higher than 0.136, (𝐷(29) < 0.944, 𝑃 > 0.136). A detailed of table of the results of this test is presented in Table 29 of supplementary material.

A two-way analysis of variance has been carried to investigate the main effects of behavioral factors (extraversion, agreeableness, conscientiousness, neuroticism, openness to experience, and empathy) and subjects condition (healthy subjects, psoriasis patients). We didn't include urticaria patients in this analysis because we only had two subjects and including them would have just increased the number of conditions and reduce the power of analysis without giving any insight into their real values. Extraversion, consciousness, openness to experience and empathy was higher in healthy control group in comparison to the psoriasis group while agreeableness and neuroticism were higher in psoriasis patients. There was a statistically significant interaction between the effects of condition and behavioral personality traits, 𝐹(5,161) = 2.303, 𝑃 = 0.047.

Results of this ANOVA is presented in Table 9. A simple main effect analyses with Bonferroni correction was carried out to further investigate this matter. This analysis showed that the psoriasis patients had slightly less openness in comparison with healthy controls (P=0.004) whereas none of the other behavioral traits show the same trend. Table 10 contains all the pairwise comparisons of the simple main effect. 

Verbal rating scores

To facilitate the main experiment, we have used a verbal scale to asset the induced itch instead of the visual analog scale. Here in this section, we would discuss the results of induced itch. Despite the fact that itch sensation induced was mild, it was statistically significant. A time profile of these VRSs is available in Figure 22. Figure 23 shows another representation of the VRS data as bar diagram grouped by pathology. (Another bar diagram of the same data but grouped based on time is visible in supplementary material Figure 59) Shapiro-Wilk test of normality shows that the data don't follow the normal distribution for multiple variables, e.g. VRS levels for healthy subjects before the video, 𝐷(15) = 0.734, 𝑃 < 0.001; and all the three time points of psoriasis patients, before the video, 𝐷(14) = 0.623, 𝑃 < 0.001, during video 𝐷(14) = 0.842, 𝑃 = 0.017, and after video 𝐷(14) = 0.851, 𝑃 = 0.023. These normality tests are presented in Table 30 of the supplementary material. Arguments that we gave in section 3.1.1 are hold true for VRS values too, therefore we have done an ANOVA test to give insights into how data behaves and supported these insights with nonparametric tests.

A two way-ANOVA was cried out to compare the main effects of the time (before the video, during the video, after the video) and condition (Healthy, psoriasis). ANOVA results show a statistically significant time effect, 𝐹(2,81) = 32.736, 𝑃 = 0.002, but it showed no condition effect 𝐹(1,81) < 0.001, 𝑃 = 0.996, and no interaction 𝐹(2,81) = 0.030, 𝑃 = 0.970, the results Now we would discuss the results of the non-parametric tests. In order to investigate the effect of video watching on the VRS, we have performed a Friedman's. The itch VRS levels were changed significantly by the video, 𝜒 𝑓 2 (2) = 24.747, 𝑃 < 0.001. Figure 24 shows the Rank-frequency diagram of this test. This test was followed by a Dunne's post-hoc test with Bonferroni correction. The post-hoc test shows that the VRS levels are significantly higher during the video (median=3), 𝑧 = -3.677, 𝑟 = -0.483, 𝑃 = 0.001, and after the video (median=3), 𝑧 = -3.611, 𝑟 = -0.474, 𝑃 = 0.001, compared to the before the video (median=0). However, it didn't change significantly between during the during the video and after the video, 𝑧 = 0.066, 𝑟 = 0.002, 𝑃 = 1. These results are presented in the Table 14. Notable outcome of this is that the VRS itch levels have been in rise for the first 5 min but they reached their maximum value. This phenomenon was more apparent in the preliminary experiments, but there it took more time for it to reach its peak value. The probable reason that the preliminary experiment was slower is that there we had tapping videos too, which have caused this effect. In order to investigate whether the psoriasis has any effect on the itch VRS levels, we have done three separate Mann Whitney U tests. However, while interlotting the results of these three tests, one should have in mind that they are three pairwise tests, and should apply Bonferroni tests on them.) Mann-Whitney test's showed there was no significant difference between psoriasis group and healthy controls before the video, 𝑈 = 98.5, 𝑧 = -0.335, 𝑟 = -0.062, 𝑃 = 0.738 (Figure 25), nor during the video, 𝑈 = 93.5, 𝑧 = -0.507, 𝑟 = -0.094, 𝑃 = 0.612 (Figure 26) , nor after video, 𝑈 = 84.5, 𝑧 = -0.908, 𝑟 = -0.168, 𝑃 = 0.364 (Figure 26). 

VRS vs behavioral factors

In order to examine any correlation between the itch VRS scores and behavioral factors (big five personality traits and empathy.), we carried out a Spearman's rho which is a non-parametric correlation test. Based on Spearman's test we have found a correlation between VRS levels, itch VRS scores before the video had a significant correlation with VRS score during the video, 𝑟 𝑠 = 0.593, 𝑃 = 0.001, and VRS scores after video, 𝑟 𝑠 = 0.585, 𝑃 = 0.001, and likewise the itch VRS scores during video significantly correlated with VRs scores after video, 𝑟 𝑠 = 0.835, 𝑃 < 0.001. This was expected, and means that the subjects who had more itch sensation before the video, had more itch sensation during the video and after the video. A scatter plot of the VRS levels during the video by the VRS scores before is presented in Figure 28, in this figure VRS scores of healthy control group is in blue and VRS scores of psoriasis patients is in red. Figure 29 shows the scatter plot of VRS levels after the video by the VRS scores during video and Figure 30 shows VRS levels after the video by the VRS scores during the video. Another pair that have a significant correlation is the empathy and openness, 𝑟 𝑠 = 0.404, 𝑃 = 0.033, however, if we correct these corrections for multiple comparison their correction won't be significant anymore. Results of the Spearman's test is presented in Table 15 (2-tailed). *. Correlation is significant at the 0.05 level (2-tailed). 

NBS results

First 10 min vs Second 10 min

As mentioned in material and methods, each subject has undergone two fMRI recordings. We compared connectivity matrixes for the first and second 10 min. To do so we have carried out paired t-test for all the possible pairs of the regions. Figure 31 shows the P values of all these paired t-tests in the format of the adjacency matrix, and Figure 32 shows the t values for all of these tests.

In the adjacency matrix (or connectivity matrix; these two are different concepts but here we use them interchangeably) each row and column represents a brain region and value of corresponds to these two is presented by the color of the pixel that these two numbers define. In our connectivity matrixes, numbers are corresponding to the Automated Anatomical Labeling regions (AAL). A table of AAL regions is presented in Table 34 of supplementary data 0. Figure 33 shows just the pairs that are significant by P<0.05, in this figure yellow means, that the connectivity of the two regions that corresponds to this pixel are statistically different between first and second 10 min.

But we should mention that all of the values presented in Figure 31, Figure 32, and Figure 33 have not controlled for multiple comparisons. Finally, when these examined by NBS for multiple comparisons, it showed that none of these are significant neither for healthy group, 𝑃 ℎ𝑒𝑎𝑙𝑡ℎ𝑦 > 0.99 nor for psoriasis patients 𝑃 𝑝𝑠𝑜𝑟𝑖𝑎𝑠𝑖𝑠 > 0.99, nor for urticaria patients 𝑃 𝑢𝑟𝑡𝑖𝑐𝑒𝑟𝑖𝑎 > 0.51. Therefore, we can conclude that the brain connectivity doesn't significantly change between first and second 10 min. 

Healthy vs Psoriasis

In the next stage, we have compared the brain connectivity in healthy controls and in psoriasis patients in the presence of an itch-inducing video. Figure 34 shows the results of the statistical analysis comparing connectivity values between healthy controls and psoriasis patients. These results are controlled for sex, age, and laterality. In this picture each row and column represents a brain region and the value of each pixel represents a t-value, this value is the result of comparing the connective matrixes of the healthy group with psoriasis group. Figure 35 shows the adjutancy matrix of all the statistically significant links after the thresholding with a value of 3.6. NBS would calculate a p-value for this network based on its graph properties and permutation of its nodes. The NBS determined that this network is statistically significant (p=0.019).

This network is an interconnected network of brain regions with regions in cerebellum and cerebral cortex. It consists of regions in the cerebellum, bilateral cingulate gyri (both anterior and posterior), left insula, bilateral parahippocampal gyri, right precuneus, bilateral hippocampal gyri, left superior temporal gyrus, bilateral inferior parietal lobules, bilateral middle temporal poles, bilateral lingual gyri, bilateral supramarginal gyri, bilateral thalami. Figure 37 shows this network as a 2D graph, this view can give us some insights regarding how this network works.

All the edges of this network are presented in Table 16 while Figure 36 shows it in the brain schema. (Visualized with BrainNet (Xia et al., 2013))

The value of the threshold for the NBS toolbox was defined in a way that the final network includes all the links for which the null hypothesis can be rejected. Nevertheless, if we increase the value of the threshold to 3.7 this Network would break down into two networks. NBS can calculate a P value for each of these networks (𝑃 𝑛𝑒𝑡𝑤𝑜𝑟𝑘1 = 0.022, 𝑃 𝑛𝑒𝑡𝑤𝑜𝑟𝑘2 = 0.052). We would discuss these networks in more detail in upcoming subsections (3.3.2.1 and 3.3.2.2 ).

Another reason for using 3.6 as the threshold was that it for our degree of freedom of 27 ( 𝐷𝑓 = (𝑁 1 -1) + (𝑁 2 -1) = (14 -1) + (15 -1) = 27) this the maximum t value which the corresponding P value is higher than 0.001, the corresponding P for 3.6 is 0.00126, while the corresponding is 0.000973.

These two subnetworks are easily distinguishable in Figure 37. In this figure, you can see that this graph is consists of three different graphs. Subnetwork 2 is consists of a star network (a graph with a topology of a star) with the vermis IX as the hub, this subnetwork is defined by a blue circle in Figure 37. This subnetwork is connected with subnetwork 1 by two links, connection between right supramarginal gyrus and lobule VIII of vermis (with t-value of 3.70) and a connection between right posterior cingulate gyrus and lobule IX of vermis (with t-value of 3.69).

The network 1 is itself consists of two subsets. A smaller highly interconnected a network in the cingulum, and the rest of it with lots of regions in the cerebellum. These two subsets are connected tighter with a link between right posterior cingulate gyrus right parahippocampal gyrus (with tvalue of 3.93). First subnetwork

As we mention in the last chapter, the main network can break down into two subnetworks here in this chapter we would discuss the first subnetwork. The adjacency matrix of this subnetwork is presented in Figure 38. While Figure 39 shows its 2D graph representations. The first subnetwork is consisting of the cingulate cortex, the parahippocampal gyrus, and the temporal pole, the left insula, the left lingual gyrus and the lobule III and VIII of the cerebellum vermis. Many other cerebellar lobules (I, II, cruss II, IV, V, VI, and VIIB) belong to this network as well. Figure 40 shows this network in the brain.

As we mentioned in the previous chapter, this subnetwork itself can be divided into two subsets. This is more apparent in Figure 39. The first subset is a highly interconnected network consisting of bilateral anterior-posterior cingulate cortices, left superior temporal gyrus, and right precuneus.

It seems that the right posterior cingulate cortex connects this subset of the first network into rest of it through a link with right parahippocampal gyrus.

The second subset beside lots of interconnection in the cerebellum is consists of bilateral superior temporal pole, bilateral parahippocampal gyrus, and insular cortex. 

Second subnetwork

The second subnetwork seems to be a star network with lobule IX of the cerebellar vermis as its hub. In the cerebellum beside vermis IX; the second subnetwork contained left lobule VIIB and left lobule VI of cerebellar hemisphere. This subnetwork also contained bilateral inferior parietal lobule, bilateral supramarginal gyri, and bilateral thalami. Figure 41 shows the adjacency matrix for the second subnetwork. A graph representation of the second subnetwork is shown in Figure 42. The second subnetwork in the brain is visible in Figure 43. 

Healthy vs Urticaria

For some practical and technical reasons, we couldn't collect fMRI images for all the planed urticaria patients, and we collect the data for just 2 urticaria patients. Here in this chapter, we would compare the brain connectivity of these patients with the healthy control group. We have compared these two groups with each other using student's t-test, Figure 44 shows the P values for comparing all the connectivity matrixes in the format of an adjacency matrix. The t-values of these tests are presented in Figure 45. The adjacency matrix of the pairs of the connections that were statistically significantly different between urticaria patients and healthy patients is shown in Figure 46. These links tighter form a network and as we discussed before to account for multiple comparisons the statistical significance should be calculated for each network. NBS showed that none of these networks are statistically significant (p> 0.12), therefore we concluded that there is no statistically significant deference in brain connectivity of urticaria patients and healthy control group. All the independent components are presented in Figure 47. Table 17 shows all of these independent components separately. 

Psoriasis

We have done the ICA based analysis for the psoriasis patients too. We have calculated all the independent components in the fMRI signals of psoriasis patients whilst they were observing a video of another person scratching themselves. Figure 48 shows all of these independent components in the same picture. While Table 18 shoes all the independent components on individual levels. 

TBSS

Healthy vs Psoriasis

To observe any changes to brains microstructures caused by psoriasis, we have compared the fractional anisotropy (FA), axial diffusivity (AD), and mean diffusivity (MD) between these two groups. Here in each section, we would discuss the results of these comparisons. Beside the common voxel wise methods of comparing these variables, we have compared the global values of fractional anisotropy (GFA) and global mean diffusivity (GMD). We have compared these values in psoriasis and healthy subjects using an ANCOVA while controlling for age, sex, handedness, and white matter volume. GFA was not statistically significant between healthy and psoriasis patients, 𝐹(1,29) = 0.016, 𝑃 = 0.902, neither did GMD, 𝐹(1,29) = 0.413, 𝑃 = 0.527.

FA

We have compared the FA images of healthy subjects to psoriasis patients. The results of this comparison showed that the psoriasis patients compared to healthy control group have higher FA scores in the following regains: bilateral anterior thalamic radiations, bilateral superior longitudinal fasciculi, bilateral corticospinal tracts, right cingulum, bilateral external capsules, bilateral inferior frontal-occipital fasciculi, forceps minor, forceps major, left inferior longitudinal fasciculus, and the white matter beside left and right supplementary motor areas. Figure 49 and Table 19 demonstrates these clusters.

Figure 49: TBSS analysis of FA (fractional anisotropy) differences between healthy and psoriasis group, skeleton image are shown in green, and the clusters in which the FA values were higher for Psoriasis patients are in red, there is no significant cluster in which FA was higher for control group 

Healthy vs Urticaria

We have only two urticaria patients, which is a really small sample size for any voxel-wise comparison, anyhow we have carried out a TBSS pipeline to process the urticaria patient's DTI images too. These analyses show that there was no significant difference between healthy and urticaria subjects (p>0.427).

VBM

To observe any difference in the gray matter thickness, we have done a VBM analysis. Results of VBM before the correction for sex, age, and handedness; shows lots of clusters in which the gray matter was higher for psoriasis patients. The results of this comparison are shown in Figure 51.

Among the region that are different we can name occipital pole, precuneus, cuneus, calcarine sulcus, postcentral gyrus, precentral gyrus, supplementary motor area, rolandic operculum, insular cortex, anterior cingulate gyrus, midcingulate area, posterior cingulate gyrus, inferior frontal gyrus (pars opercularis, and pars triangularis), inferior temporal gyrus, superior temporal gyrus, thalamus. But after correction for age, sex, and handedness; none of these clusters were significant (P>0.157). 

Heartbeat

We have compared the average heartbeat rate of the patients during the exams for any potential difference. A small summary of these heartbeat data is presented in Table 20. Figure 52 shows a bar graph of these data. Shapiro-Wilk tests show that heartbeat follows a normal distribution, P>0.213, the results of this test are presented in table Table 31 of the appendix section 7.10.4. In order to observe the effect of the condition (healthy, psoriasis, and urticaria) and time (first 10 min and second 10 min) on heartbeat we have done a two-way ANOVA while controlling for age and sex. Two-way ANOVA showed that there was no statistical difference between conditions, 𝐹(2,52) = 0.716, 𝑃 = 0.493, neither between times, 𝐹(1,52) = 0.002, 𝑃 = 0.966. Results of this test is presented in Table 21. To examine the effect of the itch induced by our video on the heat rate we have taken the average of the heart rate from one minute before the exam and have compared it to the average of heart rate one minute after the exam. The reason for selecting 1 minute was the fact that during this time the MRI machine was taking the dummy images and therefore the audio noise was similar to when the machine was taking images for the experiment. A paired t-test for comparing the heart rate before (𝑀 = 72.10, 𝑆𝐷 = 10.11) and after video (𝑀 = 72.42, 𝑆𝐷 = 11.27) for all the subjects, showed that the heart rate didn't change due to the video, 𝑡(59) = 0.628, 𝑃 = 0.532. shows the time series of the heart rate in time. After pooling all the papers together, 314 papers were identified, then 3 additional papers which were not founded in this process were added to the pool (Darsow et al., 2000;Drzezga et al., 2001;Hsieh et al., 1994). After reading their titles and abstracts, 270 papers were eliminated in the screening stage. Finally, 47 papers were selected for full text examination. A detailed discretion of these procedures is presented in the PRISMA flowchart shown in Figure 54. (A table containing these papers is presented in Table 22). The papers which were excluded after full text examination and the reason of their exclusion are presented in Table 23.

After examining all the studies, 16 were included in the subtraction based group. In the correlation group 6 studies were included. The inclusion criteria resulted that 6 studies were included in the itch reduction group. Finally, 5 were included for the AD section. 

Table 23: A table showing all the papers that have been examined full text but wasn't included and the reason for non-inclusion

Study

Reason for exclusion (Desbordes et al., 2014) Connectivity based analysis (Jeong and Kang, 2015) Animal studies (Jeong et al., 2015) Animal studies (Kim et al., 2015a) Non-AD patients (Lee et al., 2013a) NIRS without any source localization (Li et al., 2018) No clear itch induction [START_REF] Min | Acupuncture for Histamine-Induced Itch: Association With Increased Parasympathetic Tone and Connectivity of Putamen-Midcingulate Cortex[END_REF] Connectivity based analysis [START_REF] Miraval | A preliminary study on qEEG in burn patients with chronic pruritus[END_REF] EEG without any source localization (Mosher et al., 2017) Connectivity based analysis (Papoiu et al., 2014) Non-AD patients (Pfab et al., 2010) Clusters coordination is not given [START_REF] Querleux | Neural basis of sensitive skin: an fMRI study[END_REF] No clear itch induction [START_REF] Stumpf | Sex Differences in Itch Perception and Modulation by Distraction -an fMRI Pilot Study in Healthy Volunteers[END_REF] Only comprise of two group given and no itch alone (van de [START_REF] Van De Sand | BOLD responses to itch in the human spinal cord[END_REF] Studied the itch induced activity in spine (Vierow et al., 2015) They have used a pre-defined sets of ROI's [START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF] Connectivity based analysis (Wang et al., 2018a) Connectivity based analysis (Yosipovitch et al., 2008) No clear itch induction 3.8.2 Subtraction based studies (itch matrix)

Figure 55 shows the results of meta-analysis for the studies that have used subtraction for reporting itch-induced brain activity. Locations of the peak and Z values of these regions are presented in Table 24. Six clusters were identified:

1) right insular cortex expending into Rolandic operculum, frontal operculum, superior temporal gyrus, and lenticular nucleus (putamen).

2) same as 1 but in the right hemisphere.

3) bilateral supplementary motor area expanding into middle and anterior cingulate cortex, medial superior frontal gyrus. 4) bilateral thalamus with parts of it expanding into the caudate nucleus. 5) right inferior parietal gyri expanding into angular gyrus and supramarginal gyrus. 5) left supramarginal gyrus. 

Itch correlation

In another section of the meta-analysis, the idea that the activity of some brain regions could be correlated with itch intensity, was explored. This resulted in finding six regions from which four of them had a positive correlation and two of them had negative correlation, shown in Figure 56.

The peak locations and the P values of these clusters are presented in Table 25. Regions with positive correlation were consisted of: 1P) This cluster was somehow similar to the cluster 1 in itch subtraction analysis. Left insular cortex expanding into left cortex, inferior frontal gyrus (triangular and opercular parts), and superior temporal gyrus. 2P) Bilateral middle cingulate cortex expanding into bilateral cingulate cortex and bilateral supplementary motor area (the left SMA was more applicate). This cluster was more lent into right hemisphere of the brain. 3P) This cluster was effectively the right counterpart of the cluster 1. It is consisted of right insula, right rolandic operculum, and inferior frontal gyrus.

4P) The fourth cluster was mostly situated in the left caudate nucleus. The clusters which had negative correlation with itch intensity were following two: 1N) Left fusiform and parahippocampal gyri extending into left inferior temporal gyrus. 2N) Bilateral anterior cingulate cortex. 

Reduction

The brain regions that showed changes in the activity after itch reduction were eight regions, which are presented in Table 26 andFigure 57: 1) right insular cortex and right Rolandic operculum expanding into superior temporal gyrus and heschl gyrus, it also included considerable amounts in the right lenticular nucleus (putamen) and right striatum. 2) left insular cortex expanding into left lenticular nucleus (putamen) and left striatum.

3) left thalamus 4) bilateral middle and anterior cingulate cortex 5) left precentral and inferior frontal gyri 6) right precentral gyrus 7) right thalamus 8) left cerebellum (crus I) with small parts of it extending into fusiform gyrus. 

AD

The meta-analysis showed six clusters that have been showed to be activated by itch in the AD patients. There regions are presented in Figure 58 and Table 27: 1) left striatum, lenticular nucleus (putamen), caudate nucleus, and parts of it expended into insula. 2) right middle frontal gyrus (Boardman areas 9,8,46) 3) right caudate nucleus 4) right lenticular nucleus (putamen), and right striatum. 5) bilateral anterior cingulate gyri 6) left superior frontal gyrus and left supplementary motor area. 

Discussion

In preliminary experiments, we have investigated the dynamics of the contagious itch. However, the main goal of this study was to examine the contagious itch and its effect on the brain functional networks in psoriasis and urticaria patients and compare it to the healthy control subjects. We have also investigated the structural connectivity in the subjects too.

Before any furthermore analysis of data we should discuss our methodology. We have used TBSS [START_REF] Smith | Tract-based spatial statistics: Voxelwise analysis of multi-subject diffusion data[END_REF] for DTI images analysis and NBS (Zalesky et al., 2010) and ICA (Varoquaux et al., 2010c) for analysis of fMRI images. These methods are non-hypothesis driven methods for localizing any difference in the whole brain structure and function. This means that they need no assumption regarding the expected results, which assures that any differences can be found, while in other methods any differences that was not in the initial assumption would be missed. The main disadvantage of the ICA based methods is that they are extremely sensitive to noises, and this is to the extent that in some applications we use them to isolate the noise. This means that the any result of the ICA based method should be interpolated with as much caution as possible. The main flaw of the NBS method is its somehow arbitrary threshold. This threshold is NBS's first line of defense in the controlling for false positive and false negative. An experienced researcher can distinguish this threshold based on the links that are present through wide range of thresholds. Statistical stage of TBSS is a very conservative method that uses familywise correction on hundreds of thousands of voxels which is not appropriate for DTI images. The method we used is a cluster extent method that takes into account the spatial distribution of the results.

Preliminary experiments

The induction of itch by watching other scratching themselves in the same manner as pain and yawning is known phenomena (Schut et al., 2015b). The fact that this is a non-invasive method to induce itch makes it a very suitable method for studying itch in the chronic pruritus diseases. These patients already suffer from severe cases of itch and using the common methods of itch induction like histamine injection and cowhage spicules is not a pleasant experience for them. Here in this section we have studied the effect of audiovisual itch on 14 healthy subjects who were recruited for the preliminary experiment. All of the subjects were healthy with no known skin pathology.

The main goal of the preliminary experiment was to determine whether our video is effective or not. And any result of this preliminary experiment beside the effeteness of the video should be regraded with a grain of salt. Visual inspection of the time profile presented in Figure 15 showed that the itch levels was in rise in the first 9 min regardless of the stimulation type (scratching or tapping), and started to fall after 9 min. It is worth mentioning that the VAS levels don't follow a normal distribution and therefore it is more suitable to do non-parametric tests on them. Although there is some researchers that argue that ANOVA test is robots enough to deal with a little diversion form normality. Anyhow we have carried out two-way Friedman's ANOVA. Friedman's two-way ANOVA has two ways in its name but it doesn't mean that it can deal with two factors and their interactions.

Freidman's ANOVA showed that for the condition scratching forbidden, there is a significant effect of time on VAS levels. But because there is no non-parametric equivalent of Dunnett's test, we should follow the Friedman's test with Dunn's test. Dunn's test compares all the possible pairs to each other, therefore it would reduce the statistical power of the test's. Nevertheless, even if you have a hypothesis beforehand it can't apply it to increase the test hypothesis. Results of the Dunn's test show that VAS levels after 15 min was the only one that was statistically higher than the start of the video. Here we should mention that even though they are not significant in the Dunn's test, the VAS levels after 6 min (median=2.2, Z=33.5, P=0.029), after 9 min (median=2.5, Z=36, P=0.011), after 12 min (median=2, Z=27, P=0.025), after 15 min (median=3, Z=55, P=0.005), and after 18 min (median=2.5, Z=43.5, P=0.012) was all statistically significant if we compare them by independent Wilcoxon's test. (none of which are corrected for multiple comparison).

ANOVA test's showed that the there is no significant effect of time for the VAS levels when the scratching was allowed. The mean reason for this, is probably the fact that this condition is directly after the scratching forbidden condition and subjects have already watched 18 min of video for that condition. And the VAS levels had reached their maximum saturation values beforehand.

In the next part of the results we have examined the effects of the scratching on the VAS scores.

Because there is no two-way ANOVA for nonparametric data, we have pile up all the VAS levels for the before and after scratching allowed, this would allow us to examine any difference just by comparing two groups. Because we have lump them into two categories we are losing both information about subjects (repeated measure) and the time of the measurement. Anyhow we have done a Mann-Whitney U test, which showed that there is no statistically significant difference between the scratching allowed and forbidden condition. This is in contrast to the findings of Mochizuki et al. (2015) and our first intuition. This could be caused by the fact the not all the conditions are same and the time has a significant effect on the VAS levels, and by piling them up tighter we have suppressed this information. This can be seen when we compare the 18 min with 21 min after the start of the video, these two are in the similar time. A related sample Wilcoxon showed that VAS levels after 18 min are statistically higher than results after 21 min, Z=28, P=0.017. This meant that when the VAS levels was decreased just after subjects were allowed to scratch themselves.

In preliminary study, we have observed that the itch levels have reached the maximum during the first 10 min of experiment, this allowed us to use 10 videos for the main experiment. In the main experiment VAS levels reached the saturation levels in the first 5 min of the stimulus. This difference in time it takes for the itch levels to get into maximum probably caused by the fact the video in the preliminary experiment contains neutral video, while the video in the main experiment contains only itch stimulus videos. This results that the subjects in the main experiment are exposed to more itch stimulus videos in the shorter time period.

We have also compared the VAS itchiness reported by subjects and number of scratching actions observed by researcher, showing that there is a positive relationship between the number of scratching actions was performed by the subjects and the itchiness reported by them. This result was expected and meant that subjects didn't feel any stigma to scratch themselves, though some subjects reported that they wanted to scratch themselves in the area which are not socially acceptable like crotch etc. Interestingly [START_REF] Lloyd | Can itch-related visual stimuli alone provoke a scratch response in healthy individuals?[END_REF] have contradictory results, in their study they have observed no correlation between scratching action and the self-reported itchiness but general consensus is that there is correlation between these two (Verhoeven et al., 2008). Here we should mention that these two (self-rated itch intensity and scratching) are two independent factors, as such that some studies show only a mild correlation between this two (Schut et al., 2015a). Another important thing is that the scratching actions were counted throughout a three min time period and by the researchers. For example, this meant that the scratching actions carried out between min 21 and 24 was treated as the scratching in minute 24.

We have also compared the locations of the stimulus with the location of the stimulus in the videos.

The results showed that the location of the induced itch has no statistically significant relationship with the location of the stimulus video. As it is visible in Figure 18, these results showed that regardless of the stimulus location subjects more tent to sense itchiness in their head. For all the three kind of the stimulus in the video subject's respond were similar (they always sense more itchiness in the head). This is in agreement with the results of the Ward et al. (2013), in their study they have observed that bodily location of itching is not shared with the location of the stimulus but, instead, they are more oriented toward the head. We have compared the scratching location with stimulus location too, which have been demonstrated in Figure 19. Similarly, in our study there was no relationship between the them (scratching location and stimulus location) neither. It seems that the tendency toward the head in the subject is even more strong in scratching action.

Behavioral and VRS data of the main experiments

It has been reported that contagious itch can be perceived differently between patients and healthy subjects. For example, AD patients are more susceptible to the audiovisual itch than healthy controls (Papoiu et al., 2011). However, concerning the psoriasis, our data and those of Schut et al. (2015b) suggest that there is no statistically significant difference in the itch induced by contagious itch between psoriasis subjects and healthy control group. Our main experiment results demonstrate that the itch levels of the both groups were increased by the stimulus video. Interestingly both the healthy group and psoriasis patients observed the same increase in the induced itch's levels, and the difference between them was not significant.

As we saw in the last part, the itch levels reach a maximum value and any further exposure to stimulus video won't change this maximum patient dependent level. But the time to reach the maximum was shorter for the video of the main study while the video for the preliminary experiment induced an itch which was on rise until 10 min after the start of the video. This could be due the fact that the preliminary experiment's video contains neutral video while the main experiment's video doesn't. The neutral video probably doesn't induce itch or at least doesn't increase the itchiness levels.

Every individual person is different from others in their emotions, behaviors and thoughts these together represents their personalities [START_REF] Caspi | Personality Development: Stability and Change[END_REF][START_REF] Schut | Role of personality and expectations for itch and scratching induced by audiovisual itch stimuli[END_REF]. Among psychologists there is agreement that there are five broad personality traits, including conscientiousness, agreeableness, openness to experience, neuroticism and extraversion [START_REF] Caspi | Personality Development: Stability and Change[END_REF][START_REF] Schut | Role of personality and expectations for itch and scratching induced by audiovisual itch stimuli[END_REF]. Some studies suggest that there could a difference between personality traits between psoriasis patients and healthy controls (Schut et al., 2015a;[START_REF] Takahashi | Japanese patients with psoriasis and atopic dermatitis show distinct personality profiles[END_REF]. [START_REF] Takahashi | Japanese patients with psoriasis and atopic dermatitis show distinct personality profiles[END_REF], in their study have shown that the psoriasis patients are more likely to be emotionally stable and extrovert. While Schut et al. (2015a) have shown that the psoriasis patients differs from healthy controls in the agreeableness. Interestingly in our data psoriasis are less open to new experiences. Our patients were chronic psoriasis patients whom disease persisted for more than 6 weeks, while most of them were psoriasis patients for more than a year or two. The reason behind differences in openness to new experience could be the fact that they have tried lots of new and disappointing treatments. Altogether, these differences should not be taken seriously, because a sample of 14 patients in group is not enough to draw this kind of conclusion.

Concerning the psychological factors and their effects on the audiovisual itch, Schut et al., (2014) have demonstrated that susceptibility to the audiovisual itch can depends on psychological factors like personality traits, more precisely public self-consciousness and agreeableness in the atopic dermatitis patients. Concerning psoriasis patients studies suggest that none of the big five personality traits affects the itch induced by audiovisual means (Schut et al., 2015a), in that study it is shown that itchiness levels has correlation with public self-consciousness measured by Self-Assessment Scale (SAM). In their study of psoriasis patients, they have observed that the number of scratching actions done by patients correlates with agreeableness trait of the big five. In our study we have found no correlation between psychological factors that we have measured (Bigfive personality traits and empathy) and induced itch levels.

TBSS results

One of the main results of our experiment was that we found significant changes in the DTI parameters caused by psoriasis, especially in the anterior thalamic radiations. This is substantiate by the fact that thalamic regions play a crucial role in conveying itch sensation (Andrew and Craig, 2001). Many thalamic regions are involvement in relaying the itch signal, most of the anterior parts transmits the itch signal into cingulate cortex while ventro-posterior regions transfers information into both the parietal cortex and the insulated and opercular cortices. For example, informations regarding desire to itch and "awareness of emotional state and body feeling" are probably conveying onto cingulate gyrus by the anterior radiations of the thalamus (Carstens and Akiyama, 2016;Mochizuki et al., 2015). Generally, most of the regions that showed higher FA values in psoriasis patients in comparison to the healthy control group were the regions known to be activated during scratching.

It is compelling to compare the cluster in thalamic radiations, the cingulum, the external capsules and the corticospinal tracts to the scratching related clusters demonstrated in the fig 8 of (Mochizuki et al., 2015). In their article, the authors present a possible circuit for contagious itch flow which starts in the anterior insula and goes to the motor cortex through the anterior thalamic projections. Anterior cingulate is absent of the drawn circuit but is said to play a role in experiencing pleasant sensations evoked by scratching. Although most of these regions are already associated with itch stimulations studies (even histamine evoked itch), the similarity of pattern with Mochizuki et al. (2015) could suggest that the repetitive scratching is the cause of these changes and not the itchiness itself. In some other clusters, FA of cortico-cortical tracts is also increased (inferior and superior longitudinal fasciculi, fronto-occipital fasciculi and both minor and major forceps of the corpus callosum). The modifications of these tracts could be interpreted as more global modification of the itch network. Regions linked by these tracts are dedicated to attention to itch and intensity rating. Patients with psoriasis are more concerned by itch sensation and its relief. Attentional areas and body scheme representation may be modified for them. With cautious interpretation, we could also propose that structural modifications propagate according a physiological reinforcement process from the thalamo-cortical most evident effects to the entire itch network. Other studies have observed changes in gray matter caused by chronic pruritus in end-stage renal disease and chronic spontaneous urticaria (respectively (Papoiu et al., 2014), and [START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF]). Therefore, changes in white matter structure are not surprising if interconnected regions also present structural gray matter modifications. For example, in end-stage renal disease, gray matter density increases in midcingulate and midbrain structures while it decreases in most cortical areas. As the pattern of FA changes follows the same pathway in every brain parts in this study, it is difficult to compare with other studies.

Our analysis comparing the urticaria patients to healthy control group showed no statistically significant difference between them. We had only two subjects, and we cannot conclude anything from these results. But existence of same kind of differences is probable for urticaria too since recent studies have observed differences between the gray matter of urticaria patients and healthy controls.

NBS

We have compared the first ten minute to the second ten minute. Our analysis showed that there is no difference in the brain connectivity between two conditions. When designing the fMRI experiment based on the induced itch's time profile in the preliminary experiment, we wanted to use first 10 minutes to examine the dynamic of the brain connectivity changing in the presence of the audiovisual itch. And using the following 10 minutes to examine the network that processes the audiovisual itch in a static situation. Unfortunately, we recorded the fMRI for some subjects, there was a technical problem with MRI machine and we had two have an interruption between two conditions. Therefore, both of 10 min conditions end up being the same, both of them were induced itch from zero. We wanted to do this because some studies have reported that there could be a difference in the activation of the network for processing of the itch based on the time (Kleyn et al., 2012).

Connectivity analysis showed that a large network was significantly more interconnected in the psoriasis patient group than in the healthy control group. Interestingly, all nodes of this network have been reported to be activated in itch. In 2014, Papoiu et al., demonstrated that in other chronic pruritus conditions (End-stage Renal disease (ESRD) see Papoiu et al., 2014), durable modifications could be observable at rest (table 1 of their article). With much detail, they have listed persistent activation in areas known to be involved in itch processing like in the nucleus accumbens, the amygdala, the anterior cingulate cortex, the insula and the hippocampus. Of these five regions, the three last ones seem affected by functional connectivity changes in psoriasis condition when viewing the video clips.

Interestingly, we showed that the cerebellum is widely involved in the revealed network. Until now, the cerebellum is known to be involved in the motor control system but its role in itch physiopathology is poorly known. Before our study only Wang et al. (2018a) have suggested a role of cerebellum in itch. They observed increased connectivity between cerebellum and bilateral cingulate cortex, right supramarginal cortex, and right temporal gyrus. They suggested that there is an itch-scratch processing loop consisting of cerebellum, SI/MI/SMA, and the reward system. They also suggested that the cerebellum produces an internal model of external world which helps the brain to perform a movement precisely. They also speculated that whenever scratching becomes automatic in certain conditions like pruritus, the role of sensorimotor is delegated to the cerebellum.

In pain literature, cerebellum is described to receive pain stimuli and to modulate them in acute and chronic conditions, through cerebro-cerebellar loops involving the dorso-lateral prefrontal cortex (Kelly and Strick, 2003) and projections from the inferior olive that transmit to it information that the cerebellum translate into expression of chronic pain effect (Masri et al., 2009) Finally, the cerebellum receives projections from the periaqueductal gray formation (PAG) which seems to play a role in pain modulation (Fields, 2000). Stimulation of the PAG would cause a very specific analgesia, which doesn't affect sense of touch, pressure, or temperature but just pain (Kandel et al., 2012). Red nucleus-inferior olive system relays motor and sensory information, while zona inferior and PAG transfer information regarding nociceptive modulation to the cerebellum (Moulton et al., 2010). Nociceptive fibers reach the cerebellum and connect both Purkinje cells and mossy fibers, and that this is especially true in the vermis region. These considerations make us speculate that in our study, information conveyed to the cerebellum is mostly of sensitive nature despite it does not come from the peripheral receptors.

Cerebellum's response to a painful stimulus can be different based on the nature of the stimulus [START_REF] Helmchen | Differential cerebellar activation related to perceived pain intensity during noxious thermal stimulation in humans: a functional magnetic resonance imaging study[END_REF][START_REF] Helmchen | Cerebellar neural responses related to actively and passively applied noxious thermal stimulation in human subjects: a parametric fMRI study[END_REF]. These activities happens in the deep cerebellar nuclei, anterior vermis, and bilaterally in cerebellar hemispheric lobule VI [START_REF] Helmchen | Differential cerebellar activation related to perceived pain intensity during noxious thermal stimulation in humans: a functional magnetic resonance imaging study[END_REF]. In another study [START_REF] Borsook | Human cerebellar responses to brush and heat stimuli in healthy and neuropathic pain subjects[END_REF], authors have shown that brush stimuli activated areas involved in sensory-motor integration (lobules IV, V, and VI), secondary sensory processing (lobule VIIIB), and cognition (lobules VIIB, Crus I, Crus II, dentate nucleus), They demonstrated that just painful stimuli activated areas associated with cognition which means that cerebellum is involved with pain processing, notably its cognitive modulation. Itch could follow the same pattern as it is in between touch and pain.

Making the threshold more stringent would lead in splitting the previous network into two subnetworks. The first network mainly includes the cingulate cortex, the parahippocampal gyrus and the temporal pole, the left insula, the left lingual gyrus and the lobule III and VIII of the cerebellum vermis. Many other cerebellar lobules (I, II, cruss II, IV, V, VI and VIIB) belong to this network as well.

In Moulton's et al. article -bringing together many experimental facts -authors summarized the cerebellar pattern of nociceptive stimuli in healthy subjects submitted to heat pain and in patients affected by neuropathic alteration of the maxillary branch of the trigeminal nerve (V2). Perception of real pain activates lobules III and VI and lobule crus II and VIIB as well as lobule VI.

Interestingly, the authors also report the case of allodynia (when real pain is perceived in the presence of an innocuous stimulus) which adds to this list the lobule VIII.

In the same way, a passive movement activates the cerebellum instead of a voluntary movement (Jueptner and Weiller, 1998), which could be that viewing other experiencing itch could activate the cerebellar parts of itch perception. The allodynia network for neuropathic pain has been described and engage mostly the mid cingulate cortex, the insula and the cerebellum [START_REF] Peyron | An fMRI study of cortical representation of mechanical allodynia in patients with neuropathic pain[END_REF][START_REF] Schweinhardt | An fMRI study of cerebral processing of brush-evoked allodynia in neuropathic pain patients[END_REF]. The presence of lobule VIII in our first subnetwork triggers our attention on the possibility that this subnetwork expresses an itch sensation in the absence or real itchy stimulation like it does for pain. It is also interesting to tell here that, in some other pathological condition like migraine, allodynia can appear with a large number of different stimuli including skin stimulation (Moulton et al., 2010). In those cases, authors have demonstrated that allodynia is reflected by hyper activations in the temporal pole, a region that makes part of our subnetwork too.

On top of this role in illusory sensation which could activate together the cerebellum, the cingulate cortex and the insula (Baliki et al., 2009). The coupling of those three regions may also be the result of "the urge to scratch" evoked by visual stimuli. Indeed, the insula, despite its well documented role in estimating pain intensity (Baliki et al., 2009) or itchiness level (Mochizuki et al., 2015) also plays a role in movement control of hands (Fink et al., 1997).

In Hsieh et al., (1994), the "urge to scratch" network is described and comprises both cingulum cortex and cerebellum and two part of the inferior frontal cortex namely pars opercularis and triangularis that are very near to the insula. In Fink et al., 1997, these two latter regions are also involved in motor control of the fingers.

Therefore, it could be that the first subnetwork (The one consisting mainly of cerebellum, cingulate cortex, and etc.) represents either itching sensation or the desire to control this sensation with scratching as it is still difficult to separate the two phenomena. However, the detailed constitution of this first subnetwork especially comprising lobule VIII of the cerebellum and the temporal poles and omitting the left frontal inferior cortex are in favor of the interpretation, according to which this network would subserve/favor illusory itching sensation. Some of the regions we got are those encountered in cowhage itch induction. Video induction is probably more similar to cowhage induction because cowhage generates more cognitive sensations than just the urge to scratch.

However not all of them are present (inf. Frontal cortex for example (DLPFC)) and an incomplete pattern restrain us of concluding that psoriasis itch pathway only lies on the PAR-2 receptors circuits

The subnetwork two mostly consists of two regions in the parietal lobe (inferior parietal, and supramarginal gyrus), the thalamus, the lobule IX of the cerebellum and the left hippocampus. The pattern of this second network is quite different to the network described by Holle et al., in (2012) who described the contagious itch networks in healthy volunteers. Our network reveals which regions are more functionally connected in psoriasis patients than in controls while viewing videos. Therefore, we observed more connectivity between the thalamus and the cerebellum which are already known to be activated for contagious itch (Holle et al., 2012) and we add to this network the significant new connections with the inferior parietal regions and the hippocampus.

Thalamic and cerebellar regions are parts of the core processing of itch, an overage of connectivity in these regions in psoriasis condition is by itself an important discovery that do not changes its role in itch processing. Cerebellum and thalamus convey itchy sensations and modulate itch perception by communicating together.

In literature on empathy, the fronto-parietal network is often activated when movement are shown or presented through pictures. When painful images are shown to subjects, the inferior parietal cortex undergoes increased activations [START_REF] Lamm | Meta-analytic evidence for common and distinct neural networks associated with directly experienced pain and empathy for pain[END_REF]. In their article on pain in other and self, authors demonstrate that the inferior parietal cortex, among other regions, activates more for pain perception than no pain perception in others. The authors also report that the inferior parietal cortex is particularly active when paradigms use images.

The second subnetwork also implicates the hippocampus when patients are compared with controls. Experiencing itch or pain involves structural modifications (Teutsch et al., 2008). In a study of Papoiu et al., (2014), the hippocampus is stated to be sensitive to reversible structural modifications in ESRD condition. Experiencing itch could be like experiencing pain, and psoriasis patient may probably not bypass the rule. The presence of the hippocampus and its increased functional connectivity when viewing videos could be the result of a re-activation of the souvenir of itchy sensations that facilitate communication between this structure and the rest of the network.

Concerning the NBS results in the urticaria subjects, our analysis showed no network was statistically different for just two subjects.

ICA

Here in this part we would discuss the results of the ICA analysis. To do so we would go through all the independent components one by one and discuss each component consist of which regions and probably is tasked with doing what.

Component 1 in the healthy subjects (𝐶 𝐻 1) and it is counterpart in psoriasis patient component (𝐶 𝑃 6) covers the middle cingulate cortex. This component when examined for healthy subjects alone contains considerable amount of lateral ventricles and this could mean that that this is a noise component. But when we take into account its psoriasis counterpart (𝐶 𝑃 6) it becomes apparent that this is mostly caused by activation of middle cingulate. Middle cingulate is an important region in the processing of the of the itch (Table 33) (Mochizuki and Kakigi, 2015;van de Sand et al., 2018;Vierow et al., 2015), it was present in the results of our meta-analysis. It is suggested that the middle cingulate cortex is involved in the conative aspects of the itch and pain perception (Fenton et al., 2015;Xiang et al., 2018).

Component 2 of the healthy subjects (𝐶 𝐻 2) is seems is not present in the psoriasis subjects or at least it is not present in the first 20 independent components. This is a bilateral component and consists of the supplementary motor area, superior frontal gyrus while expanding into medial frontal gyrus and other motor cortex regions. Activating of the motor cortex in the itch stimulations is a known fact (Table 33) and it is associated with the motivation to scratch. This activation is presents in itch stimulus even if they don't follow by scratching. The reason behind the lack of this component in the psoriasis patients can be the fact that they are used to the itch sensation and our stimulus was not strong enough to arouse a motivation to scratch. Anyhow there is a strong evidence that the scratching response in the chronic itch patients is more affected (Mochizuki et al., 2015).

Component 3 (𝐶 𝐻 3) of the healthy subjects and its counterpart in psoriasis subjects, component 13 (𝐶 𝑃 13) is mostly in left hemisphere and consists of inferior frontal gyrus (pars triangularis and pars orbitalis) and dorsolateral prefrontal cortex in the frontal lobe and inferior parietal lobule and angular gyrus in the parietal lobe. This seems to be Broca's and Wernicke's regions. These two are highly connected and their activation together is not surprising, but their existence in our stimulus is strange. Subjects were instructed not to speak and during the examination and definitely didn't spoken to.

Component 4 of healthy subjects (𝐶 𝐻 4) and its psoriasis counterpart component number 12 (𝐶 𝑃 12), have multiple regions in the frontal region. The 𝐶 𝐻 4 have some regions who have negative relationship with other parts of it, these negative regions are inferior superior parietal lobule, parahippocampal gyrus and hippocampus. These regions probably in the controlling and modulating the itch. Components 𝐶 𝐻 5 and its analogue in the psoriasis patients 𝐶 𝑃 16 are in the frontal region too.

Component 6 of healthy subjects (𝐶 𝐻 6) and 11 th component of psoriasis patients are together (𝐶 𝑃 11). These two component have a continues cluster in the midbrain, pons, parahippocampal cortex and parts of cerebellum. In the cerebellum it is consists of the lobules III, IV, V of the vermis, lobules III, IV, V of the cerebellar hemisphere. All of these regions are involve to some degree in emotions but their main functionality is their association with motor system and their role movement planning and motivation (reward system). On that note the negative element of the 𝐶 𝑝 11 is in the anterior cingulate cortex while the negative element of 𝐶 ℎ 6 is in posterior cingulate cortex, wheatear this means that their emotion and movement in psoriasis patients are more caused by affection but the movements in the healthy subjects case by cognition could be interesting thing to study. We should mention that the negative element of 𝐶 ℎ 6 contains lots of regions with nothing but cerebrospinal fluid, meaning this could be just a noise.

Component 7 of healthy subjects (𝐶 𝐻 7) and component 14 of psoriasis patients (𝐶 𝑃 14) seems to be conjugate. This component is a bilateral component and its entirety is situated in the occipital region and probably is a visual component. This component is most likely caused by the fact that our stimulus is a visual stimulus and the subjects had to watch a video of someone else scratching.

Component 8 of the healthy subjects (𝐶 ℎ 8) seems to only exist in the healthy subjects with no counterpart in the psoriasis patients (or at least in the first 20 components of psoriasis patients). This component is the default mode network. Note that the activation of the default mode network doesn't mean that the subjects didn't pay attention to the task. Recent studies suggest that the activity in default mode network encodes information concerning the cognitive task on hand weather the attentions is directed to task or not [START_REF] Sormaz | Default mode network can support the level of detail in experience during active task states[END_REF]. An interesting fact to investigate is, weather the default mode network interrupted in the psoriasis patients is systematic.

Component 9 of the healthy subjects (𝐶 ℎ 9) this component don't have any parallel component in the psoriasis patients neither. It is a bilateral component and consists of putamen, insular cortex and middle cingulate cortex. This is component most probably deals with the emotions processing of the pruritus.

𝐶 ℎ 10 and 𝐶 𝑝 12 are components in the frontal lobe, and probably plays a role in the cognition of the pain and produce a general response to itch.

𝐶 ℎ 11, 𝐶 ℎ 14,𝐶 ℎ 16 , 𝐶 𝑝 5, 𝐶 𝑝 9, 𝐶 𝑝 18, and 𝐶 𝑝 20 seems to be the noise components. As we mentioned multiple times the ICA methods are highly susceptible to the noise. Therefore, all the components that contains big areas in the cerebrospinal fluid was deemed the noise component.

𝐶 ℎ 12, and it doppelganger 𝐶 𝑝 2 contains big parts of the cerebellum and mammillary body in negative. 𝐶 𝑝 2 contains a big area in the precentral and supplementary motor regions, which is not present in the 𝐶 ℎ 12. Here it should be noted that the component 𝐶 ℎ 2 in the healthy subjects is in the supplementary area but have no counterpart in the psoriasis subjects. This negative component could be residue of that which ICA couldn't classify to other components and have clump it to this component. Previously we have spoken about importance of the cerebellum therefore here we won't discuss it. Mammillary body connects hippocampus to the thalamus via thalamomammillary fasciculus. Both thalamus and hippocampus play important roles in the itch perception therefore activation of mammillary body is not a surprise.

𝐶 ℎ 13 and its counterpart in the psoriasis patients 𝐶 𝑝 3 are both contains bilateral cuneus. Cuneus is a part of visual cortex, and it carries out mid-level visual processing.

𝐶 ℎ 15 and 𝐶 𝑝 10 are again the components in the cerebellum.

𝐶 ℎ 17 seems to be the mirror of component 𝐶 ℎ 3 in the right hemisphere. This component bears a very interesting resemblance to the central executive network (CEN), more precisely ventral attention systems. Central executive network is activated when brain is performing a cognitively demanding task requiring attention [START_REF] Fox | Spontaneous neuronal activity distinguishes human dorsal and ventral attention systems[END_REF][START_REF] Goulden | The salience network is responsible for switching between the default mode network and the central executive network: Replication from DCM[END_REF]. This could mean that the subjects were paying attention to the video. Another possible explanation is that both of 𝐶 ℎ 17 and 𝐶 ℎ 3 constitute a bilateral CEN, this explanation would resolve the problem with the existence of the Broca's and Wernicke's regions.

𝐶 ℎ 18 and 𝐶 𝑝 7 are bilateral medulla oblongata. Medulla oblongata is a part of autonomic nervous system.

𝐶 ℎ 19 and 𝐶 𝑝 19 are primary somatosensory cortex (SI). SI is one of the first regions to receive and proses the itch signal information most studies suggest that SI is involved in the itch location. 𝐶 ℎ 20 and 𝐶 𝑝 4 are both contain bilateral insular cortex and Rolandic operculum. Operculoinsular complex (OIC) is involved with a wide range of functions including itch perception, motor control, itch intensity, emotional regulation, and self-awareness (Fenton et al., 2015).

𝐶 𝑝 1 is mostly around left superior temporal gyrus. The superior temporal gyrus is known to be involved in emotional processing and some social cognition tasks [START_REF] Adolphs | Is the Human Amygdala Specialized for Processing Social Information?[END_REF][START_REF] Bigler | Superior Temporal Gyrus, Language Function, and Autism[END_REF]Radua et al., 2010).

𝐶 𝑝 15 is consists of bilateral superior parietal lobule, bilateral precuneus and supplementary motor area. It seems somehow this component connects the visual cortex to the motor cortex and itch processing cortex.

𝐶 𝑝 17 seems to be bilateral operculoinsular complex with bi areas around superior temporal gyrus.

VBM

We have carried out VBM on to investigate the any difference in the gray matter of the subjects.

Recent studies suggest that the urticaria can affect the gray matter thickness in the right putamen and right ventral striatum [START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF]. Therefore, we hypnotized that the same kind of difference exists between psoriasis patients and healthy control group. But when we compared two group while controlling for age, sex, and Oldfield handedness we found there is no difference between two group. Interestingly when we didn't consider the confounds we saw a huge regions of the brain that was statistically different between two. These regions consisted of occipital pole, precuneus, cuneus, calcarine sulcus, postcentral gyrus, precentral gyrus, supplementary motor area, Rolandic operculum, insular cortex, anterior cingulate gyrus, midcingulate area, posterior cingulate gyrus, inferior frontal gyrus (pars opercularis, and pars triangularis), inferior temporal gyrus, superior temporal gyrus, thalamus. To imagine that all of these reigns could have been caused by the itch or psoriasis is an absurd claim, though most of these regions are associated with itch perception Table 33. Another fact is that there is an age difference between two groups, and the VBM is really sensitive to the age differences. Based on these two facts we concluded that this response is most likely caused by age difference. Anyhow further research is needed to investigate this with two age and sex matched groups.

Hearth beat

We hypnotized that the itch sensation can affect the hearth beat rate with the parasympathetic nervous system. But we saw no difference between the 1 min before the video and 1 min after the video. We observed no statistically significant difference in the hearth rate caused by itch sensation.

Meta-analysis

This is the first meta-analysis of central mechanism of itch. The meta-analysis results showed an activation pattern which was expected from itch included brain activity with the exception that it lacs the primary somatosensory cortex. Despite our efforts to define inclusion criteria as inclusive as possible, and tuning the exclusion criteria to reduce the methodological and clinical heterogeneity, the itch induction methods and analysis of fMRI images were vastly different, therefore these results should consider with a grain of salt.

Recent studies of pain, it has been proposed that pain matrix can break down into three different pain matrixes (Fenton et al., 2015;Xiang et al., 2018). One responsible for the pain and perception and its location, another one responsible for affective aspect of the pain, while the third one was involved in decoding cognitive aspect of pain.

In a same manner itch processing network can break down into three main stages. Primary itch matrix consists of primary sensorimotor cortex, parietal operculum, posterior insular cortex. Primary sensorimotor cortex is involved with discovering, localization, intensity encoding of painful stimulus (Apkarian et al., 2005). In pain studies it bears linear relationship with pain intensity (Bornhövd et al., 2002;Dong et al., 1989Dong et al., , 1994;;Frot et al., 2007;Timmermann et al., 2001). Frot et al. (2007) have shown that before pain threshold SII activity was able to encode the itch intensity but it reached its ceiling after the pain threshold. On the other hand, the posterior insula was unable to encode the nonnoxious stimulus, while it reliably encoded the noxious stimulus. In the itch studies these regions have been reported mutilate times. Drzezga et al. (2001) have reported SI activity, but not SII activity is positively correlated with itch intensity. Another study (Schut et al., 2017) of itch in atopic dermatitis patients have observed that activity in OPC was correlated with induced itch. A study of primary biliary cholangitis has shown that connectivity between SI and hippocampus and amygdala have inverse relationship with itch intensity (Mosher et al., 2017).

Secondary, itch matrix is consisting of ACC, AI, amygdala and hippocampus. This network encodes affective and motivational aspect of itch. Significant activation in the ACC especially dACC and aMCC has been linked to reward network and emotional perception. They respond to differed kinds of emotional responses, aMCC responds more to negative stimuli while, pACC responds more to positive stimulus (Fenton et al., 2015). Electrical stimulation of the MCC would case motivation to act (Vog and sikes, 1990). Anterior insula is involved with awareness of emotions and subjective feeling (Craig, 2010). Lesions in aIC would cause deficits of emotional awareness (e.g. Alexithymia) [START_REF] Gu | Anterior insular cortex and emotional awareness[END_REF]. Several studies have reported that activity in the aIC is significantly correlated to unpleasantness of the itch (Bergeret et al., 2011;Herde et al., 2007;Leknes et al., 2007;Mochizuki et al., 2007;Papoiu et al., 2012).

The third network in the pain studies is include parts of frontal cortex, MCC, PCC. This network is involved in the interpolating cognitive meaning for the itch.

Before any furthermore discussion of the studies, we should mention some limitations. SDM estimates the statistical maps based on their peak reported in the papers therefore a statistical map of two peaks in proximity could interference with each other. The fact that some regions are clusters together doesn't always indicate that they are activated together. Finally, the regions reported here are not all the regions involved with itch matrix and some regions could have been excluded due to inter study inhomogeneity.

In the meta-analysis of the itch matrix, our goal was to study the base matrix that is involved in the itch perception. Our results showed two bilaterally symmetrical clusters in insular and Rolandic operculum (SII), these results were expected as most of the studies report itch induce activity in these regions. Another cluster was the bilateral SMA which expended into middle and anterior cingulate cortex, as we mentioned before this cluster is probably involved in the emotional aspects of itch perception (cognition and affective aspects). Finally, the activation in the thalamus was also expected as it is the probably the region that dispatches the itch information to other brain regions, although the activation pattern lacks two regions that believes to play important role in itch perception namely SI and MI. This could be due to some inhomogeneity in the studies as we have included so many studies with lots of different itch induction modalities. This could be due to somatotopic organization of SI response to itchy stimulus. It has been already shown that SI response to pain is organized in a somatotopic manner (Bingel et al., 2004), possibly itch have the same organization too. . Finally, its activity could have been mixed with other parietal regions and its response is included in their significance. Or simply number of studies reporting its activity wasn't enough and this resulted in a small SDM-Z value and it didn't survive the thresholding.

Interesting founding of this section was the activity of the right angular gyrus. The angular gyrus is reported to be involved in higher aspects of motor control e.g. predicting movement consequences and goal-directed movements (Farrer et al., 2008;Freund, 2001). Activation of this region could be first chain in reaction chain that resulted in scratching (a goal-directed movement). Angular gyrus is also a part of the default mode network (Andrews-Hanna et al., 2014) and plays an important role in the attention regulation (Seghier, 2013;Singh-Curry and Husain, 2009), these means that it could play a role in the reorienting attention toward itch. Another possible role of this region can be that it is involved with spatial cognition of itch (Sack, 2009).

For the correlation study, we have examined whether a network of brain regions exists that its activity correlates with itch intensity. The resulted clusters are presented in Table 25. Though the peak of cluster 1 is in inferior frontal gyrus but majority of it is in insular and operculum cortices.

The cluster 1,2, and 3 in correlation analysis are similar to clusters 1, 2 and 3 in the subtraction analysis consecutively. The fourth cluster is the left caudate nuclease. The caudate and the putamen together constitute striatum which in turn is a component of basal ganglia (BG). Striatum is a part of dopaminergic motor system and involves in the cognitive, motor and emotional activities (Borsook et al., 2010). Involvement of BG in the pain processing is supported by both clinical and preclinical data (Barker, 1988;Borsook et al., 2010;Chudler and Dong, 1995). The results of our meta-analysis support the fact that it also plays an important role in itch processing. BG is a known region for multisensory integration (Chudler et al., 1995;Nagy et al., 2006). Therefore, its involvement in the itch perception -which have both sensory and motor (scratching) aspects -is not surprising. In the pain studies, activation of the caudate have been associated with pain modulatory system (Freund et al., 2007(Freund et al., , 2009)). The caudate could also be involved with reduction of the affective components of pain (Borsook et al., 2010) . We believe that the caudate is similarly involved with affective aspects of itch and help its modulation. The nucleus activation in the putamen was also believed to be involved with motor aspect of the pain (Coghill et al., 1994;[START_REF] Jones | Cortical and subcortical localization of response to pain in man using positron emission tomography[END_REF] but recent studies suggest that putamen is involved with other aspects of pain (Starr et al., 2011). Starr et al. (2011) have reported that the pain sensitivity decreased in the patients with putamen lesions. Similarly, putamen probably plays a role in the itch processing both in sensation and motor (scratching) aspect of it. Thought reporting itch-induced activity in the temporal pole is not uncommon but the activity reported in cluster 1N of correlation analysis possibly due to activation in parahippocampal gyrus considering that almost half of this cluster is in the parahippocampal gyrus. Interestingly in the pain response in the parahippocampal gyrus had positive correlation with pain intensity (Vachon-Presseau et al., 2013).

The results of our meta-analysis on itch decrease studies confirm that the basal ganglia play an important role in itch reduction. Big parts of the cluster 1 and 2 of itch reduction analysis is situated in the BG thought they had considerable amounts in the insular cortex too. Another response is the activity in the cognitive response and cluster 4, bilateral middle and anterior cingulate cortex, these regions believed to play a role in itch cognation and desire to scratch. Its activation caused by itch reduction could have been caused by the relief from the itch or it was only activating because the motor aspect of scratching and had nothing to do with itch relief. Same argument can be made for the clusters 5 and 6 they are primary motor cortex and supplementary motor area. Weather this activity in the motor cortex is due to the studies that have used scratching or it has any other reason. But a study (Stumpf et al., 2017) which have deployed the distraction for itch reduction have shown higher activation of these regions during the stroop task of histamine induced itch.

The meta-analysis of the itch processing in the AD patients has vast disruption to the itch-induced activity in the BG. Clusters 1, 3, and 4 were clusters in AD meta-analysis that were inside BG.

Unlike the BG clusters in the correlation or itch decrease, these clusters didn't extent to insular cortex or Rolandic operculum (or their extension was minimal). They also included regions in the frontal cortex (namely Brodmann area 8 and 9), which are involved with planning complex movements (Fincham et al., 2002)(possibly scratching), or emotional sense (Lane et al., 1997) (distinguishing weather a sensation or emotion is pleasant or not). The increase activation of the BG in the patients could be due to itch-scratch cycle, and the fact that the patients tend to scratch themselves more often and therefore reinforce these activities in the BG a part of dopaminergic motor system.

Among the itchy diseases, AD was chosen because it was the only disease with more than 3 studies.

In conclusion, this is the first meta-analysis on the central mechanisms of itch perception and processing. We have explored the principal itch matrix by doing meta-analysis in subtraction based studies and correlation based analysis. This itch matrix comprised of SII, insular cortex, cingulate cortex, thalamus, and some regions in the parietal cortex. Then we have shown that the BG plays an important role in the itch decrease, and also itch decrease also activates SMA and MI. Finally, we have explored the itch processing in the Ad patients and have shown that itch matrix in them was disrupted specially in the BG.

Limitations and Perspectives

The findings of our study have to be cautiously considered and we would like to address some limitation that could also serve as interesting perspectives for this work.

Despite age has been controlled across all the analyses, we cannot ensure that contagious pruritus generates the same effects when age differences are too important. Indeed, age is related to factors that are known to influence empathy. Authors have shown that interpersonal factors like ability to decode facial expression or suffering experience can produce different empathic responses and are not completely independent of age (Goubert et al., 2005). In our case, facial expression does not influence the observer because actor's faces were not visible but suffering experience is certainly of most importance.

Another limitation of our study consists in not recording visual rating scores online during the fMRI scanning session. Given our design which was not thought to be a correlation design but a contrast one, we did not check if contagious itch generates the same amount of effects with participants on the second appointment. Replication of contagious itch induction have to be carefully studied on a psychophysiological aspect to check if induction levels are consistent across repetition and future studies should better control these.

An important limitation of our study is that we hypothesize that structural and functional modifications are linked to itching in psoriasis but some studies have reported that other biological factors in psoriasis can also affect the brain both on structural and functional way independently of prurigineous condition (Gisondi et al., 2014;Kleyn et al., 2009). Again, a correlation or even better a regression analysis on factors that influence structural and functional modifications would have been very complementary of our results. These factors should include detailed information about patients, medical treatments, and any preexisting condition that is of interest when brain modifications are at stake.

Also, albeit our study shows differences in the brain connectivity of patient and healthy controls under the same condition (while watching the video), future work could take advantage of recording a real resting state fMRI scan to suppress differences that already exist between controls and patients therefore dealing with itch induction phenomenon only.

Our main goal was to examine the central mechanism of itch processing in the urticaria and psoriasis. But unfortunately due to some problems we couldn't gather enough patients to examine the urticaria disease.

One of the secondary goals of our study was to compare the central mechanism of itch processing in the pathologies to the itch induced by histamine and Cowhage. The main idea behind this was the fact that the itch in urticaria can successfully inhabited by antihistamines. Therefore, the general consensus is that the histamine is the main mediator of the itch in urticaria. The goal was to compare these activation patterns to each other and consequently examine whether the cowhage is a good itch model for psoriasis or not.

Another technical problem was the fact that in our design we wanted to use the ECG and respiratory signals in order to correct the fMRI signals for physiological noises. But unfortunately due to some inconstancies in the signals we couldn't use it and we were obliged to use CompCor algorithm which give similar but inferior results. It seemed that for some subjects (specially the patients) the ECG signal and PPU signal didn't match, or one of them were missing. This could be due to that fact that patients tent to be more restless and move more therefore disturb the ECG's electrodes.

Conclusions

To our knowledge, this study represents the first study that described significant differences in both structural and functional connectivity in psoriasis and control groups. After correction for age, we found that all structural changes correspond to an increase of FA in psoriasis patients in brain networks already dedicated to itch or pain perception. The tracts concerned by those modifications are long range connections which share many possibilities of connections.

Replication and detailed analysis of these results will be necessary to confirm this first discovery. Nonetheless, we think our approach for analyzing FA is more adapted than the global approach as well as the way we considered multiple comparisons corrections.

The functional connectivity analysis has also demonstrated enhanced dynamical connectivity value when patients were watching videos of other people scratching themselves. These functional links have been described not only to fit the already known itch network but also to engage brain and cerebellar regions that are more generally involved in (1) illusion of itch in the absence of itchy stimulation, (2) the empathy for itch and ( 3) the experience of itchy condition. However, it is possible that the paradigm places too much importance on mentalizing (because of the use of contagious itch) and manipulating video material. There are studies which have reported no relationship between location of the itch and scratch induced due to audiovisual itch and the location of the stimulus in the video (Ward et al., 2013) while this is in contrast to pain (Osborn and Derbyshire, 2010) and touch (Banissy et al., 2009). Further functional studies are needed to understand why there is a difference, and whether any lateralization or location depending information exist in the brain networks concerning audiovisual itch.

Until recently most of studies have studied the itch response in the cerebrum and the itch related response in the cerebellum was neglected. But recent studies suggest that the cerebellum plays an important role in the central mechanism of itch its processing. The cerebellum is probably involved with different aspects of itch processing. These aspects could be scratch related like the itch-scratch loop and producing the internal model of scratching consequently helping to automated the scratching. Besides its involvement with scratching cerebellum possibly involved with itch cognation too, though further studies is needed.

In conclusion, we have presented a set of congruent results from structural to functional connectivity which significantly differs between healthy controls and psoriasis patients. First, we found that structural connectivity is modified in psoriasis patient with an increased FA of fibers and tracts that link several regions of the brain commonly described in studies which aim to delineate the substrates of itch and pain. Secondly, we showed that despite equivalent self-reported levels of itching, healthy controls and psoriasis patients do not display the same functional connectivity networks with a differential increase of functional connectivity depending on specificity to itch perception. While the network representing itch mentalizing and empathy barely increased in psoriasis patients (second subnetwork), the connectivity in the network that was described to specifically encode perception and control of itch sensation is much more reinforced (first network). With cautious interpretations and further replication of these results, we have Nous vous demandons de regarder une vidéo qui donne envie de se gratter est de répondre à quelques questions pendant cette vidéo. Il y a deux types de questions qui reviennent régulièrement, la première est une question à propos de l'intensité de la démangeaison. On vous demandera à quel point vous avez envie de vous gratter. La deuxième, concerne plutôt à quel niveau de votre corps vous avez envie de vous gratter.

Pendant la vidéo, je vous demanderai de donner votre réponse oralement à chaque fois que vous verrez ces images.

Si vous êtes d'accord, j'aimerais également vous filmer pendant que vous regardez la vidéo, nous avons un formulaire de droit à l'image à compléter pour cela.

Par la suite je vous demanderai aussi de répondre à un petit questionnaire. 

Normality tests results

Normality test of VAS levels for the preliminary experiments

Results of the other papers

Here is this appendix we would present all the papers that have studied the central mechanisms of itch and the methodology that they have deployed in the Table 32. Following the Table 28, the Table 33 presents the results of these papers. Off note that each line in both of the tables represents a specific condition (different pathologies or different stimulus or just different signal processing) in which the brain activity have been reported in the original paper. Therefore, there exists some papers with more than line. [START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF] R- [START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF] L- (Wang et al., 2018a) B (Wang et al., 2018a) B B B (Wang et al., 2018a) (Wang et al., 2018a) R-R-R-R- (Wang et al., 2018a) B-L-R-L-L-L- [START_REF] Min | Acupuncture for Histamine-Induced Itch: Association With Increased Parasympathetic Tone and Connectivity of Putamen-Midcingulate Cortex[END_REF] L L [START_REF] Min | Acupuncture for Histamine-Induced Itch: Association With Increased Parasympathetic Tone and Connectivity of Putamen-Midcingulate Cortex[END_REF] L [START_REF] Min | Acupuncture for Histamine-Induced Itch: Association With Increased Parasympathetic Tone and Connectivity of Putamen-Midcingulate Cortex[END_REF] C L C (Mochizuki et al., 2019
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Introduction

Itch is defined as an unpleasant sensation that prompts the urge to scratch [1,2]. Itch is the most frequent symptom of dermatological diseases, but it is not exclusive to these diseases, as a plethora of other diseases can generate this unpleasant sensation [3]. Itch is very commonly experienced; almost one-third of the global population suffers from itch in a given week [4,5]. It can dramatically reduce quality of life and can cause mental distress [6], including the occurrence of suicidal ideation [7]. Itch can be studied by two major approaches: one focuses on the skin and the peripheral nervous system (bottom-up approach), while the other focuses on the central mechanisms and how our brain perceives itch (top-down approach). Most itch studies have focused on the first approach. However, there have been some studies on the central mechanisms of itch in the last few years.

The closest phenomenon to itch is pain, and the degree of similarity between these two sensations is such that itch was considered a consequence of the low-level activation of nociceptors in the past [8]. It is now well known that increased itch will not cause pain and that itch is usually related to the activation of pruriceptors, followed by processing along a specific pathway from the skin to the brain [9][10][11]. The differences and similarities between pain and itch are apparent in the brain, as well [12].

Compared to pain, the central mechanisms of itch have been understudied. Nonetheless, a few studies have been performed, and a proper meta-analysis could be very helpful for reaching a consensus on the central mechanisms of itch. We performed a literature review and selected a handful of studies for this purpose; then, we used a specialized functional magnetic resonance imaging (fMRI) meta-analysis tool to extract the regions involved in itch processing.

We had four questions: Which regions of the brain are activated by itch induction? Which regions of the brain are correlated with itch intensity? Which regions are activated during itch inhibition? How can diseases affect the itch-processing network in the brain? Therefore, we defined four clusters of studies -one for each question.

Materials and methods

Screening and eligibility cheek

To find all the relevant studies regarding neuroimaging and itch, a systematic literature search was performed through PubMed, Scopus and Web of Science in July 2019. We choose the key words P. Najafi et al. / Journal of Neuroradiology xxx (2019) xxx-xxx to be as inclusive as possible. For PubMed, we used (("Magnetic Resonance Imaging"[Mesh] OR "Magnetoencephalography"[Mesh] OR "Spectroscopy, Near-Infrared"[Mesh] OR "Neuroimaging"[Mesh] OR "Electroencephalography"[Mesh] OR "Positron-Emission Tomography"[Mesh]) AND ("Pruritus"[Mesh])). For Scopus, the following keywords were used: TITLE-ABS-KEY ((itch OR pruritus) AND (EEG OR fMRI OR NIRS OR neuroimaging)) AND ((EXCLUDE (DOCTYPE, "re")). We used a flowing key word in the Web of Science, TS = (((itch) OR (pruritus)) AND ((((EEG) OR (fMRI)) OR (NIRS)) OR (MEG)) OR (neuroimaging))).

Inclusion criteria

Inclusion criteria were selected in a manner to be as inclusive as possible. There were three general inclusion criteria and a specific inclusion criterion for each question. The general inclusion criteria were as follows:

• original research papers that used neuroimaging techniques to study the central mechanisms of itch; • included a healthy group;

• reported the coordination of the regions of interest (i.e., for EEG, NIRST, and MEG studies, this meant source localization was performed), and; • conducted correlation or subtraction analysis (this meant that, unfortunately, all the connectivity analyses were excluded).

An additional criterion for the first group (subtraction analysis) was that the study should have compared data before and after itch induction. For the second group (correlation analysis), the additional criterion was that the study examined regions that correlated with itch levels. Another group included studies that employed an itch reduction method and reported the results (itch reduction group). Finally, for the chronic itch group, in the second inclusion criterion, the word "healthy" was replaced with "atopic dermatitis" (AD).

Meta-analysis

Meta-analysis was carried out using the anisotropic effect size version of signed differential mapping (AES-SDM) software, version 5.15 (www.sdmproject.com), which has been validated and used for several structural and functional fMRI studies [13]. This software created a brain map of the effect size of the brain activity for each study (for the statistical maps and the peak value information); then, it would conduct a meta-analysis in a voxel-wise random effects manner (calculating study weights based on sample size and variance) [14]. Based on the Radua & Mataix-Cols Study [15,16], SDM parameters were set as follows: 100% for anisotropy and 25 for kernel full width at half maximum with 100 Monte Carlo permutations. Finally, the voxel threshold was set to P < 0.005, while the peak height threshold was set as SDM-Z > 1, and the extend threshold was set as a cluster size ≥ 10 voxels.

Results

Included studies

Searches in PubMed, Web of Science, and Scopus yielded 127, 84, and 194 papers, respectively. After pooling all the papers together, 314 papers were identified, and 3 additional papers that were not found with this process were added to the pool [17][18][19]. After reading their titles and abstracts, 270 papers were eliminated in the screening stage. Finally, 47 papers were selected for full text examination. A detailed description of these procedures is presented in the PRISMA flowchart shown in Fig. 1. (A table containing these papers is presented in Table 1). The papers that were excluded after full text examination and the reason for their exclusion are presented in Table S1.

After examining all the studies, 16 were included in the subtraction-based group. In the correlation group, 6 studies were included. The inclusion criteria resulted in 6 studies being included in the itch reduction group. Finally, 5 were included in the AD section.

In the next stage we test for assumptions that needed to be true in order for spatial convergence to be valid. We have used the method described by Albajes-Eizagirre and Radua [20]. Pooling of the original subtraction based studies resulted in the fact that meta-analysis had a maximum of 8 while the threshold was 5. This meant that the subtraction based studied retained the spatial convergence assumptions. The original correlation based studies resulted in a maximum of 5 while the threshold was 3, meaning that it upholds the assumptions too. The itch reduction studies had a similar result with a maximum for the original meta-analysis of 5 while the threshold was 4. Finally, in the AD studies the original meta-analysis had maximum value of 4 while the threshold was 3. These meant that all four of the meta-analysis retained the spatial convergence assumptions. A detailed method and results of these tests is presented in supplementary data section S3.

Subtraction-based studies (itch matrix) Fig. 2 shows the results of the meta-analysis for the studies that used subtraction to report itch-induced brain activity. Locations of the peak and Z values of these regions are presented in Table 2. Six clusters were identified:

• right insular cortex expanding into the Rolandic operculum, frontal operculum, superior temporal gyrus, and lenticular nucleus (putamen); • same area as 1, but in the left hemisphere;

• bilateral supplementary motor area expanding into the middle and anterior cingulate cortex and medial superior frontal gyrus; • bilateral thalamus with parts expanding into the caudate nucleus;

• right inferior parietal gyri expanding into the angular gyrus and supramarginal gyrus and; • left supramarginal gyrus.

Itch correlation

In another section of the meta-analysis, the idea that the activity of some brain regions could be correlated with itch intensity was explored. This analysis found six regions correlated with itch intensity, of which four regions had a positive correlation and two regions had a negative correlation; shown in Fig. 3. The peak locations and the P values of these clusters are presented in Table 3. Regions with a positive correlation with itch intensity consisted of the following:

• this cluster was similar to cluster 1 in the itch subtraction analysis. Left insular cortex expanding into the left cortex, inferior frontal gyrus (triangular and opercular parts), and superior temporal gyrus; • bilateral middle cingulate cortex expanding into the bilateral cingulate cortex and bilateral supplementary motor area (the left SMA was more applicate). This cluster was more prominent in the right hemisphere of the brain; • this cluster was effectively the right counterpart of cluster All the papers that were included and the group in which they were included. Some papers were included in more than one group (they reported multiple results that satisfied our inclusion criteria).

Groups Studies Number of subjects

Subtraction (Bergeret et al., 2011) [21] 14 (Darsow et al., 2000) [18] 6 (Holle et al., 2012) [22] 18 (Hsieh et al., 1994) [17] 28 (Ishiuji et al., 2009) [23] 7 (Leknes et al., 2007) [24] 8 (Mochizuki et al., 2013) [12] 18 (Mochizuki et al., 2019) [25] 25 (Mochizuki et al., 2009) [26] 10 (Mochizuki et al., 2007) [27] 14 (Mochizuki et al., 2014) [28] 16 (Mochizuki et al., 2003) [29] 15 (Papoiu et al., 2012) [30] 15 (Schneider et al., 2008) [31] 6 (Valet et al., 2007) [32] 12 (van de Sand et al., 2018) [33] 30 Correlation (Bergeret et al., 2011) [21] 14 (Drzezga et al., 2001) [19] 6 (Herde et al., 2007) [34] 10 (Kleyn et al., 2012) [35] 16 (Mochizuki et al., 2007) [27] 14 (Walter et al., 2005) [36] 6 Reduction (Mochizuki et al., 2015) [37] 10 (Mochizuki et al., 2014) [28] 16 (Papoiu et al., 2015) [38] 24 (Papoiu et al., 2013) [39] 14 (Stumpf et al., 2017) [40] 33 (Vierow et al., 2009) [41] 15 Atopic dermatitis (Ishiuji et al., 2009) [23] 8 (Napadow et al., 2015) [42] 14 (Napadow et al., 2014) [43] 14 (Schneider et al., 2008) [31] 8 (Schut et al., 2017) [44] 11 differential mapping (ES-SDM) combines the advantages of other methods while improving upon them by adding features like effect size and polarity of the peaks, furthermore anisotropic ES-SDM (AES-SDM) uses anisotropic kernels to reduces ES-SDM's dependency on Full width at half maximum (FWHM) [13]. A more comprehensive explanation of these methods is presented in the supplementary material and methods (S2).

Hence, the central mechanism of itch perception involves many brain areas. In this meta-analysis, we provide a validated synthesis of these areas.

After the transmission of the itch signal to the brain, the thalamus dispatches it into the principal itch matrix. The reason that we call this network the itch matrix is that, similar to its counterpart "pain", there is no one region that specifically encodes itch. We briefly explore the important elements of this itch matrix. Primary somatosensory cortex (SI) and secondary somatosensory cortex (SII) are among the regions that are activated during most itch stimuli [19,38,45,46]. In pain studies, these regions play crucial roles in the encoding of the location and intensity of pain [47,48]. Based on pain studies [49][50][51], some researchers suggest that activity in the SI has a linear relationship with itch intensity and that the activity in the SII has a sigmoid (S-shape function) relationship with itch intensity [52]. Another region that plays an important role in itch processing is the motor cortex (including but not limited to supplementary motor area (SMA), premotor cortex (PM) and primary motor cortex (MI)), which is especially important in scratching. We should mention that in most studies, subjects' movements were restricted and the subjects were not allowed to scratch; even with these restrictions, some studies have observed activation in motor regions [23,33,44,53]. This result occurred because even imagining an action can activate the motor cortex in anticipation of it [54,55]. Another region involved in itch perception is the insular cortex (IC), which is divided into two parts: the posterior and anterior insula. The posterior insular cortex (pIC) receives sensory signals through the spinothalamic tract (STT) [56]; therefore, as with pain [57], its activity is one of the earliest in conscious nociception and pruriception. Unlike the pIC, the anterior insular cortex (aIC) has been shown to be involved in subjective itch sensation, the unpleasantness of itch and the regulation of the amount of attentional resources allocated to itch [24,27,30,34,57,58]. The cingulate cortex is divided into three main regions: the anterior cingulate cortex (ACC), midcingulate cortex (MCC), and posterior cingulate cortex (PCC). It is generally accepted that, in the pain matrix, the ACC is involved in the affective experience of the pain, while the MCC and PCC are responsible for the cognitive aspects of pain [48,57]. In itch studies, all three of these regions have been reported to be involved, though references to the ACC and MCC seem to be more prevalent [28,35,37,46,59].

It is believed that the cingulate cortex is involved in the cognition or evaluation of itch or perhaps in the urge to scratch [58].

Before any further discussion of the studies, we should mention some limitations. SDM estimates the statistical maps based on their peak reported in the papers; therefore, a statistical map of two peaks in proximity could interfere with each other. The fact that some regions are clustered together does not always indicate that they are activated together. Finally, the regions reported here are not all the regions involved in the itch matrix, and some regions could have been excluded due to inter-study inhomogeneities.

In the meta-analysis of the itch matrix, our goal was to study the base matrix that is involved in itch perception. Our results showed two bilaterally symmetrical clusters in the insular and Rolandic operculum (SII); these results were expected because most studies report itch-induced activity in these regions. Another cluster was the bilateral SMA, which expanded into the middle and anterior cingulate cortex; as we mentioned before, this cluster is probably involved in the emotional aspects of itch perception (cognition and affective aspects). Finally, the activation in the thalamus was also expected because it is probably the region that dispatches itch information to other brain regions. However, the activation pattern lacks two regions that are believed to play important roles in itch perception, namely, SI and MI. Their absence could be due to some inhomogeneity in the studies, as we have included so many studies with many different itch induction modalities. This result could also be due to the somatotopic organization of SI responses to itchy stimuli. It has already been shown that the SI response to pain is organized in a somatotopic manner [47]; it is possible that itch has the same organization, as well. activity of these missing regions could have been mixed with other parietal regions, and the response is included in their significance. Alternatively, simply the number of studies reporting the activity of these regions is too small, which resulted in a small SDM-Z value that did not survive the thresholding.

An interesting finding in this section was the activity of the right angular gyrus. The angular gyrus has been reported to be involved in higher aspects of motor control, e.g., predicting movement consequences and goal-directed movements [60,61]. The activation of this region could be the first link in the chain reaction that results in scratching (a goal-directed movement). The angular gyrus is also part of the default mode network [62] and plays an important role in the attention regulation [63,64], which means that it could play a role in reorienting attention towards itch. Another possible role of this region is that it is involved with the spatial cognition of itch [65].

In the correlation study, we examined whether a network of brain regions exists whose activity 1267correlates with itch intensity. The resulting clusters are presented in Table 3. Although the peak of cluster 1 is in the inferior frontal gyrus, the majority of the cluster is in the insular and operculum cortices. Clusters 1, 2, and 3 in the correlation analysis are similar to clusters 1, 2 and 3 in the subtraction analysis, respectively. The fourth cluster is the left caudate nucleus. Together, the caudate and the putamen constitute the striatum, which, in turn, is a component of the basal ganglia (BG). The striatum is part of the dopaminergic motor system and is involved in cognitive, motor and emotional activities [66]. The involvement of the BG in pain processing is supported by both clinical and preclinical data [66][67][68]. The results of our metaanalysis support the fact that the BG also plays an important role in itch processing. The BG is a region known for multisensory integration [69,70]. Therefore, its involvement in itch perception, which has both sensory and motor (scratching) aspects, is not surprising. In pain studies, the activation of the caudate has been associated with the pain modulatory system [71,72]. The caudate could also be involved in the reduction of the affective components of pain [66]. We believe that the caudate is similarly involved in affective aspects of itch and helps its modulation. The activation of the putamen was also believed to be involved with the motor aspect of the pain [73,74], but recent studies suggest that the putamen is involved in other aspects of pain [75]. Starr et al. [75] reported that pain sensitivity decreased in patients with putamen lesions. Similarly, the putamen probably plays a role in itch processing both in the sensation and motor (scratching) aspects of it. Though reporting itch-induced activity in the temporal pole is not uncommon, the activity reported in cluster 1N of the correlation analysis is possibly due to activation in the parahippocampal gyrus, considering that almost half of this cluster is in the parahippocampal gyrus. Interestingly, the pain response in the parahippocampal gyrus was positively correlated with pain intensity [76].

The results of our meta-analysis on itch reduction studies confirm that the basal ganglia plays an important role in itch reduction. Much of clusters 1 and 2 in the itch reduction analysis is situated in the BG, though these clusters also had considerable contribution in the insular cortex. Activity in cluster 4, comprising the bilateral middle and anterior cingulate cortex, is thought to reflect the cognitive response. These regions are believed to play a role in itch cognition and the desire to scratch. The activation of this cluster during itch reduction could have been caused by the relief from the itch or the motor aspect of scratching, having nothing to do with itch relief. The same argument can be made for clusters 5 and 6: the primary motor cortex and supplementary motor area. It is uncertain whether the activity in the motor cortex is due to scratching or another reason. However, a study [40] that deployed distraction for itch reduction showed higher activation in these regions during the Stroop task with histamine-induced itch.

The meta-analysis of itch processing in AD patients shows vast differences in itch-induced activity. Clusters 1,3,and 4 were clusters in the AD meta-analysis that were part of the BG. Unlike the BG clusters in the correlation or itch reduction analyses, these clusters did not extend into the insular cortex or Rolandic operculum (or their extension was minimal). They also included regions in the frontal cortex (namely, Brodmann areas 8 and 9) involved in planning complex movements [77] (possibly scratching) or emotional senses [78] (distinguishing whether a sensation or emotion is pleasant or not). The increased activation of the BG in these patients could be due to the itch-scratch cycle, and the fact that patients tend to scratch themselves more often and, therefore, reinforce these activities in the BG, as part of the dopaminergic motor system.

Among itchy diseases, AD was chosen because it was the only disease on which more than 3 studies had been performed.

In conclusion, this is the first meta-analysis on the central mechanisms of itch perception and processing. We explored the principal itch matrix by performing a meta-analysis on subtraction-based studies and correlation-based analysis. This itch matrix comprised SII, insular cortex, cingulate cortex, thalamus, and some regions in the parietal cortex. Then, we showed that the BG plays an important role in itch reduction and that itch reduction also activates the SMA and MI. Finally, we explored itch processing in AD patients and observed that the itch matrix in these patients was different.

S 1) Table of the excluded studies

Table S1: All the papers that were examined in full text but were not included and the reason for non-inclusion STUDY REASON FOR EXCLUSION (Desbordes et al., 2014) [1'] Connectivity-based analysis (Jeong and Kang, 2015) [2'] Animal studies (Jeong et al., 2015) [3'] Animal studies (Kim et al., 2015) [4'] Non-AD patients [START_REF] Lee | Analysis for Distinctive Activation Patterns of Pain and Itchy in the Human Brain Cortex Measured Using Near Infrared Spectroscopy (NIRS)[END_REF] [5'] NIRS without any source localization (Li et al., 2018) [6'] No clear itch induction [START_REF] Min | Acupuncture for Histamine-Induced Itch: Association With Increased Parasympathetic Tone and Connectivity of Putamen-Midcingulate Cortex[END_REF] [7'] Connectivity-based analysis [START_REF] Miraval | A preliminary study on qEEG in burn patients with chronic pruritus[END_REF] [8'] EEG without any source localization (Mosher et al., 2017) [9'] Connectivity-based analysis (Papoiu et al., 2014) [10'] Non-AD patients (Pfab et al., 2010) [11'] Clusters coordination is not given [START_REF] Querleux | Neural basis of sensitive skin: an fMRI study[END_REF] [12'] No clear itch induction [START_REF] Stumpf | Sex Differences in Itch Perception and Modulation by Distraction -an fMRI Pilot Study in Healthy Volunteers[END_REF] [13'] Only two groups given and no itch alone (van [START_REF] Van De Sand | BOLD responses to itch in the human spinal cord[END_REF] [14'] Studied itch-induced activity in spine (Vierow et al., 2015) [15'] Pre-defined sets of ROIs used (Wang et al., 2018a) [16'] Connectivity-based analysis [START_REF] Wang | The functional and structural alterations of the striatum in chronic spontaneous urticaria[END_REF] [17'] Connectivity-based analysis (Yosipovitch et al., 2008) [18'] No clear itch induction

S 2) Meta-analysis methods

The fMRI studies report the coordinates of the voxels with maximum effect size in the clusters with statistically significant effect. The goal of voxel-based meta-analysis is to calculate for each voxel how many times it was close enough to these reported maxima. Then, based on these measures, it associates a probability to test the statistical significance [33'].

The meta-analysis methods can be categorized into two main groups: image-based and coordinatebased meta-analyses. The image-based meta-analysis (IBMA) combines the full statistical images in order to produce the meta-analysis, while the coordinate-based meta-analysis (CBMA) uses the peaks coordinates reported by the studies.

The IBMA methods can use number of different way to combine the statistical maps, one potential candidate is to take advantage of already developed methods (which are used to combine subjects' statistical maps) to combine studies statistical maps, i.e. Stouffer's average Z method and Fisher's pvalue combining methods [19']. In fMRI meta-analysis these methods collectively called fixed effects (FFX) methods [20']. Another potential method is to use hierarchical mixed effects (MFX); in these methods instead of modeling all the imaging data simultaneously, each level is statistically modeled and then just its results pass to the next stage [21'-23']. Normally these methods are used to incorporate first-level intra-subject fMRI model results into a second-level group analysis. One can build on these methods and combine some second level statistical maps to produce the third-level meta-analysis. IBMA methods enables us to account for intra-study variance and random inter study variance by using a hierarchical mixed effect model [20'] but the fact that the final statistical map of most studies are not publicly available limits uses of these methods.

CBMA methods pools the peak information extracted from studies and construct a meta-analysis based on this information. There are different approaches to combine these coordinates, including (multilevel) kernel density analysis (KDA, MKDA; e.g., [24'-26']), parametric voxel-based meta-analysis (PVM; [27']), Gaussian-process regression (GPR; [28']), activation likelihood estimation (ALE; [29'-32']), signed differential mapping (SDM; [33']), and SDM's revised version called termed effect-size SDM (ES-SDM; [34']). Among these methods ALE, ES-SDM, and MKDA are the most used methods. ALE constructs a spatial likelihood map (modelled activation map) for each study by placing a 3D Gaussian kernel in all the foci. The full-width at half maximum (FWHM) of these Gaussian kernels are calculated based on inter-subject and inter-laboratory variability. Finally these maps are combined and produce the final meta-analysis result [29',30']. In the KDA and MKDA -same as ALE -a map is calculated for each study but, in this method, values of each voxel is determined based on the number of foci in a given radius around given voxel [25',26']. It has been shown that the ALE is more similar to IBMA based studies (gold standard) compared to KDA and MKDA [20'] (SDM based methods were not included in this study). SDM adopts positive features of both MKDA and ALE and build on these features a list of adopted and omitted features. They are presented in ]. SDM builds a statistical mapsame as ALE -with 3D Gaussian distributions, though in the newer iterations it is using anisotropic kernels [35']. SDM, similarly to MKDA has a maximum value for spatial maps in order to avoid high probability values caused by proximity of multiple foci to each other [33'] (off note newer versions of the ALE have implemented these features too [30',32']). Another feature of the SDM is the fact that it can handle both positive and negative foci in the same map which prevents spurious results between these two categories which can happens in ALE (meaning reporting suspiciously close positive and negative clusters in the final meta-analysis results). ES-SDM have improved SMD by allowing to add the effect size of the peaks [34']. This method improves the reliability of meta-analysis by combining both the statistical maps and coordinates maps. Radua et al. [35'] further improved ES-SDM by using anisotropic kernels which reduce the dependency of ES-SDM on FWHM size, they named this method AES-SDM (anisotropic effect size signed differential mapping).

S 3) Test for spatial convergence

In order to study the spatial convergence of the meta-analyses we have carried out a method proposed by the Albajes-Eizagirre and Radua [36']. Their proposed method consists of three main stages: 1) randomly swapping the effect sizes between the voxels of the same study 2) recalculating the metaanalysis for these new studies 3) save the maximum value of the voxels in the meta-analysis. 4) Repeat steps 1 to 3 for 500 times. In the original meta-analysis, we have used kernels with FWHM of 25; therefore, in-order to examine its spatial convergence we added a sphere kernel with radius of 25/2=12.5 around all the peaks. In the end, we have repeated these steps for each of the four different meta-analyses separately. For computational reasons all the data were down sampled by a factor of 5, this should not change the results of the analysis as both number of voxels with effect and overall voxels were affected in the same manner.

S 3.1) Subtraction-based studies

Over all 16 studies were included in the subtraction based analysis, we added the kernel and ran the meta analysis (here, the spatial convergence section meta-analysis means number of studies that have reported activation in a voxel). The maximum of the meta-analysis was 8. Then we did permutations and swapped the effect sizes between voxels and recalculated the meta-analysis. Each of these 500 permutations gave a maximum value. Then 95 percent quantile of these values defined the threshold. This threshold was used in order to test the validity of the assumption of the spatial convergence of the original meta-analysis. For our data this threshold corresponded to 5 studies. The 95% means a Familywise error rate (FWER) equal to 5%. This meant that our original data retained the spatial convergence assumptions. Histogram of these meta-analysis is presented in the Figure S1. Repeating the same procedure for meta-analysis of correlation based studies, resulted in the following values. Maximum of the original meta-analysis was 5. Whether the 95% of the maximum values were 3. This meant that the correlation data retained the assumptions too. Figure S2 shows the histogram of all the maximums of the permutations of the original meta-analysis. 

3) Reduction

After applying the spatial convergence algorithms on the meta-analysis of the itch reduction studies, the maximum of the original meta-analysis was 5; while the threshold was 4. This meant that the reduction based meta-analysis retained the assumption too. Figure S3 shows the histogram of the maximum value of all the permutations. 

Atopic dermatitis

We carried the same procedure for studies comparing AD patients too. The original meta-analysis had a maximum of 4 studies while the threshold was 3. This meant that the AD based meta-analysis retained the spatial convergence too. Figure S4 shows histogram of these maximums and the 95% mark. 

Abstract

Background

Despite the prevalence of psoriasis, the processing of itch and its impact on the central nervous system (CNS) remain unclear.

Objective

We studied the influence of psoriasis on the CNS using magnetic resonance imaging techniques (fMRI and DTI, respectively) to investigate whether mentally induced itch can modify the functional connectivity or the white matter microstructure of the brain.

Methods

Fourteen patients with chronic psoriasis and 15 healthy controls were recruited. Itch was mentally induced in subjects by videos showing others scratching themselves; a phenomenon known as contagious itch.

Results

The observation of functional connectivity during the viewing the video revealed an interconnected network of brain regions that are more strongly coupled in psoriasis patients than in healthy controls.

This network links the cerebellum, the thalami, the antero-posterior cingulum, the inferior parietal lobules, the middle temporal poles and the para-hippocampal, hippocampal, lingual and supramarginal gyri. We also found connections with the right precuneus and both left insula and superior temporal gyrus. The DTI analysis showed that chronic itch affects the microstructure of white matter, including the anterior thalamic radiations, the superior and inferior longitudinal fasciculi, the corticospinal tracts, the cingulum, the external capsules, the inferior frontal-occipital fasciculi and both minor and major forceps.

Conclusion

With cautious interpretations and further replication of these results, we propose that among this network which is more interconnected in psoriasis patients, the subnetwork encoding the perception and control of itch sensation is much more affected than the rest of the network representing mentalizing and empathy. With an approach consisting of measuring microstructural changes at a local level in the brain, we also contradict the findings obtained with global measures which stated that chronic psoriasis cannot alter the anatomy of the brain. This confirms that itchy pathophysiological conditions have similar effects on functional and structural connectivity as those observed in chronic pain.

Introduction

The brain networks that are responsible for pain and itch are similar but distinct 1,2 . Recent studies have shown that the brains of patients with chronic pruritus, such as chronic spontaneous urticaria or atopic dermatitis process itch in a different manner than healthy subjects. Indeed, using fMRI and seed based functional connectivity, Wang et al., 2018a showed higher regional homogeneity and amplitude of low frequency fluctuations in the cerebellum and the right ventral striatum/putamen respectively 3 . Other authors using PET and histamine-induced itch 4 demonstrated an increased regional cerebral blood flow (rCBF) in contralateral thalamus, ipsilateral caudate nucleus and pallidum in patients with atopic dermatitis in comparison to healthy controls. Finally Ishiuju and colleagues 5 , using fMRI-ASL and histamine induced itch observed increased signals in patients with atopic dermatitis in superior parietooccipital regions.. Urticaria-related chronic pruritus modifies the gray matter of the brain 3 in the same way that chronic pain can affect the white matter microstructures 6-9 . Clinical trials of psoriasis treatments have increasingly focused on itch 10 , but itch processing in psoriasis patients is poorly understood.

Contagious itch is a well-known phenomenon that involves inducing itch by watching other people scratching themselves 11 . In humans, this behavior could be triggered by the mirror system or more generally by a visuo-motor loop with individual variations related to empathy or memory processes 11 . A recent study suggest that the maximal itch induced by audiovisual stimulus accompanied a dermal priming is not inferior to histamine induced itch 12 . Holle et al., 13 have shown that audiovisual itch activates regions linked to physical perception of itch (e.g. insular, prefrontal, primary somatosensory, and premotor cortices), while Mochizuki et al. 14 have shown that the activation pattern in the brain is different from the one of imaginary pain. A study by Schut et al. 15 have shown that this method can be used to investigate the central mechanism of itch in patients too.

Following histamine or codeine induction, pruritus reaches its maximum between 2 to 5 min after stimulation depending on histamine types 16,17 . Considering allergens, they seem to induce itch later approximately 4 to 7 minutes after stimulation due to a probable interaction with mast cells (Leknes et al., 2007). Measurement with Laser Doppler velocimetry showed that blood flow dynamic resulting from such stimulation correlates with the itch rating scores on a visual analog scale (VAS) 16 . This justify the choice of resting state or mind-wandering studies coupled with functional connectivity analysis to record brain hemodynamics over a long period of time with little or no interference or stimulation from the environment. With its rapid induction and long-standing effects, itch is a good candidate for brain connectivity analysis.

In this study, we aimed to compare patients with chronic psoriasis to healthy controls based on the hypothesis that a difference in the functional networks responsible for itch perception exists between healthy and psoriasis subjects. A second objective was to determine whether chronic itch in psoriasis can change the microstructure of white matter. To address these questions, we induced contagious itch in both healthy subjects and patients with psoriasis, and we performed both functional and structural MRI measurements. The study was approved by the local ethics committee (CPP Ouest 6 -CPP926, IDRCB: 2015-A01900-49, Jan. 5th, 2016). All participants provided written consent.

Patients and methods

Subjects

MRI data acquisition

The MRI examinations were performed on a Philips Achieva dStream 3.0T scanner (Philips, Best, Netherlands) with a 32 channel head coil. To avoid any possible head movement, the patient's head was placed between small cushions on both sides. For technical details on the MRI sequences and their parameters, see the Supplementary Material online.

Design and Procedure

The study paradigm consisted of two sessions after enrollment: an interview session and an MRI session.

During the interview session, the subjects watched a video of men and women scratching themselves and were administered a verbal rating scale three times: once prior to the video, once 5 min after the beginning of the video and once at the end of the video. The verbal rating scale ranged from 0 (no itching) to 10 (uncontrollable itching). The itch verbal rating scores were not collected during the scanning session. VRS were compared within and between groups with Friedman ANOVAs and complemented with post-hoc tests. Then, the subjects were administered the Edinburgh Handedness Inventory 18 , the Empathy Quotient 19 and the Big Five Inventory 20 . The statistical analysis of these data was carried out in SPSS 25 (IBM, Armonk, NY).

To generate the contagious itching stimuli, we concatenated video samples of 6 persons (mean age of 

DTI data analysis

The analysis of the DTI images was carried out by using the TBSS pipeline ( 

fMRI data analysis

Preprocessing of the fMRI data was carried out using SPM12 (www.fil.ion.ucl.ac.uk/spm) and MATLAB R2016a (The MathWorks, Inc., Natick, Massachusetts, United States). Traditional fMRI preprocessing, consisting of the mixing of the two echoes (with the simple mean), slice timing correction, realignment, coregistration with the T1 image, normalization to the MNI space, and smoothing with a 10-mm FWHM Gaussian kernel, were carried out on the data 21,22 .

Using an Automated Anatomical Labeling (AAL) atlas, an fMRI time series was extracted and filtered by a 0.01 Hz high pass filter. Finally, the connectivity matrices were calculated and compared in the Network- 

Results

Itch induction

Our video successfully generated itch intensity increases in in majority of healthy control. The mean VRS increase for the healthy subjects were of the same magnitude from the baseline to the middle of the video and from the baseline to the end of the video with raises of 1.93 (SD=1.48) and 1.96 (SD=1.25) respectively. These increases were significant according a post-hoc analysis on the non-parametric

Friedman ANOVA (see supplementary data). For the psoriasis group, the statistical analysis revealed a significant main effect of time periods (𝜒 2 (2)=7.824;p=0.02) but despite raises of 1.78 (SD=2.33) and 1.67 (SD=2.61) when comparing before and during the video or before and after the video, the post-hoc tests did not confirm these increases.

The reported itching scores during the video and after video were not different, meaning that the verbal rating score reached its final value (without any ceiling effect) in the first five minutes of the video. The effect of the video was obvious, as shown in Figure S1, which shows the itch VRS levels before, during, and after the video. Comparing patients and control subjects, Mann-Whitney tests revealed that itch VRS levels did not differ significantly either before video (U=98. "Itch induction" index as defined in Schut et al. 23 and which is calculated by subtracting the VRS after watching the video to the VRS before watching the video has also been compared between groups and revealed to be not significantly different (U=82, Z=-1.017, r=0.189, P=0.309)

Results about personality traits revealed few significant effects mostly shared by scores to the Big5 test showing a higher openness to experience for healthy subjects. Detailed analyses are reported in supplementary data.

DTI

By way of the postprocessing of the diffusion tensor analysis, we found several clusters for which fractional anisotropy (FA) measures were different between psoriasis patients and healthy controls. The FA scores were consistently higher in psoriasis patients than in healthy subjects. The clusters occurred in the bilateral anterior thalamic radiations, the bilateral superior longitudinal fasciculi, the bilateral corticospinal tracts, the right cingulum, the bilateral external capsules, the bilateral inferior frontaloccipital fasciculi, the forceps minor, the forceps major, the left inferior longitudinal fasciculus, and the white matter beside the left and the right supplementary motor areas, as shown in Figure 1 and Table 1.

The largest clusters were encountered in the anterior thalamic radiations (k = 736 and 591 voxels).

These clusters were also among those with the highest z values (4.37 and 3.86, respectively). A smaller cluster in the same area on the right side of the brain ranked second in terms of the z value (z=4.34). We also found a significant cluster in the anterior cingulum for which k=281 voxels and z=4.02.

We have calculated global fractional anisotropy (GFA) and global mean diffusivity (GMD) and compared them via ANCOVA while controlling for age, sex, handedness, and white matter volume. No significant differences were found between the psoriasis patients and the controls (GFA (F(1,29)=0.016, P=0.902)

and GMD (F(1,29)=0.413, P=0.527)).

fMRI By using the Network-Based Statistic (NBS) toolbox (version 1.2, MATLAB software, The MathWorks Inc., Natick, MA) , a network of connections was identified in which the connectivity values were significantly higher in the psoriasis patients than in the healthy controls (P=0.019). This network consisted of regions in the cerebellum, the bilateral cingulate gyri (both anterior and posterior), the left insula, the bilateral parahippocampal gyri, the right precuneus, the bilateral hippocampal gyri, the left superior temporal gyrus, the bilateral inferior parietal lobules, the bilateral middle temporal poles, the bilateral lingual gyri, the bilateral supramarginal gyri, and the bilateral thalami. This network is shown in Figure 2 and in Table 2 (as visualized with the BrainNet Viewer 24 ).

The threshold of significance computed by the NBS toolbox was defined so that the resulting network encompasses all the connections for which the null hypothesis could be rejected. However, the NBS toolbox indicated via higher supra-threshold values the topological clustering of two subparts of this network.

Indeed, making the threshold more conservative leads to the separation of this large network into two smaller ones with different P-values (Pnetwork1=0.022 and Pnetwork2=0.052). Network one mostly consists of connections within the median structures belonging to the limbic system and between these structures and the cerebellum. Notably, this first network assembled connections between the anterior and posterior cingulate cortex, the parahippocampal gyrus, the temporal regions, the left insular cortex, the right precuneus and all the edges from these regions to the cerebellum (especially Vermis lobules VIII and III). The second network was formed by connections between lobule IX of the cerebellar vermis and the bilateral inferior parietal lobule, the bilateral supramarginal gyri, and the bilateral thalami. Our analysis also revealed many connections within the cerebellum and between the cerebellum and the left hippocampus. Changing the threshold to make it more conservative to isolate the two subnetworks caused the edges with T scores under 3.65 to disappear (these edges are marked with an asterisk in Table 2).

The connections between the two subnetworks seem to occur in the cerebellum, the posterior cingulate cortex and the right supra-marginal gyrus.

Discussion

In this study, we compared the effects of contagious itch and its consequences on activated functional networks in psoriasis patients and in healthy controls and studied the structural connectivity in these 2 groups. These changes can be caused by number of factors (e.g. itch, wellbeing, stress, duration of disease etc.) especially when we present our DTI results. Anyhow the differences in the functional connectivity network were in presence of itch inducing videos while most functional studies used a rest condition (REF). Moreover, our results closely match the itch processing network presented in the literature 13,25,26 .

The induction of itch by itch-related audiovisual material has already been demonstrated in both healthy people and in patients with skin disorders 11,23 . We demonstrated that itch rapidly reaches a plateau and can persist until the stimulation ends. Papoiu et al. 27 reported itch induction in atopic dermatitis (AD)

patients and observed that consecutive scratching was significantly prolongated in patients. If we consider the "itch induction" index as defined in Schut et al. 23 , in our study the itch induction was significant but not statistically different between the two groups.

Regarding audiovisual itch induction, Schut et al. 23 have demonstrated that the levels of itch induction could depend on personality traits such as public self-consciousness and that these traits vary according to interindividual differences. In another work the same authors 28 have also shown the importance of the same traits in AD, rejecting the contribution of other personality traits such as extraversion. In our study, we found a difference in openness but no statistical difference in induced itch sensation. This result would conform to the hypothesis that some personality traits are involved in modifying the perception of pruritus. Both groups reported the same increase in sensation and did not differ in any of the personality traits that have been reported in the literature as having an effect on itch sensation. This first result indicates that the effects of induction were equal in both groups. There were 6 of 14 psoriasis patients which didn't respond to the itch-related audiovisual material, the age of non-respondent patients was significantly higher than the respondent group but interestingly the VAS levels didn't correlate with age. This can be due to two reasons, decline in the attention and/or decline in the empathy levels. Recent studies suggest that the attention plays an important role in the audiovisual itch 12 and the cognitive ability also decline while getting old 29 . Beside the decline in cognitive ability, most studies show that age difference also impacts levels of empathy with cohorts of elders being less prone to empathy 30 .

The main result of our study is that we found significant changes in the DTI analysis, especially in the anterior thalamic radiations. Thalamic regions play an important role in conveying itch sensation 31 . For example, the anterior radiations of the thalamus that connect to the cingulate gyrus would convey information about the cognition related to itch, the desire to scratch, and the "awareness of emotional state and body feeling" 32,33 . Indeed, somatosensory sensation only resembles some of the itch perception aspects. In pain studies, it have been shown that the pain matrix also contains affective and cognitive parts of the brain 34,35 . More precisely, the pain network includes areas involved in empathic pain 36 and self-regulation 37 . Therefore, we hypothesizes that the functional and anatomical changes have been caused by the self-regulation behavior. Although speculative, one explanation could be that patients with psoriasis compensate the tendency to feel itchy by increasing these connections to regulate induced feelings so that it keeps to be at least similar on average or even lower than controls' ones. Overall, most of the clusters in which FA was higher in psoriasis patients compared to healthy controls were adjacent to regions that are known to be activated during itching or craving to scratch.

It is important to state here that we present local measures of FA. Indeed, a recent study from Pezzolo et al. 38 wherein the authors used open data to study global fractional anisotropy (GFA) and global mean diffusivity (GMD) found no differences within a much larger sample of subjects. GFA and GMD 39 are measures that describe the differences between subjects at the entire brain level. To compare our results to their results, which showed a seemingly contradictory absence of differences between psoriasis patients and healthy controls, we calculated and compared GFA and GMD. The results of this comparison confirmed the finding of Pezzolo et al. 38 that GFA and GMD don't differ between the two groups.

Mochizuki et al. 33 proposed a circuit for contagious itch flow that starts in the anterior insula and travels to the motor cortex through the anterior thalamic projections. The anterior cingulate could play a role in the experience of pleasant sensations evoked by scratching. Repetitive scratching could initiate these changes but not itch itself. Patients with psoriasis are more concerned by the sensation of itch and its relief 40 . Although speculative, it is a possibility that the absence of itch induction in six patients could be a consequence of those structural reinforcements making them less prone to feel itchy than controls.

Attentional areas and the body scheme representation may be modified in these patients. We could also cautiously propose that structural modifications propagate according to a physiological reinforcement process from the most evident effects in the thalamo-cortical system to the entire itch network 3 . Other studies have observed changes in gray matter caused by chronic pruritus in end-stage renal disease 41 and chronic spontaneous urticaria 3 . Therefore, changes in the white matter structure are not surprising if interconnected regions also exhibit structural modifications in the gray matter. Connectivity analysis showed that a large network was significantly more interconnected in the psoriasis patient group than in the healthy control group. All of the nodes in this network have been reported to be activated in itch 41 .

The anterior cingulate cortex, the insula and the hippocampus were affected by functional connectivity changes in psoriasis when viewing the video clips.

Interestingly, we showed that the cerebellum is widely involved in the revealed network. Wang et al. 42 previously suggested a role of cerebellum in itch. They observed increased connectivity between the cerebellum and the bilateral cingulate cortex, the right supramarginal cortex, and the right temporal gyrus. They suggested that there is an itch-scratch processing loop consisting of the cerebellum, the SI/MI/SMA, and the reward system. They also suggested that the cerebellum produces an internal model of the external world that helps the brain to perform a movement precisely and speculated that, whenever scratching becomes automatic in certain conditions, such as pruritus, the role of sensorimotor control is delegated to the cerebellum. The cerebellum is also known to receive to and modulate pain stimuli in acute and chronic conditions through cerebro-cerebellar loops involving the dorso-lateral prefrontal cortex 43 and projections from the inferior olive that transmit information to the cerebellum that is translated into a perception of chronic pain 44 . It also receives projections from the periaqueductal gray formation (PAG), which seems to play a role in pain modulation 45 . Stimulation of the PAG can cause a very specific type of analgesia that does not affect the perception of touch, pressure, or temperature but only that of pain 46 . The red nucleus-inferior olive system relays motor and sensory information, while the zona inferior and the PAG transfer information regarding nociceptive modulation to the cerebellum 47 . Nociceptive fibers reach the cerebellum and connect to both Purkinje cells and mossy fibers, and this is especially true in the vermis region. These observations lead us to speculate that in our study information conveyed to the cerebellum is mostly of a sensitive nature 42 .

Allowing the threshold to be more stringent would lead to the splitting of the previous network into two subnetworks. The first network would mainly include the cingulate cortex, the parahippocampal gyrus, the temporal pole, the left insula, the left lingual gyrus and lobules III and VIII of the cerebellar vermis.

Many other cerebellar lobules (I, II, crus II, IV, V, VI and VIIB) also belong to this network. In a similar way to how a passive movement instead of a voluntary movement activates the cerebellum 48 , it could be that viewing another person experiencing itch could activate the cerebellar structures involved in itch perception. The presence of lobule VIII in our first subnetwork brings to our attention the possibility that this subnetwork can express an itch sensation in the absence of real itch stimulation as it does for pain.

The coupling of the cingulate cortex and the insula, which may be the result of "the urge to scratch" evoked by visual stimuli, could activate the cerebellum 49 . The insula, despite its well-documented role in estimating pain intensity 49 or itch level 33 , also plays a role in the control of hand movement 50 . The first subnetwork (consisting mainly of the cerebellum, the cingulate cortex, and other structures) could produce either an itch sensation or the desire to control this sensation with scratching, as it is still difficult to separate the two phenomena. However, the specific composition of the first subnetwork, especially its inclusion of lobule VIII of the cerebellum and the temporal poles and its omission of the left frontal inferior cortex, suggests that it favors illusory itch sensation. Some of the regions we identified are the same as those encountered during itch induction by cowage. However, this incomplete pattern restrains us from concluding that the psoriasis itch pathway is related only to the PAR-2 receptor circuits.

The second subnetwork mostly consists of two regions in the parietal lobe (the inferior parietal and the supramarginal gyrus), the thalamus, lobule IX of the cerebellum and the left hippocampus. The pattern of this second network is quite different from that of the network described by Holle et al. 13 , who described contagious itch networks in healthy volunteers. Our network reveals which regions are more functionally connected in psoriasis patients than in controls while viewing videos. We observed more connectivity between the thalamus and the cerebellum, and there were also significant new connections with the inferior parietal regions and the hippocampus. The thalamic and cerebellar regions are involved in the core processing of itch, and the over-connectivity of these regions in psoriasis is by itself an important discovery that does not change their role in itch processing. The cerebellum and the thalamus convey itch sensations and modulate itch perception by communicating with each other. The second subnetwork shows greater involvement of the hippocampus in patients compared with controls.

Experiencing itch or pain involves structural modifications 51 . The presence of the hippocampus and its increased functional connectivity when viewing videos could be the result of a reactivation of the memory of itch sensations that facilitate communication between this structure and the rest of the network.

To the best of our knowledge, our study is the first to describe significant differences in both structural and functional connectivity in psoriasis and control groups. After correcting for age, we found that all structural changes correspond to an increase in FA in psoriasis patients within brain networks already dedicated to itch or pain perception. The tracts with these modifications are long-range connections that share many possible connections. The replication and detailed analysis of these results will be necessary to confirm this first finding. Nonetheless, we believe that our approach for analyzing FA and our consideration of multiple comparison corrections is more well-adapted than the global approach.

The functional connectivity analysis showed enhanced dynamic connectivity when patients were watching videos of other people scratching themselves. These functional links have been shown not only to fit within the known itch network but also to engage brain and cerebellar regions that are more generally involved in (1) the illusion of itch in the absence of itch stimulation, (2) the role of empathy in itch and (3) the experience of itch conditions. It is possible that the paradigm places too much importance on mentalizing (because of the use of contagious itch) and manipulating video material. In conclusion, we report congruent results in terms of structural and functional connectivity that significantly differ between healthy controls and psoriasis patients. First, we found that structural connectivity is modified in psoriasis patients based on increased FA in fibers and tracts that link several regions of the brain commonly described in studies that aim to delineate the substrates of itch and pain.

Second, we showed that, despite equivalent self-reported levels of itching, healthy controls and psoriasis patients do not exhibit the same functional connectivity networks, with differential increases in functional connectivity depending on the specificity of itch perception. While the network representing itch mentalizing and empathy was barely increased in psoriasis patients (second subnetwork), the connectivity in the network that was shown to specifically encode perception and to involve the control of itch sensation is much more reinforced (first network). Based on our cautious interpretations and future replication of these results, we have demonstrated that chronic psoriasis can alter the anatomy of the brain and result in changes in the functional connectivity between its components in a similar way as chronic pain in many pathophysiological conditions.

Limitations and Perspectives

The findings of our study have to be cautiously considered and we would like to address some limitation that could also serve as interesting perspectives for this work.

Despite age has been controlled across all the analyses, we cannot ensure that contagious pruritus generates the same effects when age differences are too important. Indeed, age is related to factors that are known to influence empathy. Authors have shown that interpersonal factors like ability to decode facial expression or suffering experience can produce different empathic responses and are not completely independent of age 52 . In our case, facial expression does not influence the observer because actor's faces were not visible but suffering experience is certainly of most importance.

Another limitation of our study consists in not recording visual rating scores online during the fMRI scanning session. Given our design which was not thought to be a correlation design but a contrast one, we did not check if contagious itch generates the same amount of effects with participants on the second appointment. Replication of contagious itch induction have to be carefully studied on a psychophysiological aspect to check if induction levels are consistent across repetition and future studies should better control these.

An important limitation of our study is that we hypothesize that structural and functional modifications are linked to itching in psoriasis but some studies have reported that other biological factors in psoriasis can also affect the brain both on structural and functional way independently of prurigineous condition 53,54 . Again, a correlation or even better a regression analysis on factors that influence structural and functional modifications would have been very complementary of our results. These factors should include detailed information about patients, medical treatments, and any preexisting condition that is of interest when brain modifications are at stake.

Also, albeit our study shows differences in the brain connectivity of patient and healthy controls under the same condition (while watching the video), future work could take advantage of recording a real resting state fMRI scan to suppress differences that already exist between controls and patients therefore dealing with itch induction phenomenon only.

Figure 1: TBSS analysis of FA (fractional anisotropy) differences between the healthy and psoriasis groups. The skeleton images are shown in green, and the clusters in which the FA values were higher for the psoriasis patients than the healthy subjects are in red; there is no significant cluster in which the FA value was higher for the control group 24 Itch can be defined as unpleasant sensation that evokes an urge to scratch 1-3 . It is one the most frequent symptoms of dermatological diseases, though it is not restricted to them 4 . Itch is a common sensation because almost one-third of the global population has experienced it in a given week 5,6 .

Itch can reduce quality of life of patients and can cause mental distress 7,8 , sometimes resulting in suicidal ideations 9 .

The itch sensation usually originates around the dermo-epidermal junction by the activation of selective or specific nerve endings called pruriceptors. Then, itch is processed and transmitted by specific pathways through nerves and the spinal cord to the brain 10 .

After discussing possible methods for experimentally inducing itch and similarities to studies on pain, this review discusses studies on itch processing in the brain in skin diseases and concludes with the itch matrix.

Experimental itch induction

There are many pruritogens, including both endogenous pruritogens, which can be produced by either neurons or non-neuronal cells such as keratinocytes and immune cells, and exogenous pruritogens from the external environment. Among these pruritogens, histamine and mucunain (from cowhage spicules) are the most important regarding experimental itch induction. Indeed, these pruritogens are known to activate the two well-defined itch transmission pathways. While histamine activates the H1,4 receptor and its corresponding pathway, cowhage stimulates PAR 2/4 receptors, leading to two different activation pathways from the skin to the brain through the spinothalamic tract (STT). 1 . The activation of the primary sensory afferents leads to the activation of secondary sensory neurons in the spinal cord or in the trigeminal ganglia. The primary sensory neurons that transmit the itch sensation from the epidermis can be sub-divided into two groups as previously mentioned. Mechanosensitive itch-transmitting C-fibres are mostly activated by cowhage; in contrast, mechano-insensitive C-fibres are primarily responsible for transmitting histamine-induced itch. In addition to these C-fibres, itch cause the release of mucunain, a cysteine protease that is absorbed by nerve endings of primary neurons in the epidermis, activating protease-activated receptors (PAR) 2 and 4 and inducing itch sensation 18,21,22 .

Physically induced itch

There are two types of physical stimuli that can experimentally induce itch, allowing more standardized and repeatable techniques than the chemical techniques previously reported. The first method is based on electrical currents. Ikoma et al. 23 suggested that low-intensity, high-frequency transcutaneous electrical stimulation using a localized electrode can induce an itch without an axon flare. Based on their results, the most effective stimulus is a pulse train with a frequency of 50 Hz and a pulse duration of 2 ms. Mochizuki et al. 24 showed that electrically induced itch is associated with C-fibres. Nevertheless, due to the similar nature of and relationship between pain and itch, this method could have disappointing results or could even show the opposite effect (it could induce pain instead of itch). Nilsson et al. 25 have shown that a pulse train with a frequency of 4 Hz and a pulse duration of 1 ms can be used to inhibit itch.

Another physical method to induce itch uses a mechanical stimulus. Mechanically evoked itch is a known phenomenon, particularly in chronic pruritus, such as in atopic dermatitis 26 . Healthy subjects can also experience mechanical itch by contact with wool fibres on the skin 27 . Fukuoka et al. 28 have shown that the vibratory stimulation of the human face can induce a flare and painless itch.

Contagious itch

We are exposed to mentally induced (or contagious) itch in our daily lives, but this phenomenon is understudied. Contagious itch is a very interesting concept because it can help us understand itch processing without any injections or exposure to any materials and can provide clues for the treatment of pruritus. The exact mechanism behind contagious itch is poorly understood; some suggest it is related to socially contagious behaviours such as yawning. Empathy or "mirror neurons" probably play a role in this sensation. Niemeier et al. 29 observed that a lecture about itch can induce itch, which was not true for pain 30 or touch 31 . Yu et al. 32 reported contagious itch in mice, and Finneran et al. 33 observed this behaviour in primates. The fact that contagious itch exists in rodents, canids and primates is in favour of the "mirror neuron" theory, but findings by Ward et al. 34 support the empathy hypothesis; therefore, most likely, both of these sources play a role in contagious itch. Ward et al. 34 observed that there was no correlation between the area being scratched shown in a video and the location of the itch induced by it, in contrast to pain 30 or touch 31 . This result is in contrast to the mirror neurons response, which is highly localized 35 and context-dependent 36 , meaning that changing the body part being scratched or the context in which subjects are watching would change the response. Marzell et al. 37 have shown that the audio-visual itch with priming is not inferior to histamine-induced itch. This finding could indicate that attention or the nocebo effect may play an important role in audio-visual itch.

It seems that patients with some diseases are more susceptible to contagious itch than others. Schut et al. 38 have shown that atopic dermatitis patients are more sensitive to audio-visual itch than a healthy control group, but in another study, Schut et al. 39 did not observe any difference between psoriasis patients and healthy controls. In both of these studies, the video was effective.

Pain

Pain and itch have a very complex relationship. These two sensations usually have antagonistic interactions, but they also have similar (but distinctive) central and peripheral activation patterns. The antagonistic relationship between these factors is that an increase in pain inhibits the itch sensation.

As mentioned before, itch is defined as a sensation that urges us to scratch; thus, pain can be defined in the same manner as a sensation that urges us to withdraw (nociceptive pain), although this definition is not inclusive enough (it does not include neuropathic pain).

Although an itch-specific pathway that transmits itch signals from the skin to the central nervous system has now been clearly confirmed, pruriceptors and nociceptors could be localized on shared subsets of neurons 11,12 . Some authors have also proposed the concept of "population coding", which is an extension of the "labelled line hypothesis", suggesting that these lines could be not independent 40,41 .

Studies comparing the central representation of physically induced itch and pain have shown similar patterns with some subtle differences between them 42,43 . Mochizuki et al., 43 reported higher brain activity to an itch stimulus than to a pain stimulus in the posterior cingulate cortex (PCC) and posterior insular cortex (pIC), while activity in the thalamus was higher for pain. Herde et al. 42 observed a more widespread response in the itch study in the thalamic and cerebellar regions and a negative BOLD response in the anterior cingulate cortex (ACC) and the amygdala (no negative response in pain activation). Both of these studies used histamine as an itch induction modality (Herde used microdialysis and Mochizuki used iontophoresis), whereas Herde used heat pain and Mochizuki used cold pain for pain induction. The differences in brain activity could be due to the difference in the type of induction stimulus. Differences in the brain activity between cold pain and heat pain were also reported 44,45 . A study of the central mechanisms of imaginary pain and itch 46 observed a similar network for both itch and pain. The functional connectivity between the anterior insular cortex (aIC)

and motor regions was different between imaginary pain and itch. The connectivity with aIC was stronger in the primary motor and premotor cortices for imaginary pain, while the connectivity between aIC and the basal ganglia (globus pallidus) was stronger for imaginary itch. Mochizuki et al. 46 concluded that the connectivity between the IC and motor regions in pain could be due to the withdrawal response of the pain, while the involvement of the basal ganglia in itch perception could be due to motivation and the craving to scratch.

Scratching

Scratching is the normal response to the itch sensation and can reduce it. The main mechanism behind the relief caused by scratching is not known; some consider scratching to be a form of painful stimulation, which is debatable. Scratching can be considered a pleasurable and addictive behavioural response 47 . The relation between itch suppression and the pleasure of scratching is not straightforward, and it changes based on the location and intensity of the itch 47 . Itch and scratch can cause a positive feedback loop called the itch-scratch cycle. This cycle is so disruptive that in some diseases, such as atopic dermatitis, scratching does not affect itchiness 48 . This cycle can cause repeated scratching, which, in turn, can cause self-harming behaviour and can reduce the quality of life of the patients 49,50 . Recent studies suggest that itch inhibition by scratching occurs in the central nervous system, both in the spinal cord and brain. Davidson et al. 51 have shown that scratching in primates can inhibit itch sensation in the spinal cord but has no effect on chemically induced pain (capsaicin). Akiyama et al. 52 have shown that cold-blocking or completely blocking transmission via the upper cervical spinal cord in mice can weaken itch inhibition caused by scratching by 30 and 50%, respectively. These results indicate that the suppression of itch in the spinal cord is caused by both a descending pathway and a segmentally organized inhibitory network.

Scratching without the presence of itch would activate the secondary somatosensory cortex, insular cortex, prefrontal cortex, inferior parietal lobe and cerebellum 53,54 , while scratching secondary to itch could also activate the putamen, which is part of the reward system 53 . Another fMRI study has shown that pleasant scratching evokes activation not only in the reward system (i.e., the striatum and midbrain) but also in regions related to perception (i.e., the primary somatosensory cortex) and the awareness of subjective feelings (i.e., the insular cortex), implying that there is a wider network involved in the pleasantness of scratching 55 . A further fMRI study of chronic itch patients showed higher activity during scratching in these patients than in healthy controls in regions associated with motor control and motivation to act, including the supplementary motor area, premotor cortex, primary motor cortex, and midcingulate cortex, with inclusion of the caudate as a part of reward system 56 . This overactivity may have been caused by addictive scratching behaviour and/or neural hypersensitization.

Itchy diseases

Newer studies suggest that the perception of itch can be different between patients with itch diseases and healthy subjects, which could be a direct result of the disease or could be traced back to differences in past experiences regarding itch and scratching. Recently, an increasing number of studies have been interested in understanding the central mechanisms of itch in different diseases.

Among these, we can name AD 56,61,61,69-72 , lichen simplex chronicus 73 , prurigo nodularis 73 , endstage renal disease 74 , primary biliary cholangitis 75 , diabetes 76 and chronic spontaneous urticaria 77,78 .

Ishiuji et al. 69 studied AD and showed that changes in the brain activation of the dlPFC and ACC were correlated with Eczema Area and Severity Index (EASI) scores, while the ACC and insular cortex were correlated with induced itch. A more notable finding was that itch-induced brain activation in the PCC, precuneus, and cuneus was statistically higher in patients than healthy controls.

Schneider et al. 79 observed higher brain activity in AD patients than healthy controls in the contralateral thalamus, ipsilateral pallidum and caudate.

A study comparing patients with diabetic peripheral neuropathy and healthy volunteers showed an increase in activation at baseline in somatosensory regions and cognitive-related regions 76 .

In primary biliary cholangitis (PBC), Mosher et al. 75 showed a decrease in the resting-state functional connectivity between the sensorimotor and premotor right regions of the cortex and the amygdala and hippocampus. Additionally, itch severity had an inverse relationship with resting-state connectivity between the anterior cingulate cortex and the thalamus and putamen. The anterior cingulate cortex is believed to be involved in affective aspects of itch, and this decrease in connectivity could mean that in PBC patients, this network is interrupted.

In end-stage renal disease 74 , the density of grey matter is higher in the amygdala, brain stem, thalamus, hippocampus, midcingulate cortex, ACC, and nucleus accumbens in patients than in healthy controls, while the density decreases in the prefrontal, temporal, parietal, and occipital cortices, as well as the SI, SPL, insula, and claustrum. In addition to a difference in the activity pattern, this previous work also reported that the activity in the SI and SII in end-stage renal disease was inversely correlated with itch intensity, which could mean that the itch in ESRD is suppressed in the SI and SII.

Wang et al. 78 showed that patients with chronic spontaneous urticaria (CSU) have significantly larger grey matter volume (VBM) in the right putamen and the right ventral striatum than healthy controls. By utilizing regional homogeneity in resting-state functional connectivity, they observed that patients show homogeneity in the cerebellum. Regional homogeneity is a method that can measure the synchronization in the fluctuations of the BOLD signal among neighbouring voxels 77,80 . This regional homogeneity positively correlates with urticaria activity scores across 7 days. Using the cerebellum as the seed of connectivity, they observed increased functional connectivity between the cerebellum and the following regions: bilateral anterior cingulate cortex, medial prefrontal cortex, right ventral striatum, angular gyrus, supramarginal gyrus, temporal gyrus, orbitofrontal cortex, and dorsal lateral prefrontal cortex 77 . By using other regions as seed regions, they have shown that resting-state functional connectivity between the right putamen and left precentral gyrus and between have the right ventral striatum and right occipital cortex increased 78 .

It can be concluded that chronic pruritus patients show increased activity in the reward system and motor control, somatosensory, and cognitive control networks. In addition to the motor control and somatosensory systems, which were expected to differ between the two groups (patient group and healthy control group), increased activity in reward-based networks could indicate the addictive nature of the itch-scratch cycle in the patients, while cognitive changes could imply the different feelings of subjects towards itch.

Itch matrix

Recent studies have proposed that the pain matrix can be broken down into three different pain matrixes 81,82 : one responsible for the pain, its perception and its location; another matrix responsible for the affective aspect of the pain; and a third involving decoding the cognitive aspect of pain. In the same manner, we propose that the itch processing network can be broken down into three main matrixes.

The first itch matrix consists of the primary sensorimotor cortex, parietal operculum, and posterior insular cortex. The primary sensorimotor cortex is involved in the encoding of the recognition, localization, and intensity of painful stimuli 83 . In pain studies, activation in this region bears a linear relationship with pain intensity 84-88 . Frot et al. 87 showed that before the pain threshold is reached, SII activity was able to encode pain intensity but reached its ceiling after the pain threshold. In contrast, the posterior insula was unable to encode non-noxious stimuli but reliably encoded noxious stimuli. In itch studies, these regions have been reported multiple times. Drzezga et al. 89 have reported that SI activity, but not SII activity, is positively correlated with itch intensity. Another study 72 on itch in atopic dermatitis patients observed that activity in the OPC was correlated with induced itch. A study of primary biliary cholangitis has shown that connectivity between the SI and the hippocampus and amygdala has an inverse relationship with itch intensity 75 . A schema of the regions of this matrix in brain is presented in figure 1.

The second itch matrix consists of the ACC, aIC, amygdala and hippocampus. This network encodes the affective and motivational aspects of itch. Significant activation in the ACC, especially dACC and aMCC, has been linked to the reward network and emotional perception. These regions respond to different kinds of emotional responses, with the aMCC responding more to negative stimuli and the pACC responding more to positive stimuli 81 , and the electrical stimulation of the MCC induces motivation to act 90,91 . The anterior insula is involved in the awareness of emotions and subjective feelings 92 . Lesions in the aIC would cause deficits in emotional awareness (e.g., alexithymia) 93 .

Several studies have reported that activity in the aIC is significantly correlated with the unpleasantness of itch 42,43,70,94,95 . Figure 2 represents a schema of these regions in brain.

The third itch matrix would include parts of the frontal cortex, MCC, and PCC. This network is involved in the interpretation of the cognitive meaning of itch. Some studies have reported the activation of these regions in tasks that change the nature of pain perception 96 and in analgesia Herein we have studied central mechanism of itch perception in two pathologies Psoriasis and Urticaria (to a smaller degree), while comparing them to a healthy control group. For this goal 14 psoriasis patients, 15 healthy control and 2 Urticaria subjects were recruited. Itch was mentally induced in subjects during their MRI session by videos showing others scratching themselves; a phenomenon known as contagious itch. fMRI, DTI and anatomical images were acquired during this study.

LEGENDS FOR FIGURES

Our results show that parts of the brain network that is tasked with itch perception is more interconnected in psoriatic patients compared to healthy volunteers for equivalent levels of induced itch. In addition, the increase in structural connectivity reflects that the perceptual-motor aspects of scratching and its hyperactivity can induce long-term changes in patients' brain's white matter microstructure.
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  ) we would have 271790530560 pairs of correlation. Any group level comparison of these values would cause multiple comparison issues.
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 1 Figure 1: Location of the scratching or tapping sites a) Thigh area b) Forearm area c) Neck d)Abdomen area

Figure 2 :

 2 Figure 2: Human body schema
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 34 Figure 3: VRS for measuring the itch levels

Figure 5 :

 5 Figure 5: Schema of human body and VRS which was used for preliminary experiments

Figure 6 :

 6 Figure 6: Image of first and second echo for a typical subject (Healthy 02) and time point (t=0), a) the bigger echo (42.5 ms), b) smaller echo(17 ms). y=6, z=68) 

  Figure 8-c and d show that the algorithm has reduced the rotation by a factor of 10 and translation by a factor of 1000.
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 7 Figure 7: fMRI data after averaging the echoes for the same subject and location in Figure 6
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 8 Figure 8: Movements for a typical subject (Healthy 02) a) rotation before correction b)translation before c)rotation after correction d)translation after correction
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 9 Figure 9: Connectivity matrix for a typical subject (Healthy 02) a) without any confound b)with all the confounds

Figure 10 :

 10 Figure 10: The connectivity matrix after applying just movement vector
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 12 Figure 12: The connectivity matrix of the typical subject after applying just CompCor as confound
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 14 Figure 14: A signal extracted from a typical subject (Healthy 02) for typical region (#80 Right superior temporal gyrus)
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 15 Figure 15:Time profile of VAS levels in subjects. Red no scratching allowed. Blue scratching allowed.

  time on the VAS itchiness levels, 𝐹(6,91) = 2.6, 𝑃 = 0.023. (complete results are presented in
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 1617 Figure 16: Rank frequency diagram of Mann-Whitney U test for scratching allowed and forbidden
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 18 Figure 18: Frequency counts of the induced itch sensations sorted by location
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 19 Figure 19: Frequency counts of the scratched area and stimulus video location
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 20 Figure 20: Big five personality traits in healthy, psoriasis and urticaria groups
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 21 Figure 21: Empathy questionnaire for all the three groups
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 22 Figure 22: Time profile of VRS levels induced by watching the video
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 23 Figure 23: Bar diagram of the VRS of induced itch (grouped by pathology)
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 2425 Figure 24: Rank frequency diagram of Friedman's two-way ANOVA
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 2627712829 Figure 26: Rank frequency diagram of Mann Whitney U tests for itch VRS scores during the video
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 30 Figure 30: Scatter plot for the VRS scores after the video by the VRS scores during the video grouped by condition (Healthy control group in blue and Psoriasis patients in red)
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 31 Figure 31: Adjacency matrix visualization of the P values of paired t-tests comparing connectivity matrixes of the first and the second 10 min
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 32 Figure 32: Adjacency matrix visualization of the test statistics for all the paired t-tests, comparing the first and second 10 min
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 33 Figure 33: Adjacency matrix representing significantly different pairs, yellow means that the connection between these two region is statistically different between first 10 min and second 10 min.
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 34353637 Figure 34: Adjacency matrix visualization of the test statistics for all the t-tests, comparing the psoriasis group to healthy group
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 3840 Figure 38: Adjacency matrix representing statistically significant links for the first subnetwork, yellow means that the connection between these two region is presented in first subnetwork

Figure 41 : 82 Figure 42 :Figure 43 :

 41824243 Figure 41: Adjacency matrix representing statistically significant links for the second subnetwork, yellow means that the connection between these two region is presented in second subnetwork
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 44454685 Figure 44: Adjacency matrix visualization of the P values of t-tests comparing connectivity matrixes of the urticaria with healthy group
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 47 Figure 47: Results of the ICA analysis for healthy subjects (x=2,y=-1,z=20)

Table 18 :Figure 48 :

 1848 Figure 48: All the independent components of the ICA analysis of the fMRI of the psoriasis patients (x=2,y=-1,z=20)

  AD and MDAnalysis of AD and MD reveals that there are clusters which are different between psoriasis patients and healthy subjects in corpus callosum, left cerebral peduncle (only in MD), bilateral internal capsule, bilateral corona radiata, left posterior thalamic radiation (only in AD), bilateral anterior thalamic radiation, bilateral external capsule, left corticospinal tract, cingulum (right side in AD and bilateral in MD), forceps minor, bilateral inferior frontal-occipital fasciculus (only in AD), left inferior longitudinal fasciculus (only in AD), bilateral uncinated fasciculus, superior longitudinal fasciculus (left in both AD and MD, AD has just one cluster in right hemispher). These results have been shown in Table19 and Figure50. In Figure 50, all the regions with statistically different AD are shown in blue, the regions that have different MD are shown in red, and the regions that both AD and MD where differences were shown in yellow.
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 50 Figure 50: TBSS analysis of AD and MD differences between healthy and psoriasis group: AD is blue, MD is in red, and the regions in which both where activated were in yellow

Figure 51 :

 51 Figure 51: Results of VBM for differences between healthy control group and psoriasis patients before correction for age, sex, and Oldfield handiness. All the clusters are significant with P value smaller than 0.05
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 52 Figure 52: Heart beat rates in healthy, psoriasis and urticaria groups

Figure 53 : 3

 533 Figure 53: Heart rate of all the subjects in the time
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 54 Figure 54: The PRISMA flow chart of meta-analysis
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 55 Figure 55: The meta-analysis results for central mechanism of itch perception
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 56 Figure 56: The meta-analysis result for the brain regions that their activity was correlated with itch intensity
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 5758 Figure 57: Result of the decrease meta-analysis

Figure 59 :

 59 Figure 59: Induced itch's VRS levels bar diagram (grouped for each time point)

Fig. 2 .

 2 Fig. 2. Meta-analysis results for the central mechanism of itch perception.

Fig. 4 .

 4 Fig. 4. Result of the reduction meta-analysis.

Fig. 5 .

 5 Fig. 5. The itch processing network in AD patients.

  Finally, the Please cite this article in press as: Najafi P, et al, Central mechanisms of itch: A systematic literature review and meta-analysis, J Neuroradiol (2019), https://doi.org/10.1016/j.neurad.2019.11.005 ARTICLE IN PRESS G Model NEURAD-875; No. of Pages 8 P. Najafi et al. / Journal of Neuroradiology xxx (2019) xxx-xxx

Figure S1 :

 S1 Figure S1: Histogram of all the maximums of meta-analysis. The 95% of all the maximums is marked by red line (N=5) while the number of studies in the original data is marked by green line (n=8) S 3.2) Itch correlation

Figure S 2 :

 2 Figure S 2: Histogram of all the maximums of meta-analysis for correlation based data. The 95% of all the maximums is marked by red line (N=3) while the number of studies in the original data is marked by green line (n=5) S 3.3) Reduction
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 3 Figure S 3: Histogram of all the maximums of meta-analysis for itch reduction data. The 95% of all the maximums is marked by red line (N=4) while the number of studies in the original data is marked by green line (n=5)

Figure S 4 :

 4 Figure S 4: Histogram of all the maximums of meta-analysis for AD meta-analysis data. The 95% of all the maximums is marked by red line (N=3) while the number of studies in the original data is marked by green line (n=4)

Fourteen

  right-handed patients with chronic psoriasis (mean age of 45 years (SD ± 17), 8 females and 6 males) volunteered for this study. With the approval of the treating dermatologist, all subjects stopped their treatment 48 hours before the first interview and the MRI session. Fifteen healthy right-handed volunteers (mean age of 26.1 years (SD ± 5.8), 8 females and 7 males) constituted a control group. Any use of a drug able to cross the blood-brain barrier or any documented psychological or psychiatric disease resulted in exclusion.

27. 5

 5 years, three males and three females) scratching themselves on the arms, stomach, and thighs on both the right and left sides of the body(54 clips in total). Twelve clips of approximately 50 s each were randomly chosen and organized in a random order to create three sets of 10-min videos. The videos displayed during the fMRI session were always different from the video seen during the interview session. The videos were counterbalanced so that none were shown more than any of the others.During the MRI session, the subjects were scanned for approximately 1 hour. The complete MRI session consisted of anatomical T1 image acquisition, 20 minutes of fMRI image acquisition while watching the videos (10' + 10'), DTI acquisition, and B0 field map correction.
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 2 Figure 2: Networks that have significant different connections
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 S1 Figures
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 13 Figure 1: Elements of the first matrix responsible for encoding of the recognition, localization, and intensity of itch. Primary sensorimotor cortex is presented in Blue, parietal operculum in Green, and posterior insular cortex in Red. (Regions have been extracted from Automated Anatomical Labeling and Harvard-Oxford atlases)
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Table 1 :

 1 Models information

	SUBJECT	SEX	AGE
	1	female 43
	2	male	34
	3	male	29
	5	male	39
	6	male	32
	7	female 33
	8	female 42
	9	female 37
	10	male	36
	11	male	24
	12	male	26
	13	female 21
	14	female 21

Table 2 :

 2 Time frame of the video for preliminary experiment

	Lateralization Location Condition Model	Duration
	Left	hand	Itch	10	0:51
	Right	hand	Control	14	0:57
	Left	neck	Control	12	1:12
	Right	leg	Itch	13	1:07
	Left	hand	Itch	10	1:10
	Right	neck	Control	12	0:43
	Right	leg	Control	12	1:09
	Left	hand	Itch	10	0:55
	Right	hand	Itch	10	0:56
	Left	neck	Control	14	1:01
	Left	hand	Control	9	0:48
	Left	hand	Itch	14	1:11
	Left	neck	Itch	13	0:48
	Right	leg	Control	14	0:49
	Right	hand	Control	10	1:23
	Left	hand	Itch	11	1:05
	Left	leg	Itch	13	1:00
	Right	hand	Control	14	0:55
	Left	neck	Itch	14	0:51
	Left	leg	Itch	10	1:00
	Right	neck	Control	14	1:09
	Right	hand	Control	12	0:49
	Left	hand	Itch	9	0:47
	Left	neck	Itch	14	1:24
	Left	leg	Control	14	1:11

Table 3 :

 3 Time frame of the first video for the main experiment

	Lateralization Location Condition Model	Duration
	Left	hand	Itch	10	0:51
	Right	leg	Itch	13	1:07
	Left	hand	Itch	10	1:10
	Left	hand	Itch	10	0:55
	Right	hand	Itch	10	0:56
	Left	hand	Itch	14	1:11
	Left	neck	Itch	13	0:48
	Left	hand	Itch	11	1:05
	Left	leg	Itch	13	1:00
	Left	neck	Itch	14	0:56

Table 4 :

 4 Time frame of the second video for the main experiment

	Lateralization Location Condition Model	Duration
	Left	leg	Itch	10	1:00
	Left	hand	Itch	9	0:47
	Left	neck	Itch	14	1:24
	Right	neck	Itch	9	1:02
	Left	neck	Itch	9	1:13
	Right	neck	Itch	10	1:02
	Left	neck	Itch	10	1:09
	Left	hand	Itch	10	0:48
	Right	neck	Itch	14	0:34
	Right	leg	Itch	9	1:01

Table 5 :

 5 Vectors of the directions used for DTI images

	X	Y	Z	B
	0.000	0.000	0.000	0
	-0.524	0.457	-0.718	800
	-0.462	0.555	0.691	800
	0.715	0.694	-0.080	800
	-0.680	0.231	-0.696	800
	-0.231	0.628	-0.743	800
	-0.003	0.656	-0.755	800
	0.397	0.511	-0.763	800
	0.660	0.095	-0.745	800
	-0.680	0.231	-0.695	800

Table 6 )

 6 Because the main goal was to prove that VAS levels have changed in comparison to before video (time 0), we just compared all the times with the 0 minute. By doing the comparison on a smaller subset of all the possible comparisons this helps us to follow the ANOVA with a Dunnett's multiple comparison test instead of Tukey's test, which is slightly more conservative. This flow-up showed that VAS levels was statistically significantly higher after 9 min (2.571 ± 1.662, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.018) and 15 min (2.679 ± 1.367, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.01) in comparison to the start of the video (0.929±1.222). It should mention that although the VAS levels after 18 minute was almost significant too(2.357 ± 1.406, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.052). Another thing worth mentioning is the fact that although VAS levels in in the minute 6 (2.064 ± 1.672, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.174) and minute12 (1.857 ± 1.365, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.350) was not significant, if we didn't correct for multiple comparison these two condition were significant too, P=0.0181 after 6 minute, and P=0.0219 after 12 minute. A table of the results of the Dunnett's test is presented in

Table 7 .

 7 

Table 6 :

 6 Results of ANOVA test for VAS condition scratching forbidden condition

	ANOVA table	Sum of Squares	df	Mean Square	F	Sig.
	Between Groups	32.915	6	5.486	2.6	0.023
	Within Groups	191.979	91	2.11		
	Total	224.893	97			

Table 7 :

 7 Multiple comparison tests for VAS condition scratching forbidden condition

	time	Mean Difference (I-J) Std. Error	Sig.	95% Confidence Interval Lower Bound Upper Bound
	After 3 min	0.557	0.549	0.812	-0.879	1.993
	After 6 min	1.136	0.549	0.174	-0.300	2.572
	After 9 min	1.642 *	0.549	0.018	0.207	3.079
	After 12 min	0.929	0.549	0.350	-0.507	2.365
	After 15 min	1.750 *	0.549	0.010	0.314	3.186
	After 18 min	1.429	0.549	0.052	-0.007	2.865
	*. The mean difference is significant at the 0.05 level.			

Table 8 :

 8 Descriptive statistic of the behavioral traits

				Descriptive Statistics			
		condition	N Range Minimum Maximum Mean	Std. Deviation	Variance
		Extraversion	15 2.38	2.38	4.75	3.58	0.67	0.44
		Agreeableness	15 1.70	3.10	4.80	3.77	0.51	0.26
	Healthy	Conscientiousness 15 2.11 Neuroticism 15 2.63	2.78 1.63	4.89 4.25	4.11 2.86	0.59 0.84	0.35 0.71
		Openness to experience	15 1.60	2.80	4.40	3.77	0.44	0.19
		Empathy	14 28.00	30.00	58.00	46.71	7.21	51.91
		Extraversion	14 2.50	2.00	4.50	3.16	0.77	0.59
		Agreeableness	14 2.70	2.30	5.00	3.97	0.84	0.71
	Psoriasis	Conscientiousness 14 2.56 Neuroticism 14 2.75	2.44 2.13	5.00 4.88	3.70 3.06	0.61 0.76	0.37 0.57
		Openness to experience	14 1.70	2.30	4.00	3.07	0.49	0.24
		Empathy	14 32.00	24.00	56.00	41.71	10.52	110.68
		Extraversion	2	2.50	2.38	4.88	3.63	1.77	3.13
		Agreeableness	2	0.10	4.20	4.30	4.25	0.07	0.00
	Urticaria	Conscientiousness Neuroticism	2 2	0.22 2.25	4.00 2.00	4.22 4.25	4.11 3.13	0.16 1.59	0.02 2.53
		Openness to experience	2	2.10	2.60	4.70	3.65	1.48	2.21
		Empathy	2 15.00	41.00	56.00	48.50	10.61	112.50

Table 9 :

 9 Results of the ANOVA test for behavioral traits

	Tests of Between-Subjects Effects		
	Source	Type III Sum of Squares	df	Mean Square	F	Sig.
	Corrected Model	38.407 a	11	3.492	8.276	0.000
	Intercept	1977.148	1	1977.148	4686.378	0.000
	condition	2.515	1	2.515	5.961	0.016
	Personality traits	30.788	5	6.158	14.595	0.000
	condition * Personality traits	4.858	5	0.972	2.303	0.047
	Error	67.925	161	0.422		
	Total	2093.803	173			
	Corrected Total	106.331	172			
	a. R Squared = .361 (Adjusted R Squared = .318)			

Table 10 :

 10 Simple main effect analyses of the behavioral traits. Mean difference is the value of healthy minus psoriasis

Pairwise Comparisons (Healthy-Psoriasis)

  

					95% Confidence Interval
	Behavioral trait	Mean Difference	Std. Error	Sig. b	for Difference b Lower Upper
					Bound	Bound
	Extraversion	0.423	0.241	0.082	-0.054	0.899
	Agreeableness	-0.198	0.241	0.413	-0.675	0.279
	Conscientiousness	0.413	0.241	0.089	-0.064	0.889
	Neuroticism	-0.204	0.241	0.399	-0.681	0.273
	Openness to experience	0.702*	0.241	0.004	0.225	1.179
	Empathy	0.313	0.246	0.205	-0.172	0.798
	Based on estimated marginal means				
	*. The mean difference is significant at the 0.05 level.			
	b. Adjustment for multiple comparisons: Bonferroni.			

Table 11 :

 11 Deceptive statistics of VRS levels

					Descriptive Statistics				
	Condition	N	Range Minimum Maximum Mean	Std. Deviation	Variance Median
		Before	15	4.00	0.00	4.00	1.00	1.41	2.00	0
	Healthy	During	15	5.00	0.00	5.00	2.93	1.31	1.71	3
		After	15	6.00	0.00	6.00	2.97	1.41	1.98	3
		Before	14	7.00	0.00	7.00	1.14	2.14	4.59	0
	Psoriasis	During	14	9.50	0.00	9.50	2.93	3.27	10.73	1.5
		After	14	9.50	0.00	9.50	2.82	3.12	9.75	2
		Before	2	0.00	0.00	0.00	0.00	0.00	0.00	0
	Urticaria	During	2	2.00	1.00	3.00	2.00	1.41	2.00	2
		After	2	1.00	0.00	1.00	0.50	0.71	0.50	0.5

Table 12 .

 12 This test was followed-up with a Tukey post-hoc test, which showed that this the VRS values are statistically higher during the video (2.93 ± 2.41, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.006) and after video (2.89 ± 2.35, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.007) compared to before video(1.06 ± 1.77). The results of the post-hoc test are presented in Table13. Here we have only 3 conditions, which means there is just 3 combinations to do the comparison test, therefore the difference between Tukey's test and Dunnet's test is minimal. (Dunnet would give a slightly smaller P values, 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.004 and 𝑃 𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 0.005, but it can compare only start with during and after video, and can't compare during the video with after the video)

Table 12 :

 12 Results of ANOVA test for VRS

		Tests of Between-Subjects Effects		
	Source	Type III Sum of Squares	df	Mean Square	F	Sig.
	Corrected Model	66.117 a	5	13.223	2.641	0.029
	Intercept	459.207	1	459.207	91.703	0.000
	Condition	0.000	1	0.000	0.000	0.996
	Time	65.473	2	32.736	6.537	0.002
	Condition * Time	0.301	2	0.150	0.030	0.970
	Error	405.613	81	5.008		
	Total	931.500	87			
	Corrected Total	471.730	86			
	a. R Squared = .140 (Adjusted R Squared = .087)			

Table 13 :

 13 Tukey's post-hoc test's results

				Multiple Comparisons		
	Time (I)	Time (J)	Mean Difference (I-J)	Std. Error	Sig.	95% Confidence Interval Lower Bound Upper Bound
	Before	During	-1.8621 *	0.58766	0.006	-3.2651	-0.4590
	Before	After	-1.8276 *	0.58766	0.007	-3.2307	-0.4245
	During	After	0.0345	0.58766	0.998	-1.3686	1.4376
	Based on observed means The error term is Mean Square(Error) = 5.008.	
	*. The mean difference is significant at the 0.05 level.		

Table 14 :

 14 Dunn's tests pairwise comparison for itch VRS scores

	Sample 1	Sample 2	Test	Std.	Std. Test	Sig.	Adj. Sig.
			Statistic	Error	Statistic		
	Before Video After Video	-0.948	0.263	-3.611	0.000	0.001
	Before Video During video -0.966	0.263	-3.677	0.000	0.001
	After Video	During video 0.017	0.263	0.066	0.948	1.000
	Significant values have been adjusted by Bonferroni correction		

Table 15 :

 15 

	Variable name	Statistic name	Before video	During video	After video	Extrave rsion	Agreeab leness	Conscie ntiousne ss	Neuroti cism	Openness	Empathy
	VRS scores before	Correlation Coefficient		0.593 **	0.585 **	0.297	0.043	-0.002	0.216	0.045	0.097
	video	Sig. (2-tailed)		0.001	0.001	0.118	0.826	0.993	0.260	0.818	0.623
		N		29	29	29	29	29	29	29	28
	VRS scores during	Correlation Coefficient	0.593 **		0.835 **	0.031	-0.109	-0.015	0.188	0.035	-0.131
	video	Sig. (2-tailed)	0.001		0.000	0.875	0.575	0.937	0.328	0.856	0.506
		N	29		29	29	29	29	29	29	28
	VRS scores after	Correlation Coefficient	0.585 **	0.835 **		0.141	-0.201	-0.006	0.119	-0.053	-0.130
	video	Sig. (2-tailed)	0.001	0.000		0.465	0.297	0.975	0.540	0.783	0.509
		N	29	29		29	29	29	29	29	28
	Extraversion	Correlation Coefficient Sig. (2-tailed)	0.297 0.118	0.031 0.875	0.141 0.465		-0.244 0.201	0.151 0.433	0.191 0.320	0.367 0.050	-0.021 0.916
		N	29	29	29		29	29	29	29	28
	Agreeableness	Correlation Coefficient Sig. (2-tailed)	0.043 0.826	-0.109 0.575	-0.201 0.297	-0.244 0.201		0.264 0.167	-0.222 0.248	0.087 0.653	0.372 0.051
		N	29	29	29	29		29	29	29	28
	Conscientiousness	Correlation Coefficient Sig. (2-tailed)	-0.002 0.993	-0.015 0.937	-0.006 0.975	0.151 0.433	0.264 0.167		-0.029 0.880	0.357 0.057	0.187 0.341
		N	29	29	29	29	29		29	29	28
	Neuroticism	Correlation Coefficient Sig. (2-tailed)	0.216 0.260	0.188 0.328	0.119 0.540	0.191 0.320	-0.222 0.248	-0.029 0.880		-0.234 0.222	-0.192 0.328
		N	29	29	29	29	29	29		29	28
	Openness	Correlation Coefficient Sig. (2-tailed)	0.045 0.818	0.035 0.856	-0.053 0.783	0.367 0.050	0.087 0.653	0.357 0.057	-0.234 0.222		0.404 * 0.033
		N	29	29	29	29	29	29	29		28
	Empathy	Correlation Coefficient Sig. (2-tailed)	0.097 0.623	-0.131 0.506	-0.130 0.509	-0.021 0.916	0.372 0.051	0.187 0.341	-0.192 0.328	0.404 * 0.033	
		N	28	28	28	28	28	28	28	28	
	**. Correlation is significant at the 0.01 level									

Spearman's rho for all the variables

Spearman's rho (correlation test)

Table 16 :

 16 List of edges presented in Figure37and Figure36, with their anatomical location. All of these links are statistically more connected in the psoriasis patients in comparison to healthy control. The links marked with an asterisk are the links that would disappear by increasing the threshold and in consequence break down the network into networks

	Node 1	Node 2	T value
	Left anterior cingulate gyrus	Left posterior cingulate gyrus	4.14
	Right anterior cingulate gyrus	Left posterior cingulate gyrus	4.68
	Left anterior cingulate gyrus	Right posterior cingulate gyrus	3.79
	Right anterior cingulate gyrus	Right posterior cingulate gyrus	4.08
	Left insula	Right hippocampus	3.62*
	Right posterior cingulate gyrus	Right parahippocampal gyrus	3.93
	Right posterior cingulate gyrus	Right precuneus	3.80
	Left posterior cingulate gyrus	Left superior temporal gyrus	3.93
	Right posterior cingulate gyrus	Left superior temporal gyrus	4.04
	Left inferior parietal lobule	Right crus I of cerebellar hemisphere	3.61*
	Left parahippocampal gyrus	Left lobule III of cerebellar hemisphere	4.17
	Left middle temporal pole	Left lobule III of cerebellar hemisphere	3.74
	Right middle temporal pole	Left lobule III of cerebellar hemisphere	4.65
	Left parahippocampal gyrus	Right lobule III of cerebellar hemisphere	4.03
	Right parahippocampal gyrus	Right lobule III of cerebellar hemisphere	4.02
	Left middle temporal pole	Right lobule III of cerebellar hemisphere	5.31
	Right middle temporal pole	Right lobule III of cerebellar hemisphere	4.66
	Right middle temporal pole	Left lobule IV, V of cerebellar hemisphere	3.66*
	Left crus II of cerebellar hemisphere	Left lobule IV, V of cerebellar hemisphere	3.66*
	Left lingual gyrus	Right lobule VI of cerebellar hemisphere	3.63*
	Left lobule IV, V of cerebellar hemisphere	Right lobule VI of cerebellar hemisphere	3.82
	Left lobule VI of cerebellar hemisphere	Left lobule VIIB of cerebellar hemisphere	3.75
	Left lingual gyrus	Left lobule X of cerebellar hemisphere	3.83
	Left middle temporal pole	Lobule I, II of vermis	4.49
	Right middle temporal pole	Lobule I, II of vermis	5.07
	Left parahippocampal gyrus	Lobule III of vermis	4.25
	Right parahippocampal gyrus	Lobule III of vermis	3.60*
	Left middle temporal pole	Lobule III of vermis	3.67*
	Right lobule VI of cerebellar hemisphere	Lobule IV, V of vermis	3.60*
	Right lingual gyrus	Lobule VII of vermis	3.62*
	Left lobule IV, V of cerebellar hemisphere	Lobule VII of vermis	3.84
	Left insula	Lobule VIII of vermis	4.55
	Right supramarginal gyrus	Lobule VIII of vermis	3.70
	Right lobule III of cerebellar hemisphere	Lobule VIII of vermis	3.95
	Left lobule IV, V of cerebellar hemisphere	Lobule VIII of vermis	4.04
	Right posterior cingulate gyrus	Lobule IX of vermis	3.69*
	Left hippocampus	Lobule IX of vermis	4.17
	Left inferior parietal lobule	Lobule IX of vermis	3.71
	Right inferior parietal lobule	Lobule IX of vermis	4.14
	Left supramarginal gyrus	Lobule IX of vermis	3.84
	Right supramarginal gyrus	Lobule IX of vermis	4.56
	Left thalamus	Lobule IX of vermis	3.83
	Right thalamus	Lobule IX of vermis	4.40
	Left lobule VIIB of cerebellar hemisphere	Lobule IX of vermis	4.25

Table 17 :
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	26,

All the independent components of CAN-ICA analysis for healthy subjects (in pictures positive components are in warm colors while the negative components are in cold colors)

N

Description Picture

1 𝐶 𝐻 1

This component mostly consists of bilateral middle cingulate cortex and posterior cingulate cortex but it expands into supramarginal gyrus too. (x=4, y=-

Table 19 :

 19 Coordinates of all the clusters for which fractional anisotropy is significantly different between psoriasis and healthy subjects following TBSS analysis of DTI

			FA				
		Side	MNI coordinates of local maxima X Y Z	Number of	voxels	local	maximum t-	value
	External capsule	L R	-31 32	8 3	4 7			3.23 3.68
		L	-12	0	-9			4.37
		L	-1	-17	-8			3.86
	Anterior thalamic radiation	L L	-36 -33	22 30	18 25			2.7 2.36
		R	4	-19	2			3.37
		R	33	28	29			4.34
		L	-16	-25	57			3.25
	Corticospinal tract	R	16	-23	61			3.01
		R	23	-20	61			3.17
		L	-10	9	61			2.3
	Cingulum	L R	-15 19	19 24	46 34			2.6 4.02
		R	15	-9	57			2.04
	Forceps Major		-15	-85	18			3.03
	Forceps minor		14	40	38			3.2
	Inferior fronto-occipital	L	-24	11	-20			3.12
	fasciculus	R	36	33	13			3.07
	Inferior longitudinal fasciculus L	-49	-13	-4			3.55
		L	-47	-2	34			2.54
		L	-24	-48	57			2.94
	Superior longitudinal fasciculus	L R	-31 32	-17 9	58 48			2.83 3.39
		R	49	-17	43			2.67
		R	28	-46	53			2.27

Table 1 :

 1 The coordination of the all clusters that are significantly different between psoriasis and healthy subjects in TBSS analysis of DTI, and have more than 20 voxels in MNI coordination system

					AD										MD		
		Side	MNI coordinates of local maxima	Number	of	voxels	local	maximu	m t-	value Side	MNI coordinates of local maxima	Number	of	voxels	local	maximu	m t-	value
			X	Y	Z								X	Y	Z		
	Genu		-10	29	-1	1239		5.03			1	29	2	901	4.3
	Body		5	5	24	1758		4.13			5	5		685	4.69
	Corpus callosum												-13	-14		481	3.58
	Splenium		-12	-39	12	668		3.59			-11	-33		108	3.07
													-20	-48		27	3.42
	Cerebral peduncle											L	-12	-7	-6	81	3.09
	Anterior limb	L	-10	5	2	37		4.4		L	-10	5	2	213	4.17
		R	16	14	2	189		2.84		L	-13	11	-4	21	3.27
	Internal capsule											R R	23 11	16 5	1	232 33	3.67 2.52
	Posterior limb	L	-27	-20	14	28		2.57		L	-23	-18		196	4.37
	Retrolenticular part	L	-27	-27	14	35		2.65		L	-27	-27		54	3.73
	Anterior	L	-26	35	0	363		3.57		L	-17	34		251	3.91
		L	-20	27	21	144		3.3		L	-12	30	-9	161	3.65
		L	-24	15	17	83		3.59		L	-24	17		147	2.99
		R	27	35	7	269		3.36		L	-25	34	3	122	3.17
		R	23	32	15	80		2.86		L	-20	24	-8	29	2.56
		R	13	31	-7	33		2.96		L	-26	18		29	2.39
	Corona radiata	R R	26 17	22 34	2 11	30 25		2.42 2.04		L R	-17 20	33 27	-9	23 831	3.58 4.41
		R	19	18	30	24		1.8		R	14	34	-10	25	3.19
												R	22	25	-4	22	2.38
	Superior	R	-28	-16	26	108		3.24		L	-28	-16		327	3.9
		R	-18	-20	36	107		2.82		L	-19	-22		95	2.74
												L	-18	2		47	2.89
	Posterior	L	-27	-31	21	66		2.88		L	-27	-31		151	3.01
	Posterior thalamic radiation	L	-31	-66	3	108		3.44							
		L	-22	14	-12	112		2.72		L	-30	12	0	127	2.96
	External capsule	L	-30	-15	14	73		4.2		L	-30	-15		126	3.66
		R	26	14	-11	361		4.27		R	26	15	-10	294	3.81
		L	-34	44	3	220		4.26		L	-11	-2	-10	166	4.43
		L	-1	-24	-11	190		4.07		L	-18	21		126	3.12
		L	-33	27	18	67		2.85		L	-31	39	6	44	4.93
		L	-12	-23	4	67		2.43		L	-24	21		40	2.73
		L	-11	-25	2	59		2.99		L	-9	0	-5	40	3.06
		L	-36	40	16	25		3.48		L	-23	-46		35	2.51
	Anterior thalamic	R	32	46	5	87		2.81		L	-18	33		33	3.7
	radiation	R	31	33	24	48		3.47		L	-25	23		32	2.48
		R	1	-22	-11	41		3.02		r	34	35		90	3.18
		R	0	-10	1	37		2.35		R	20	43		58	3.7
		R	18	50	-6	34		2.76		R	24	28		49	3.62
		R	30	40	16	28		3.24		R	11	8	-5	38	3.69
		R	11	8	-5	28		2.69		R	18	19	0	20	2.92
		R	19	20	-1	21		2.28							
		L	-20	-22	46	54		1.85		L	-26	-33		393	3.63
	Corticospinal tract											L	-34	-30		111	3.82
												L	-11	-34		68	3.22
		R	10	40	44	68		2.4		L	-15	3		166	4.65
	Cingulum											L L	-16 -8	32 19		68 32	3.58 2.41
												R	18	28		375	3.39
			20	48	14	488		4.54			19	32		540	4.61
			-12	46	34	475		4.89			-18	40		223	3.83
	Forceps minor		-11 16	53 35	26 37	76 49		4.93 2.17			-13	35	-15	80	3.86
			-13	35	-15	29		2.35							
			9	28	-11	25		3.1							
		L	-29	38	-2	138		3.51							
		R	31	22	17	517		4.38							
	Inferior frontal-occipital	R	20	52	-9	77		3.46							
	fasciculus	R	28	17	10	23		3.13							
		R	33	39	5	22		3.21							
		R	39	22	17	27		2.43							
	Inferior longitudinal fasciculus		-36	-57	-10	34		3.48							
		L	-6	24	-18	191		3.56		L	-7	18	-15	131	3.84
	Uncinate fasciculus	L	-17	32	-11	108		3.41		L	-17	33	-10	69	4.14
		L	-17	12	-21	98		3.15		L	-22	20	-14	25	3.21

Table 20 :

 20 Descriptive statistic of the heartbeat

			Descriptive Statistics		
		Condition	N Range Minimum Maximum	Mean	Std. Deviation	Variance
	Healthy	First 10min Second 10min	14 51.00 14 43.00	51.00 54.00	102.00 97.00	71.3571 13.68102 187.170 72.0000 12.93772 167.385
	Psoriasis	First 10min Second 10min	14 23.00 14 25.00	64.00 60.00	87.00 85.00	74.2857 6.40227 72.6429 7.48955	40.989 56.093
	Urticeria	First 10min Second 10min	2 10.00 2 9.00	64.00 65.00	74.00 74.00	69.0000 7.07107 69.5000 6.36396	50.000 40.500

Table 21 :

 21 Results of the ANOVA test for the heartbeat

		Tests of Between-Subjects Effects		
	Source	Type III Sum of Squares	df	Mean Square	F	Sig.
	Corrected Model	640.253 a	7	91.465	0.876	0.532
	Intercept	127248.641	1	127248.641 1218.723 0.000
	Age	46.305	1	46.305	0.443	0.508
	Sex	496.081	1	496.081	4.751	0.034
	Condition	149.580	2	74.790	0.716	0.493
	Time	0.194	1	0.194	0.002	0.966
	Condition * Time	19.219	2	9.610	0.092	0.912
	Error	5429.397	52	104.411		
	Total	320141.000	60			
	Corrected Total	6069.650	59			
	a. R Squared = .105 (Adjusted R Squared = -.015)			

Table 22 :

 22 A table showing all the papers that were included and the group in which they were included. Of notice here that some papers were included in more than one group (they have reported multiple results which satisfied our inclusion criteria)

	groups	Studies	Number of subjects
		(Bergeret et al., 2011)	
		(Darsow et al., 2000)	6
		(Holle et al., 2012)	
		(Hsieh et al., 1994)	
		(Ishiuji et al., 2009)	7
		(Leknes et al., 2007)	8
		(Mochizuki et al., 2013)	
	Subtraction	(Mochizuki et al., 2019) (Mochizuki et al., 2009)	
		(Mochizuki et al., 2007)	
		(Mochizuki et al., 2014)	
		(Mochizuki et al., 2003)	
		(Papoiu et al., 2012)	
		(Schneider et al., 2008)	6
		(Valet et al., 2007)	
		(van de Sand et al., 2018)	
		(Bergeret et al., 2011)	
		(Drzezga et al., 2001)	6
	Correlation	(Herde et al., 2007) (Kleyn et al., 2012)	
		(Mochizuki et al., 2007)	
		(Walter et al., 2005)	6
		(Mochizuki et al., 2015)	
		(Mochizuki et al., 2014)	
	Decrease	(Papoiu et al., 2015) (Papoiu et al., 2013)	
		(Stumpf et al., 2017)	
		(Vierow et al., 2009)	
		(Ishiuji et al., 2009)	8
		(Napadow et al., 2015)	
	AD	(Napadow et al., 2014)	
		(Schneider et al., 2008)	8
		(Schut et al., 2017)	

Table 24 :

 24 

	# MNI coordinate SDM-Z	P	Voxels Description
	1	48,10,8	5.145	~0	5068	Right insula, BA 48
	2	-42,16,0	4.322 0.000001	4589	Left insula, BA 48
	3	0,22,36	4.094 0.000002	4010	Left median cingulate / paracingulate gyri, BA 24
	4	-6,-6,4	4.286 0.000001	1021	Left thalamus
	5	54,-50,36	3.1	0.000378	505	Right angular gyrus, BA 40
	6	-60,-26,28	2.674 0.003047	25	Left supramarginal gyrus, BA 48

location of the peaks in the each cluster of the meta-analysis. Blobs of ≥ 25 voxels with all voxels SDM-Z ≥ 2.565 and all peaks SDM-Z ≥ 2.674

Table 25 :

 25 The table showing the regions that their activity correlates with the itch intensity. Blobs of ≥ 303 voxels with all voxels SDM-Z ≥ 1.686 and all peaks SDM-Z ≥ 2.213 for positive correlation and Blobs of ≥ 270 voxels with all voxels SDM-Z ≤ -0.791 and all peaks SDM-Z ≤ -1.099 for negative correlation

		#	coordinate MNI	SDM-Z	P	Voxels Description
		1P	-48,20,10	2.899 0.000003	2097	Left inferior frontal gyrus, triangular part, BA 45
	Positive	2P	8,26,38	2.78	0.000005	2025	Right median cingulate / paracingulate gyri, BA 32
	Correlation	3P	42,12,-2	2.213 0.000187	1727	Right insula, BA 48
		4P	-12,2,18	2.293 0.000111	303	Left caudate nucleus

Negative correlation 1N -32,-4,-32 -1.559 0.000012 958 Left fusiform gyrus, BA 36 2N 6,38,-2 -1.099 0.000587 270 Right anterior cingulate / paracingulate gyri, BA 11

Table 26 :

 26 Peak location of the all the clusters resulted after meta-analysis of the studies showing reduction in itch levels. Blobs of ≥ 39 voxels with all voxels SDM-Z ≥ 2.308 and all peaks SDM-Z≥ 2.408 

	# MNI coordinate SDM-Z	P	Voxels Description
	1	30,0,12	3.761 0.000011	4305	Right lenticular nucleus, putamen, BA 48
	2	-16,-2,-6	4.043 0.000004	999	Left striatum
	3	-16,-22,12	3.397 0.000047	468	Left thalamus
	4	-2,24,34	2.835 0.000424	438	Left median cingulate / paracingulate gyri, BA 24
	5	-42,2,36	2.731 0.000706	372	Left precentral gyrus, BA 6
	6	48,-10,42	2.93	0.000290	220	Right precentral gyrus, BA 4
	7	16,-22,6	2.512 0.002071	42	Right thalamus
	8	-24,-78,-18	2.408 0.002071	39	Left fusiform gyrus, BA 18

Table 27 :

 27 Peak location and the Z value of all the significant clusters resulted from the meta-analysis of the itch perception in the

		AD patients. Blobs of ≥ 23 voxels with all voxels SDM-Z ≥ 1.564 and all peaks SDM-Z ≥ 1.651
	# MNI coordinate SDM-Z	P	Voxels Description
	1	-26,8,-4	2.242	0.000186	1084	Left lenticular nucleus, putamen, BA 48
	2	36,26,46	3.382	0.000003	814	Right middle frontal gyrus, BA 9
	3	14,12,14	2.918	0.000011	494	Right caudate nucleus
	4	26,4,-10	1.651	0.003488	110	Right lenticular nucleus, putamen, BA 48
	5	6,18,22	1.999	0.000636	59	Right anterior cingulate / paracingulate gyri
	6	-4,26,46	1.673	0.003189	23	Left superior frontal gyrus, medial, BA 8

7.4 Standard text

  Bonjour, Merci beaucoup pour votre participation à notre projet. Avant de commencer avec notre expérience, je vais vous expliquer un peu le projet et notre but. Notre projet est soutenu par la Société Française de Dermatologie et le CHRU de Brest. Dans notre projet nous voulons étudier la relation entre le cerveau et la démangeaison. En effet, le prurit (appelé démangeaison dans le langage courant) est un symptôme fréquemment rencontré dans plusieurs pathologies et pas seulement dermatologiques. Il existe plusieurs formes de prurit et tous n'empruntent pas les mêmes voies nerveuses et n'activent pas les mêmes régions cérébrales. C'est cela que nous essayons de comprendre. Pour cela, nous utilisons un phénomène bien connu qui s'appelle la démangeaison contagieuse. Il s'agit d'un comportement assez courant qui fait que nous nous grattons quand nous voyons quelqu'un se gratter.

Table 28 :

 28 Normality tests for VAS results of the preliminary experiment

				Tests of Normality	
		time	Kolmogorov-Smirnov a Statistic df Sig.	Statistic	Shapiro-Wilk df	Sig.
		0	0.298	15	0.001	0.755	15	0.001
		3	0.236	15	0.024	0.846	15	0.015
		6	0.174	15	0.200 *	0.903	15	0.105
		9	0.155	15	0.200 *	0.927	15	0.245
		12	0.176	15	0.200 *	0.890	15	0.067
		15	0.177	15	0.200 *	0.857	15	0.022
		18	0.172	15	0.200 *	0.897	15	0.086
		21	0.199	15	0.112	0.879	15	0.046
		24	0.191	15	0.148	0.878	15	0.044
		27	0.164	15	0.200 *	0.908	15	0.124
		30	0.251	15	0.011	0.847	15	0.016
		33	0.184	15	0.185	0.868	15	0.032
		36	0.164	15	0.200 *	0.894	15	0.078
		39	0.188	15	0.159	0.872	15	0.036
		*. This is a lower bound of the true significance.		
		a. Lilliefors Significance Correction			
	7.10.2	Normality test of behavioral factors	

Table 29 :

 29 Normality test for behavioral factors

			Tests of Normality			
	Personality traits	Kolmogorov-Smirnov a Statistic df Sig.	Statistic	Shapiro-Wilk df	Sig.
	Extraversion	0.110	29	0.200 *	0.964	29	0.408
	Agreeableness	0.093	29	0.200 *	0.973	29	0.636
	Conscientiousness	0.106	29	0.200 *	0.967	29	0.474
	Neuroticism	0.113	29	0.200 *	0.974	29	0.665
	Openness to experience	0.096	29	0.200 *	0.973	29	0.653
	Empathy	0.134	28	.200 *	0.944	28	0.136
	*. This is a lower bound of the true significance.				
	a. Lilliefors Significance Correction					

Table 30 :

 30 Normality test for VRS levels in the main experiment

					Tests of Normality		
				Kolmogorov-Smirnov a		Shapiro-Wilk
	Condition	time	Statistic	df	Sig.	Statistic	df	Sig.
			Before Itch	0.360	15	0.000	0.734	15	0.001
	Healthy		During Itch	0.171	15	0.200 *	0.937	15	0.347
			After Itch	0.179	15	0.200 *	0.948	15	0.487
			Before Itch	0.417	14	0.000	0.623	14	0.000
	Psoriasis	During Itch	0.222	14	0.060	0.842	14	0.017
			After Itch	0.191	14	0.175	0.851	14	0.023
	*. This is a lower bound of the true significance.			
	a. Lilliefors Significance Correction				
	7.10.4	Normality test for the heartbeat		

Table 31 :

 31 Normality test for heartbeat

			Tests of Normality		
	Condition	Kolmogorov-Smirnov a Statistic df Sig.	Statistic	Shapiro-Wilk df	Sig.
	Healthy	0.120	28	.200 *	0.955	28	0.264
	Psoriasis	0.088	28	.200 *	0.985	28	0.955
	Urticeria	0.306	4		0.772	4	0.061
	*. This is a lower bound of the true significance.			
	a. Lilliefors Significance Correction				

Table 32 :

 32 Papers and methods which have been used in order to study central mechanism of itch

	#	Author	Scanner	Neuroimaging analysis	Itch induction	Itch stimulus	Number subjects of	Pathology	
	1	(Hsieh et al., 1994)	PET	Subtraction	intracutaneous injection	Histamine	10	Healthy	
	2	(Darsow et al., 2000)	PET	Subtraction	Skin prick	Histamine	6	Healthy	
	3	(Darsow et al., 2000)	PET	Correlation	Skin prick	Histamine	6	Healthy	
	4	(Drzezga et al., 2001)	PET	Correlation	Skin prick	Histamine	6	Healthy	
	5	(Mochizuki et al., 2003)	PET	Subtraction	iontophoresis	Histamine	15	Healthy	
	6	(Walter et al., 2005)	fMRI	Correlation	Skin prick	Histamine	6	Healthy	
	7	(Herde et al., 2007)	fMRI	Subtraction	Intracutaneous microdialysis	Histamine	10	Healthy	
	8	(Leknes et al., 2007)	fMRI	Correlation	Skin prick	Histamine	8	Healthy	
	9	(Leknes et al., 2007)	fMRI	Correlation		Allergan	8	Atopic cohort	
	10	(Mochizuki et al., 2007)	fMRI	Correlation	iontophoresis	Histamine	14	Healthy	
	11	(Mochizuki et al., 2007)	fMRI	Subtraction	iontophoresis	Histamine	14	Healthy	
	12	(Valet et al., 2007)	fMRI	Subtraction	Skin prick	Histamine	12	Healthy	
	13	(Valet et al., 2007)	fMRI	Subtraction	Skin prick	Histamine	12	Healthy	temperature modelling
	14	(Schneider et al., 2008)	PET	Subtraction	iontophoresis	Histamine	6	Healthy	
	15	(Schneider et al., 2008)	PET	Subtraction	iontophoresis	Histamine	8	Atopic dermatitis	
	16	(Schneider et al., 2008)	PET	Subtraction	iontophoresis	Histamine	8	Healthy <> AD	
	17	(Yosipovitch et al., 2008)	fMRI	Subtraction	Scratching		13	Healthy	
	18	(Ishiuji et al., 2009)	fMRI	ASL	iontophoresis	Histamine	8	atopic dermatitis	
	19	(Ishiuji et al., 2009)	fMRI	ASL	iontophoresis	Histamine	7	Healthy	
	20	(Ishiuji et al., 2009)	fMRI	ASL	iontophoresis	Histamine	7	Healthy<>AD	
	21	(Mochizuki et al., 2009)	fMRI	Subtraction	Electrically induced itch		10	Healthy	
	22	(Mochizuki et al., 2009)	MEG	Subtraction	Electrically induced itch		10	Healthy	
	23	(Vierow et al., 2009)	fMRI	Subtraction	Scratching		15	Healthy	
	24	(Vierow et al., 2009)	fMRI	Subtraction	Scratching in presence of itch		15	Healthy	
	25	(Pfab et al., 2010)	fMRI	Subtraction	Skin prick non lesion skin	Histamine	13	Atopic dermatitis	Thermal modulation
	26	(Pfab et al., 2010)	fMRI	Subtraction	Skin prick lesion skin	Histamine	13	Atopic dermatitis	Thermal modulation
	27	(Bergeret et al., 2011)	PET	Subtraction	iontophoresis	Histamine	28	Healthy	
	28	(Bergeret et al., 2011)	PET	Correlation	iontophoresis	Histamine	29	Healthy	itch sensation

Table 33 :

 33 Results of the all the papers studding the central mechanism of itch

	regions	Primary somatosensory cortex (BA 1, 2, 3)	Somatosensory associated/parietal cortex (BA 5, 7)	Primary motor cortex (BA 4)
	#			

Pre-motor and supplementary motor cortex (BA 6) Cerebellum Insular cortex (BA 13, 16) Posterior cingulate cortex (BA 23,31) Anterior cingulate cortex (BA 24, 32, 33) Prefrontal cortex (BA 9) Frontopolar and orbifrontal area (BA 8, 10, 11, 12) inferior and dorsolateral prefrontal cortex (BA 44, 45, 46, 47) Temporal gyrus (BA 20, 21, 22, 38) + fusiform Prietal pole/Wernicke's area (BA 39, 40) Inferior parietal, supramarginal Thalamus Basal ganglia Secondary somatosensory cortex (BA 40, 43) OPC Precuneus (BA 7, 31) Putamen Visual association gyrus (BA 17, 18, 19) ocipital Anterior entorhinal cortex (BA 34) Hippocampus Parahippocampal gyrus Ventral tegmental area cum om Ventral tegmental area

  

		(Schneider et al., 2008) (Napadow et al., 2014) (Vierow et al., 2015)	C B	C I	I-	C B		C B	C C B	B,C-	I		C		B	B	B	B		B C		B-									B-
		(Schneider et al., 2008) (Napadow et al., 2014) (Vierow et al., 2015)	B B		B I-	B C	B	I C B	I B	B	I C	B	C		C B	C B	I C	C B		C C	C	C-							C	
		(Schneider et al., 2008) (Desbordes et al., 2014) (Vierow et al., 2015)	B		I-			B	B	B					R B	C B	I C	B	L	C		C-									B-
		(Yosipovitch et al., 2008) (Desbordes et al., 2014) (Vierow et al., 2015)	B-B		B-I-	B,B-	B	B B	B-L* B	I,B-L I		I,B-	B	B L	B B	B	C	B B	B-	C		C-	L*							
		(Ishiuji et al., 2009) (Desbordes et al., 2014) (Schut et al., 2017)	L	B		B L B		I	B B	B	B	B I	B		I		C C	L (42)	B	C	B	C								
		(Ishiuji et al., 2009) (Desbordes et al., 2014) (Schut et al., 2017)	C	C	C			R				L*		I	C L			I	C I	R	I									
		(Ishiuji et al., 2009) (Desbordes et al., 2014) (Stumpf et al., 2017)				B-		R C	C C		B-		B-	I-	R I	I-			C I	R*	C B-		C-						I-		I-	B-
		(Mochizuki et al., 2009) (Mochizuki et al., 2009) (Vierow et al., 2009) (Desbordes et al., 2014) (Desbordes et al., 2014) et al., 2014) (Mochizuki (van de Sand et al., 2018) (van de Sand et al., 2018) (Vierow et al., 2009) (Mochizuki et al., 2014) (Wang et al., 2018b)	B B B L		B B B R	C B B C C-B R	I B B I C B	B B B I B B	I B L* B I,C-B B	I B B C B R	B B	B I-	C B L R B B L	B I	B B	B B B I B	B C B R	B B B B I,C-B B	C C B	B B R	L				Raphé nucleus	Red Nucleus	PAG I	substantia nigra	clastrum	midbrain B B	Amygdala C	Brain steem	lentiform nucleus	pons B
		(Pfab et al., 2010) (Mochizuki et al., 2014)	B-B		B-B	L	L	B-B		B-R	B		B	B-		B L	I B		L											L
		(Pfab et al., 2010) (Mochizuki et al., 2014)	B-	B-	B	B-B	L	B	L	B-	B-	B				B			L		B	B								
		(Bergeret et al., 2011) (Mochizuki et al., 2014)	I	I	B	B	I	C	I R			B		I	B				C R		B B	B								
		Author (Hsieh et al., 1994) (Bergeret et al., 2011) (Papoiu et al., 2014) (Darsow et al., 2000) (Holle et al., 2012) (Papoiu et al., 2014) (Darsow et al., 2000) (Holle et al., 2012) (Kim et al., 2015a) (Drzezga et (Kleyn et al., 2012) (Kim et al., 2015a)	I B L C B L	I L B	C I B I	B B L B C L	B B R B B	C B C C	B I	C I L C B B B R	B B C C L	B C L	B C L C L	B C C R C B	B C B R	B I	C	C I	B B	C L	I B C L C R	C I L	I R			B	B	B	L	I C
	10 11 12 13	al., 2001) (Mochizuki et al., 2003) (Kleyn et al., 2012) (Kim et al., 2015a) (Walter et al., 2005) (Papoiu et al., 2012) (Mochizuki et al., 2015) (Herde et al., 2007) (Papoiu et al., 2012) (Mochizuki et al., 2015) (Leknes et al., 2007) (Papoiu et al., 2012) (Mochizuki et al., 2015) (Leknes et al., 2007) (Papoiu et al., 2012) (Mochizuki et al., 2015) (Mochizuki et al., 2007) (Papoiu et al., 2012) (Mochizuki et al., 2015) (Mochizuki et al., 2007) (Papoiu et al., 2013) (Mochizuki et al., 2015) (Valet et al., 2007) (Papoiu et al., 2013) (Napadow et al., 2015) (Valet et al., 2007) (Stumpf et al., 2013) (Papoiu et al., 2015) (Stumpf et al., 2013) (Papoiu et al., 2015)	B C C C C C I B-C	I B C B B B I	B C C,I-C C B C C-C-	I B B C B B,I-C L I I L B I B I I B I	C I B B B-B B B C B C-B	C B B C B B B I-B B B L B B C,I-C B I	B B I C B C I I I C C	C C I B (m) B I B B B C C B I-I	B B B B L L C	B B C C B L B L I C B-I-C C	B B I B C B B B I C I B C B B	B B C B C C C B C C C I I	I B B I C B I I B	C B B B B B B L B B B B I-C B I	B B B B I B I B L B I C I I C B B C	B B C C I-B B I C	C I C C I	I I	B B R B I-I C, I-	C C B	C C B	B I	B	B C	C B B	C I	I	C C B
																175														

Table 1

 1 1. It consisted of the right insula, right Rolandic operculum, and inferior frontal gyrus; P. Najafi et al. / Journal of Neuroradiology xxx (2019) xxx-xxx

Table 2

 2 Location of the peaks in each cluster of the meta-analysis. Blobs of ≥ 25 voxels with all voxels SDM-Z ≥ 2.565 and all peaks SDM-Z ≥ 2.674.

	#	MNI coordinate	SDM-Z	P	Voxels	Description
	1 2 3	48,10,8 -42,16,0 0,22,36	5.145 4.322 4.094	∼0 0.000001 0.000002	5068 4589 4010	Right insula, BA 48 Left insula, BA 48 Left median cingulate/paracingulate gyri, BA 24
	4 5	-6,-6,4 54,-50,36	4.286 3.1	0.000001 0.000378	1021 505	Left thalamus Right angular gyrus, BA 40
	6	-60,-26,28	2.674	0.003047	25	Left supramarginal gyrus, BA 48

Fig.

3

. Meta-analysis result for brain regions whose activity was correlated with itch intensity.
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Table 3

 3 Regions whose activity correlated with itch intensity. Blobs of ≥ 303 voxels with all voxels SDM-Z ≥ 1.686 and all peaks SDM-Z ≥ 2.213 for positive correlation and blobs of ≥ 270 voxels with all voxels SDM-Z ≤ -0.791 and all peaks SDM-Z ≤ -1.099 for negative correlation.

		#	MNI coordinate	SDM-Z	P	Voxels	Description
	Positive Correlation	1 2	-48,20,10 8,26,38	2.899 2.78	0.000003 0.000005	2097 2025	Left inferior frontal gyrus, triangular part, BA 45 Right median cingulate/paracingulate gyri, BA 32
		3	42,12,-2	2.213	0.000187	1727	Right insula, BA 48
	Negative correlation	4 1 2	-12,2,18 -32,-4,-32 6,38,-2	2.293 -1.559 -1.099	0.000111 0.000012 0.000587	303 958 270	Left caudate nucleus Left fusiform gyrus, BA 36 Right anterior cingulate/paracingulate gyri, BA 11

Table 4

 4 Peak location of all the clusters in the studies showing reduction in itch levels after meta-analysis. Blobs of ≥ 39 voxels with all voxels SDM-Z ≥ 2.308 and all peaks SDM-Z ≥ 2.408.

	#	MNI coordinate	SDM-Z	P	Voxels	Description
	1	30,0,12	3.761	0.000011	4305	Right lenticular nucleus, putamen, BA 48
	2 3 4 5 6	-16,-2,-6 -16,-22,12 -2,24,34 -42,2,36 48,-10,42	4.043 3.397 2.835 2.731 2.93	0.000004 0.000047 0.000424 0.000706 0.000290	999 468 438 372 220	Left striatum Left thalamus Left median cingulate/paracingulate gyri, BA 24 Left precentral gyrus, BA 6 Right precentral gyrus, BA 4
	7	16,-22,6	2.512	0.002071	42	Right thalamus
	8	-24,-78,-18	2.408	0.002071	39	Left fusiform gyrus, BA 18

Table 5

 5 Peak location and the Z value of all the significant clusters from the meta-analysis on itch perception in AD patients. Blobs of ≥ 23 voxels with all voxels SDM-Z ≥ 1.564 and all peaks SDM-Z ≥ 1.651.

	#	MNI coordinate	SDM-Z	P	Voxels	Description
	1 2	-26,8,-4 36,26,46	2.242 3.382	0.000186 0.000003	1084 814	Left lenticular nucleus, putamen, BA 48 Right middle frontal gyrus, BA 9
	3	14,12,14	2.918	0.000011	494	Right caudate nucleus
	4	26,4,-10	1.651	0.003488	110	Right lenticular nucleus, putamen, BA 48
	5	6,18,22	1.999	0.000636	59	Right anterior cingulate/paracingulate gyri
	6	-4,26,46	1.673	0.003189	23	Left superior frontal gyrus, medial, BA 8

  (p=0.001 corrected) while controlling for age, sex, and Edinburg handedness. For a more detailed description of the analysis, please see the Supplementary Material online.

Based Statistic Toolbox (NBS, sites.google.com/site/bctnet/comparison/nbs) with a threshold of 3.6

Table 1 :

 1 Coordinates of all the clusters for which the fractional anisotropy values were significantly different between the psoriasis patients and the healthy subjects following the TBSS analysis of DTI

				FA			
		Side	MNI coordinates of local maxima	Number of	voxels	local maximum	t-value
		X	Y	Z			
	External capsule	L	-31	8	4	300	3.23
		R	32	3	7	177	3.68
	Anterior thalamic radiation	L	-12	0	-9	736	4.37
		L	-1	-17	-8	591	3.86
		L	-36	22	18	133	2.7
		L	-33	30	25		81	2.36
		R	4	-19	2	102	3.37
		R	33	28	29		83	4.34
	Corticospinal tract	L	-16	-25	57	186	3.25
		R	16	-23	61	343	3.01
		R	23	-20	61	133	3.17
	Cingulum	L	-10	9	61		75	2.3
		L	-15	19	46		68	2.6
		R	19	24	34	281	4.02
		R	15	-9	57		68	2.04
	Forceps Major		-15	-85	18	179	3.03
	Forceps minor		14	40	38	194	3.2
	Inferior fronto-occipital fasciculus	L	-24	11	-20	341	3.12
		R	36	33	13	406	3.07
	Inferior longitudinal fasciculus	L	-49	-13	-4	203	3.55
	Superior longitudinal fasciculus	L	-47	-2	34	111	2.54
		L	-24	-48	57		82	2.94
		L	-31	-17	58		81	2.83
		R	32	9	48	264	3.39
		R	49	-17	43	105	2.67
		R	28	-46	53		98	2.27
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demonstrated that chronic psoriasis can alter the anatomy of the brain and changes the functional connectivity between its constituents as chronic pain does for many pathophysiological conditions. • the fourth cluster was mostly situated in the left caudate nucleus.

The clusters that had a negative correlation with itch intensity were as follows:

• left fusiform and parahippocampal gyri extending into the left inferior temporal gyrus; • bilateral anterior cingulate cortex.

Reduction

Eight brain regions showed changes in activity after itch reduction, and they are presented in Table 4 and Fig. 4: • right insular cortex and right Rolandic operculum expanding into the superior temporal gyrus and Heschl's gyrus, including considerable contributions in the right lenticular nucleus (putamen) and right striatum; • left insular cortex expanding into left lenticular nucleus (putamen) and left striatum; • left thalamus;

• bilateral middle and anterior cingulate cortex;

• left precentral and inferior frontal gyri; • right precentral gyrus;

• right thalamus and;

• left cerebellum (crus I), with small parts extending into the fusiform gyrus.

Atopic dermatitis

The meta-analysis showed six clusters that have been shown to be activated by itch in AD patients. The regions are presented in Fig. 5 and Table 5: • left striatum, lenticular nucleus (putamen), caudate nucleus and parts expanding into the insula; • right middle frontal gyrus (Brodmann areas 9,8,and 46); • right caudate nucleus;

• right lenticular nucleus (putamen) and right striatum;

• bilateral anterior cingulate gyri and;

• left superior frontal gyrus and left supplementary motor area.

Discussion

Image-based meta-analysis (IBMA) are gold standard for fMRI meta-analysis, but their use is limited because they need statistical maps of all the studies, which normally are not publicly available. Therefore, most studies use coordinate-based metaanalysis (CBMA). Among CBMA based methods effect size signed 
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Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j. neurad.2019.11.005. 

SUPPLEMENTARY RESULTS

Personality traits

The Kolmogorov-Smirnov test showed that all of the personality traits followed a normal distribution (D(29)<0.133, P>0.2); therefore, two-way analysis of variance was conducted to compare the main effects of the behavioral factors (Big five and Empathy) and the conditions (healthy and psoriasis groups). ANOVA showed a statistically significant condition effect (F(1,161)=5.961, P=0.016).

Extraversion, conscientiousness, openness to experience and empathy were higher in the healthy group, while agreeableness and neuroticism were higher in the psoriasis patientsThere was a significant interaction between the effects of the conditions and the behavioral factors (F(5,161)=2.303, P=0.047).

Simple main effects analysis with Bonferroni correction showed that the psoriasis patients had significantly less openness in comparison with the healthy controls (P=0.004), while none of the other personality traits were statistically changed between the conditions (minimal P-value >0.082 for conscientiousness) (Error! Reference source not found.). Spearman correlation analysis showed that none of the behavioral traits correlated with increases in VRS in the healthy group with ρ=-.339; p=0.217 as the minimal correlation coefficient observed between VRS delta scores (after -before) and personality traits (value measured for Neuroticism) and ρ =-0.413; p=0.126 for VRS delta score (duringbefore) and personality traits (value measured for Agreeableness). In psoriasis patients, correlations were also not significant with ρ=-.365; p=0.2 as the minimal correlation coefficient observed between VRS delta scores (after -before) and personality traits (value measured for Extraversion) and ρ=-0.429; p=0.126 for VRS delta score (during -before) and Personality traits (value measured for Openess).

Itch induction

Viewing videos induced significant moderate levels of itching (Figure S2) Concerning the healthy subjects in a post hoc analysis with Dunn's test and Bonferroni correction, it appears that the VRS levels before watching the video (Median=0) were significantly lower than during the video (Median=3, z=-3.104, p=0.006) and after the video (Median=3, z=-3.469, p=0.002), and did not change significantly when compared during the video and after the video (z=0.-0.365, r=0.002, P=1).

Post hoc analysis for the psoriasis patients with Dunn's test with Bonferroni correction revealed that increase in the VRS levels comparing before the video (Median=0) was not significant for the during the video (Median=1.5,z=-0.786,p=0.113) and after video (Median=2,z=-0.607,p=0.325).

The reported itching scores during the video and after video were not different, meaning that the verbal rating score reached its final value (without any ceiling effect) in the first five minutes of the video. The effect of the video was obvious, as shown in Error! Reference source not found., which shows the itch VRS levels before, during, and after the video. Mann-Whitney tests revealed that itch VRS levels in psoriasis patients did not differ significantly from those in healthy controls either before video (U=98.5, z=-0.335, r=-0.062, P=0.738), during video (U=93.5, z=-0.507, r=-0.094, P=0.612), or after video (U=84.5, z=-0.908, r=-0.168, P=0.364).

SUPPLEMENTARY METHODS

MRI data acquisition

MRI examinations were performed on a Philips Achieva dStream 3.0T scanner (Philips, Best, Netherlands) with a 32 channel head coil. To avoid any possible head movement, the patient's head was framed by small cushions on both sides. High-resolution T1 anatomical images were acquired using a 3D-MPGR (voxel size (x,y,z) = 0.9×0.9×1 mm, repetition time = 8.4 s, echo time= 3.75 ms, flip angle=8°).

The functional images consisted of two sets of T2*-weighted images that were acquired using singleshot multiecho-planar imaging (MEPI) (voxel size (x,y,z) = 2.5×2.5×2.6 mm, repetition time=3.15 s, first echo time = 17 ms, second echo time=46 ms, flip angle=90°, matrix size=128×128, number of slices=45, FOV=250×250×143).

Diffusion tensor imaging (DTI) images were acquired using a value of b=800 with 32 different directions, a voxel size (x,y,z) of 2×2×2 mm, a repetition time=8.776s, an echo time=75 ms, a flip angle= 90°, a matrix size of 160×160, and an FOV=250×250×160.

Finally, the B0 images were acquired to correct the DTI images for changes in the B0 fields (4×4×4, repetition time=0.8 s, echo time=3.9 ms, flip angle=60°, matrix size=64×64, FOV=256×256×140, delta TE=2. 46).

DTI data analysis

The analysis of the DTI images was carried out by using the TBSS pipeline (Tract-Based Spatial Statistics), which is part of the FSL Software Library [Oxford Center for Functional Magnetic Resonance Imaging of the Brain (FMRIB), Oxford, UK; www.fmrib.ox.ac.uk/fsl]. DTI preprocessing consisted of B0 field map correction, Eddy correction, and movement correction. To correct for the B0 disturbance, the B0-phase images were first unwrapped through a modified version of fsl_prepare_fieldmap. The produced field map was used as an input for the FUGUE command (FMRIB's Utility for Geometrically Unwarping EPIs, part of the FSL package), which corrects the DTI images for B0 field map distortion. A skull-stripped version of the B0 image from the DTI images was produced by using the BET command (Brain Extraction Tool, part of the FSL package) with parameters of -R -f 0.5 -g 0 -m. Then, the eddy_correct command in the FSL package was used to correct the DTI images for movement and eddy current effects. In the last part of preprocessing, the FA (fractional anisotropy) images were produced with the DTIFIT command in FSL.

We then used TBSS (Tract-Based Spatial Statistics) to process the FA images. TBSS takes the FA images from all subjects and projects them onto a mean FA skeleton image and compares the images. The TBSS pipeline consists of 4 stages (preprocessing, applying the registration onto the MNI coordinate space (FMRIB58_FA), creating the mean FA image and skeletonizing it, and thresholding the skeleton image and projecting all images onto the skeleton image). A value of 0.2 was set as the parameter for thresholding the skeleton images. To assert a significance threshold controlled for multiple comparisons of α=0.05, we complemented this voxel-wise analysis with an in-house post hoc method to spatially correct the uncorrected clusters produced by TBSS. To do so, we ran a permutation test (n=5000) that divided the 29 subjects into two random groups of 14 and 15 subjects. The resultant images from these comparisons were inspected to evaluate the minimum size of the true positive cluster at α=0.05. In other words, the images were inspected to eliminate all the clusters that could have formed by chance given a comparison of 14 versus 15 subjects. We obtained with a minimum cluster size of 67 voxels under which any cluster is a false positive. We then used this cluster extent threshold to correct the uncorrected TBSS results.

fMRI data analysis

Temporal confounding factors are important for connectivity analysis and can affect the results dramatically; therefore, they should be considered during the first level analysis (extraction of the connectivity matrix). In this study, temporal confounding factors for each subject consisted of the following components: brain volume, head movement vectors, the CompCor matrix, and high variance.

The brain volume (cerebro-spinal fluid (CSF), gray matter, and white matter) at all time points was calculated based on images after time correction. Jo et al. 1 showed that brain volume signals can modulate some hardware-driven noises, i.e., by receiving coil arrays or the RF that power it. The images were therefore segmented with the SPM segmentation tool, and the Tissue Volumes tool in SPM was used to calculate the volumes. The resting state fMRI (r-fMRI) and all connectivity analyses are sensitive to movement (e.g., head movement vectors produced in the realignment process); therefore, even after realignment, most studies include a correcting factor for movements 2 . We used the CompCor function in Nipype (a Python library; www.nipy.org) to extract the CompCor confounding signals. High variance correction was conducted by high_variance_confounds in Nilearn (a Python library; nilearn.github.io).

Parcellation was carried out in Python with the Automated Anatomical Labeling (AAL) atlas (the data was filtered with a high pass filter of 0.01 Hz). The connectivity matrices were produced by using a

Ledoit-Wolf estimation of covariance as the connectivity measure 3 .

For the group-level analysis, the Network-Based Statistic Toolbox (NBS, sites.google.com/site/bctnet/comparison/nbs) in MATLAB was used. NBS has been proposed by Zalesky et al. 4 as a method that controls FWE based on graph components that exist in the connectivity data. In some ways. NBS requires a threshold that is chosen based on the consistency of the results following a two steps procedure which consists in deciding first: a significance level for H0 (here 0.001) "connectionwised", then a second threshold for permutation test to ensure that all the significant positive edges resist for multiple comparison with a graph equivalent of the cluster-based thresholding of statistical parametric maps. The threshold for the permutation test is placed at p=0.05. The resulting statistical threshold controlled for multiple comparison correspond to a p-value =0.001 and a t-value of 3.6 (with degree of freedom =29) on which a cluster based correction is applied at p=0.05.

Finally, due to an important and significant age difference between the psoriasis patients and the healthy controls, we controlled all the NBS and TBSS analyses for any linear age-related effects. This has been achieved by adding age, sex, and Edinburg handedness scores as confounds to the general linear model (GLM).

Voxel-based morphometry data analysis

To compare the differences in local gray matter, we ran a voxel-based morphometry analysis using FSL (Douaud et al. 5 , http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM). Structural images of the brain were extracted and segmented after the gray matter images were registered into MNI 152 standard space using a nonlinear registration method. Then, a study-specific left-right symmetric gray matter template was produced by averaging the images and their flipped versions. All images were nonlinearly registered to this template while correcting for any local expansion (or contraction) due to the nonlinear nature of the transformation. The obtained images were smoothed with an isotopic Gaussian kernel (σ=3 mm),

and voxelwise GLM was applied by using the nonparametric permutation-based testing of FSL (randomized) while controlling for the multiple comparison problem across space. To reduce the effects of age, handedness and sex, these parameters were included as covariates in the GLM.

For the VBM analysis we used the Threshold Free Clustering Enhancement (TFCE) method with the Family Wise Error P-corrected (FWE) value p=0.05 6 . We did not observe any cluster that was significantly different between the patients and the controls. The comparison (healthy>psoriasis) did not reveal any cluster with a P value smaller than 0.25, which was similar to the reversed comparison (psoriasis>healthy), which always obtained a P value above 0.15. These results are contrary to those of a previous study 7 . visual). Because pain has been more extensively studied, some extrapolations to itch can be proposed and verified by experiments. Recent studies suggest that the itch processing network in the brain could be disrupted in certain diseases. This disruption could be related by the implication of new regions or the exclusion of already engaged brain regions from itch processing network in the brain.

Itch processing in the brain

Finally, a scheme of the itch matrix is proposed.

transmitting mechanosensitive Aδ-fibres are more responsive to cowhage, although there is a small subgroup that is more responsive to histamine 11-13 .

Histamine

Histamine is a nitrogenous substance that plays an important role in itch. In the skin, it is produced mainly by mast cells. Histamine can directly stimulate histamine type 1 receptors (H1) on itchspecific fibres; therefore, the intradermal injection of histamine can produce an itchy sensation.

Histamine-induced itch has some specific characteristics. Itch begins 30-45 s after injection and reaches its peak after 2 min; then, it starts slowly to decrease to baseline. Histamine-induced itch is associated with wheal-and-flare, which develops approximately 8 min after application and induces a surrounding flare. The wheal is a direct response of H1 receptors to histamine, while the flare is caused by the indirect effect of histamine on vasoactive substances. These two symptoms are specific to histamine-induced itch 1,14 . Histamine is the key inducer for itch in most forms of urticaria, insect bite reactions, cutaneous mastocytosis and drug-induced rashes.

Until the 1990s, histamine was considered the main mediator of itch and the gold standard for studies on itch. Because histamine needs to be delivered to the nerve endings around the dermo-epidermal junction, three main transfer methods can be used: skin prick, iontophoresis or microdialysis, employing the help of a needle, an electrical current or intracutaneously inserted microdialysis fibres, respectively.

Non-histaminic itch

Because itch does not respond to antihistamines in a large majority of itchy diseases, these types of itch are usually non-histaminergic. To experimentally induce non-histaminic pruritus, cowhage (Mucuna pruriens) is commonly used. This plant is native to tropical parts of Asia and Africa and can induce an intense itching sensation, accompanied by pricking, stinging, and burning sensations, in humans, rodents, carnivores and primates 11-13,15-20 . Cowhage spicules rubbed against the skin

Psychogenic itch

The role of psychological factors and stress in itch is obvious, but the mechanisms underlying it are not well understood or studied 57 . If audio-visual distraction can reduce pruritus 58 , placebo and nocebo effects can reduce or induce itch, respectively 59-61 , and stress and psychiatric disorders can enhance or induce itch 62,63 . It has been shown that negative emotions can increase histamine-induced itch and cold press-induced pain intensity while having a minimal effect on electrically induced itch 64 . Bartels et al. 65 have shown that there is no straight-forward generalization of nocebo effects from itch to scratching. Overall, it seems that the distraction effect in itch perception is much less apparent than that in pain perception 66 , while the nocebo and placebo effects are more evident in itch than in pain 67 .

Studies of the nocebo itch effect have observed an increase in the activity of the contralateral rolandic operculum 68. The operculum houses the secondary somatosensory cortex; therefore, this increase could be due to the integration of nocebo information into somatosensory information. Another interesting finding from the same study 68 is that in the nocebo condition, the functional connectivity between the insular cortex and the PAG was increased, which, in turn, supports the findings of Stumpf et al. 66 regarding the importance of the PAG in the top-down inhibition of itch. Napadow et al. 61 studied nocebo-induced itch in atopic dermatitis (AD). They found that the caudate, dorsolateral prefrontal cortex (dlPFC), and intraparietal sulcus (iPS) were activated in nocebo-induced itch.

Interestingly, the subjects that showed higher activity in the dlPFC and caudate to nocebo-induced itch also demonstrated higher activity in these regions when stimulated by allergens. The difference between these two studies suggests that the processing of nocebo-induced itch in the brain is different for healthy and AD patients, especially in the dlPFC; however, to confirm these findings, a study with both a patient group and a healthy control group should be conducted utilizing the same method for both groups.

induced by mediation 97 . This pattern of activation is also present in the distraction from itch caused by the Stroop task (e.g., in the DLPFC) 66 . The role of these regions is likely to receive and integrate information from the first two matrixes and trigger a suitable behavioural response. This matrix is visible in figure 3.