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Abstract 

Investigation of neural mechanisms in 

neuropathic pain and brain plasticity 

associated with analgesic effect of 

transcranial direct current stimulation 
 

Eun Jin Yoon 

Graduate Program of Brain and Neuroscience  

The Graduate School of Medicine 

Seoul National University 

 
Neuropathic pain is one of the major problems of patients with spinal cord 

injury (SCI), because it remains refractory to treatment despite a variety of 

therapeutic approach. Therefore, there is the need for development of new 

therapeutic approaches and understanding the underlying neural mechanisms 

of neuropathic pain would be a start. Especially, the structural and functional 

brain study using multimodal imaging tools will give integrative information 

of the neural mechanisms of neuropathic pain. Recently, it is suggested that 

transcranial direct current stimulation (tDCS) can produce lasting changes in 

corticospinal excitability and can potentially be used for the treatment of 

neuropathic pain. However, the detailed mechanisms underlying the effects of 

tDCS are unknown.  

Sixteen patients suffering from chronic neuropathic pain following 

SCI (mean age 44.1 ± 8.6 years, 4 females) and 10 healthy controls (39.5 ± 

8.6 years, 4 females) underwent  [18F]-fluorodeoxyglucose positron emission 

tomography ([18F]FDG-PET)and magnetic resonance imaging. In study 1, the 
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structural and functional differences between the patients and healthy controls 

in brain cortical areas and the structure-function relationships were analyzed. 

In study 2, the patients received sham or active anodal stimulation of the 

motor cortex using tDCS for 10 days (20 minutes, 2 mA, twice a day). After 

the tDCS sessions, [18F]FDG-PET images were acquired from all patients 

again. The underlying neural mechanisms of tDCS analgesic effect were 

evaluated by metabolic differences between before and after tDCS. The effect 

of baseline gray matter volume on brain metabolic changes was also analyzed.  

In study 1, we found decreases in gray matter volume in the bilateral 

dorsolateral prefrontal cortex (DLPFC), and hypometabolism in the medial 

prefrontal cortex in patients compared to healthy controls. Moreover, the 

changes in one specific imaging modality were correlated with brain regions 

composed of default mode network of another modality. In study 2, there was 

a significant decrease in the numeric rating scale scores for pain, from 7.6 ± 

0.5 at baseline to 5.9 ± 1.8 after active tDCS (z = –2.410, p = 0.016). We 

found increased metabolism in the stimulation site and the medulla and 

decreased metabolism in the left DLPFC and precuneus after active tDCS 

treatment compared with the changes induced by sham tDCS. Additionally, 

the change in the DLPFC and precuneus was correlated with tDCS efficacy 

and baseline gray matter volume in these regions.  

We found that different imaging modalities commonly identified the 

possibility of deficits in pain modulation by cognitive and emotional 

processes in patients with neuropathic pain after SCI and, these abnormal 

brain changes had correlation with brain regions of default mode network. 

Moreover the anodal stimulation of the motor cortex using tDCS can 

modulate these brain regions. Based on these results, we expect that tDCS on 
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the DLPFC could be effective treatment strategy to patients with neuropathic 

pain following tDCS.  

 

Keywords: Neuropathic pain, Spinal cord injury, Transcranial direct current 

stimulation, FDG-PET, MRI, Dorsolateral prefrontal cortex 

 

Student Number: 2009-30573 
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1. Introduction 

1.1. Mechanisms of neuropathic pain following spinal cord 

injury 

Neuropathic pain, is defined as pain initiated or caused by a primary lesion or 

dysfunction of the nervous system, is generally chronic and disabling (1, 2). 

Spontaneous neuropathic pain is often generated in the peripheral nervous 

system by ectopic discharges of damaged primary afferents with consecutive 

sensitization of dorsal horn neurons (3). Many patients with neuropathic pain 

exhibit persistent or paroxysmal pain that is independent of a stimulus. This 

stimulus independent pain can be shooting, lancinating, or burning. Especially, 

neuropathic pain is a momentous problem in many patients with spinal cord 

injury (SCI); it has a prevalence of almost 50% among patients with SCI and 

leads to greater deterioration of daily activity, sleep, mood, and quality of life 

than does motor impairment (4, 5).  

Neuropathic pain following SCI is divided into at-level and below-

level pain, according to the regions of pain that result from SCI (6). At-level 

pain is a central or peripheral neuropathic pain that occurs in dermatomes near 

the spinal injury and three dermatomes below this level. It is often 

characterized as either stabbing or is a stimulus-independent type that is 

accompanied by allodynia. Below-level pain is refers to central neuropathic 

pain present in the region more than three dermatomes below the neurological 

level of injury. It has typical characteristics such as burning, electric or 

shooting qualities and is often classified as a stimulus independent continuous 

pain (6, 7).  
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Central sensitization is an important mechanism of persistent 

neuropathic pain. After SCI, when the quality of a peripheral stimulus does 

not change, central mechanisms must account for the observed enhancements 

in nociceptive processing of dorsal horn neurons. Immediately after a 

neuronal trauma, excessive glutamate release and the resulting increased 

neuronal activity may initiate a spinal central sensitization (8). Loss of tonic 

inhibition by gamma-aminobutyric acid (GABA) interneurons or descending 

tracts (9, 10), intraspinal sprouting (11), changes in N-methyl-D-aspartate 

(NMDA) and other ionotropic as well as metabotropic glutamate receptors (12, 

13) and abnormal expression of sodium channels (14) may contribute to the 

plasticity and initiation and maintenance of the spinal sensitization. The 

resultant changes include an increased background activity and 

responsiveness to peripheral stimuli, reduced thresholds, expanded receptive 

fields, and prolonged afterdischarges in dorsal horn neurons (15, 16).  

Considering the widespread changes following SCI, it is conceivable 

that neuronal hyperexcitability in dorsal horn neurons around the spinal injury 

interact with remote centers to cause and maintain neuropathic pain. More 

recent studies suggest that microglia could be activated in the spinal cord after 

clinical and experimental SCI, and contribute to the hyperexcitability of 

dorsal horn neurons (7, 17). Moreover, SCI triggers upregulation of the 

neuroimmune modulator, cysteine-cysteine chemokine ligand 21(CCL21), 

which induces further activation of microglia in the thalamus (7, 18). The 

microglial activation along the sensory neuraxis as well as site of injury 

contributes to neuronal hyperexcitability, which is possibly linked to chronic 

pain after SCI (7, 17-20).  
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Knowledge about the mechanisms that produce neuropathic pain 

following SCI has advanced through laboratory investigation and quantitative 

sensory testing of symptoms of patients. Recently, evidences suggest that 

persistent pain after SCI associated with alterations in supraspinal pain 

modulatory mechanisms as well as spinal molecular changes. More profound 

understand of the mechanisms of neuropathic pain following SCI at the 

central level will be based on effective treatment.  

 

1.2. Brain structural and functional changes in neuropathic 

pain 

As developing of human neuroimaging techniques, our understanding of the 

role of the brain in pain processing is increased. The human pain experience is 

a multidimensional phenomenon with sensory-discriminative, affective-

motivational, motor and autonomic components (21). Functional 

neuroimaging studies about activation in response to pain have consistently 

been reported evidence for an involvement of the thalamus, insula, prefrontal 

cortex, and anterior cingulate cortex (ACC) as well as primary (S1) and 

secondary somatosensory cortex (S2) (22, 23, 24). Nociceptive input into 

primary and secondary somatosensory cortices at least partially underlies the 

perception of sensory-discriminative features of pain. In contrast, ACC and 

anterior insula have been implicated in the affective-motivational processing 

of pain (21, 25, 26). The prefrontal cortex may be related to cognitive process 

such as pain related memory or stimulation evaluation (23). The thalamus is 

one of the main structures that receive projections from multiple ascending 
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pain pathways; therefore, it could be involved in both sensory discriminative 

and affective-motivational components of pain (27).   

Recent neuroimaging studies have reported reorganization of the 

pain-related brain regions in chronic neuropathic pain conditions. Firstly, 

several studies reported changes in basal brain activity in patients with 

neuropathic pain. Iadarola et al (28) found a decrease in the thalamic blood 

flow contralateral to the symptomatic side compared to the ipsilateral side in 

patients with unilateral chronic pain. Hsieh et al (29) investigated the effect of 

regional nerve block with lidocaine providing significant pain relief on 

patients with chronic painful neuropathy. Comparisons of regional cerebral 

blood flow (rCBF) between the patient’s habitual pain state and the pain 

alleviated state revealed that the bilateral anterior insula, posterior parietal 

cortex, prefrontal cortex, and the right ACC showed decreased rCBF after 

treatment. These results indicated that the initial level of rCBF were 

abnormally high in these brain regions. In contrast, the posterior thalamus 

contralateral to the painful side showed increased rCBF. Egloff et al (30) 

found significant hypometabolism in the posterior insula, ACC, and pre- and 

postcetnral gyri in patients with chronic pain disorders.  

Anatomical magnetic resonance imaging (MRI) techniques have also 

shown that chronic pain is associated with structural changes in the brain. One 

study demonstrated a reduction of gray matter volume in the thalamus and 

dorsolateral prefrontal cortex (DLPFC) of patients with chronic back pain (31), 

and another study reported a loss of gray matter volume in the anterior insula 

and ventromedial prefrontal cortex in patients with complex regional pain 

syndrome (CRPS) (32). Similarly, Kuchinad et al (33) found that fibromyalgia 

patients showed a greater age-associated decrease in gray matter, and less 



 5 

gray matter density in several brain regions including cingulate, insula, and 

medial frontal cortex than healthy controls. 

Furthermore, a study using diffusion tensor imaging (DTI), which 

allows investigation of the microstructure and integrity of the white matter 

fiber tracts (34), found that patients with fibromyalgia showed significant 

white matter changes in a number of brain regions associated with sensory 

perception and affective dimensions of pain, including the thalamus, 

prefrontal cortex, insula, amygdala, and postcentral gyrus; moreover these 

changes were correlated with pain severity in patients with fibromyalgia (35). 

Geha et al (32) found decreased fractional anisotropy in the left cingulum-

callosal bundle connected with ACC in CRPS. 

Functional MRI (fMRI) studies have demonstrated disruptions of the 

default mode network (DMN) (36, 37) in patients with chronic pain. 

Neuroimaging studies found a set of brain regions that usually decrease their 

activity during task performance when compared with the average brain 

activity at rest. The fact that these brain regions were more active at rest than 

during task performance suggested the existence of a resting state, in which 

was called the default mode of brain function (38, 39). The brain regions 

compose of DMN showed high correlation of spontaneous brain activity at 

rest (40). The brain DMN is disrupted in autism (41), depression (42) and 

Alzheimer’s disease (43), suggesting that the study of resting study activity 

could be useful to understand underlying neural mechanisms of disease. 

Baliki et al (36) found that chronic back pain patients displayed reduced 

deactivation in medial prefrontal cortex, and posterior cingulate cortex (PCC), 

key regions of DMN during a simple visual reaction task. Napadow et al (37) 

investigated resting-state fMRI from patients with fibromyalgia and found 
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greater connectivity within the brain regions of DMN and greater connectivity 

between DMN and the insula. 

The supraspinal changes associated with neuropathic pain following 

SCI have been much less investigated other types of neuropathic pain, such as 

chronic back pain or fibromyalgia. Wrigley et al (44) investigated whether the 

degree of the S1 reorganization following SCI correlated with on-going 

neuropathic pain intensity. The S1 mapped using fMRI during light brushing 

of the right litter finger, thumb and lib. The little finger activation moved 

medially in the patients and the amount of the S1 reorganization was 

correlated with on-going pain intensity level. Using DTI, Gustin et al (45) 

found abnormal mean diffusivity in the nucleus accumbens (NAc), 

orbitofrontal cortex and DLPFC, thalamus, and posterior parietal cortex. The 

amount of change in all these regions significantly correlated with pain 

severity. 

These evidences suggest that chronic neuropathic pain is associated 

with structural and functional changes of both gray and white matter, which 

are involved in broad regions related to pain perception and modulation. 

However, the patterns of detected brain alterations vary according to the type 

of neuropathic pain and the method of neuroimaging. Especially, the 

underlying neural mechanisms of the neuropathic pain following SCI are 

limited to only studies about S1 and white matter changes. Moreover most of 

the studies have analyzed the brain changes only specific point of view, 

structure or function. The assessment of structure-function relationships plays 

an important role in developing understanding of brain in neuropathic pain. 

To better understand the neural mechanisms underlying chronic neuropathic 

pain after SCI and to contribute to development of new treatment for 
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refractory pain, more extensive neuroimaging studies in neuropathic pain 

following SCI are necessary 

 

1.3. Treatment of neuropathic pain with non-invasive brain 

stimulation techniques 

Despite a variety of pharmacological, neurosurgical, and behavioral 

therapeutic strategies, patients with neuropathic pain following SCI often fail 

to experience sufficient relief (7). Treatment of neuropathic pain is still 

difficult despite the development of new treatment strategies, and there is no 

single strategy that works for all conditions and their underlying mechanisms. 

Until now, treatment of neuropathic pain is generally focused on 

pharmacological management, such as gabapentine, opioid analgesics, 

tramadol hydrochloride, and tricyclic antidepressants (1).   

Recently, brain stimulation on primary motor cortex (M1) invasively 

or non-invasively has been suggested promising therapy for patients with 

refractory pain. Since epidural motor cortex stimulation (MCS) was first 

proposed by Tsubokawa et al (46), different groups have reported high 

response rate more than 50% (47, 48). Nguyen et al (47) found significant 

improvement in almost 80% of patients with neuropathic pain on whom MCS 

had been used over average 27.3 months. Nuti et al (48) observed more long-

term outcome over average 4-year and found that about 50% of patients 

showed more than 40% of pain relief compared to before MCS treatment. 

Moreover, pain rating reduced when the stimulator was switched on compared 

to the off-stimulation condition in a randomized controlled study (49). In 

several animal studies suggested that the mechanisms of analgesic effects of 
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MCS are inhibition of afferent transmission in the dorsal horn (50, 51). More 

precise mechanisms underlying MCS clinical effects have been identified by 

functional neuroimaging procedure such as positron emission tomography 

(PET). MCS appears to trigger increased activation in thalamus, ACC, 

orbitofrontal cortex, insula and brainstem including periaqueductal gray 

matter (PAG) (42-55). Activation in thalamic nuclei suggested as a first step 

allowing the pain relieving by MCS would lead to several events in other 

pain-related structures, such as the ACC, PAG, and spinal cord (52). MCS 

could influence the affective-emotional component of chronic pain by way of 

cingulate, prefrontal and anterior insular activation. Moreover, functional 

connectivity analysis identified significant correlation between the CBF 

changes of ACC and PAG in the post-MCS period (54). These results suggest 

that the descending thalamic inhibitory pathway to spinal cord or emotional 

top-down pain modulatory system, both of them affect to pain relief by MCS 

(42-56).  

Based on evidences of analgesic effect of MCS in previous studies, 

non-invasive brain stimulation on motor cortex using repetitive transcranial 

magnetic stimulation (rTMS) and transient direct current stimulation (tDCS) 

started to investigate for pain relief. rTMS on motor cortex induced a long-

lasting decrease in chronic pain in the range of 23-45% (57-59) in central and 

peripheral neuropathic pain patients. Lefaucheur et al (57) investigated 

analgesic effect of rTMS over M1 in a series of patients with intractable and 

chronic neurogenic pain. After a single session of 10 Hz rTMS for 20 minutes, 

the percentage pain reduction was about 23% in real rTMS group, which was 

significantly greater than sham stimulation group. It has been identified that 

repeated application of rTMS could produce long-term therapeutic effect. 
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Khedr et al (58) found that pain ratings in real rTMS group decreased by 45% 

compared with baseline measure at the end of the fifth treatment session and 

was still reduced by 40% two weeks later. Passard et al (59) performed real or 

sham rTMS over M1 for 10 days in patients with fibromyalgia. They also 

found that real rTMS significantly reduced pain and improved of quality of 

life for up to 2 weeks after treatment had ended.  

tDCS is another non-invasive brain stimulation technique which is 

based on the application of a weak direct current to the scalp that flows 

between two relatively large electrodes, anode and cathode electrodes, for 

modulation of the level of cortical excitability (60). Although tDCS has 

different mechanism of action, it induced similar modulatory effects in rTMS. 

The modulatory effects of tDCS are reversible, painless, and safe. Moreover, 

tDCS is less expensive, and easier to administer than rTMS (61, 62). Motor 

cortex anodal stimulation has been reported to be able to increase pain 

threshold in healthy controls (63), and to relief chronic pain. Patients with 

chronic pain after SCI were randomized to receive sham or active 2 mA tDCS 

on motor cortex during 5 days. There was significant pain improvement after 

active anodal stimulation compared to sham stimulation, 63% of patients 

showed 50% or more reduction in visual analogue scale (VAS) ratings. They 

found not only that the effects of consecutive sessions were cumulative, but 

also that the effects of tDCS lasted for at least 24 h as the pain VAS scores for 

the post-treatment were not significantly different from those of the pre-

treatment on the following day (64). Pain in patients with multiple sclerosis 

was also relieved after 5 days anodal stimulation and this pain improvement 

persisted until 3 weeks after tDCS sessions (65). These evidences suggest that 
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repeated sessions of anodal tDCS over the M1 may be useful for pain relief 

and may have a long-lasting effect. 

In spite of the encouraging results of tDCS, detailed mechanisms 

accounting for its analgesic effect have not yet been elucidated. It was 

reported that tDCS over M1 for 10 minute in healthy subjects induced bi-

directional rCBF changes in many cortical and subcortical areas, such as the 

somatosensory cortex, cingulate cortex, frontal and parietal areas and 

thalamus as well as the motor cortex (66). A recent study using fMRI was 

found significant decreased activity in the S2, insula, prefrontal cortex and 

putamen after 5 days rTMS stimulation in patients with central pain after 

stroke. These changes were only found in rTMS responder (patients with 

decreased VAS score), not in nonresponder (67). These results imply that the 

modulation of the distributed pain network mediates pain relief after rTMS on 

M1 and the effect of stimulation could be depend on individual characteristics 

even if they have same types of neuropathic pain. To develop more effective 

protocols of tDCS, it is necessary to research on the underlying neural 

mechanisms of tDCS analgesic effects and biological factors associated with 

effectiveness of tDCS.  
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1.4. Purpose of the study 

The present study was, firstly, aimed to contribute to a better understanding of 

the neural mechanisms underlying chronic neuropathic pain following SCI by 

using [18F]-fluorodeoxyglucose PET ([18F]FDG-PET) and structural MRI, 

which would enable to capture functional and anatomical brain characteristics. 

We investigated whether these different imaging modalities provide 

complementary information on the brain mechanisms of neuropathic pain 

following SCI and the functional and structural changes have any relationship.  

Secondly, it was investigated the neural mechanisms underlying the 

effects of tDCS using [18F]FDG-PET. [18F]FDG-PET at rest measures the 

distribution of glucose uptake, which reflects integrated synaptic activity (68). 

We conducted [18F]FDG-PET imaging before, and 10 days after applying 

active or sham motor cortex stimulation using anodal tDCS. This method 

enabled us to assess which components of the pain network could contribute 

to pain relief by tDCS. 

From the results of these two studies, we could understand the 

pathomechanisms of neuropathic pain following SCI, and contribute to 

development of new treatment for refractory pain. 
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2. Study 1: Cerebral changes associated with 

neuropathic pain following spinal cord injury 

2.1. Methods 

2.1.1. Subjects  

Sixteen patients with chronic neuropathic pain due to traumatic SCI were 

recruited for this study. The inclusion criteria were: 1) more than 6 months 

since SCI, 2) stable chronic pain for at least the 3 preceding months, 3) pain 

that was not attributable to causes other than neuropathic pain (e.g., 

musculoskeletal pain or pain from diabetic polyneuropathy), and 4) pain that 

was resistant to medications, or physical or complementary medical treatment. 

Patients with any kind of metal implant in the head, heart disease, a cardiac 

pacemaker, or a family or personal history of epilepsy or neuropsychiatric 

illness were excluded. The characteristics of SCI-related pain were assessed 

according to the international spinal cord injury data set (6), and the extent of 

injury was defined by the American Spinal Injury Association (ASIA) 

impairment scale (69). Because depression is a common comorbidity in 

patients with chronic neuropathic pain (70), the Beck Depression Inventory 

(BDI) was completed for all patients. All patients were being treated with 

various medications including anticonvulsants, nonsteroidal anti-

inflammatory drugs, and antidepressants. They were instructed not to change 

the dosage throughout the experimental period.  

Ten age- and gender-matched healthy subjects (6 males and 4 females, 

39.5 ± 8.6 years) were recruited as controls. Healthy control subjects had to be 

free of any chronic or acute pain, medication and neurological disorder. The 



 13

study protocol was approved by the Institutional Review Board of the Seoul 

National University Bundang Hospital, Korea and written informed consent 

was obtained from all participants after a detailed explanation of the 

procedure.  

 

2.1.2. Image acquisition 

 [18F]FDG-PET images were acquired using an Allegro PET scanner (Phillips 

Medical System, Cleveland, Ohio, USA) operating in three-dimensional (3D) 

mode. All subjects had fasted for at least 6 hours before scanning. They 

received an intravenous injection of 4.8 MBq/kg of FDG in a quiet, dimly lit 

waiting room and were instructed to remain lying comfortably during an FDG 

equilibration period of 40 minutes. Ten-minute emission scans and attenuation 

maps using a Cs137 transmission source were obtained. Attenuation-corrected 

images were reconstructed using the 3D Row-Action Maximum-Likelihood 

algorithm with a 3D image filter of 128 ´ 128 ´ 90 matrices with a pixel size 

of 2 ´ 2 ´ 2 mm.  

High-resolution T1-weighted structural images were acquired using a 

3.0 T MR system (Achieva, Philips Medical Systems, Best, the Netherlands). 

The 3D T1-weighted turbo field echo (T1TFE) sequence used the following 

parameters: TR = 8.1 ms, TE = 4.6 ms, flip angle = 8°, 175 slices, thickness = 

1 mm, and matrix size = 256 × 256.  
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2.1.3. Data processing  

2.1.3.1. FDG-PET data 

FDG-PET images were processed and analyzed using SPM8 (Statistical 

Parametric Mapping, Wellcome Department of Cognitive Neurology, London, 

UK) running on Matlab 7.6 (The Mathworks, MA, USA). Original FDG-PET 

images were corrected for a partial volume effect (PVE) based on a modified 

version of the Müller-Gärtner approach, which was fully implemented in the 

PVElab software package (http://pveout.area.na.cnr.it/) (71). Individual FDG-

PET images were coregistered to structural MR images, and then MR images 

were normalized to a T1-weighted MRI template developed and distributed by 

the Montreal Neurological Institute (MNI). By using these parameters, FDG-

PET images were normalized and reformatted with a voxel size of 2 × 2 × 2 

mm. The normalized PET images were then smoothed with a 12-mm FWHM 

isotropic Gaussian kernel.  

 

2.1.3.2. Structural MRI data 

Voxel-based morphometry (VBM) (72) was performed using SPM8 with the 

DARTEL algorithm implemented in Matlab 7.6. Each anatomical MR image 

was first re-oriented parallel to the plane of anterior and posterior 

commissures, and then segmented to different tissue types using the new 

segment option. Using the DARTEL nonlinear image registration procedure 

(73), segmented gray matter images were aligned to the gray matter average 

template and then transformed to MNI spaces. The spatially normalized gray 

matter images were then rescaled by the Jacobian determinants of the 

deformations in order to preserve relative tissue volumes. Finally, the 
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normalized and modulated gray matter images were smoothed using a 12-mm 

FWHM Gaussian filter. 

 

2.1.4. Statistical analyses 

2.1.4.1. Group comparisons  

Statistical analyses to evaluate the changes of brain glucose metabolism and 

gray matter volume in patients compared to healthy controls were performed 

using the two-sample t-test of SPM8. Regional glucose metabolism at each 

voxel of the [18F]FDG-PET image was proportionally scaled into the mean 

FDG uptake value of the pons. Age was included as a covariate of no interest. 

For VBM analysis, age and total intracranial volume for controlling different 

individual head size were included as covariates of no interest. Since 

corrections for multiple comparisons are typically conservative, and we had a 

relatively small number of subjects, we set the threshold to p < 0.001, 

uncorrected, for both [18F]FDG-PET and VBM analyses. Since such an 

uncorrected threshold might result in false-positive differences, for those areas 

which passed this threshold, a small volume correction (SVC) for multiple 

comparisons was then applied, setting the cut-off value for significance at p < 

0.05 and using a sphere of 10-mm radius. Only those areas that passed this 

additional correction were reported. 

 

2.1.4.2. Effect of disease characteristics on brain changes 

After initial assessment of group comparisons, post hoc exploratory analyses 

were performed to examine potential effects of disease characteristics, such as 

ASIA classification, level of SCI, months since SCI, pain intensity and scores 

of BDI and baseline NRS, on brain changes. For these analyses, we extracted 
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average regional metabolism, and gray matter volume from the significant 

clusters of each brain imaging analysis. For categorical variables (ASIA 

classification and level of SCI), we dichotomized the brain regional values 

into two groups and compared them using the Mann–Whitney U test. The 

correlations between brain regional values and continuous variables (months 

since injury, scores of BDI and baseline NRS) were tested using the Pearson 

correlation. The Mann-Whitney U test and Pearson correlation test were 

performed using SPSS 13.0. 

 

2.1.4.3. Relationships between brain changes of metabolism and gray matter 

volume: ROI-based 

In order to investigate the relationships between brain changes in patients 

obtained using different imaging modalities, multiple regression analyses 

using SPM8 were performed to correlate regional values derived from 

significant clusters for a specific modality with whole brain imaging of the 

other modality. To evaluate relationships between brain glucose metabolism 

and gray matter volume in patients, firstly, the mean value of significant 

clusters of VBM analysis served as covariates, during which voxels on 

[18F]FDG-PET images showing significant correlations with the covariates 

were searched for within whole brain. Gray matter images were also analyzed 

in the same manner with [18F]FDG-PET images. For these analyses, we set 

the threshold to p < 0.005, uncorrected for multiple comparisons. We used 

more liberal statistical threshold compared to group t-test, for searching trend 

of correlations. 
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2.1.4.4. Relationships between brain changes of metabolism and gray matter 

volume: Parallel ICA 

The conventional ROI-based correlation analysis is generally limited to 

studies of localized relationships. To overcome this limitation, we turned to 

the concept of parallel independent component analysis (ICA), an effective 

method for joint analysis of multimodal imaging data. These methods belong 

to blind source separation approaches, as they do not require prior hypotheses 

about the connection of interest (74). Parallel ICA identifies independent 

components of both modalities and connections between them through 

enhancing intrinsic interrelationship (75). To obtain statistical maps of joint 

relationships, we used Fusion ICA Toolbox 

(http://mialab.mrn.org/software/fit). In the context of this study, the parallel 

ICA design identified spatially independent component (IC) in each imaging 

modality while simultaneously revealing the disease specific component and 

the correlation of these component between different modalities. Using the 

improved minimum description length (MDL) criterion (76), the number of 

IC was estimated for each dataset. For each modality, the loading parameters 

expressing the contribution of each IC to the variance across subjects were 

estimated. Each IC for each modality was scaled to unit standard deviation, 

yielding z-score maps. All component maps were thresholded at a z-score 

level of |Z| ≥ 2.3 (99% cumulative probability) for visualization purposes. 

Two sample t-tests were performed for each IC on its loading parameters 

between groups. Then, the Pearson’s correlation coefficients between loading 

parameters for only ICs showed difference between groups were used to 

identify significant relationships between regional brain metabolism and brain 

atrophy.  
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2.2. Results  

2.1.1. Patient characteristics   

The characteristics of patients are listed in Table 1. The subdivision of active 

or sham tDCS group was for study 2. All sixteen patients participated in the 

study 1. All patients had characteristics of neuropathic pain (pricking, tingling, 

hot burning, stabbing, shooting, etc.) below the level of the SCI at multiple 

sites in their bodies. There were no significant statistical differences in age 

and gender between patients and healthy controls (age, p = 0.199; gender, p = 

0.664). However, patients showed significantly higher BDI scores compared 

to controls (3.7 ± 3.7 vs.15.8 ± 8.4, p < 0.001). As defined by BDI, 9 patients 

showed mild depressive symptoms (BDI=10-18) and 4 patients showed 

moderate to severe depressive symptoms (BDI > 19). However, according to 

the Diagnostic and Statistic Manual of Mental Disorder IV, none of the 

participants had major depression or any other psychiatric disease.
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Table 1. Characteristics of patients with chronic neuropathic pain following spinal cord injury. 

Patient Sex Age(yr) Level of SCI ASIA 
Months since 

injury 
Pain location BDI 

NRS 

Pre-tDCS Post-tDCS 

Active tDCS group        

1 M 53 C5/C5 A 27 Both arms/hands 11 7 5 

2 M 39 T5/T5 A 19 Both legs/feet 17 8 8 

3 M 40 T11/T11 A 8 Both feet 27 8 8 

4 F 48 C5/C7 B 21 Both lower back /buttocks/legs/feet 15 7 4 

5 F 37 T6/T6 B 21 Both buttocks/legs/feet 16 8 6 

6 F 36 C6/C6 A 26 Both elbows/hands/lower leg/feet 32 7 5 

7 M 40 T10/T10 A 11 Both legs/feet 16 8 8 

8 M 34 C5/C5 A 11 Both arms/hands/ knees/feet 4 7 5 

9 M 57 C4/C4 B 136 Both arms/hands/ legs/feet 4 8 3 

10 M 31 C4/C4 B 22 Both forearms/ hands/lower back 13 8 7 

Mean±SD 41.5±8.5   30.2±37.7  15.5±8.8 7.6±0.5 5.9±1.8 

Sham tDCS group       

1 M 62 T11/T11 A 59 Both buttocks/legs/feet 20 9 9 

2 F 39 T10/T10 A 22 Both buttocks/legs/feet 12 6 4 

3 M 48 T11/T11 A 17 Both buttocks/thighs 16 6 5 

4 M 45 C5/C5 B 22 Both lower back /buttocks/legs/feet/ hands 30 8 8 

5 M 47 C4/C4 A 19 Both arms/hands buttocks/legs/feet 5 7 7 
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6 M 49 T5/T5 B 10 Both legs/feet 15 7 6 

Mean±SD 48.3±7.6   24.8±17.3  16.3±8.4 7.2±1.2 6.5±1.9 

Overall 

Mean±SD 
44.1±8.6 

  
28.2±31.0 

 
15.8±8.4 7.4±0.8 6.1±1.8 
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2.2.2. Changes of regional metabolic activity in patients with neuropathic 

pain following SCI 

A group comparison of regional brain glucose metabolism between patients 

with neuropathic pain following SCI and healthy controls identified decreased 

metabolism in the bilateral medial frontal gyrus. No region was found to have 

increased glucose metabolism (Figure 1A, Table 2). 

 

2.2.3. Gray matter volume changes in patients with neuropathic pain 

following SCI 

A group comparison using VBM analysis identified decreases in gray matter 

volume in patients with neuropathic pain following SCI. The patients showed 

a significant volume loss in the left inferior frontal gyrus and right superior 

frontal gyrus. These regions were part of the DLPFC. Our VBM analysis did 

not show increased gray matter volume in any brain region (Figure 1B, Table 

2). 
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Figure 1. Brain regions showing a significant decrease in (A) brain glucose metabolism and (B) gray matter volume in patients with neuropathic pain 

following SCI compared to healthy controls. Significant clusters are overlaid onto an MNI152 brain template image. The labels of each slice indicate 

the z-coordinate for axial slices or x-coordinate for sagittal slices. L, left; R, right. 
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Table 2. Brain regions showing significantly decreased metabolism and gray matter volume in SCI patients with neuropathic pain. 

Region Brodmann area 
MNI coordinates 

t-score z-score Cluster size 
x y z 

Decrease in metabolism        

L Medial frontal gyrus BA 10 0 54 8 3.99 3.44 58 

Decrease in gray matter volume       

L Inferior frontal gyrus BA 10 -42 50 4 4.08 3.51 67 

R Superior frontal gyrus BA 10 24 54 20 4.00 3.45 56 

                           L,  left; R, right; BA, brodmann area. 
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2.2.4. Effect of disease characteristics on brain changes 

Brain regional values extracted from the significant clusters identified in each 

brain imaging analysis, the medial prefrontal cortex for brain glucose 

metabolism, and the left inferior and right superior frontal cortex for gray 

matter volume, did not differ according to the ASIA classification (complete 

or incomplete) or the level of SCI (thoracic or cervical), and did not correlated 

with months since injury or BDI and baseline NRS scores.  

 

2.2.5. ROI-based inter-modal regression analysis 

In order to investigate the relationships between brain changes in patients 

obtained from different imaging modalities, multiple regression analyses were 

performed to correlate regional values derived from significant clusters for a 

specific imaging modality with whole brain images of the other modality. In 

analysis with [18F]FDG-PET images, we did not find any significant brain 

regions showed correlation with regional gray matter volume values derived 

from significant clusters for VBM analysis, the left inferior frontal gyrus or 

the right superior frontal gyrus. In analysis of gray matter volume images, the 

PCC and adjacent precuneus showed correlations with the metabolic rate in 

the medial frontal gyrus (peak MNI coordinate, x = 22, y = -54, z = 8; z-value 

= 4.46) (Figure 2). 
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Figure 2. Brain regions in gray matter volume images showing significant negative correlation with medial frontal 

metabolic rate in patients with neuropathic pain following spinal cord injury. Significant clusters are overlaid onto an 

MNI152 brain template image. The labels of each slice indicate the z-coordinate for axial slice, x-coordinate for sagittal 

slice, or y coordinate for coronal slice. L, left; R, right. 
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2.2.6. Parallel independent component analysis 

Six components for brain metabolic images, and 8 components for gray matter 

volume images were estimated according to an improved MDL criterion. We 

found one IC of gray matter volume showing significant difference in loading 

parameters between groups (t = 2.45 p = 0.02).  The brain regions identified 

by this component included bilateral DLPFC where showed atrophy in patient 

group. Additionally, the bilateral precuneus and middle temporal gyrus, and 

the right medial frontal gyrus and inferior occipital gyrus showed positive 

values in this component (Figure 3). There were no metabolic ICs showed 

significant group differences in loading parameters. We performed correlation 

analysis between the loading parameters with the gray matter component 

showing group difference and all metabolic components, but there were no 

significant correlations. However, a metabolic IC including the precuneus and 

cuneus with positive values and the bilateral superior frontal gyrus with 

negative values showed a trend towards negative correlation with the gray 

matter IC (r = -0.36, p = 0.07) (Figure 3).  
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Figure 3. Parallel independent component pair showing a trend towards negative correlation between loading parameters. (A) Independent 

component of gray matter volume and (b) independent component of brain metabolism. The gray matter component showed significant difference in 

loading parameters between groups. Significant clusters are overlaid onto an MNI152 brain template image. L, left; R, right.  
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2.3. Discussion 

The study 1 investigated the brain functional and structural alterations and 

their inter-modal relationships in patients with chronic neuropathic pain 

following SCI. The results of the present study demonstrated that patients 

with neuropathic pain following SCI have significant functional and structural 

abnormalities in the DLPFC and medial prefrontal cortex associated with pain 

modulation. The ROI-based inter-modal regression analysis revealed the 

abnormal medial prefrontal metabolism negatively correlated with the gray 

matter volume in the PCC and precuneus. Additionally, data-driven parallel 

ICA revealed that gray matter IC including the bilateral DLFPC showed 

negative correlation with metabolic IC including the precuneus and cuneus. 

These results suggest that the brain abnormalities in neuropathic pain 

following SCI related with brain DMN. 

The bilateral DLPFC showed decreases in gray matter volume. 

Atrophy of the DLPFC has been consistently found in previous brain 

morphometric studies of various chronic pain conditions (31, 77, 78), and 

previous neuroimaging studies suggested that the DLPFC has a central role in 

top-down pain processing. In a study of experimentally induced allodynia, 

DLPFC activation was negatively correlated with unpleasantness as well as 

perceived pain intensity, supposedly via inhibition of the neuronal coupling 

between the midbrain and thalamus (79). Another study demonstrated the 

blockade of placebo analgesia in healthy subjects when the left DLPFC was 

disrupted by low-frequency rTMS (80). Moreover, a recent study identified 

that high-frequency rTMS of the left DLPFC leads to reduced allodynia pain 

ratings, and further found that this analgesia was associated with increased 
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activity in the DLPFC and decreased activity in the ACC, thalamus, midbrain 

and medulla (81). Roles of the DLPFC in attention processes (82) and 

executive function (83) are also believed to related to cognitive modulation of 

pain processes.  

Furthermore, we found hypometabolism in the medial prefrontal 

cortex. Patients with chronic pain show impairment of emotional decision 

making, which implies involvement of the medial prefrontal cortex in neural 

mechanisms of neuropathic pain, since the medial prefrontal cortex is known 

to modulate emotional evaluation relative to the self (32, 84). Patients with 

CRPS showed atrophy of the medial prefrontal cortex, and the strength of 

white matter connectivity between the medial prefrontal cortex and NAc was 

correlated with heightened anxiety (32). Moreover, recent evidence suggests 

that the medial prefrontal cortex is important for predicting pain 

chronification (85, 86). In a longitudinal brain imaging study, subacute back 

pain patients were followed over the course of 1 year. The persisting back 

pain patients showed significantly stronger positive connectivity between the 

NAc and medial prefrontal cortex at both subacute and chronic stages. These 

results are implying that medial prefrontal cortex is causally involved in the 

transition from acute to chronic pain. The cortical changes in patients with 

neuropathic pain following SCI found in the present study were locally 

different depending on the imaging modalities used but functionally 

overlapping, which are generally known to participate in pain modulation 

through affective and cognitive processes. Therefore, the abnormalities in the 

present study, confirmed by analyses of both cortical volume and metabolism, 

imply the possibility of disrupted top-down modulatory processing in patients 

with neuropathic pain following SCI.   
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Additionally, we found inter-modal negative correlation between 

brain regions showing abnormal changes in patients and brain regions of 

DMN, the PCC and precuneus. These results suggest that the brain 

abnormalities are associated with augmented DMN activity in resting state in 

neuropathic pain following SCI. It has been proposed that in the normal brain, 

the DMN is engaged in self-referential thinking that is deactivated during 

various externally focused task conditions. The increased activity and 

connectivity within DMN have found in various disorder, such as multiple 

sclerosis (87), schizophrenia (88), and obese individuals (89). These results 

imply that the hyperractivity in DMN is associated with disrupted cognitive 

function or increased focus on internal states. Previous studies have found 

disrupted DMN network in chronic back pain patients (36) and fibromyalgia 

(37). FMRI and neurophysiology studies have shown that attention and 

distraction related modulation of nociceptive driven activations in many brain 

regions participating pain processing, with concomitant changes in pain 

perception (90, 91). A clinical feature of many chronic pain patients is 

hypervigilence to pain and pain-related information. This has a direct impact 

not only on their resultant pain perception but also quality of life if it impacts 

cognitive performance (92). Therefore, we could predict that the abnormal 

brain regions associated with pain modulation have interaction with brain 

regions of DMN, and it might be associated with enhanced attention to pain 

and focus on internal states.  

Pain is a multidimensional phenomenon with sensory-discriminative, 

affective-motivational, and cognitive-evaluative components (21). In study 1, 

we showed that different imaging modalities commonly identified the 

possibility of deficits in pain modulation by cognitive and emotional 
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processes in patients with neuropathic pain following SCI. Moreover, these 

abnormal brain changes had correlation with brain regions of DMN, which 

suggest that the fail of pain modulation in patients associated with 

hypervigilence to pain and increased focus on internal states.  

 

2.4. Limitations and suggestions for further studies 

The current study has some limitations that may be addressed in future studies. 

Because we compared patients with neuropathic pain following SCI to healthy 

controls, rather than to patients with SCI without pain, it may not be possible 

to completely distinguish between the effects of SCI and effects of pain. In 

addition, our study used a relatively small patient group that may be 

somewhat heterogeneous, as assessed by the level of injury and ASIA 

classification. Nevertheless, our patients had relatively homogeneous pain 

ratings and pain duration compared to patients with neuropathic pain in other 

neuroimaging studies. Furthermore, the observed brain changes did not differ 

according to the patient characteristics. Comparisons between SCI patients 

without pain and SCI patients with pain who have homogeneous disease 

characteristics are needed to replicate and refine our findings. 
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3. Study 2: Underlying neural mechanisms of 

analgesic effects of tDCS over primary motor cortex 

3.1. Methods 

3.1.1. Subjects 

Sixteen patients with chronic neuropathic pain due to traumatic SCI who 

recruited in the study 1 also participated in the study 2. The characteristics of 

patients are listed in Table 1. To control the placebo effect, the patients were 

assigned to the active or sham stimulation group according to the order of 

enrollment. The study protocol and consent forms were reviewed and 

approved by the Institutional Review Board of the Seoul National University 

Bundang Hospital, Korea. Written informed consent was obtained from all 

participants after a detailed explanation of the procedure. 

 

3.1.2. Transcranial direct current stimulation 

Direct current was delivered by a battery-driven, constant-current stimulator 

(Phoresor II Auto Model No. PM850, IOMED, Salt Lake City, Utah) via a 

pair of rubber pads with sponge-insert electrodes. The anode electrode was 

placed over the left M1 (C3, EEG 10/20 system) and the cathode electrode 

over the contralateral supraorbital area. This electrode position has been 

shown to be effective in enhancing the excitability of the M1 (93). For 

patients with symmetric pain, the stimulation was applied over the dominant 

hemisphere (57, 64). In our study, all of the patients had symmetric pain and 

were right-handed, so we stimulated C3. A constant 2 mA current was applied 

for 20 minutes. Each patient received 20 treatments over a 2-week period. 
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Treatments were given twice daily, with an interval of more than 4 hours, 

from Monday to Friday. For sham stimulation, the electrodes were placed in 

the same positions as for anodal M1 stimulation, but the stimulator was turned 

off after 10 seconds. Therefore, the patients felt an initial itching sensation, 

but received no current for the remaining stimulation period (64, 94). 

 

3.1.3. Outcome measures 

The numeric rating scale (NRS) score for average pain during the preceding 

24 hours was defined as the primary outcome measure. Patients were asked to 

rate their pain, indicating the number that best described their pain from 0 (no 

pain) to 10 (the most intense pain sensation imaginable) (95). As a secondary 

outcome measure, we assessed the patient global impression of change (PGIC) 

and pain interference. The PGIC is a single-item rating by participants of their 

improvement after treatment on a 7-point scale that ranges from 1 (very much 

improved) to 7 (very much worse) with 4 (no change) as the midpoint (96). 

Each participant was asked to rate how their pain interfered with general daily 

life, mood, or sleep over the previous week using a 7-point NRS ranging from 

0 (no interference) to 6 (complete interference). The NRS for pain intensity 

and for pain interference was assessed before treatment and the day after 

treatment, and the PGIC was evaluated on the day after treatment. All 

evaluations were performed by a rater who was blinded to the study 

procedures. 

 

3.1.4. Image acquisition 

[18F]FDG-PET was conducted twice, on the day before the beginning of the 

tDCS sessions and the day after the end of treatment. The baseline [18F]FDG-
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PET images were same images used in the study 1 and the second [18F]FDG-

PET images acquired using the same protocol of baseline PET. The same 

structural MRI with study 1 also used for anatomical information. The MRI 

scan was also performed on the day before the beginning of the tDCS sessions.  

 

3.1.5. Data processing 

PET and MRI images were processed and analyzed using SPM8 running on 

Matlab 7.6. Original FDG-PET images were corrected for a PVE using the 

same method of study 1 and then, images from each patient were realigned to 

the first PET scan. Then, the PET images were coregistered, spatially 

normalized and smoothed using the same procedure of study 1. The same 

spatially normalized, modulated and smoothed gray matter images with study 

1 were used in study 2. 

 

3.1.6. Statistical analysis 

Between active tDCS group and sham tDCS group, baseline homogeneity of 

groups was compared by independent t-test for continuous variables and 

Fisher’s exact test for categorical variables.  

 

3.1.6.1. Comparisons of pain scores and brain metabolism between before 

and after tDCS   

The effect of tDCS on changes in NRS scores for pain and pain interference 

was analyzed using the Wilcoxon signed-rank test for each group. A flexible 

factorial model in SPM8 with group (real and sham) and treatment (pre- and 

posttreatment) factors was used for the analysis comparing the effect of 
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treatment on brain glucose metabolism. To identify significant between-group 

differences in the effect of treatment, paired t-tests were performed for each 

group separately.  

 

3.1.6.2. Changes of brain metabolism in response to tDCS 

It is suggested that patients with reductions in NRS of approximately 2 points 

or 30% from baseline represented a clinically important difference (95). To 

evaluate the difference in metabolic changes between responder and 

nonresponder, participants whose NRS score decreased more than two points 

after active tDCS were classified as responders, and participants whose NRS 

score decreased less than 2 points were classified as nonresponders. Between 

responders and nonresponders, baseline homogeneity of groups was compared 

by Mann-Whitney test for continuous variables and Fisher’s exact test for 

categorical variables. For responders and nonresponders respectively, flexible 

factorial models in SPM8 with group (real and sham) and treatment (pre- and 

posttreatment) factors were used. The contrast of pre- and post-sham tDCS 

used as an exclusive mask to confirm only effect of active tDCS.  

Additionally, to detect correlation between brain metabolic changes in 

the active tDCS group and tDCS efficacy, voxel-by-voxel multiple regression 

analysis was performed using tDCS efficacy for the difference maps 

(subtraction from post- to pre-tDCS images). The tDCS efficacy was 

calculated with the following equation: [(pre-tDCS – post-tDCS pain 

score)/pre-tDCS pain score ´ 100]. Brain glucose metabolism at each voxel 

was proportionally scaled to the mean FDG uptake value of the whole brain. 
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3.1.6.2. Effect of baseline gray matter volume to the changes of brain 

metabolism after active tDCS 

To assess whether baseline gray matter volume affect to the changes of 

regional metabolism after tDCS, we performed voxel-to-voxel multi-modal 

regression between difference maps of [18F]FDG-PET images and baseline 

gray matter volume using biological parametric mapping (BPM) (97). When 

comparing across imaging modalities, most studies have been forced to rely 

on simple ROI type analyses, which do not allow the voxel-by-voxel 

comparisons to answer the overall effect of biological information from 

another imaging modalities. The BPM analysis is designed to take imaging 

data as a covariate in a manner consistent with traditional SPM. In BPM, both 

the outcome variables and the explanatory variables may be images, each 

voxel has a different design matrix.  

The level of statistical significance for all brain imaging analyses was 

P < .005 without correction. We used a liberal significance threshold to avoid 

type II errors because the relatively low number of subjects in this study leads 

to fairly conservative testing. 
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3.2. Results 

3.2.1. Patients characteristics 

 Patient characteristics are shown in Table 1. There were no significant 

differences in demographical and clinical characteristics between the active 

and sham tDCS groups (gender, p =1.0; age, p = 0.127; injury of SCI, p = 

0.608; ASIA, p = 1.0; months since injury, p = 0.750; BDI, p = 0.855; 

baseline NRS, p = 0.319).  

  

3.2.2. Changes in pain intensity after tDCS 

The Wilcoxon signed-rank test for each group found a significant decrease in 

NRS for pain in the active tDCS group (z = –2.410, p = 0.016), but not in the 

sham tDCS group (p = 0.102). In the active tDCS group, pain intensity was 

reduced from 7.6 ± 0.5 at baseline to 5.9 ± 1.8 after the tDCS sessions, an 

average decrease of 22.9%. Seven patients showed various degrees of pain 

reduction according to NRS data (range, 1–4 or 12.5–62.5%); the NRS scores 

for the other 3 patients did not change (Table 3).  

 

3.2.3. Patient global impression of change in pain after tDCS 

There was no significant difference between the active and sham groups in 

PGIC score. The average PGIC score in the active tDCS group was 3.7 ± 1.4, 

which means that patients generally rated the pain-relieving effect of the 

treatment as ‘no change’. Two patients, who had an improvement in NRS 

more than 40%, rated pain as markedly improved (‘much improved’ or ‘very 

much improved’). The other 5 patients reported ‘no change’ in their pain, and 

1 patient rated pain as ‘minimally improved’. On the other hand, 2 patients 
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rated their pain as worse than before (‘minimally worse’ and ‘much worse’). 

The average PGIC score in the sham tDCS group was 4.3 ± 0.8. In the sham 

group, 5 patients reported ‘no change’ in their pain and the sixth rated pain as 

much worse than before (Table 3). 

 

3.2.4. Changes in pain interference with activities of daily life after tDCS 

In the active tDCS group, patients rated pain interference with general daily 

life as somewhat alleviated after tDCS treatment (4.6 ± 0.8 at baseline; 3.7 ± 

0.8 the day after tDCS; z = –2.251, p = 0.024). However, there were no effects 

of tDCS on pain interference with mood (3.8 ± 1.4; 3.2 ± 1.3; p = 0.380) or 

sleep (3.7 ± 1.3; 2.8 ± 1.1; p = 0.135). In the sham tDCS group, there were no 

effects of tDCS on pain interference with daily life (2.8 ± 2.5; 3.5 ± 2.1; p = 

0.461), mood (3.8 ± 2.3; 3.7 ± 1.4; p = 0.785), or sleep (2.5 ± 2.8; 1.2 ± 2.4; p 

= 0.285) (Table 3). 
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Table 3. Response to tDCS of patient with neuropathic pain following SCI. 

Patient 
NRS 

PGIC 

Pain interference 

General daily life Mood sleep 

pre post % Pre Post Pre Post Pre post 

Active tDCS group       

Responders      

1 7 5 28.6 3 4 4 4 4 4 3 

4 7 4 42.9 2 5 3 4 3 4 0 

6 7 5 28.6 4 4 3 3 3 3 3 

8 7 5 28.6 4 5 3 5 1 5 3 

9 8 3 62.5 1 3 3 1 2 1 3 

Mean±SD  7.2 ±0.4 4.4±0.9 38.2±14.9 2.8±1.3 4.2±0.8 3.2±0.4 3.4±1.5 2.6±1.1 3.4±1.5 2.4±1.3 

Nonresponders          

2 8 8 0 5 5 5 4 5 4 2 

3 8 8 0 4 6 5 6 5 4 3 

5 8 6 25 6 4 4 3 4 3 4 

7 8 8 0 4 5 4 5 2 6 4 

10 8 3 12.5 4 5 3 3 3 3 3 

Mean±SD 8.0±0.0** 7.4±0.9 7.5±11.2 4.6±0.9 5.0±0.7 4.2±0.8 4.2±1.3 3.8±1.3 4.0±1.2 3.2±0.8 

Total 7.6±0.5 5.9±1.8* 22.9±20.4 3.7±1.4 4.6±0.8 3.7±0.8* 3.8±1.4 3.2±1.3 3.7±1.3 2.8±1.1 
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Sham tDCS group 

1 9 9 0 4 0 5 3 3 0 0 

2 6 4 33.33 4 5 3 6 2 6 1 

3 6 5 16.67 4 3 3 3 3 4 0 

4 8 8 0 6 3 6 6 6 5 6 

5 7 7 0 4 0 0 5 4 0 6 

6 7 6 14.29 4 6 4 0 4 0 0 

Mean±SD 7.2±1.2 6.5±1.9 12.9±13.5 4.3±0.8 2.8±2.5 3.5±2.1 3.8±2.3 3.7±1.4 2.5±2.8 1.2±2.4 

NRS, numeric rating scale; PGIC, patient global impression of change; * p < 0.05 compared with pre-tDCS;  

** p < 0.05 compared with responders.  
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3.2.5. Changes of brain regional metabolism in response to tDCS 

A flexible factorial model identified bidirectional metabolic changes from 

pre- to posttreatment in the active tDCS group compared with the sham tDCS 

group (Figure 5, Table 4). Significantly increased metabolism after active 

tDCS compared with sham tDCS was found in the left postcentral gyrus 

around the stimulation site, the right caudate, and the medulla. Significantly 

decreased glucose metabolism after active tDCS compared with sham tDCS 

was found in the left angular gyrus, PCC, and orbital and dorsolateral portions 

of the left middle and superior frontal gyrus. To interpret the interaction 

findings, we examined the effect of treatment for the groups separately. In 

agreement with the interaction results, significantly increased metabolism was 

observed in the left postcentral gyrus, right caudate, and medulla, and 

decreased metabolism in the left DLPFC and PCC after active tDCS (Figure 

5A, Table 5). For the sham tDCS group, the increased metabolism in the left 

orbital part of the middle frontal gyrus and the angular gyrus agreed with 

interaction results (Figure 5B). The changes seen in the PCC and angular 

gyrus in a separate group analysis were found at a less stringent statistical 

threshold (p = 0.01; data not shown). 

Metabolic changes induced by active tDCS were found in additional 

brain regions. We found increased metabolism in the bilateral hippocampal 

and parahippocampal areas and the adjacent fusiform gyrus, subgenual ACC 

(sACC), insulae, left putamen, and brainstem, and decreased metabolism in 

the right precuneus, and bilateral superior frontal gyri that corresponds to the 

medial prefrontal cortex after active tDCS (Figure 5A, Table 5).  In the sham 

tDCS group, there was increased metabolism in the left pre-and postcentral 
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gyrus, right middle and superior temporal gyrus, and right parahippocampal 

gyrus, and decreased metabolism in the cerebellum (Figure 5B). 
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Figure 4. Brain regions showing significant metabolic changes from pre- to posttreatment in the active transcranial direct current stimulation (tDCS) 

group compared with the sham tDCS group. Significant clusters are overlaid onto an MNI-152 brain template image. The warm color scale indicates 

increased metabolism and the cool color scale indicates decreased metabolism. The labels of each slice indicate the z-coordinate for axial slices and 

the x-coordinate for the sagittal slice. L, left; R, right (98). 
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Table 4. Brain regions showing significant changes in metabolism after active tDCS in patients with neuropathic pain 

following spinal cord injury compared with the sham tDCS group. 

Region BA 
MNI coordinates 

t-score z-score Cluster size 
x y z 

Increased metabolism  
      

L Postcentral Gyrus 3 -60 -22 38 5.72 4.04 106 

R Medulla 
 

6 -34 -44 4.32 3.39 94 

R Caudate 
 

12 14 12 3.52 2.93 58 

Decreased metabolism  
      

L Angular Gyrus 39 -50 -50 16 4.67 3.57 76 

L Posterior Cingulate Gyrus 29 -6 -50 14 4.59 3.53 84 

L Middle Frontal Gyrus 9/10/11 -24 56 24 4.31 3.38 167 

L Superior Frontal Gyrus 8/9 -22 40 48 3.18 2.71  56 

L,  left; R, right; BA, brodmann area. 
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Figure 5. To identify the group whose data accounted for the significant differences in treatment effect, brain metabolic changes were analyzed in 

each group separately. (A) Significant metabolic changes after active tDCS. (B) Significant metabolic changes after sham tDCS. The labels of each 

slice indicate the z-coordinate for axial slices and the x-coordinate for the sagittal slice. L, left; R, right (98). 
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Table 5. Brain regions showing significant changes in metabolism after active tDCS in patients with neuropathic 

pain following spinal cord injury. 

Region BA 
MNI coordinates 

t-score z-score Cluster size 
x y z 

Increased metabolism  
      

L Postcentral Gyrus 3 -56 -20 38 7.75 4.18 115 

R Parahippocampal Gyrus 28 22 -12 -14 5.15 3.43 1433 

R Fusiform Gyrus 20 44 -20 -24 7.66 4.16 
 

L Parahippocampal Gyrus 35 -30 -26 -26 6.49 3.86 579 

L Fusiform Gyrus 20 -40 -14 -28 5.48 3.55 
 

R Anterior Cigulate Cortex 25 12 24 -10 6.31 3.81 651 

L Anterior Cingulate Cortex  25 -6 26 -10 6.31 3.81 997 

R Medulla 
 

4 -38 -44 5.91 3.69 84 

L Insula 13 -38 -6 8 4.58 3.21 279 

L Putamen 
 

-30 -10 2 3.7 2.84 
 

R Pons  
 

4 -20 -30 4.76 3.28 124 

R Midbrain 
 

6 -22 -22 4.5 3.18 
 

R Insula 13 36 -4 4 4.54 3.19 197 

R Middle Temporal Gyrus 38 52 4 26 4.02 2.97 72 
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Decreased metabolism  

R Precuneus 7 8 -68 36 8.12 4.27 638 

L Superior Frontal Gyrus 8 -20 42 48 6.08 3.74 70 

L Middle Frontal Gyrus 9 -40 14 26 5.66 3.61 168 

R Superior Frontal Gyrus 8 8 42 46 4.71 3.26 76 

L Superior Frontal Gyrus 8 -2 48 40 3.91 2.92   

 L,  left; R, right; BA, brodmann area. 
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3.2.6. Brain metabolic changes in responders and nonresponders 

Of the 10 patients, 6 patients showed decrease in NRS for pain of more than 2 

points. However, because one patient who NRS decreased 2 points rated pain 

as much worse after tDCS treatment on the PGIC, she classified as 

nonresponder. Therefore, there were 5 responders and 5 nonresponders. The 

basic characteristics of patients, age, ASIA, months since injury, BDI, did not 

differ between responders and nonresponders (age, p = 0.421; months since 

injury, p = 0.151; BDI, p = 0.222). However, responders showed relatively 

low baseline NRS scores compared to nonresponders (z = -2.449, p = 0.032) 

and all the responders had SCI at cervical level, but most nonresponders had 

SCI at thoracic level (p = 0.048).  

In comparison to the sham tDCS group, responders showed increased 

metabolism in cerebellum and decreased metabolism in the right medial 

frontal gyrus, left superior forntal gyrus and left precunues. Nonrepsonders 

showed increased metabolism in the right paracentral lobule and left 

parahippocampal gyrus (Figure 6, Table 6).  
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Figure 6. (A) Brain regions showing significant metabolic changes from pre- to posttreatment in responders of the active transcranial direct current 

stimulation (tDCS) group compared with the sham tDCS group and in (B) nonresponders of the active tDCS group compared with the sham tDCS 

group. Significant clusters are overlaid onto an MNI-152 brain template image. The warm color scale indicates increased metabolism and the cool 

color scale indicates decreased metabolism. The labels of each slice indicate the z-coordinate for axial slices. L, left; R, right. 
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Table 6. Brain regions showing significant changes in metabolism in responder and nonresponder groups after active tDCS. 

Region BA 
MNI coordinates 

t-score z-score Cluster size 
x y z 

Responders vs. sham tDCS 
      

Increased metabolism        

L Cerebellum 
 

-18 -50 -60 5.44 3.53 125 

Decreased metabolism 
 

6 -34 -44 4.32 3.39 94 

R Medial Frontal Gyrus 32 12 14 48 5.30 3.49 158 

L Superior Frontal Gyrus 8 -2 22 56 4.79 3.29 
 

L Precuneus 7 -4 -58 40 4.53 3.19 64 

Nonresponders vs. sham tDCS        

Increased metabolism  
      

L Parahippocampal Gyrus 36 -34 -14 -12 5.52 3.56 89 

R Paracentral Lobule 7 8 -50 60 4.33 3.11 115 

L,  left; R, right; BA, brodmann area. 
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3.2.7. Correlation between brain metabolic changes and tDCS efficacy 

Voxel-by-voxel multiple regression analysis using tDCS efficacy for the 

difference maps of PET scans was identified both positive and negative 

correlations. tDCS efficacy was positively correlated with metabolic changes 

in the bilateral cerebellum and left medulla. The negative correlation was 

found in the left precuneus and perigenual ACC (pACC), along with the 

adjacent medial frontal gyrus and the bilateral middle frontal gyri, equivalent 

to the DLPFC (Figure 7, Table 7).  
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Figure 7. Brain regions showing correlations between observed metabolic changes following transcranial direct current stimulation (tDCS) and tDCS 

efficacy. Significant clusters are overlaid onto an MNI-152 brain template image. The warm color scale indicates a positive correlation and the cool 

color scale indicates a negative correlation. The labels of each slice indicate the z-coordinate for axial slices and the x-coordinate for the sagittal 

slice.L, left; R, right (98). 
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 Table 7. Brain regions showing correlations between observed metabolic changes following transcranial direct 

current stimulation (tDCS) and tDCS efficacy.  

Region BA 
MNI coordinates 

t-score z-score Cluster size 
x y z 

Positive 
       

R Cerebellum  10 -76 -20 6.7 3.79 1888 

L Medulla -8 -42 -54 5.67 3.5 
 

L Cerebellum -28 -72 -20 5.47 3.43 110 

Negative 
       

L Precuneus 7 -6 -60 38 7.23 3.92 71 

L Middle Frontal Gyrus 9 -32 42 40 7.22 3.91 135 

L Medial frontal gryus 9 -4 52 4 6.42 3.71 101 

L Anterior Cingulate Cortex 32 -2 44 10 4.51 3.09 
 

R Middle Frontal Gyrus 9 32 36 36 4.32 3.02 129 

L, left; R, Right; BA, brodmann area 
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3.2.8. Relationship between baseline gray matter volume and brain 

metabolic changes  

 Significant correlation between difference maps of brain metabolism and 

baseline gray matter volume were found in several brain regions. The left 

thalamus including part of the pulvinar, ventroposterior lateral, and lateral 

posterior nucleus showed positive correlations (Figure 8, Table 8). The 

positive correlation means that the brain regions have relatively high grey 

matter volume showed increased metabolism after tDCS. On the other hand, 

the bilateral precuneus, left middle and superior frontal gyrus, left fusiform 

gyrus, left insula, right inferior frontal gyrus and right superior parietal lobule 

showed negative correlations (Figure 8, Table 8). The negative correlation 

means that the brain regions have relatively high grey matter volume showed 

decreased metabolism after tDCS.  
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Figure 8. Brain regions showing correlations between observed metabolic changes following transcranial direct current stimulation tDCS and 

baseline gray matter volume. Significant clusters are overlaid onto an MNI-152 brain template image. The warm color scale indicates a positive 

correlation and the cool color scale indicates a negative correlation. The labels of each slice indicate the z-coordinate for axial slices and the x-

coordinate for the sagittal slice.L, left; R, right. 
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Table 8. Brain regions showing correlations between observed metabolic changes following transcranial direct current 

stimulation tDCS and baseline gray matter volume. 

Region BA 
MNI coordinates 

t-score z-score Cluster size 
x y z 

Positive 
       

L Thalamus  -18 -24 14 5.10 3.31 95 

Negative 
      

R Inferior Frontal Gyrus 47 22 28 -24 10.57 4.54 69 

R Precuneus 7 8 -68 60 6.60           3.76 98 

L Precuneus 7 -2 -50 56 5.24 3.36 
 

L Fusiform Gyrus 19 -40 -66 -20 6.52 3.74 121 

L Middle Frontal Gryus 8/9 -30 32 46 5.71 3.51 100 

L Superior Frontal Gyrus 8/9 -16 24 50 5.34 3.39 
 

R Superior Parietal Lobule 7 18 -54 64 5.77 3.53 84 

L, left; R, Right; BA, brodmann area 
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3.2.9. Effect of baseline BDI scores on tDCS efficacy and brain metabolic 

changes 

There was no significant correlation between BDI score at baseline and tDCS 

efficacy in the active tDCS group (p = 0.181). However, we found positive 

metabolic correlations in the left precuneus, right dorsolateral portion of the 

middle frontal gyrus, and bilateral motor and sensory areas with the BDI 

baseline score (Figure 9). The bilateral motor and sensory areas included the 

right premotor (superior frontal gyrus), primary somatosensory area 

(postcentral gyrus), and left primary and supplementary motor areas 

(paracentral lobule, medial frontal and precentral gyri). The positive 

correlation means that patients with a less depressive symptom before 

treatment showed reduced brain metabolism in those brain regions after tDCS. 

Brain regions showing negative correlations with BDI scores were the left 

fusiform and lingual gyrus and the adjacent cerebellum. The negative 

correlation means that patients with a less depressive symptom before 

treatment showed increased brain metabolism in those brain regions after 

tDCS 
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Figure 9. Brain regions showing correlations between observed metabolic changes following transcranial direct current stimulation and scores of 

Beck Depression Inventroy. Significant clusters are overlaid onto an MNI-152 brain template image. The warm color scale indicates a positive 

correlation and the cool color scale indicates a negative correlation. The labels of each slice indicate the z-coordinate for axial slices. L, left; R, right 

(98). 
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3.3. Discussion  

3.3.1. tDCS effect on brain regional metabolism: possible mechanisms of 

tDCS-induced pain relief 

To our knowledge, this is the first [18F]FDG-PET imaging study to evaluate 

the underlying neural mechanisms of tDCS effect on neuropathic pain 

following SCI. After active tDCS treatment, we found increased metabolism 

at sites of anodal stimulation, the right caudate and medulla. The left DLPFC 

showed decreased metabolism after active tDCS, which was negatively 

correlated with pain relief. Ohn et al (67) also found decreased activity in the 

DLPFC after rTMS sessions in patients with neuropathic pain after stroke. In 

this study, patients underwent rTMS sessions on the motor cortex for 5 days 

and after the stimulations, responders showed decreased activity in the 

DLPFC by noxious tactile stimulation compared to before rTMS sessions. 

The DLPFC and brainstem are the key regions of the top-down pain 

modulatory system (81, 92). In a study of experimentally induced allodynia, 

brain activation in the DLPFC showed a negative correlation with 

unpleasantness and perceived pain intensity, supposedly by inhibiting the 

neuronal coupling in the midbrain–thalamus (79). A recent rTMS study found 

that the left DLPFC stimulation was associated with reduced pain ratings 

during allodynia and signal changes in the medulla (81). In addition, it is well 

described that the prefrontal area is generally related to cognitive and 

attentional processing of painful stimuli (99, 100). Previous PET studies of 

patients with neuropathic pain receiving MCS also identified changes in these 

brain regions. Kishima et al (55) found decreased activity in the DLPFC 

during the early post-phase (20 minutes after MCS) and suggested that the 
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reduced activity in the DLPFC might reflect attenuation of attention to and 

perception of neuropathic pain. Garcia-Larrea et al (52, 56) identified 

activations in the brainstem during MCS as a part of descending inhibitory 

processes. From these results, we suggest that the analgesic effects of tDCS 

are mediated by descending pain modulatory system including DLPFC and 

medulla.  

Although we did not found changes of the precuneus in the analysis 

for the whole active tDCS patients, significant decreased metabolism in the 

precuneus was found in the analysis for responders, which also negatively 

correlated with pain relief. Recently, it has suggested that changes occur in the 

resting DMN in patients with chronic pain. In patients with chronic back pain, 

the precuneus showed reduction in deactivation during a simple visual 

attention task compared with controls (36). Cauda et al (101) found that the 

DMNs of patients suffering from diabetic pain displayed increased precuneus 

connectivity compared with those of the healthy controls. Overactivity in 

DMN is associated with excessive attention to internal state, which may be 

also associated with hypervigilence to pain and pain-related information that 

is a main clinical feature seen in many patients with chronic pain (92). These 

findings suggest that tDCS might contribute to pain relief by normalizing 

DMN function 

 

3.3.2. Additional brain metabolic changes associated with active tDCS 

Metabolic changes in the perigenual ACC (pACC) was showed negative 

correlations with pain relief. The ACC that is one of the key regions for pain 

modulation by cognitive and emotional processes (102) was a neurosurgical 

target for alleviating neuropathic pain (103). Cohen et al (104) found that 



 61

patients who underwent cingulotomy for the treatment of intractable pain had 

impaired attention and behavioral responsiveness. Thus, a focal lesion within 

the ACC might modulate the affective and attentional process for alleviating 

pain. From these findings, we could expect that the negative metabolic 

correlation with pain relief in the pACC may have a similar effect to 

cingulotomy.  

Additionally, the present study found increased metabolism of the left 

parahippocampus in nonresponders. The increased metabolism in the 

hippocampal area also found in the analysis of the whole active tDCS patients, 

but the increase was not significant compared to changes in sham tDCS group. 

The hippocampus is one of the crucial limbic areas involved in several 

functions that are impaired in neuropathic pain, such as anxiety, depression, 

learning, and memory (105, 106). Recent rTMS study for patients with 

fibromyalgia suggested that the hippocampus is the neural substrate for the 

improvement of quality of life after rTMS (107). In this study, patients with 

fibromyalgia underwent rTMS on M1 over 10 weeks and after that, active 

rTMS group had greater quality of life improvement than the sham 

stimulation group without effect on pain intensity, and the improvement was 

associated with a concomitant increased metabolism in the hippocampus. 

These results suggested that the hippocampal hypermetabolism by rTMS was 

associated with improvement of the emotional and cognitive dimension of 

pain rather than a direct effect on the pain perception. From these results, it 

could be suggested that the hippocampal hypermetabolism in nonresponders 

found in present study reflects the gap between emotional and cognitive 

changes and direct improvement of pain ratings after tDCS treatement. For 
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more detailed mechanisms of hippocampal changes, further studies for 

changes in emotional and cognitive dimensions are needed.  

 

3.3.3. Effect of baseline gray matter volume on metabolic changes by 

tDCS 

The baseline gray matter volume and metabolic changes in the left thalamus 

showed positive correlation. The thalamus is one of the main structures that 

receive projections from multiple ascending pain pathways; therefore, it could 

be involved in both sensory discriminative and affective-motivational 

components of pain (27).  Previous MCS studies suggested that the thalamus 

is a necessary step allowing pain relieving by MCS (52). Therefore, the 

positive correlation between metabolic changes by tDCS and gray matter 

volume in the left thalamus might suggest that the thalamus is important brain 

region for effective transmission of cortical excitability made by tDCS to 

other pain associated brain regions. However, we did not found changes in the 

thalamus after tDCS. In previous MCS studies, the thalamus activation 

appeared phasic and short lasting. The activation was reduced 30 min after 

MCS discontinuation (52), and overall activation during 35-min period of 

MCS and during 75-min period after discontinuation of MCS did not found 

thalamus activation (54). These results suggest that the role of the thalamus 

activation is a trigger for other cortical and subcortical activations. We 

investigated the changes in brain metabolism the day after end of tDCS 

session, the changes in thalamus might be averaged out or disappeared.   

 The negative correlations between metabolic change and the baseline 

gray matter volume in the precuneus and DLPFC support that these brain 

regions are important for pain modulation. The decreased metabolism in the 
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DLPFC and precuneus correlated with the degree of pain relief by tDCS. 

Moreover, the DLPFC showed decreased metabolism after active tDCS 

sessions. Relatively normal state of these brain regions could contribute to 

decreased pain perception through stabilizing of these regions.  

 

3.3.4. Effect of BDI on tDCS efficacy and metabolic changes 

The metabolic changes in the left precuneus and right DLPFC after active 

tDCS showed positive correlation with BDI scores at baseline. This positive 

correlation means that subjects with less depressive symptom before treatment 

showed reduced brain metabolism in those brain regions after tDCS. Mood is 

closely linked to pain perception, and motivation for treatment. Therefore, we 

cannot rule out the possibility that the changes in the left precuneus and right 

DLPFC might be associated with depressive symptoms. However, we did not 

find a significant correlation between tDCS efficacy and BDI scores at 

baseline, and the BDI scores were not correlated with the brain regions 

associated with possible mechanisms of tDCS-induced pain relief such as the 

left DLPFC, medulla, pACC. These findings suggest that the pain relief and 

brain metabolic changes following tDCS were not confounded by depression. 

 

3.3.5. Effect of tDCS on pain relief 

In the present study, patients with neuropathic pain following SCI showed a 

statistically significant decrease in pain ratings after the active tDCS treatment. 

However, clinically meaningful improvement was found in only 2 patients 

(20%) with reductions in pain intensity from baseline of more than 30% and 

who rated pain as markedly improved (‘much improved’ or ‘very much 

improved’). The intervention in our study was thus less effective than that in 
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the study by Fregni et al (64), who found a reduction of 50% or more in the 

visual analogue scale (VAS) for overall pain in 63% of patients with 

neuropathic pain following SCI. The reason behind this inconsistency does 

not appear to be related to the tDCS methodology, because we used 

essentially the same study protocol as described by Fregni et al (64). Two 

more recent tDCS studies, also using essentially the same protocol, failed to 

find any statistically significant reduction in overall pain intensity in patients 

with neuropathic pain following SCI (108, 109). Wrigley et al (108) suggested 

that the reason for lack of tDCS efficacy was the long injury duration of their 

patients (21.3 ± 13.8 years). They mentioned the possibility that central 

changes resulting from neuropathic SCI pain had become consolidated, so that 

tDCS could not modulate the central pain-related system. In the present study, 

however, the injury duration was 2.5 years on average, and was thus shorter 

than that of the participants in the study by Fregni et al (64). Therefore, we 

suggest that injury duration was not very likely to contribute to the lack of 

tDCS efficacy in this study. Soler et al (109), on the other hand, suggested 

that the analgesic effect of tDCS differed according to the subtype of 

spontaneous pain. In that study, paroxysmal pain was more reduced than 

continuous pain, and the pain relief lasted for 12 weeks after treatment. Fregni 

et al (64) also found that tDCS was more effective for paroxysmal pain than 

for continuous pain. One of the reasons for the apparently reduced effect of 

tDCS observed in the present study might be that we considered only overall 

pain, not the specific type of pain (e.g., paroxysmal or continuous).  

 Interestingly, all the responders had SCI at cervical level, but most 

nonresponders had SCI at thoracic level in the present study. I did not find 

any study investigated association between pain location and efficacy of brain 
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stimulation. In the previous study of Fregni et al (64) found opposite result 

from the present study that pain in the lower limbs and thoracic lesion were 

significantly associated with better outcome compared to pain in the upper 

limbs/back pain and cervical lesion. However, they did not discuss reason for 

the result. The result of present study could be coincident because this study 

had small sample size as well as showed opposite results from the previous 

study. However, it is possible the effect of tDCS differed by the pain location, 

so it should be investigated specifically in the future study.  

Recent studies demonstrated that tDCS combined with visual illusion 

reduced pain in SCI patients. The combined intervention led to a greater and 

more sustained analgesic effect than either intervention alone (109), and pain 

perception thresholds were increased in patients, who reported reduced 

ongoing pain after the combined intervention (110). The visual illusion can 

affect corticospinal excitability, and so it may have a synergistic effect with 

tDCS. These observations suggest that tDCS combined with other therapeutic 

approaches may, at least in part, overcome the limitations of indirect 

stimulation. 

 

3.4. Limitations and suggestions for further studies 

This sham-controlled tDCS study was not randomized. Subjects were 

assigned to the active or sham group according to years of enrollment. 

Although there were no significant group differences in demographic and 

clinical characteristic between the active and sham groups, an imbalance of 

confounding factors might have affected the results. Randomized studies are 

needed to replicate and refine our findings. Further, brain imaging studies 
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combining tDCS with sensory stimulation such as pain provocation could 

provide additional information on the mechanisms of the analgesic effect 

induced by tDCS (111, 112). 
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4. General discussion 

In this study, we investigated underlying neural mechanisms of neuropathic 

pain following SCI and of analgesic effect of tDCS. From these studies, first, 

we identified that the prefrontal area, including the DLPFC and medial frontal 

cortex, and the precuneus have the important role in disrupted pain 

modulation in neuropathic pain patients, and second, tDCS on M1 could 

relieve pain by control of these brain regions. The DLPFC is one of the main 

regions associated cognitive modulation of pain process. The atrophy in the 

DLPFC might be associated with excessive attention and awakening to pain 

and pain-related information that is a main clinical feature of neuropathic pain 

(92). Moreover, the abnormal DLPFC volume found study 1 showed negative 

correlation with metabolism in precuneus, one of the brain regions composed 

of DMN. Overactivity in DMN is associated with excessive attention to 

internal state, which might be associated with hypervigilance to pain in 

neuropathic pain patients. In study 2, the DLPFC and precuneus showed 

decreased metabolism after tDCS treatment, and the stabilizing of two regions 

correlated with pain relief by tDCS. These results suggest that the increased 

attention to the pain stimulation and painful state is important reason for 

chronic pain and tDCS could normalize the increased function. Moreover, the 

correlation between the DLPFC and precuneus suggest the possibility that the 

DLPFC modulate DMN.  

 Based on these results, we expect that tDCS on the DLPFC could be 

effective treatment strategy to patients with neuropathic pain following tDCS. 

Brighina et al (113) found significant decreased spontaneous pain induced by 

capsaicin after rTMS on left DLPFC. Taylor et al. (81) found that the left 
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DLPFC rTMS was associated with reduced pain ratings during allodynia and 

signal changes in the medulla.  Although these previous studies have 

suggested that the role of analgesic effect of the DLPFC rTMS, there are lack 

of studies of the DLPFC stimulation to patients with neuropathic pain. Further 

study using the DLPFC stimulation to patients with neuropathic pain would 

contribute to develop of new treatment strategy.  
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진 
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학과 뇌신경과학 공 

 

신경병증  통증  척 손상 자에게 발생하는 가장 요한 

  하나 , 다양한 약   에 한 료에도 불구하고 

증상이 는 경우는 드 다. 라  새 운 료 법  개발이 

필요하며, 신경병증  통증  신경학  특징  밝히는 것  이  

시작이  것이다. 특히 뇌  구조 , 능  변 를 통합  

이해하는 것이 요할 것이다. 근 난  신경병증  통증  료를 

한 새 운 료 법  경 개 직  자극이 그 효과를 

입증하고 있다. 하지만 한 커니즘  알  있지않아 그 용에 

한이 있다. 
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 본 연구에 는 16 명  척 손상 후 신경병증  손상  겪는 

자 , 10 명  상 인  상  FDG-PET 과 MRI 검사를 

실시하 다. Study 1 에 는 자  뇌  능 , 구조  변 를 

상인과 하고, 이 차이가  어떠한 상  갖는지를 

연구하 다. Study 2 에 는 자를 료군과 허 자극 군  나 어 

 10 일 동안 경 개 직  자극  실시 한 후 FDG-PET 상  다시 

얻어 경 개 직  자극에 한 뇌 당 사  변 를 하 다. 한 

료  회백질이 이러한 변  갖는 상  분 하 다. 

 Study 1 에  신경병증  통증 자에  감소  양쪽 

배외 엽  회백질  양과, 내  피질  감소  당 사를 

발견하 다. 각 상에  발견  차이는 다른 상  폴트 모드 

트워크를 구 하는 쐐 소엽과 상  보 다. Study 2 에 는 

경 개 직  자극 료군에  통계  통증 평가가 좋아지는 것  

발견하 다( 료 , 7.6 ± 0.5 ; 료 후, 5.9 ± 1.8; z = –2.410, p 

= 0.016). 연  증가  당 사  좌  배외 엽  감소  

당 사가 료군에  허 자극 군과 하여 하게 발견 었다. 

한, 배외  엽과 쐐 앞소엽  변 는 경 개 직  자극에 

한 통증  도  그 역  료  회백질  양과 상  

보 다.  

 이상  결과를 통해, 척 손상 후 신경병증  통증  겪는 

자에  인지 ,  과  통한 통증 조 과 이 손상 었 며, 

이러한 뇌  변 가 뇌  폴트 모드 트워크  상 이 있는 것  
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발견하 다. 한, 경 개 직  자극에 한 통증  효과는 이러한 

뇌 역  조 과 상  보 다. 이러한 결과를 바탕  추후 통증 

조  핵심 역인 배외  엽  상  한 경 개 직  

자극  료효과를 해 볼  있다. 

 

주요어: 신경병증  통증, 척  손상,  경 개 직  자극, FDG-

양 자방출단 , 자 공명 상, 배외  엽 

 

학번: 2009-30573 
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