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Abstract

:

In this study, we measured neuronal activation in the primary somatosensory area (S1) and Brodmann area 3 (BA3) using 3T functional magnetic resonance imaging (fMRI) while presenting a 250-Hz high-frequency vibrational stimulus to each of three phalanges (distal, intermediate, and proximal) of four fingers of the right hand (index, middle, ring, and little). We compared the nerve activation area between each finger and each phalange. Ten healthy male college students (26.6 ± 2.5 years old) participated in this study. One session consisted of three blocks: a rest (30 s), stimulation (30 s), and response phase (9 s). In the rest phase, the vibrational stimulus was not presented. In the stimulation phase, the vibrational stimulation was presented at any one of the three phalanges of the selected finger. In the response phase, subjects were instructed to press a button corresponding to the phalange that they thought had received the vibration. The subtraction method was used to extract the activation area. The activation area in the S1 was the largest when the little finger was stimulated (for the finger comparison), and largest when the second phalange was stimulated (for the phalange comparison). The BA3 showed similar trends, and there was no statistically significant difference.
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1. Introduction


Several studies have used functional magnetic resonance imaging (fMRI), electroencephalogram (EEG), and magnetoencephalogram (MEG) to investigate the level of nerve activation in regions that respond to vibrations, such as the primary somatosensory area (S1) and Brodmann area 3 (BA3). A considerable degree of activation has been noted in these areas after stimulation with low-frequency vibration (<80 Hz), particularly in Meissner’s corpuscle. Some studies have also compared the degree of activation on applying low-frequency vibration stimulation to the first phalange of a given finger [1,2,3,4,5,6,7,8]. It was reported that the activation area of the little finger was larger than that of other fingers, and that the activation area of the index finger was larger than that of the middle and ring fingers. In addition, several studies have compared the level of brain activation in response to low-frequency vibration stimulation applied to the first phalange of all five fingers [9,10,11,12,13]. In these studies, from the analysis of peak coordinates for the activation area, the distance increased in radial form for each finger based on the distal phalanx (P1) of the thumb. The distance between the distal phalanx (P1) of the thumb and P1 of the little finger was the largest. From these results, it was derived that the activation distance corresponding to each finger could be observed. One study compared the level of activation by presenting vibration stimulation to all phalanges of all five fingers [14]. In these studies, peak coordinates at BA3 were formed in the order of index finger, middle finger, and hand finger in the lateral to medial direction and inferior to superior direction for each finger. For each phalanx, it was reported that the peak coordinates in BA3 appeared only in the index and handhelds in the order of P1, intermediate (P2), and proximal (P3) in the anterior to posterior direction. Thus, several studies have reported the characteristics of neuronal activation in the S1 and BA3 regions in response to low-frequency vibration stimulation on all fingers and phalanges. The difference in the number of voxels in the activated somatosensory area according to the vibration stimulation is used in most tactile studies because it allows visually intuitive expression and quantitative analysis of the position, area, and size of the activation for each finger and phalanx.



Studies have been also conducted to observe the level of neural activation in the S1 and BA3 areas when the fingers are presented with high-frequency (>100 Hz) vibrational stimuli sensitive to the Pacinian corpuscle. Namely, one study compared activation characteristics of these areas when presenting the high-frequency vibration stimulus to all phalanges of the index finger [15], and another study compared the degree of activation when applying the high-frequency vibration stimulus to the first phalange of the index finger and the little finger [16]. In these previous studies, the activation area of the little finger was larger than that of other fingers, and the activation area of the second finger was larger than that of the first and third nodes. For each finger, peak coordinates at BA3 were formed in the order of index finger, middle finger, ring finger, and hand finger in the lateral to medial direction. For each phalange, peak coordinates were shown in BA3 from anterior to posterior and inferior to superior in the order of P1, P2, and P3 for all fingers. Compared with a low-frequency vibration stimulus, studies using high-frequency vibration stimulation have only been conducted on a specific finger or phalange; thus, there is a need for more research on the effects of high-frequency vibration stimulation on various fingers and phalanges.



In tactile studies, BA3 is referred to as the primary somatosensory cortex, and it has been reported that it is activated by most tactile stimuli such as vibration and pressure stimulation [17,18]. It has been reported that BA2 is mainly activated by pressure sensation, joint position, and complex touch, while BA1 is reported to have a response mainly to vibrating touch [17,18]. Therefore, in this study, the region of interest (ROI) analysis was performed by selecting BA3, which responds predominantly to vibrational stimuli and can observe a distinct activation pattern. Additionally, in previous studies, when presenting the vibration stimulus the somatosensory area was not divided into sub-areas of BA1, 2, and 3, and the results for the entire area (S1) were extracted. Thus, in this study, for direct comparison with previous studies, the activation area for S1 was extracted. To this aim, we investigated the level of neural activation upon high-frequency vibration stimulation in a number of fingers and phalanges. First, high-frequency vibration (250 Hz), which is known to stimulate the Pacinian corpuscle, was administered to three phalanges (distal, intermediate, and proximal) on four fingers (index, middle, ring, and little) of the right hand. The resulting neuronal activation in the S1 and BA3 regions was measured using fMRI. Second, the activation area of each finger and each phalange was compared.




2. Materials and Methods


2.1. Subjects


Ten healthy male college students (mean age = 26.6 ± 2.5 years) participated in this study. All subjects were right-handed as evaluated by the revised Edinburgh test [19]. No subjects had a history of psychiatric or neurological disorders or brain damage. Detailed experimental procedures were explained to all subjects before initiating the study, and subjects were only permitted to participate after they had completely understood these. The protocol for the research project was approved by the Institutional Review Committee of Konkuk University and the study conforms to the provisions of the Declaration of Helsinki. All experimental procedures were approved by and performed under the regulations of the Institutional Review Committee of Korea University (KU-IRB-11-46-A-1).




2.2. MR-Compatible Vibrotactile Stimulator


Vibration stimulation was applied using an MR-compatible vibrotactile stimulator developed by our team [20]. This device generates vibrations by using the current flowing in the static magnetic field of the MR scanner (B0) and in the planar coil. It can stimulate an area of 1 × 1 cm2 and weighs 11 g. The stimulation parameter was controlled using E-Prime S/W (Psychology Software Tools, Inc., Sharpsburg, PA, USA). The MR scanner and MR-compatible vibrotactile stimulator were synchronized using a trigger signal from the LPT-1 printer port of the computer onto which the E-Prime software had been installed [20]. Brain images were acquired while applying the constant high-frequency vibration stimulation (250 Hz; intensity = 8 psi) to the three phalanges (distal (P1), intermediate (P2), and proximal (P3) phalanx) of four fingers (index, middle, ring, and little) of the right hand. During the experiment, the entire hand was placed on the acrylic supporter and the sandbag was placed under the palm so that the stimulation location did not change and the hand was kept in a comfortable state (Figure 1).




2.3. Experimental Design


Three vibrotactile stimulators were attached to three phalanges (P1, P2, and P3) of a randomly selected finger (index, middle, ring, or little finger) of the right hand before starting the experiment. One session comprised three blocks (Figure 2), each of which included a rest (30 s), stimulation (30 s), and response phase (9 s). During the rest phase, subjects were asked to sit comfortably with their eyes closed, and did not receive any vibration stimulus. In the stimulation phase, subjects received 30 s of vibration stimulation to one of the randomly selected phalanges (P1, P2, or P3) on a specific finger (index, middle, ring, or little). Since there were three stimulation phases per session, all three phalanges could be sequentially stimulated. During the response phase, a response button was placed in the subjects’ left hand and they were asked to press the button corresponding to the phalange that had been stimulated. This was to confirm whether the subject had correctly identified the stimulated location. This session was repeated three times for each of the selected fingers, during which all three phalanges of the selected finger were stimulated three times each. This procedure was repeated for the remaining three fingers. The order of finger/phalange stimulation was counterbalanced to prevent repetitive effect and carryover effect; additionally, there was a 5-min break between sessions. With three sessions per finger, all participants completed a total of 12 sessions (3 sessions/finger × 4 fingers = 12 sessions). According to the subjects’ responses, which were recorded in the response phase, functional images of the eight subjects (age = 26.6 ± 2.9 years) that demonstrated a 100% correct response rate were analyzed.




2.4. Image Acquisition


Brain imaging was performed using a 3T MRI system (Magnetom TrioTim, Siemens Medical Systems, Erlangen, Germany) at Korea University Brain Imaging Center. Anatomical images were obtained using a T1-weighted 3D MPRAGE sequence with the following parameters: repetition time (TR) = 1900 ms, echo time (TE) = 2.48 ms, flip angle = 9°, field of view (FOV) = 200 mm, and spatial resolution = 0.8 × 0.8 × 1 mm3. Functional images were recorded with the T2-weighted gradient echo-planar imaging sequence with the following parameters: TR = 3000 ms, TE = 30 ms, flip angle = 90°, FOV = 192 mm, slice thickness = 2 mm, and in-plane resolution = 1.5 × 1.5 mm2. To exclude any auditory and visual factors, all subjects were provided with headsets and their eyes were closed during the experiment. The subjects were also asked to minimize hand and head movements.




2.5. Image Analysis


The fMRI data were analyzed using SPM 8 (Wellcome Department of Cognitive Neurology, London, UK). All functional images were aligned with the anatomical images obtained during the study using transformation routines that were built into SPM 8. The realigned scans were co-registered to each participant’s anatomical images obtained within each session and normalized to the template image obtained by SPM 8, which used the space defined by the Montreal Neurologic Institute. Motion correction was implemented using Sinc interpolation. Time-series data were filtered with a 240-s high-pass filter to remove artifacts associated with cardiorespiratory and other cyclical influences. The functional map was subsequently smoothed with a 3-mm isotropic Gaussian kernel prior to statistical analysis. Statistical analysis was done both individually and as a group using a general linear model and the Gaussian random field theory, which were implemented in SPM 8 [21]. Statistical parametric maps were computed using the t-statistic. Comparisons made within individual subjects were considered as significant at a threshold of p < 0.05 and were corrected for multiple comparisons. We used random effect analysis to compute group activation.



Region of interest (ROI) analysis was applied to specifically observe the activated regions of the S1 and BA3 in the left hemisphere of the activated area of the brain. The PICKATLAS Tool of the Wake Forest University PickAtlas 3.0 S/W was used for ROI masking of each region [22]. The subtraction method (stimulation phase–rest phase) was used to estimate the area of activation of the S1 and BA3 regions after administering the vibration stimulation in each finger and phalange [23]. Among the SPM analysis tools, the number of activated voxels for each finger and joint was extracted for each subject using small volume correction (SVC). In addition, images acquired for each experimental phase were averaged to increase the spatial resolution. The area of activation was calculated by counting the number of activated voxels and multiplying it by the in-plane resolution of 1.5 × 1.5 mm2.




2.6. Statistical Analysis


Statistical analysis was performed using PASW statistics 18 (IBM Corporation) to determine the presence or absence of statistically significant differences in the activated area in the S1 and BA3 regions after vibration stimulation. A two-way repeated measures ANOVA was performed with finger (index, middle, ring, and little) and phalange (P1, P2, and P3) as independent variables. Bonferroni analysis, a form of pairwise analysis, was also used to identify significant differences in the measured area activated by the stimulation.





3. Results


3.1. Behavioral Data


Functional imaging data from the eight participants who demonstrated a 100% correct response rate were used. The correct answer rates of the other two subjects were 94.4% and 97.2%, respectively.




3.2. Activation Area


The neural activation resulting from the vibration stimuli are shown for each finger and phalange in Figure 3, and the area of activation in the S1 and BA3 (mm2) is shown in Table 1.



As shown in Table 2, for the S1, the two-way ANOVA revealed a significant difference in the activation area between the four fingers (p < 0.001) and between the three phalanges (p < 0.001). Bonferroni tests showed that the areas of activation of the index finger (p = 0.049), middle finger (p = 0.004), and ring finger (p = 0.001) were significantly smaller than that of the little finger (Figure 4). There were no other significant differences. Bonferroni tests for each phalange showed that the activation areas of the first (p < 0.001) and the third (p < 0.001) phalange were significantly smaller than those of the second phalange (Figure 5). For BA3, the little finger and the second phalange had the largest area of activation (Table 1), but there were no significant differences between the four phalanges (Table 2).





4. Discussion


This study used fMRI to analyze the difference in the area of activation in the S1 and BA3 regions when the three phalanges of the right four fingers were stimulated with 250 Hz of high-frequency vibration. In the S1 region, stimulation of the little finger and the second node resulted in the largest area of activation. The BA3 region showed similar trends to that of the S1 region, but there were no significant differences.



Several studies have reported the brain activation associated with low-frequency vibration stimulation of each finger; the highest levels of activation have frequently been found in the S1 and BA3 regions on stimulation of the index finger [2,6,9,12,16], and a few studies have reported similar results after stimulation of the little finger [1,7]. Generally, the greatest level of activation has been reported to occur for stimulation of the index finger, which has a large distribution of sensory receptors. However, many studies have reported that a smaller finger size corresponds to a denser arrangement of sensory receptors. This could be one reason for the greater activation seen when stimulating the little finger [24]. In this study, the highest level of activation was observed in the little finger following a high-frequency vibration stimulus. Although there is a need for further research, the results reported in this study may also be elucidated with the reason previously given in cases of low-frequency stimulus [24].



Several studies have compared the level of activation in the S1 and the BA3 regions after stimulation between each phalange [7,14,15,25]. Many previous studies have demonstrated that the highest degree of activation occurs after low-frequency vibration stimulation to the first phalange; this may be because the first node contains a large number of Meissner’s corpuscles that are sensitive to low-frequency stimuli [26]. However, in the present study, the largest area of activation was observed when the second phalange was stimulated with a high-frequency vibration stimulus. Pacinian corpuscles, which are sensitive to high-frequency vibration stimuli, are known to have a much larger receptive field than Meissner’s corpuscles [27,28,29]. Considering this, even after stimulating the second phalange, the receptors of the adjacent regions (either the first or the third phalanges) may have also been stimulated due to their large receptive field, subsequently leading to a large area of activation. That is, it is thought that more receptors are recruited when stimulating the second phalange compared to the first and third phalanges. However, further research needs to confirm this interpretation.



Although there was no significant difference, the order of activation area sizes in the BA3 region was similar to that of the S1. This is attributed to the low signal-to-noise ratio of the acquired brain images: BA3 has a smaller absolute area and a smaller activation area than S1. Further experimental or validation studies are necessary.




5. Conclusions


This study compared the area of brain activation after the presentation of high-frequency vibration stimuli to three phalanges of the four right fingers. Our results provide basic data for neuroscience research related to tactile sensation. The limitations of this study and future studies are described below. Since the TR for image acquisition was 3 s, detailed activation analysis according to temporal change in time series aspect could not be performed. Additionally, in this paper, an experiment was performed on only one high-frequency vibration stimulation of 250 Hz. Of course, brain activation was confirmed in S1 and BA3, but it is insufficient to analyze the neurological connectivity between digit-specific brain areas and mechanoreceptors. For this, first, an additional experiment using various low and high frequencies in the range that humans can perceive is required. Second, by performing BOLD response analysis, detailed analysis of BA1, 2, 3a, 3b, S1, and S2 for vibration stimulation should be performed. Third, a comparative study on the actual feeling of the subject in response to the vibration stimulation is also needed. Fourth, in terms of neurophysiology and neurology, comparative studies on rapidly adapting (RA) and slowly adapting (SA) will be needed.
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Figure 1. MR-compatible vibrotactile stimulator. (a) Conceptual diagram of operation; (b) actual view of stimulator (sandbag is under the hand). 
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Figure 2. Experimental design. 
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Figure 3. Areas activated after applying high-frequency vibration stimulation to each of the three phalanges of the four fingers of the right hand (group analysis, corrected p < 0.05). 
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Figure 4. Difference in the area of activation by finger in the S1 region. 
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Figure 5. Difference in area of activation by phalange in the S1 region. 
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Table 1. Activated area (mm2) in the primary somatosensory area (S1) and Brodmann area 3 (BA3) regions after applying high-frequency vibration stimulation to each of the three phalanges on the four fingers of the right hand.
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P1

	
P2

	
P3

	
Mean ± S.D






	
S1

	
Index

	
39.50 ± 15.45

	
244.00 ± 103.06

	
53.25 ± 14.97

	
112.25 ± 114.31




	
Middle

	
52.00 ± 35.93

	
175.62 ± 98.71

	
117.25 ± 27.39

	
114.96 ± 61.85




	
Ring

	
95.87 ± 36.09

	
98.37 ± 49.76

	
79.00 ± 42.97

	
91.08 ± 10.54




	
Little

	
141.13 ± 40.53

	
286.37 ± 55.73

	
136.75 ± 64.62

	
188.08 ± 85.15




	
Mean ± S.D

	
82.13 ± 46.17

	
201.09 ± 82.29

	
96.56 ± 37.54

	




	
BA3

	
Index

	
32.13 ± 16.15

	
71.37 ± 77.36

	
47.63 ± 31.65

	
50.38 ± 19.77




	
Middle

	
50.75 ± 42.73

	
53.75 ± 50.06

	
35.75 ± 20.06

	
46.75 ± 9.64




	
Ring

	
61.63 ± 70.43

	
78.88 ± 65.68

	
76.63 ± 68.26

	
72.38 ± 9.38




	
Little

	
67.88 ± 51.20

	
128.88 ± 134.80

	
80.75 ± 73.57

	
91.83 ± 31.02




	
Mean ± S.D

	
53.09 ± 15.67

	
82.72 ± 31.26

	
60.19 ± 21.97
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Table 2. Two-way ANOVA results of the area of activation in the S1 and BA3 regions after applying high-frequency vibration stimulation to each of the three phalanges of the four fingers of the right hand.
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Source

	
Type III Sum of Squares

	
Df

	
Mean Square

	
F

	
p






	
S1

	
Finger

	
129,194.031

	
2.109

	
61,272.073

	
13.096

	
<0.001




	
Phalanx

	
269,747.063

	
1.611

	
167,458.047

	
73.727

	
<0.001




	
Finger × Phalanx

	
118,290.188

	
2.638

	
44,844.617

	
6.581

	
0.004




	
BA3

	
Finger

	
31,702.250

	
1.912

	
16,577.621

	
2.731

	
0.103




	
Phalanx

	
15,313.271

	
1.646

	
9302.547

	
1.312

	
0.299




	
Finger × Phalanx

	
9232.813

	
2.688

	
3434.840

	
0.668

	
0.566
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