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Introduction
Clinical practice demands good coordination between 
perception and motor skills [1, 2]. In dental education, 
improving fine motor skills is the major goal of the train-
ing of dental students [3], and standardized tests have 
been used for assessing students’ perceptual ability and 
psychomotor skills [4, 5, 6]. Manual dexterity, i.e., the 
skilled ability to make precise and flexible hand/finger 
movement [7], has been highlighted in dental skill train-
ing. Cumulating evidence has suggested that clinical 
skill training was related to the improvement of manual 
dexterity [1, 2, 8] and the performance of psychomotor 
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Abstract
Background Manual dexterity is key to clinical skill training. The networking between sensorimotor and visual-
attention functions may be associated with the expertise of dental students. The study aims to investigate the 
pattern of networking between sensorimotor and visual-attention functions and related resting-state (rs) functional 
connectivity (FC).

Methods Twenty-six dental and 19 non-dental students completed visual-attention tests and psychomotor tests for 
manual dexterity and steadiness. Thirty participants also received structural and rs-functional magnetic resonance 
imaging.

Results Compared to non-dental students, dental students showed increased networking in performance between 
visual-attention tests and manual dexterity, increased rsFC between bilateral sensorimotor network (SMN) and the left 
middle frontal gyrus, and decreased rsFC between bilateral SMN and the left posterior insula. Better performance of 
manual dexterity was associated with increased rsFC between the left SMN and the right supramarginal gyrus.

Conclusions Dental skill training is associated with the networking of sensorimotor and visual-attention functions 
and coupled with increased rsFC of the SMN. In dental students, better manual dexterity is associated with the 
functional connectivity of the SMN.
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tests was related to class performance [2, 4]. However, 
three key questions have remained unanswered: (a) How 
do other mental functions related to fine motor skills, 
e.g., visual attention and hand steadiness, network with 
manual dexterity? (b) Is the pattern of mental function 
networking associated with experience in clinical skill 
training? (c) What are the brain structural and functional 
features associated with the mental functions of clinical 
skill training?

In dental skill training, psychomotor tests are used to 
assess the ability of manual dexterity of fingers or using 
a tweezer, which plays a key role in manipulating dental 
instruments [1, 2, 9]. Notably, manual dexterity is associ-
ated with not only musculoskeletal features but also com-
plex sensorimotor and visual-attention processing [7, 10]. 
For example, in dental students, abnormal stereoacuity 
was related to the worse performance of tooth prepara-
tion in dental students [11], and finger force generation 
was related to the posture of clinical practice [12]. In 
medical students, alertness and divided attention were 
associated with the performance of manual dexterity 
tests [13]. To investigate the networking between men-
tal functions, a widely adopted strategy is to examine the 
pattern of cross-variable associations using network anal-
ysis [14]. For example, the pattern of networking between 
motor and cognitive factors was associated with the men-
tal health of children [15], cognitive impairment [16], and 
the age-related difference in fine motor movement [17]. 
A network analysis may reveal the pattern of networking 
between mental functions, including visual attention, ste-
reoacuity, hand steadiness, finger and tweezer dexterity, 
and finger force generation.

Recent neuroimaging evidence has suggested that the 
development of expertise, which requires training in 
perceptual and motor skills, such as musicians and sur-
geons, is associated with the sensorimotor network [18, 
19, 20]. Furthermore, manual dexterity and force genera-
tion were associated with attention control, and the cou-
pling between motor and visual attention was associated 
with the salience network [10]. Cumulating neuroimag-
ing evidence has revealed the coupling between motor, 
cognitive, and sensory (including vision and propriocep-
tion) functions plays a key role in manual dexterity [7]. 
Therefore, if the pattern of mental function networking 
is associated with clinical skill training, such behavioral 
differences are associated with individual brain features, 
including the sensorimotor and salience networks.

At present, there have been studies investigating the 
performance of dental students in assessments of manual 
dexterity and the majority of the studies focused on the 
difference in testing performance between dental and 
non-dental professionals or different stages of dental 
training [1, 2, 4]. However, the association between per-
formances from different assessments, which reflects the 

networking of mental functions, has remained unclear. 
Furthermore, the brain features associated with training 
in fine motor skills, e.g., playing musical instruments and 
painting, have been widely reported [21, 22]. However, 
the brain features related to dental skill training have not 
been systematically investigated.

This study aims to test the following hypotheses by 
investigating the pattern of mental function network-
ing and related brain functional and structural features, 
focusing on the dental students, who received training in 
manual dexterity.

1. Do dental and non-dental students show a different 
pattern of networking between the sensorimotor and 
visual-attention functions? – The study tested the 
hypothesis that in dental students, there is increased 
networking between the performance of manual 
dexterity and visual-attention tests, compared to 
non-dental students.

2. Do dental and non-dental students show a different 
pattern of resting-state functional connectivity 
(rsFC) or difference in regional gray/white matter 
volume? – The study tested the hypothesis that 
dental students and non-dental students differ in the 
rsFC or gray/white matter volume of the sensorimotor 
and salience networks.

3. Is individual rsFC associated with the performance 
of manual dexterity tests in dental students? – 
The study tested the hypothesis that rsFC of the 
sensorimotor network and the salience networks are 
significantly correlated with manual dexterity in 
dental but not in non-dental students.

Materials and methods
Participants
Undergraduate students in their third to sixth year of 
study were recruited via an advertisement circulated on 
the university campus. The inclusion criteria for subject 
recruitment are: (a) able to conduct the written informed 
consent procedure independently, (b) aged between 
20 and 35 years, and (c) a third-year (or above) student 
studying at National Yang Ming Chiao Tung University. 
The exclusion criteria are: (a) having a history of major 
neurological diseases, (b) having a history of major psy-
chiatric diseases, (c) limited hand movement due to dis-
eases or medical treatment, (d) limited visual function 
due to diseases or medical treatment, (e) having a history 
of brain injury of receiving cranial surgery, (f ) unable to 
receive magnetic resonance imaging (MRI) scan due to 
metal implant installed, and (g) unable to receive MRI 
scan due to emotional disturbance about the context of 
scanning. The study has been approved by the Institu-
tional Review Board (IRB) of National Yang Ming Chiao 
Tung University (IRB code: NYCU111187AE).
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Study design
The participants were categorized into two groups: (a) 
the Dental group, consisting of undergraduate students 
for a DDS program in the Department of Dentistry, and 
(b) the Non-Dental group, consisting of undergraduate 
students from other health-related departments, includ-
ing medicine, nursing, physical therapy, and pharmacol-
ogy. Notably, the participants from the Dental group all 
have completed at least one of the courses of dental skill 
training, including tooth carving in Dental Morphology 
(the third year), using a dental handpiece in Restorative 
Dentistry (the fourth year), and tooth preparation in 
Fixed Prosthodontics (the fifth year). None of the par-
ticipants in the Non-Dental group has received these 
courses. All the participants completed the same set of 
sensorimotor and visual-attention tests under standard-
ized settings (Table 1) and were invited for resting-state 
functional magnetic resonance imaging (MRI) and struc-
tural MRI scans.

The sample size of this study was estimated based on a 
statistical power analysis, using G*Power ver. 3.1.9.4 [23]. 
We referred to the previous findings on the difference 
between the Purdue Pegboard Test using the dominant 
hand and the same test using the non-dominant hand, 
in dental students receiving skill training [2]. The effect 
size was calculated according to the published results 
(Lugassy et al., S3 Appendix [2]). A Wilcoxon signed-rank 
test was conducted to examine the difference between 
these two conditions due to the non-normal distribution 
of our scores (see 3. Results). The minimal sample size 
was estimated with Type I and Type II errors controlled 
at alpha = 0.05 and beta = 0.1, respectively. Based on the 
settings, at least 18 participants were required.

Sensorimotor and visual-attention tests
The participants were asked to complete three visual-
cognitive tests and five sensorimotor tests with a fixed 
sequence, as listed in Table  1. The visual-attention tests 
are the Visual Search Task (VST), the Sustained Atten-
tion Response Task (SART), and the Random Dot 2 Ste-
reo Acuity Test (SAT) [24]. The sensorimotor tests are 
the Hand Steadiness Test-Groove Type (HST-G) as well 
as Hole Type (HST-H), the O’Connor Tweezer Dexter-
ity Test (TDT), the Purdue Pegboard Test (PPT), and an 
assessment of finger pinch force (FPF). All the tests were 
conducted under the instruction of the same researcher 
with standardized instruments (Table  1). The SART 
assessment was performed using the online toolbox Psy-
Toolkit (v. 3.4.4) [25, 26]. The HST-G, HST-H, TDT, and 
PPT were conducted using standardized test devices 
(Lafayette Instrument, Lafayette, U.S.A.). SAT, HST, 
TDT, PPT, FPF were conducted based on standard proto-
cols according to the instructions from the official manu-
als provided by the manufacturers.

Notably, some tests consisted of different variations 
and score items. Three variations of the VST were con-
ducted for increasing difficulty: a simple VST (VST-S) 
with fewer distractors, a complex VST (VST-C) with 
more distractors, and a VST with background distraction 
(VST-B) that mimics the background of human tissue. 
Three score items were collected for the SART: the accu-
racy for Go trials (SART-G), the accuracy for NoGo trials 
(SART-NG), and the total accuracy (SART-T) [27]. Four 
variations of the PPT were conducted: the performance 
for the dominant hand (PPT-D), the non-dominant hand 
(PPT-ND), two hands (PPT-2), and a test of assembling 
tools (PPT-A) [2, 9]. Two score items were collected for 
the FPF, respectively, for the dominant hand (FPF-D) and 
the non-dominant hand (FPF-ND). Additionally, we cal-
culated two derivative indices:

(A) The index ΔTDT denoted the gain of speed during 
the TDT. The overall process of the TDT, i.e., to 
complete inserting 100 pins, was evenly split into five 
batches (e.g., inserting the first 20 pins, inserting pins 
#21 to #40, and inserting the pins (#41 to #60, etc.). 
Among the five batches, the maximal and minimal 
time to complete was selected, and ΔTDT = (the 
maximal time - the minimal time) / Total TDT time.

(B) The index ΔPPT denoted the relative difference in 
performance between dominant and non-dominant 
hands, i.e., ΔPPT = (PPT-D - PPT-ND) / PPT-ND.

In total, 18 test variables were collected (Table  2) and 
analyzed for the following analysis.

Acquisition of imaging data
Thirty participants also received structural and rest-
ing-state functional MRI. All MRI scans were con-
ducted at the 3 T MRI Laboratory of National Yang 
Ming Chiao Tung University with a 3 Tesla Siemens 
MRI scanner (Siemens Magnetom Tim Trio). A rest-
ing-state functional MRI was acquired using a gradient 
echo planar imaging T2* weighted sequence with the 
following parameters: repetition time ([TR] ) = 2000 
ms, echo time ([TE]) = 20 ms, matrix size = 64 × 64 × 40, 
voxel size = 3.4 × 3.4 × 3.4  mm3. The participants were 
asked to relax, open their eyes, and fix their sight on 
a crosshair shown on a screen during scanning, which 
lasted for six minutes. T1-weighted MRI was acquired 
with a 32-channel head coil using the magnetization-
prepared rapid gradient-echo (MPRAGE) sequence 
([TR] = 2530 ms, [TE] = 3.03 ms, flip angle = 7°, matrix 
size = 256 × 256 × 192, voxel size = 1 × 1 × 1 mm3).

Pre-processing of imaging data
Analyses of seed-based connectivity (SBC) and 
voxel-based morphometry (VBM) were conducted, 
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respectively, to assess the difference in functional and 
structural brain features between the Dental and the 
Non-Dental groups. The SBC analyses were conducted 
using the default procedure of the CONN toolbox [28] 
based on Statistical Parametric Mapping (SPM12) 
(Wellcome Department of Cognitive Neurology, U.K.). 
The following pre-processing steps were conducted:

(A) slice-timing correction,
(B) realignment of the images and estimation of head 

motion,
(C) image registration to the Montreal Neurologic 

Institute (MNI) template,
(D) outlier detection using artifact detection tools [28],

Table 1 Summary of the sensorimotor and visual-attention tests in the study
Mental 
functions

Name Procedure Scoring

Visual 
search

Visual search task (VST) Participants are asked to visually search the location of a grey circle 
(i.e., the target) surrounded by distractors (see below) and point to its 
location on a computer screen. Each of the following tests consists of 
three trials.

Simple (VST-S) Distractors consisting of 16 grey squares and 16 black circles The time (sec) to correctly point to 
the targetComplex (VST-C) Distractors consisting of 32 grey squares and 32 black circles

Background (VST-B) Same as VST-C but the background is filled with mesh dots
Sustained 
attention

Sustained attention to 
response task (SART)

Participants are asked to respond to a series of 120 numbers (1–9) 
sequentially displayed on a computer screen by pressing ‘space’, except 
for the number ‘3’, upon which they need to halt pressing.Accuracy of ‘Go’ trials 

(SART-G)
The proportion of correct response 
(i.e., to press ‘space’ upon the pres-
ence of numbers (1–2, 4–9)

Accuracy of ‘NoGo’ trials 
(SART-NG)

The proportion of correct response 
(i.e., to halt pressing ‘space’) upon 
the presence of number ‘3’

Accuracy of all trials 
(SART-T)

The proportion of correct response 
for both Go and NoGo trials

Stereopsis Random Dot 2 Stereo 
Acuity Test (SAT)

Participants are asked to wear a pair of polaroid glasses and look at 12 
sets of random dots pictures sequentially. The 12 sets differ in visual 
disparities from 400 to 12.5 s arc. Each set consists of three pictures and 
participants need to correctly identify the one showing stereoscopic 
form.

The number of sets that one can 
identify a stereoscopic form

Hand 
steadiness

Hand Steadiness Test 
(HST)

Participants are asked to manipulate a metal stylus without touching 
the surrounding metal sides.

Groove-Type (HST-G) Moving a stylus along a gradually narrowing groove (25 cm) The time (sec) to complete moving 
through the groove successfully

Hole-Type (HST-H) Inserting the metal stylus into a set of holes in gradually smaller hole 
sizes sequentially

The number of holes to insert 
successfully

Manual 
(tweezer) 
dexterity†

O’Connor Tweezer Dex-
terity Test (TDT)

Participants are asked to insert pins in a testing board of 100 holes (10 
rows X 10 columns) sequentially using a tweezer.

The total time (sec) to complete 
inserting 100 pins

Manual 
(finger) 
dexterity

Purdue Pegboard 
Test (PPT)

Participants are asked to insert a pin into a hole of the pegboard 
sequentially as fast as possible.

Dominant hand (PPT-D) Inserting the pins using the dominant hand within 30 s The number of pins inserted 
successfullyNon-dominant hand 

(PPT-ND)
Inserting the pins using the non-dominant hand within 30 s

Both hands (PPT-2) Inserting the pins using both hands within 30 s
Assembly (PPT-A) Assembling a pin, a collar, and two washers into a set, using both 

hands, within 60 s
The number of pieces (pin, collar, 
or washer) assembled successfully

Finger force 
generation

Finger pinch force (FPF) Participants are asked to hold the pinch force tester and press the test-
ing button using the thumb with maximal force repeatedly until the 
maximal force is reached.

Dominant hand (FPF-D) Holding the tester and pressing using the dominant hand The maximal force (kg) is recorded 
as the maximal performance in 
consecutive tests

Non-dominant hand 
(FPF-ND)

Holding the tester and pressing using the non-dominant hand

†The overall performance of the TDT is the time to complete inserting 100 pins. Additionally, to evaluate the speed for inserting pins, the time intervals for the 
following conditions were collected separately: the time to complete the first 20 pins, the time to complete the second 20 pins (i.e., #21 to #40), the time to complete 
the third 20 pins (i.e., #41 to #60), the time to complete the fourth 20 pins (i.e., #61 to #80), and the time to complete the last 20 pins (i.e., #81 to #100)
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(E) spatial smoothing with a Gaussian kernel of 8 mm 
full-width-half-maximum (FWHM),

(F) correction for physiological noise using the a 
CompCor method [29], and.

(G) signals filtered by bandpass frequency between 
0.008 Hz and 0.09 Hz.

Individually, the SBC maps of the following seed 
regions were constructed: the bilateral sensorimotor 

network (SMN) and the bilateral anterior insula (AIns) 
of the salience network [28].

The VBM analyses were conducted using the default 
procedure of the Computational Anatomy Toolbox 
(CAT12) [30] based on SPM12, including the segmen-
tation of gray and white matter areas using the tissue 
probability maps of SPM12, registration to the MNI 
template, and spatial smoothing with a Gaussian ker-
nel of 8 mm FWHM.

Table 2 Results of descriptive analyses of tests
Non-Dental
(n = 19)

Mean Median SD MIN MAX IQR Normality†

VST-S 4.7 4.6 1.0 3.3 6.7 1.5 0.12
VST-C 5.9 5.6 1.6 3.5 10.1 1.8 0.22
VST-B 5.7 5.4 1.5 4.1 9.3 1.8 0.00
SART-NG 0.78 0.82 0.18 0.23 1.00 0.14 0.00
SART-G 1.00 1.00 0.00 0.99 1.00 0.00 0.00
SART-T 0.98 0.98 0.02 0.91 1.00 0.00 0.00
SAT 6.5 7.0 2.1 3.0 10.0 4.0 0.11
TDT 315 312 46 232 401 47 0.71
ΔTDT 0.06 0.06 0.02 0.02 0.12 0.03 0.40
HST-H 5.0 5.0 1.1 3.0 7.0 2.0 0.08
HST-G 8.4 7.0 4.2 3.0 18.0 4.0 0.02
PPT-D 16.5 17.0 1.9 13.0 20.0 3.0 0.84
PPT-ND 14.3 15.0 1.7 11.0 18.0 2.0 0.17
PPT-2 12.5 13.0 2.2 9.0 16.0 2.0 0.12
PPT-A 38.5 37.0 5.8 30.0 48.0 9.0 0.14
ΔPPT 0.13 0.12 0.09 0.00 0.28 0.15 0.13
FPF-D 7.5 7.4 2.5 3.2 12.7 3.2 0.85
FPF-ND 7.7 7.6 2.9 3.7 15.2 3.8 0.20
Dental
(n = 26)

Mean Median SD MIN MAX IQR Normality† p††

VST-S 5.1 4.9 1.2 3.4 8.3 1.4 0.08 0.290
VST-C 5.9 6.0 1.5 3.7 9.4 2.2 0.45 0.945
VST-B 6.1 6.0 1.7 2.9 10.4 2.0 0.93 0.223
SART-NG 0.69 0.74 0.24 0.14 1.00 0.28 0.03 0.115
SART-G 1.00 1.00 0.01 0.97 1.00 0.00 0.00 0.519
SART-T 0.97 0.97 0.03 0.90 1.00 0.03 0.01 0.063
SAT 7.7 7.0 2.4 3.0 12.0 4.0 0.15 0.074
TDT 330 320 52 246 474 79 0.31 0.307
ΔTDT 0.06 0.06 0.02 0.02 0.09 0.02 0.03 0.520
HST-H 4.5 5.0 1.2 3.0 7.0 2.0 0.01 0.235
HST-G 8.6 8.0 4.3 2.0 18.0 5.5 0.11 0.826
PPT-D 15.3 15.0 1.6 12.0 19.0 2.3 0.40 0.022
PPT-ND 14.2 14.0 1.5 12.0 17.0 2.3 0.05 0.806
PPT-2 12.7 13.0 2.3 8.0 18.0 3.0 0.25 0.851
PPT-A 40.0 40.0 4.5 28.0 48.0 6.0 0.67 0.344
ΔPPT 0.07 0.07 0.11 -0.08 0.25 0.21 0.03 0.117
FPF-D 8.3 7.7 3.4 4.3 16.9 4.1 0.00 0.671
FPF-ND 7.4 6.9 2.6 3.3 12.8 3.4 0.03 0.791
Notes: IQR, interquartile range; MAX, maximal value; MIN, minimal value; SD, standard deviation
†The p values denote the results from Shapiro-Wilk test
††The p values denote the results of between-group comparison based on independent t-test (in the italic font) and Mann-Whitney U test (in the regular font)
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Statistical analysis
Analysis of descriptive statistics
We first conducted the analyses on the descriptive sta-
tistics, respectively, for the Dental and the Non-Dental 
groups. The distribution of all variables was examined 
using the Shapiro-Wilk test. The null hypothesis of 
the Shapiro-Wilk test suggests that the scores follow 
a normal distribution. Therefore, we considered that 
the p-value < alpha (here 0.1) rejects the null hypoth-
esis, i.e., the scores do not follow a normal distribu-
tion. Between-group difference was investigated using 
an independent t-test and Mann-Whitney U test, 
respectively for normally and non-normally distrib-
uted scores. The difference between the variations of 
each test (i.e., VST-S vs. VST-C vs. VST-B, SART-G vs. 
SART-NG, PPT-D vs. PPT-ND vs. PPT-2, and FPF-D 
vs. FPF-ND) was investigated using paired t-test and 
Wilcoxon signed-rank test, respectively for normally 
and non-normally distributed scores.

Analysis of the first hypothesis
To investigate the pattern of mental networking 
between the sensorimotor and visual-attention func-
tions related to manual dexterity, we first conducted 
graph-based analyses, respectively, for Dental and 
Non-Dental groups. An undirectional weighted net-
work was constructed, with 16 vertices (nodes) that 
represent the 16 test variables (see Methods 2.3 and 
Table 2). The edges (links) between each pair of nodes 
are defined as the absolute value of correlation coef-
ficients between each pair of test variables. Because 
individual age and sex may be associated with test per-
formance, we quantified the strength of cross-variable 
association using partial correlation analysis, con-
trolled for age and sex. In total 120 edges were quanti-
fied for each network.

To test our first hypothesis that in the dental stu-
dents, there is increased networking between the perfor-
mance of manual dexterity and visual-attention tests, 
compared to non-dental students, we examined the 
edges showing a statistically significant correlation. 
The edges common to both groups and specific to 
each group were calculated. Furthermore, an analysis 
of modularity was conducted to investigate the com-
munity structure of the node. The nodes differentiated 
into the same module showed stronger intra-modular 
connections but weaker inter-modular connections. 
Finally, we investigated the eigenvector centrality [31], 
a topological metric that reflects the impact of a node 
in a network for all nodes. The graph-based analysis 
was conducted using the Brain Connectivity Toolbox 
[32]. The networks were displayed using BrainNet 
Viewer v.1.7 [33].

Analysis of the second hypothesis
To test our second hypothesis that dental students and 
non-dental students differ in the rsFC or gray/white mat-
ter volume of the sensorimotor and salience networks, 
comparisons in functional and structural brain features 
were conducted between the Dental and Non-Dental 
groups using SPM12. In terms of rsFC, the between-
group comparison was conducted for four SBC maps, 
respectively, in which the bilateral SMN and the AIns 
were the seed regions. The general linear models (GLM) 
were established with individual sex and age as the nui-
sance regressors. In terms of structural features, the 
between-group comparison was conducted for gray mat-
ter volume (GMV) and white matter volume (WMV), 
respectively. The GLMs were established with individual 
sex, age, and total intracranial volume (TICV) as the nui-
sance regressors.

All the imaging results were thresholded with the fol-
lowing level of significance: uncorrected p < 0.001 for 
intensity and p < 0.05 corrected for familywise error 
(FWE), according to the suggestion by previous research 
[34].

Analysis of the third hypothesis
To test our third hypothesis that rsFC of the sensorimotor 
network and the salience networks are significantly corre-
lated with manual dexterity in dental but not in non-den-
tal students, we focused on the performance of bimanual 
dexterity of tool assembling, PPT-A, which showed a 
greater number of associations with other mental func-
tions in the Dental group (see Results and Fig.  1B). We 
investigated the association between the PPT-A score 
and the SBC of the lateral SMN, which showed increased 
connectivity in the Dental group, compared to the Non-
Dental group (Fig. 2A; Table 3). A regression model was 
established to investigate the brain regions where con-
nectivity with the SMN was positively correlated with the 
PPT-A score, with individual sex and age as the nuisance 
regressors.

Results
Analysis of descriptive statistics
The results of descriptive analyses are shown in Table 2. 
In general, the results of sensorimotor tests are con-
sistent with previous findings of psychomotor tests in 
standardized testing conditions. For example, the scores 
of manual dexterity tests are consistent with the find-
ings (PPT-D: 15.71 ± 1.89, PPT-ND: 14.58 ± 1.90) from 
previous research of dental students [35]. Notably, while 
some psychomotor tests (e.g., the PPT) revealed nor-
mally distributed scores, the scores from visual-atten-
tion tests revealed a non-normal distribution (Table  2). 
The between-group analysis showed no significant dif-
ference for all the test variables, except for the score of 
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Fig. 1 (See legend on next page.)
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PPT-D, which showed a lower number in the Dental 
group (15.3 ± 1.6), compared to the Non-Dental group 
(16.5 ± 1.9) (two-tailed independent t-test, p = 0.022).

Between the variations of each test, we found increased 
time (i.e., decreased performance) for VST-C and VST-
B, compared to VST-S (Wilcoxon signed-rank test, 
two-tailed p < 0.001 and p < 0.001, respectively). The 
performance between VST-C and VST-B did not sig-
nificantly differ. We also found decreased accuracy for 
SART-NG, compared to SART-G (Wilcoxon signed-rank 
test, two-tailed p < 0.001), decreased performance for 
PPT-2 compared to PPT-ND (paired t-test, two-tailed 
p < 0.001) and for PPT-ND compared to PPT-D (paired 
t-test, two-tailed p < 0.001). The difference between 
FPF-D and FPD-ND did not significantly differ (Wil-
coxon signed-rank test, two-tailed p = 0.06).

Analysis of the first hypothesis
The networks of cross-variable association of the Dental 
and the Non-Dental groups are shown in Fig. 1A. In both 
groups, there were significant correlations between the 
following 11 pairs of test variables: VST-C and VST-B, 
SART-NG and ΔPPT, TDT and PPT-D, TDT and PPT-
2, PPT-D and PPT-ND, PPT-D and PPT-2, PPT-ND and 
PPT-2, PPT-ND and ΔPPT, PPT-ND and FPF-D, PPT-
ND and FPF-ND, and FPF-D and FPF-ND. Notably, some 
correlations were identified specifically to each group: In 
the Dental group, the three sub-variables of VST were 
coupled mutually, and the PPT-A was correlated with 
VST-B, HST-G, and FPF-D. In contrast, PPT-A was asso-
ciated with PPT-ND in the Non-Dental group (Fig. 1B).

The graph-based analysis revealed that the networks 
differed between the groups in community structure. As 
shown in Fig. 1C, an analysis of modularity revealed that 
the psychomotor tests, i.e., PPT-D, PPT-ND, PPT-2, and 
TDT, showed a stronger connection among one another. 
Specifically, in the Dental group, there was a stronger 
connection between the PPT-A and the VST. In contrast, 
the PPT-A showed a stronger connection with other psy-
chomotor tests in the Non-Dental group (Fig.  1C). The 
findings suggested a unique role of the PPT-A, which 
showed a closer connection with the visual-attention 
function in the Dental group.

Analysis of the second hypothesis
Seventeen participants from the Dental group and 13 
participants from the Non-Dental Group have received 
MRI scans. Using the left SMN as the seed, we found 
increased rsFC at the right middle frontal gyrus ([32, 4, 
46], size = 545 voxels, pFWE−corrected<0.001) and decreased 
rsFC at the left posterior insula (PIns) ([-34, -12, 22], 
size = 192 voxels, pFWE−corrected=0.009) in the Dental group 
compared to the Non-Dental Group (Fig. 2A). Using the 
right SMN as the seed, we found increased rsFC at the 
right middle frontal gyrus ([34, 8, 46], size = 213 vox-
els, pFWE−corrected=0.006) and decreased rsFC at the left 
posterior insula (PIns) ([-36, -20, 6], size = 267 voxels, 
pFWE−corrected=0.002) in the Dental group compared to the 
Non-Dental Group (Table 3A and Fig. 2A).

Using the left AIns as the seed, we did not find an 
above-threshold cluster for the comparison between the 
Dental and the Non-Dental groups. Finally, using the 
right AIns as the seed, we found decreased rsFC at the 
left superior frontal gyrus ([-10, 22, 54], size = 268 vox-
els, pFWE−corrected=0.001), the right temporal pole ([52, 
18, -28], size = 188 voxels, pFWE−corrected=0.010), and the 
anterior cingulate cortex ([-2, 52, 4], size = 161 voxels, 
pFWE−corrected=0.021) in the Dental group compared to the 
Non-Dental Group (Table 3A and Fig. 2A).

The VBM analysis did not reveal any above-threshold 
cluster for an increased GMV in the Dental, compared 
to the Non-Dental group. We found increased GMV in 
the Non-Dental, compared to the Dental group, at the 
left primary motor cortex ([-50, 0, 38], size = 635 voxels, 
pFWE−corrected=0.042) (Table  3B and Fig.  2B). No above-
threshold cluster was found in the difference of WMV.

Analysis of the third hypothesis
In the Dental group, we found a significantly positive cor-
relation between the PPT-A score and the rsFC between 
the left SMN and the right supramarginal gyrus (SMG) 
([60, -30, 40], size = 127 voxels, pFWE−corrected=0.021). 
We found a significantly negative correlation between 
the PPT-A score and the rsFC between the left SMN 
and the cerebellum ([6, -50, -44], size = 118 voxels, 
pFWE−corrected=0.029) (Table  3C and Fig.  2C). No above-
threshold cluster was found for the Dental group when 
the right SMN was the seed.

(See figure on previous page.)
Fig. 1 Results of graph-based network analyses. (A) The networks represent the mental networking of 16 test variables for the Non-Dental and Dental 
groups, respectively. The edges represented by a gray line denote significant cross-variable correlations common to both groups. The edges represented 
by a black line denote the significant cross-variable correlations specific to each group. The right panel shows the adjacent matrices that reveal the coef-
ficients of partial correlation controlled for sex and age of each pair of variables. (B) The scatter plots of the correlation between the PPT-A and the VST-B, 
the HST-G, the FPD-D, and the PPT-ND, respectively for the Dental group (the black circle) and the Non-Dental group (the gray circle). The r value and p 
value of partial correlation (controlled for sex and age) are reported. (C) The analysis of modularity reveals different community structures of the 16 test 
variables between the groups, with the PPT-A forming a module (the blue nodes) with the visual-attention tests in the Dental group. The size of each 
node represents the eigenvector centrality of the node. Only the edges with the top 25% highest correlation are displayed. For the abbreviations of the 
16 test variables, please refer to Table 1
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Discussion
Summary of the major findings
The current study presented novel findings regarding 
the mental networking and brain mechanisms related to 
manual dexterity. The major findings include:

1. The performance of manual dexterity of tool 
assembling (PPT-A) was associated with 
visual search, hand steadiness, and finger force 
generation, only in the Dental group, supporting 
our first hypothesis that different pattern of mental 
networking was associated with expertise in dental 
training.

2. We found increased rsFC between the bilateral 
SMN and the right middle frontal gyrus, decreased 
rsFC between the bilateral SMN and the left PIns, 
decreased rsFC between the right AIns and the 
left superior frontal gyrus, and decreased GMV at 
the left primary motor cortex, in the Dental group, 
compared to the Non-Dental group. The findings 
supported our second hypothesis that expertise in 

dental training was associated with functional and 
structural brain features.

3. We found a positive correlation between the PPT-A 
score and the rsFC between the left SMN and the 
right SMG. The findings partially supported our third 
hypothesis that manual dexterity was associated with 
the SMN but not the salience network.

Mental networking of manual dexterity is associated with 
expertise in dental skill training
Across the sensorimotor and visual-attention tests, our 
findings did not reveal an overall difference between 
the Dental and the Non-Dental groups (Table 2). In this 
study, the Non-Dental group consisted of students from 
other clinical fields (e.g., nursing, medicine, and physical 
therapy), and these participants also received skill train-
ing on manual manipulation. It is not surprising that the 
Non-Dental group showed equal or even superior ability 
in psychomotor tests (e.g., PPT-D), compared to the Den-
tal group. Nevertheless, the network analysis revealed the 
pattern of mental function networking differed between 
the groups (Fig.  1A). Among the sensorimotor tests, 

Fig. 2 Results of functional and structural features related to expertise of dental training. (A) The results of seed-based connectivity (SBC) analyses with 
the bilateral sensorimotor network (SMN) and the anterior insula (AIns) as the seed. Increased resting-state functional connectivity (rsFC) is identified 
between bilateral SMN and the right middle frontal gyrus in the Dental group, compared to the Non-Dental group. In contrast, increased rsFC is identi-
fied between bilateral SMN and the left posterior insula (PIns) in the Non-Dental group, compared to the Dental group. Additionally, increased rsFC is 
identified between right AIns and the left superior frontal gyrus in the Non-Dental group, compared to the Dental group. (B) The results of voxel-based 
morphometry (VBM). Increased gray matter volume is identified at the left primary motor cortex in the Non-Dental group, compared to the Dental 
group. (C) The association between rsFC and manual dexterity. Positive correlation is identified between the score of Purdue Pegboard Test-Tool Assem-
bly (PPT-A) and the rsFC between the left SMN and the right supramarginal gyrus in the Dental group. All the clusters are thresholded by peak intensity 
puncorrected<0.001 and cluster size pFWE−corrected<0.05
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some test variables were highly correlated due to the 
coordination between the dominant and non-dominant 
hands (e.g., FPF-D vs. FPD-ND and PPT-D vs. PPT-ND), 
consistent with previous findings [2]. Increased finger 

force was associated with better performance of the PPT 
(e.g., FPF-ND vs. PPT-ND), and the performance of simi-
lar tests also showed a strong association (e.g., PPT-2 vs. 
TDT), consistent with previous findings [2].

Table 3 Results of functional and structural brain features
(A) Between-group difference in seed-based connectivity

cluster size (voxel) clusterpFWE−corrected MNI coordinates Z Region
x y z

Seed: Left SMN
D > ND 545 < 0.001 32 4 46 4.5 R Middle frontal gyrus

36 4 30 4.3 R Primary motor cortex
30 6 54 3.9 R Middle frontal gyrus

ND > D 192 0.009 -32 -18 14 4.0 L Posterior insula
-38 -28 22 4.0 L
-34 -12 22 3.8 L

Seed: Right SMN
D > ND 213 0.006 28 4 40 4.6 R Middle frontal gyrus

34 8 46 4.2
34 0 68 4.0 R Superior frontal gyrus

ND > D 267 0.002 -36 -20 6 4.1 L Posterior insula
-38 -18 18 3.9
-46 -14 20 3.8 L Secondary somato sensory cortex

Seed: Left AIns
D > ND n.s.
ND > D n.s.
Seed: Right AIns
D > ND n.s.
ND > D 268 0.001 -10 22 54 4.5 L Superior frontal gyrus

-12 34 46 3.8
188 0.010 52 18 -28 4.1 R Temporal pole

42 20 -32 3.9
34 18 -28 3.2

161 0.021 -2 52 4 3.6 L Anterior cingulate cortex
-4 50 12 3.6
8 52 -6 3.5 R Medial prefrontal cortex

(B) Between-group difference in gray matter volume
cluster size (voxel) clusterpFWE−corrected MNI coordinates Z Region

x y z
D > N n.s.
ND > D 653 0.042 -50 0 38 4.5 L Primary motor cortex

-59 -9 48 3.5 L Primary somato sensory cortex
-59 2 21 3.4

(C) Association between the PPT-A score and seed-based connectivity
cluster size (voxel) clusterpFWE−corrected MNI coordinates Z Region

x y z
Seed: Left SMN
Positive correlation
D 127 0.021 60 -30 40 3.9 R Supramarginal gyrus

58 -32 32 3.6
Negative correlation
D 118 0.029 6 -50 -44 4.4 R Cerebellum lobule 9

0 -52 -50 4.1
-8 -40 -46 3.9 L

Notes: AIns, anterior insula; D, the Dental group; L, the left hemisphere; ND, the Non-Dental group; PPT-A, the Purdue Pegboard Test for assembling tools; R, the right 
hemisphere; SMN, sensorimotor network
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Specifically, the Dental group showed stronger con-
nections among the VST tests, a pattern not displayed 
in the Non-Dental group. Furthermore, while the pat-
tern of connections for PPT-D and PPT-ND are simi-
lar between the Dental and the Non-Dental groups, the 
PPT-A, which requires complex bimanual coordination 
for tool assembling, showed a greater number of connec-
tions with other tests in the Dental group (Fig.  1A and 
B). Bimanual manipulation, such as using a mouth mir-
ror and an explorer to examine a dental cavity, is a key 
feature specific to dental skill training [36]. Therefore, 
it should be considered as ‘precision finger movement’, 
requiring fingers to move independently [37]. The asso-
ciation between visual attention and fine motor skills 
– including finger dexterity and force generation – has 
been highlighted in recent studies. For example, in aged 
individuals, distraction was associated with decreased 
performance of a hand-tracking task and grip force gen-
eration [10]. The change in visualization condition of 
psychomotor tests, i.e., reflecting the testing condition 
via a mirror, also influenced the performance of manual 
dexterity [9]. Consistently, our findings revealed that 
the PPT-A shared the same module with the test items 
demanding increased attention (e.g., the VST, the SART-
NG, and the HST-G), suggesting that the high demand 
for attention processing is related to the expertise of den-
tal training.

Brain features associated with expertise in dental skill 
training
To our knowledge, the current study provided the first 
neuroimaging evidence of the difference in rsFC and 
GMV between the Dental and the Non-Dental groups. 
We reasoned the difference may be associated with the 
expertise of dental skill training, which requires increased 
efforts in sensorimotor and visual-attention process-
ing. Changes in rsFC of the SMN have been reported in 
other expertise that requires similar mental networking 
of manual dexterity, including musicians [19] and sur-
geons [18]. Notably, we found increased rsFC between 
the bilateral SMN (which encompasses the finger region 
of motor homunculus, see Fig. 2A) and the middle fron-
tal gyrus, which overlaps with the premotor cortex, a key 
region for motor learning [38]. Research on the bimanual 
coordination of surgeons has revealed the connectivity 
of the premotor and prefrontal regions seed connectivity 
is associated with motor skill learning [39]. Interestingly, 
our findings also revealed decreased rsFC and GMV in 
the Dental group, compared to the Non-Dental group 
(Fig. 2; Table 3). Recent findings also reported that bet-
ter manual dexterity was associated with decreased con-
nectivity in the motor cortex [40]. The decreased rsFC in 
dental students may also reflect the nature of their skill 

learning, i.e., using both hands independently for precise 
movement [37].

Notably, in the current study, either the Dental or the 
Non-Dental group was not selected by their manual 
dexterity in their entrance examination, which reduces 
the confounding effect on the rs-FC findings. However, 
the cultivation of art or music skills is associated with 
changes in structural and functional brain features [21, 
22]. In the students, early experiences of learning art or 
music skills (before the undergraduate programs) may 
be associated with their performance in manual dexter-
ity. The cross-talk between prior experience in art/music 
performance and clinical skill learning would require fur-
ther investigation.

Limitation of the study and further considerations
The results of this study should be cautiously inter-
preted considering the following limitations. First, the 
study presents data from a cross-sectional study with a 
comparison between participants of different expertise. 
The findings may imply the neuroplastic effect of dental 
skill training on brain features but the cause-effect rela-
tionship between brain and behavior should be asserted 
by further longitudinal research, which should focus on 
the comparison between pre-training and post-training 
conditions [41]. Second, the sample size of the study is 
relatively small because all participants were recruited 
voluntarily. While voluntary participation guaranteed 
no coercion or conflict of interests between teachers and 
students, there exists the risk of sampling bias – i.e., the 
participants who volunteered in the study were more 
confident in their fine motor skills. Finally, in the study, 
the sensorimotor and visual-attention tests were con-
ducted under the same standard settings as psychological 
and clinical research. However, the perceptual demands 
and manual manipulation in real dental practice can 
be more complicated than the simplified settings. For 
example, dentists need to inspect very small lesions and 
manipulate them inside the oral cavity, and such a limited 
space of operation cannot be reflected by the standard 
test settings. Therefore, one should be careful about gen-
eralizing the test scores to actual performance in clinical 
settings.

Implications in medical education of clinical skill learning
The novel findings from this current study help to eluci-
date the mental function networking of manual dexterity 
dental students. Furthermore, the findings highlight new 
directions in training clinical skills in medical/dental stu-
dents, especially for the following aspects.

(A) The findings from the mental function network 
revealed a connection between visual-attentional 
performance and sensorimotor performance, 
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suggesting the importance of practice in visual search 
and sustained attention in dental skill training.

(B) In the Dental group, better performance of PPT-A 
(tool assembling) and PPT-2 (two-hands) – which 
all require bimanual manipulation – was associated 
with better performance in other assessments. 
The findings highlight the importance of bimanual 
coordination in dental skill training.

(C) Previous studies have shown that changes in brain 
features (e.g., increased functional connectivity) are 
associated with skill training in playing music and 
painting. Our findings of brain features may suggest 
such a ‘neuroplastic’ effect of dental skill learning on 
the brain.

(D) Our results of the visual-attentional performance, 
which are novel in the literature, help the design of 
digital devices (e.g., augmented reality and virtual 
reality-based) to assist dental skill training.

Conclusion
Dental skill training is associated with the networking of 
sensorimotor and visual-attention functions and coupled 
with increased rsFC of the SMN. In dental students, bet-
ter manual dexterity is associated with the functional 
connectivity of the SMN.
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