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Abstract
Complex motor sequencing and sensory integration are two key items in scales assessing neuro-

logical soft signs. However, the underlying neural mechanism and heritability of these two

functions is not known. Using a healthy twin design, we adopted two functional brain imaging

tasks focusing on fist-edge-palm (FEP) complex motor sequence and audiovisual integration (AVI).

Fifty-six monozygotic twins and 56 dizygotic twins were recruited in this study. The pre- and post-

central, temporal and parietal gyri, the supplementary motor area, and the cerebellum were

activated during the FEP motor sequence, whereas the precentral, temporal, and fusiform gyri, the

thalamus, and the caudate were activated during AVI. Activation in the supplementary motor area

during FEP motor sequence and activation in the precentral gyrus and the thalamic nuclei during

AVI exhibited significant heritability estimates, ranging from 0.5 to 0.62. These results suggest that

activation in cortical motor areas, the thalamus and the cerebellum associated with complex motor

sequencing and audiovisual integration function may be heritable.
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1 | INTRODUCTION

Complex motor sequencing and sensory integration are two key items

in scales assessing neurological soft signs such as the Cambridge

Neurological Inventory (CNI) and the Neurological Evaluation Scale

(NES) (Buchanan and Heinrichs, 1989; Chen et al., 1995). Deficits in

complex motor sequencing and sensory integration are prevalent in

psychiatric disorders including schizophrenia, bipolar disorder, autism,

and attention-deficit hyperactive disorders (Buchanan and Heinrichs,

1989; Chan and Gottesman, 2008; Chan, Xu, Heinrichs, Yu, & Wang,*Zhi Li, Jia Huang, and Ting Xu contributed equally to this work.

1438 | VC 2017Wiley Periodicals, Inc. wileyonlinelibrary.com/journal/hbm Hum Brain Mapp. 2018;39:1438–1448.

Received: 30 September 2017 | Revised: 9 December 2017 | Accepted: 12 December 2017

DOI: 10.1002/hbm.23935

http://orcid.org/0000-0003-4436-0916
http://orcid.org/0000-0001-7269-6797
http://orcid.org/0000-0002-4749-6977
http://orcid.org/0000-0002-3414-450X


2010b; Heinrichs and Buchanan, 1988; Peng et al., 2012; Zhao et al.,

2013). Although many studies have focused on these impairments in

psychiatric disorders, their underlying neural mechanism and whether

these impairments are heritable is not known. Empirical evidence has

demonstrated that the grey matter volumes of the pre- and postcentral

gyri, and the frontal and temporal lobes were associated with impair-

ments in complex motor sequencing, sensory integration, or both in

healthy individuals (Dazzan et al., 2006; Hirjak, Thomann, Kubera,

Stieltjes, & Wolf, 2016a; Hirjak, Wolf, Kubera, Stieltjes, & Thomann,

2016b; Thomann, Hirjak, Kubera, Stieltjes, & Wolf, 2015). While the

evidence for the association between complex motor sequencing/sen-

sory integration and subcortical volumes was found in patients with

schizophrenia, similar associations have not been found in healthy con-

trols (Bottmer et al., 2005; Dazzan et al., 2004; Heuser et al., 2011; Ho,

Mola, & Andreasen, 2004; Kong, Bachmann, Thomann, Essig, &

Schroder, 2012; Mouchet-Mages et al., 2007; Thomann et al., 2009;

Venkatasubramanian, Jayakumar, Gangadhar, & Keshavan, 2008). It is

possible that these inconsistent findings reflect the specific pathophysi-

ology of schizophrenia, or the effect of antipsychotic medications in

individuals with this disorder (Hirjak et al., 2016b; Thomann et al.,

2015).

The examination of motor and sensory integratory function in

healthy individuals provides an opportunity to investigate the underly-

ing neural mechanism without the confounding effect of antipsychotic

exposure. However, evidence on the brain activation changes associ-

ated with complex motor sequencing, such as the Luria’s fist-edge-

palm task, and sensory integration in healthy individuals remains lim-

ited. In contrast with the traditional dichotomous scoring system in the

clinical assessment of complex motor sequencing and sensory integra-

tion which may be influenced by individual judgement (Sanders et al.,

2006), using functional brain imaging tasks to investigate brain activa-

tion changes associated with complex motor sequencing and sensory

integration can circumvent this problem. To date only two studies,

both with limited sample size, have examined brain activations when

performing the Luria’s Fist-Edge-Palm (FEP) task, a classic task that

captures complex motor sequencing. Both studies reported significant

activations in the sensorimotor, premotor, and cerebellar areas during

the FEP task (Chan, Rao, Chen, Ye, & Zhang, 2006; Umetsu et al.,

2002). Two previous studies reported thalamic activation during the

execution of audiovisual integration tasks, supporting the role of the

thalamus in sensory integration (Bonath et al., 2013; Jakobs et al.,

2012). However, no study has yet explored the underlying neural

mechanism of FEP motor sequence and audiovisual integration simulta-

neously using an adequately powered sample.

Impairments in complex motor sequencing and sensory integration

observed in unaffected first degree relatives of patients with schizo-

phrenia and at-risk individuals suggests that these signs may be herit-

able (Chan et al., 2010a; Compton et al., 2007; Griffiths, Sigmundsson,

Takei, Rowe, & Murray, 1998; Picchioni et al., 2006; Yazici, Demir,

Yazici, & Gogus, 2002). However, only two studies have quantified the

heritability of these deficits so far. Sanders et al. (2006) found a high

heritability, ranging from 0.53 to 0.99, in patients with schizophrenia.

Consistent with these findings, we recently reported significant, albeit

more moderate, heritability of complex motor function, in an independ-

ent healthy twin sample (Xu et al., 2016).

In this study, we aimed to delineate the brain circuits subserving

motor and sensory integrative function in healthy individuals, using a

FEP and an AVI task. In addition, we aimed to establish the heritability

of this neural activation. We hypothesized that (a) the pre- and post-

central gyri and the cerebellum would be activated when performing

the FEP task, while subcortical areas such as the thalamus would be

activated during the AVI task, and (b) these activations would be

heritable.

2 | METHODS

2.1 | Participants

Twenty-eight pairs of monozygotic twins and 28 pairs of dizygotic

twins were recruited from the twin pool of the Institute of Psychology,

the Chinese Academy of Sciences. Three pairs of twins were excluded

due to excessive head motions during fMRI scanning, with a Frame

Displacement (FD) value larger than 0.25 (Power, Barnes, Snyder,

Schlaggar, & Petersen, 2012). Hence 26 pairs of monozygotic twins (12

male pairs; age518.560.9; education year513.3760.93;

IQ5112.02616.2) and 27 pairs of dizygotic twins (13 male pairs;

age519.6361.61; education year513.261.56; IQ5111.116

14.04) were included in the final analysis. The exclusion criteria were a

history of craniocerebral trauma, cerebral organic disease, substance

abuse, diagnosed mental disorder, left-handedness, and having first-

degree relatives with a diagnosed mental disorder. The short form of

the Chinese version of the Wechsler Adult Intelligence Scale-Revised

(WAIS-R) (Gong, 1992) was administered to all participants to exclude

those with an intelligence quotient (IQ) lower than 70. This study was

approved by the Ethics Committee of the Institute of Psychology, the

Chinese Academy of Sciences. All participants gave written informed

consents.

2.2 | The fist-edge-palm (FEP) task

The applicability and reliability of the FEP task has been described else-

where (Chan et al., 2006). This study adopted a short version of the

FEP task which consisted of the FEP motor sequence and palm-

tapping (PT) (control task). All participants were asked to perform the

FEP and the PT motor sequences alternately according to demonstra-

tion pictures displayed on a screen in the MRI scanner. In each block, a

20-s fixed cross and a 6-s signature indicated whether the FEP or the

PT task should be executed followed by the demonstration picture.

The FEP block contained three pictures demonstrating the fist, the

edge and the palm in turn which lasted for 40.5 s, while the PT block

contained two pictures demonstrating the palm-tapping and the palm-

lifting actions which lasted for 40 s. Two 7-min runs of tasks each con-

taining three blocks of FEP motor sequence and three blocks of PT

motor sequence were administered. The order of the blocks was coun-

terbalanced among the participants (Figure 1).
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2.3 | The audiovisual integration (AVI) task

The AVI task designed by our laboratory contains both audiovisual inte-

gration and control conditions (Huang et al., 2012). In the audiovisual

integration condition, participants were asked to choose a matching

dotted line with the tone sequence from a three-line dot matrix. Partic-

ipants were told to press the left button to choose the first line, right

button for the second line, and both buttons for the third line. In the

control condition, participants were required to choose the dotted line

with a black square in front regardless of the tone sequence. The

Morse tone sequence consisted of 350 ms pure tones and blank tones

with a 200-ms interval between the two tones. Five blocks with eight

trials of audiovisual integration and five blocks with eight trials of con-

trol conditions were alternately presented to the participants (Figure 1).

The whole AVI task lasted 7 min and 46 s.

2.4 | MRI data acquisition

All the imaging data were collected in a 3-T scanner system (MAGNE-

TOM® Verio Siemens). Two radiologists ruled out any obvious neuro-

logical abnormalities based on a T2-weighted image (TR54,000 ms;

TE590 ms; FOV5200 mm; slices519; flip angle5120 degree;

image matrix5256 3 512; voxel dimensions5 0.9 mm 3 0.4 mm 3

5 mm). Then a high-resolution structural brain image was acquired with

the sequence: TR52300 ms; TE53 ms; FOV5256 mm; flip

angle598; image matrix5256 3 256; voxel dimensions51 mm 3

1 mm 31 mm. Finally, an echo planner imaging sequence

(TR52000 ms; TE530 ms; FOV5210 cm; slices532; flip

angle5908; image matrix564 3 64; voxel dimensions53.3 mm

33.3 mm 34 mm) was adopted to acquire the brain functional imaging

data. Head movement was controlled by a head-holding pad.

2.5 | MRI data analysis

The Statistical Parametric Mapping 8 (SPM8, http://www.fil.ion.ucl.ac.

uk/spm/) was used to analyze the functional imaging data. The raw

images were first corrected in time and space, followed by registration

to the individual high-resolution structural image with DARTEL (Ash-

burner, 2007). We ruled out the effect of head motion through exclud-

ing twins with a mean FD larger than 0.25 (Power et al., 2012), and

including the six head movement parameters in the general linear

model (GLM), similar to traditional task-based fMRI studies (SPM8,

http://www.fil.ion.ucl.ac.uk/spm/). All the images were nonlinearly nor-

malized to the brain template of the Montreal Neurological Institute

(MNI) and smoothed with an 8-mm full-width at half-maximum Gaus-

sian kernel.

The FEP and PT motor sequences of the FEP task, and the AVI

and control conditions of the AVI task were included into two GLM

with SPM8, with the six head movement parameters of each task as

covariates to control for motion effects. One sample t tests were used

to examine whole brain activation during the FEP and PT motor

sequences, the AVI and control conditions, and their respective con-

trasts. Given the strong brain activation of the present block study

design, we adopted a stringent statistic threshold to identify the peak

point of each cluster. The threshold for the whole brain analysis was

set at p< .0001 with familiar-wise-error (FWE) correction at the voxel

level with the cluster size larger than 100. Finally, the average t-con-

trast value of a 6-mm-radius sphere centered at each peak point of

each condition was extracted from the t-contrast file generated from

the GLM to calculate heritability. Gender, age, and IQ were regressed

out from the extracted t value.

2.6 | Quantitative genetic analyses

Using the structure equation modeling tool OpenMx (http://openmx.

psyc.virginia.edu/), the variance and covariance of each phenotype (the

average t contrast value extracted from 6-mm-radius spheres centered

at each peak point of brain activation during task performance) were

parsed into three sources: additive genetic component (A), common

environmental component (C), and unique environmental component

(E). Based on the a-priori assumption in behavioural genetics,

FIGURE 1 Workflow of the fist-edge-palm and audiovisual tasks: (a) The fist-edge-palm task. (b) The audiovisual integration task
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monozygotic twins share (nearly) 100% of their segregating genes,

whereas dizygotic twins share, on average, 50%. The full univariate

ACE model which contained all the A, E, and C factors, was compared

with its nest submodels AE and CE. Similarly, model E was compared

with model AE and CE, respectively. The model with the smallest

Akaike Information Criterion (AIC) was chosen as the optimal model

(please refer to Supporting Information for details on model selection).

Statistical inference was carried out by comparing the likelihood ratio

chi-squared statistic and minus two times log likelihood difference

(22LL) of the models. The heritability estimate of the brain activation

was considered significant if the AE model was the optimal model

which significantly deteriorated if factor A was removed and if the 95%

confidence interval of the standardized heritability estimate did not

contain zero. Heritability was estimated based on the proportion of

additive genetic component in explaining the variance (details of the

statistical values of the ACE, AE, CE, and E models of each region of

interest can be found in the Supporting Information) (Kim, 2010; Neale

and Maes, 2004). Multiple testing of genetic model comparisons in

each contrast was adjusted with Bonferroni correction. We also exam-

ined the heritability of the FD value of the FEP and AVI tasks. The E

model was chosen as the optimal model for the FD values of both

tasks, as it denoted the head movement patterns were not heritable in

this study.

3 | RESULTS

3.1 | Brain activation and heritability of the fist-edge-

palm motor sequence task

The bilateral precentral gyrus, the left postcentral gyrus, the left supple-

mentary motor area, the bilateral insula, the bilateral inferior frontal

gyrus, the right inferior temporal, the left middle temporal gyri, the right

cerebellar cuneus, and the lingual gyrus were activated when partici-

pants performed the PT motor sequence, whereas the bilateral precen-

tral gyrus, the left postcentral gyrus, the left supplementary motor area,

the bilateral middle temporal gyrus, the right insula, the left inferior

parietal lobule, and the cerebellar culmen were activated when partici-

pants performed the FEP motor sequence. Compared with the PT

motor sequence, the FEP motor sequence activated the bilateral pre-

central gyrus, the left postcentral gyrus, the left superior parietal lobule,

and the right cerebellar culmen more (Table 1 and Figure 2a).

Activation in the left postcentral gyrus (h2 (95%CI)50.75

(0.57,0.86), p< .001) and the left insula (h2 (95%CI)50.42(0.12,0.64),

p5 .032) associated with the PT motor sequence, and activation in the

left supplementary motor area (h2 (95%CI)50.5(0.19,0.72), p5 .015)

associated with the FEP sequence showed significant heritability (Table

1).

3.2 | Brain activation and heritability of the

audiovisual integration task

The right transverse temporal gyrus, the superior temporal gyrus, the

inferior frontal gyrus, the medial frontal gyrus, the inferior parietal

lobule, the superior parietal lobule, the left precuneus, the fusiform

gyrus, the lingual gyrus, and the cerebellar declive were activated dur-

ing the control condition of the audiovisual integration (AVI) task,

whereas the bilateral precentral gyrus, the right superior temporal

gyrus, the right claustrum, the right precuneus, the fusiform gyrus, the

bilateral thalamus, and the bilateral caudate were activated during the

AVI condition. Compared with the control condition, the AVI condition

was associated with more activation in the bilateral precentral gyrus,

the bilateral precuneus, the left superior parietal lobule, and the bilat-

eral thalamus (Table 2 and Figure 2b).

Activation in the left medial frontal gyrus (h2 (95%CI)50.51

(0.36,0.7), p< .001), right fusiform gyrus (h2 (95%CI)50.57(0.26,0.76),

p5 .01), the left lingual gyrus (h2(95%CI)50.68(0.45,0.82), p< .001),

and the left inferior parietal lobule (h2(95%CI)50.49(0.36,0.71),

p5 .04) associated with the control condition, and activation in the

right precentral gyrus (h2(95%CI)50.62(0.36,0.78), p< .001) and the

right thalamic ventral lateral nucleus (h2(95%CI)50.58(0.28,0.76),

p< .001) exhibited significant heritability. However, only the heritabil-

ity estimate of the activation in the right subgyral (h2(95%CI)50.64

(0.4,0.8), p< .001) associated with the contrast “AVI versus control”

was significant (Table 2).

4 | DISCUSSION

Consistent with our hypothesis, the pre- and postcentral, the middle

temporal, inferior and parietal gyri, the supplementary motor area, the

insula, and the cerebellar culmen were significantly activated when

healthy participants performed the FEP motor sequence. The precen-

tral, superior temporal and fusiform gyri, the thalamus, the caudate,

and the cerebellar declive were significantly activated with audiovisual

integration (AVI). We also found activation in the pre- and postcentral

gyri, the superior parietal gyri, and the cerebellar culmen in the contrast

“FEP versus PT,” and activation in the precentral gyrus, precuneus, and

thalamus in the contrast “AVI versus control.” Furthermore, brain acti-

vation in the supplementary motor area during FEP motor sequence

performance and activation in the precentral gyrus and the thalamic

nuclei during audiovisual integration also exhibited significant

heritability.

Two previous studies which examined the neural mechanism of

the FEP task in healthy people found that the sensorimotor cortex, the

premotor cortex, the supplementary motor area, the parietal gyrus, and

the cerebellum were engaged with this complex motor sequence (Chan

et al., 2006; Umetsu et al., 2002). In our study, activation of the pre-

and postcentral gyrus, the supplementary motor area, the inferior parie-

tal gyrus, and the cerebellar culmen during the FEP motor sequence

was consistent with these previous findings. Motor areas have been

suggested to be sensitive to the complexity of motor sequences such

that more difficult tasks may be associated with greater activation in

these areas (Catalan, Honda, Weeks, Cohen, & Hallett, 1998; Kawa-

shima et al., 1998). The parietal gyrus plays a role in monitoring hand

movement through the integration of visual information (Clower et al.,

1996; Kertzman, Schwarz, Zeffiro, & Hallett, 1997). Finally, the
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TABLE 1 Brain activation and corresponding heritability of the fist-edge-palm task and the palm-tapping task

Region (L/R) VS (T) Peak coord.
Optimal
model pa pb h2 (95% CI) c2 (95% CI) e2 (95% CI)

PT

Precentral gyrus (L) 298(11.33) [248,0,3] AE .148 .592 0.24 (0,0.53) \ 0.76 (0.47,1)

Postcentral gyrus (L) 2555(26.34) [227,227,57] AE <.001** <.001** 0.75 (0.57,0.86) \ 0.25 (0.14,0.43)

Insula (L) 2555(18.23)a [245,227,21] AE .008** .032* 0.42 (0.12,0.64) \ 0.58 (0.36,0.88)

Supplementary
motor area (L)

2555(17.56)a [26,218,51] AE .063 .252 0.32 (0,0.59) \ 0.68 (0.41,1)

Cerebellar cuneus (R) 739(7.69)a [18,299,3] E \ \ \ \ 1(1,1)

Inferior temporal
gyrus (R)

739(19.83) [48,266,0] E \ \ \ \ 1(1,1)

Insula (R) 545(13.25) [57,227,21] E \ \ \ \ 1(1,1)

Cerebellar lingual (R) 444(18.54) [9,251,215] E \ \ \ \ 1(1,1)

Inferior frontal gyrus
(R)

436(8.02)a [63,9,21] E \ \ \ \ 1(1,1)

Precentral gyrus (R) 436(10.18) [54,3,45] E \ \ \ \ 1(1,1)

Inferior frontal gyrus
(L)

298(7.81)a [239,24,215] E \ \ \ \ 1(1,1)

Middle temporal
gyrus (L)

281(15.49) [248,266,6] E \ \ \ \ 1 (1,1)

FEP

Supplementary
motor area (L)

2600(19.74)b [26,23,57] AE .003** .015* 0.5 (0.19,0.72) \ 0.5 (0.28,0.81)

Postcentral gyrus (L) 2600(29.72) [236,224,54] CE <.001** <.001** \ 0.64 (0.45,0.77) 0.36 (0.23,0.55)

Middle temporal
gyrus (R)

1236(19.53) [51,266,0] CE <.001** <.001** \ 0.46 (0.23,0.65) 0.54 (0.35,0.77)

Cerebellar culmen (R) 1236(19.32)a [6,260,221] CE .149 .745 \ 0.2 (0,0.44) 0.8 (0.56,1)

Middle temporal
gyrus (L)

190(13.3) [248,266,3] CE .017* .085 \ 0.32 (0.06,0.54) 0.68 (0.46,0.94)

Inferior parietal
lobule (R)

153(9.58) [39,239,51] E \ \ \ \ 1 (1,1)

Precentral gyrus (L) 151(11.71) [57,6,42] E \ \ \ \ 1 (1,1)

Precentral gyrus (R) 151(9.3)a [60,9,30] E \ \ \ \ 1 (1,1)

Insula (R) 127(8.66) [57,227,21] E \ \ \ \ 1 (1,1)

FEP vs PT

Postcentral gyrus (L) 1160(15.57) [239,221,57] AE .055† .11 0.31 (0,0.57) \ 0.69 (0.43,1)

Precentral gyrus (L) 1160(13.47)a [227,212,63] AE .135 .27 0.25 (0,0.54) \ 0.75 (0.46,1)

Superior parietal lo-
bule (L)

1160(10.44)a [230,254,63] E \ \ \ \ 1 (1,1)

Precentral gyrus (R) 194(11.76) [33,212,66] E \ \ \ \ 1 (1,1)

Cerebellar culmen (R) 103(9.29) [21,251,224] E \ \ \ \ 1(1,1)

Note. Abbreviations: Coord.5Coordinate; c25 common environment effect; e25 random environment effect; CI5 confidence interval; FEP5 fist-edge-
palm; PT5palm-tapping; a, part of cluster above; R5 right; L5 left; h25heritability/additive genetic effect; VS(T)5 voxel size (T value).
aUncorrected p.
bBonferroni adjusted-p.
*p< .05; **p< .01; the p value listed here indicated the deterioration after abandoning the factor A. Statistical threshold of whole brain activation was
set as p< .0001 with familiar-wise-error (FWE) correction at voxel level, cluster size>100.
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cerebellum has been considered essential in motor learning and coordi-

nation (Imamizu et al., 2000). In contrast to the simple PT motor

sequence, the FEP task was associated with more activation in the pre-

and postcentral gyrus and the cerebellum, which corroborated with

these suggestions. In this study, we also found increased activation at

the middle temporal gyrus, which have not been reported in the two

previous functional imaging studies. However, previous morphometric

correlation studies have reported significant associations between

complex motor sequencing and grey matter volumes of the insula and

the temporal gyrus, which to some extent supported our findings

(Heuser et al., 2011; Venkatasubramanian et al., 2008). The insula and

the extended claustrum have been suggested to play a role in integrat-

ing information across sensory modalities (Augustine, 1996; Calvert,

2001). Activation of the prefrontal gyrus, which has been convention-

ally viewed as the core brain region associated with FEP performance

(Luria, 1966), was not observed in both the present and the previous

two studies. It is possible that the prefrontal gyrus plays only a regula-

tory role in complex motor sequences, and the traditional general linear

model on blood level oxygen dependency signals may not be sensitive

enough to detect any change (Rao, Di, Chan, Ding, Ye, & Gao, 2008).

We also found that the precentral, the superior temporal, the fusi-

form gyri, the thalamus, the caudate and the cerebellar declive were

activated during the AVI task. Activation of the temporal and the fusi-

form gyri may reflect audio and visual information processing and inte-

gration (Dazzan et al., 2004). Activation of the thalamus appears to be

specific to AVI, as it was not observed in the control condition in which

audiovisual information was not integrated. In addition, activation of

various nuclei of the thalamus was also identified in the contrast AVI vs

control condition, which supported a role for the thalamus in sensory

integration. These findings are consistent with previous studies which

also reported activation of the thalamus when performing AVI (Bonath

et al., 2013; Jakobs et al., 2012). Consistent with our results, evidence

from both animal and human data supports the relay role of the thala-

mus in multiple sensory integration (Allen, Procyk, Brown, & Lucas,

2017; Stafford and Huberman, 2017).

Activation of the pre- and postcentral gyri, the temporal gyrus, the

insula and the cerebellar areas during the FEP motor sequence, and

activation of the precentral, superior temporal and fusiform gyri during

audiovisual integration were consistent with evidence from previous

structural MRI studies of complex motor sequencing in healthy individ-

uals (Dazzan et al., 2006; Hirjak et al., 2016a,b; Thomann et al., 2015).

These findings suggest that the FEP and AVI tasks can capture the

complex motor sequencing and sensory integration functions. How-

ever, previous sMRI studies failed to find any correlation between sen-

sory integration and subcortical volumes. Several points should be kept

in mind in interpreting these inconsistencies. First, in contrast to previ-

ous studies on brain morphology of healthy individuals, we directly

measured brain activation during a sensory integration task. Second,

the dichotomous scoring system of traditional behavioral assessments

of sensory integration may not be able to fully delineate the relevant

subtle expression in healthy individuals. Therefore, studies examining

the structural correlates of sensory integration measured by behavioral

FIGURE 2 Whole-brain activation of the fist-edge-palm and audiovisual tasks: (a) The fist-edge-palm task, each row showing the whole
activation in palm-tapping (PT), fist-edge-palm (FEP), and FEP vs PT, respectively. (b) The audiovisual integration task, each row showing the
whole activation in control condition (CON), audiovisual integration (AVI), and AVI vs CON, respectively. The red–orange color bar indicates
the strength of activation (T value). The z value indicates the transect coordinates in the Montreal Neurological Institute (MNI) atlas
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assessments may not be sensitive enough to capture the role of the

thalamus in sensory integration in healthy people. The thalamus plays

an integrative role in connecting the cerebellum and cortical areas in

cortical–subcortical–cerebellar circuitry. However, two previous studies

in healthy individuals did not find thalamic activation during audiovisual

integration (Adhikari, Goshorn, Lamichhane, & Dhamala, 2013; van

Atteveldt, Formisano, Goebel, & Blomert, 2007). The inconsistency of

findings in studies on AVI may be due to the use of different para-

digms, and this possibility should be further explored using a meta-

analytic approach.

Activation of the left supplementary motor area during the FEP

motor sequence showed moderate but significant heritability (h250.5).

Activation of the postcentral gyrus and the insula during the PT motor

sequence also showed significant heritability. Activation of the ventral

lateral nucleus of the thalamus during AVI was associated with moder-

ate heritability (h250.58). These results are consistent with results

from our previous study in which motor coordination (which contains

the FEP task) (h250.57) and sensory integration (h250.21) showed

significant heritability (Xu et al., 2016). Although the heritability esti-

mated here was around 0.5, which was lower than that reported by

Sanders et al. (2006), it is important to note that they adopted a family

design which was different from the twin design of this study. Our

findings suggest that the neural mechanisms underlying complex motor

sequencing and sensory integration are influenced by genetic factors,

at least to a moderate extent.

The main limitation of this study is that we did not record the

behavioral performance of participants. The combination of motion

capture technology with imaging in future studies may help to address

this issue. Furthermore, it should be noted that although our sample

size was reasonable for task-based fMRI studies, future studies should

recruit a larger sample of healthy twins and extend the investigation to

clinical twin samples for a more accurate heritability estimate. More

sophisticated heritability estimation and correction methods, such as

voxel-by-voxel brain mapping on heritability, may also be considered in

future studies.

In conclusion, we found that the pre- and postcentral gyrus, the

supplementary motor area, the temporal and parietal gyri, and the cere-

bellum were significantly activated during the FEP task. During AVI, the

precentral, temporal and fusiform gyri, the thalamus, the caudate, and

the cerebellum were significantly activated. The FEP and the AVI tasks

appeared to be appropriate tools to examine the function of cortical–

subcortical–cerebellar circuitry. Furthermore, the considerable heritabil-

ity of activation at the supplementary motor area, the precentral gyrus,

and the various nuclei of the thalamus supports the notion that com-

plex motor sequencing and sensory integration are heritable from a

brain-activation perspective.
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