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There is a vast amount of evidence from psychological studies that the amount of parent– child interaction affects the development of
children’s verbal skills and knowledge. However, despite the vast amount of literature, brain structural development associated with the
amount of parent– child interaction has never been investigated. In the present human study, we used voxel-based morphometry to
measure regional gray matter density (rGMD) and examined cross-sectional correlations between the amount of time spent with parents
and rGMD among 127 boys and 135 girls. We also assessed correlations between the amount of time spent with parents and longitudinal
changes that occurred a few years later among 106 boys and 102 girls. After correcting for confounding factors, we found negative effects
of spending time with parents on rGMD in areas in the bilateral superior temporal gyrus (STG) via cross-sectional analyses as well as in
the contingent areas of the right STG. We also confirmed positive effects of spending time with parents on the Verbal Comprehension
score in cross-sectional and longitudinal analyses. rGMD in partly overlapping or contingent areas of the right STG was negatively
correlated with age and the Verbal Comprehension score in cross-sectional analyses. Subsequent analyses revealed verbal parent– child
interactions have similar effects on Verbal Comprehension scores and rGMD in the right STG in both cross-sectional and longitudinal
analyses. These findings indicate that parent– child interactions affect the right STG, which may be associated with verbal skills.
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Introduction
Many cross-sectional and longitudinal studies have reported the
importance of parent– child interactions in children’s verbal de-
velopment. Numerous studies have shown positive effects of
parental verbal stimulation and responsivity (Bing, 1963; Clarke-
Stewart, 1973; Bradley and Caldwell, 1976; Fewell and Deutscher,
2002), higher amount of parent– child interaction or verbal par-
ent– child interaction (Jones, 1972; Bradley and Caldwell, 1976;
McCartney, 1984), and types of parent– child communicative
style (Bee et al., 1969; Henderson, 1970; Tulkin and Kagan, 1972;
Ramey et al., 1979) as well as negative effects of the parental

employment status that prevents more parent– child interaction
(Parcel and Menaghan, 1990; Han et al., 2001; Ruhm, 2004) on
verbal skills and knowledge during infancy and later develop-
mental phases.

Previous neuroimaging studies have revealed the gray matter
structural characteristics of children exposed to parental verbal
abuse (De Bellis et al., 2002a) and of mistreated children and
adolescents with post-traumatic stress disorder (Tomoda et al.,
2011) via cross-sectional studies. Exposure to maltreatment and
abuse is also related to children’s verbal skills (Friederici et al.,
2009), and both are clinically important. However, no neuroim-
aging studies have revealed (1) the effect of amount of parent–
child interaction on neural systems, (2) after controlling for the
affective tone of child–parent relationship in nonclinical samples,
(3) from the perspective of associations with children’s verbal
skills’ development (4) in longitudinal studies. This is despite the
vast amount of traditional focus on effects of parent– child
interaction on verbal skills. Children’s verbal skills are impor-
tant not only from the intellectual perspective but also from
the emotional (Funk and Ruppert, 1984) and social (Milligan
et al., 2007) perspective, therefore revealing that the neural
mechanisms underlying the effects of parent– child relation-
ship is essential.
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The bilateral superior temporal gyrus (STG) and left inferior
frontal gyrus (IFG) are considered to be important for the devel-
opment of verbal skills in children via social interaction, such as
parent– child interaction. The bilateral STG plays key roles in
Verbal Comprehension (Friederici et al., 2009) and in the com-
prehension of nonliteral or nonverbal aspects of communicative
information (Desimone, 1991; McGuire et al., 1996). Further-
more, maltreatment, abuse, and low socioeconomic status are
related to children’s lower verbal skills (Culp et al., 1991), and
they alter the gray matter structures of the bilateral STG (De Bellis
et al., 2002a; Tomoda et al., 2011; Krishnadas et al., 2013). Finally,
verbal skills show negative correlations with the amount of gray
matter in the bilateral STG (Menary et al., 2013). On the other
hand, the left IFG has been shown to be critical for a wide range of
verbal cognitions (Vigneau et al., 2006) and verbal development
(Ramsden et al., 2011). Therefore, we hypothesized that the
amount of parent– child interaction, which affects children’s ver-
bal development, would also result in rGM changes in bilateral
STG and the left IFG.

The present study aimed to test this hypothesis using cross-
sectional and longitudinal analyses of brain structures in non-
clinical children after controlling for the affective tone of the
parent– child relationship.

Materials and Methods
Subjects. All subjects were healthy Japanese children, and the details re-
lated to their initial recruitment (preexperiment) were described previ-
ously (Taki et al., 2010). In brief, we collected brain magnetic resonance
(MR) images from 290 native Japanese subjects (145 boys and 145 girls;
age range, 5.6 –18.4 years) who did not have any history of malignant
tumors or head traumas involving loss of consciousness. Further, based
on the self-report, children with a history of epilepsy, impaired color
vision, diagnosis of developmental disorders, routine visits to a hospital
because of illness, congenital disorders, or routine medications (except
daily drugs, such as cold or anti-allergy medications) were excluded dur-
ing the recruitment processes. We did not use specific diagnostic tools,
although the second author is a radiologist and thoroughly checked the
T1-weighted structural images for unfound neurological diseases. We
stipulated that only right-handed children could participate in the study
in an advertisement used for subject recruitment and also confirmed that
all subjects were right-handed using the self-report questionnaire, the
Edinburgh Handedness Inventory (Oldfield, 1971). As per the Declara-
tion of Helsinki (1991), written informed consent was obtained from
each subject and his/her parent before MR scanning after a full explana-
tion of the purpose and procedures of the study was provided. Approval
for these experiments was obtained from the Institutional Review Board
of Tohoku University. A few years after the preexperiment, the postex-
periment was conducted and 235 subjects participated.

Because of issues with the quality of the imaging data or a lack of
effective data related to psychological variables, cross-sectional imaging
analyses of the amount of time spent with parents were performed with
262 subjects (127 boys and 135 girls) and longitudinal imaging analyses
were performed with 208 subjects (106 boys and 102 girls).

Although we have gathered the data of the Child Behavior Checklist,
we have not excluded the subjects based on the score of this test in this
project (Taki et al., 2010, 2012a, b; Takeuchi et al., 2013c), which is
consistent with studies reported by some of other groups considered
leading experts in the field (Kadosh et al., 2013; Sucksmith et al., 2013;
Ullman et al., 2014). This is partly because this criterion would exclude
many subjects who do not suffer from their problems so much that they
do not feel the necessity to visit a hospital for their cure. Furthermore, for
these measures, high continuity of nature between normality and abnor-
mality has been consistently shown (O’Connor, 2002). Therefore, there
are no practical reasons to exclude children on the basis of this score.
Moreover, it has been suggested that the amount of parent– child inter-
action time facilitates the socioemotional development in children

(NICHD Early Child Care Research Network, 2003). Thus, particularly
for this study, excluding or correcting these effects may eliminate the
effects due to the amount of parent– child interaction time and would
therefore not be appropriate. Nevertheless, to check this procedure af-
fects results and conclusions of this study, we analyzed the data without
subjects with a T-score �70 on any subscale from the Child Behavior
Checklist (Waber et al., 2007). Using this criterion yielded the exclusion
of additional 18 subjects and the subsequent analysis demonstrated
that the main significant results of this study (Table 1, analyses of 1, 6,
11, 12, and 19) are mostly not changed. Two results’ statistical values
slightly increased, whereas 3 results’ statistical values slightly de-
creased. However, except for the effects of parent– child interaction
on the Verbal Comprehension Index score in the cross-sectional anal-
ysis (where p value increased from 0.031 to 0.066), all the results
remained significant ( p � 0.05). These results did not alter our
conclusions.

Assessments of psychological variables. In both the preexperiment and
postexperiments, we measured the Full-Scale intelligence quotient
(FSIQ) using the Japanese version of the Wechsler Adult Intelligence
Scale-Third Edition (WAIS-III) for subjects aged 16 years or older or the
Wechsler Intelligence Scale for Children-Third Edition (WISC-III) for
subjects younger than 16 years (Azuma et al., 1998). The tests were ad-
ministered by trained examiners (Fujita et al., 2006). We calculated the
Verbal Comprehension subscore along with the FSIQ, Perceptual Orga-
nization subscore, Working Memory subscore, and Processing Speed
subscore for each subject from their WAIS/WISC scores. In the preex-
periment, data on the amount of time spent with parents (it was ex-
pressed as “time doing something together or dealing with parents”)
during weekdays and holidays were collected using a questionnaire with
multiple-choice questions. Responses were selected from the following
12 options: 1, none; 2, a little; 3, within 30 min; 4, �30 min; 5, �45 min;
6, �1 h; 7, �1 h 30 min; 8, �2 h; 9, �2 h 30 min; 10, �3 h; 11, �3 h; and
12, have no way of telling. These choices were then transformed into the
number of hours spent with parents (option 1 � 0; option 2 � 0.167;
option 3 � 0.333; option 4 � 0.5; option 5 � 0.75; option 6 � 1; option
7 � 1.5; option 8 � 2; option 9 � 2.5; option 10 � 3; option 11 � 3.5).
The average number of hours spent with parents on weekdays and holi-
days was used in the statistical analyses described below. Data from sub-
jects who chose option 12 were removed from analyses involving the time
spent with parents. This measure has been widely used in studies of
parent– child interactions in Japan, including governmental and interna-
tional investigations (Management and Coordination Agency Head-
quarters About Juveniles, 1996; Ohyama, 2001; Okamoto, 2002). In this
study, the correlation coefficient between the values from the first and
second questions was 0.658, suggesting reliability for the average number
of hours spent with parents. The amount of time spent with children has
been shown to be positively associated with understanding children
(Ohyama, 2001), as well as the frequency of parent– child behaviors as-
sessed by other methods (see Investigation of the effects of verbal parent–
child interaction), thus suggesting the validity of this measure. The
general validity of this type of estimation method from recalling has been
shown in a previous study (Robinson, 1985). Although a more tedious
method, such as the experimentally organized diary method, is preferable
for the accurate measurement of time, direct estimation method is found
to be able to be used to draw valid inferences about correlates of time use
and to obtain ordinal rankings of groups of individuals with regard to
their time use in specific activities (Robinson, 1985).

In addition, data on each subject’s relationship with his/her parents
were collected using a self-report questionnaire with multiple choice
questions. Responses were selected from the following five options: 1,
going well; 2, not going so bad; 3, not going so well; 4, going bad; 5, have
no way of telling. Data from subjects who chose option 5 were removed
from analyses involving the time spent with parents, and the rest of the
answers were used in the analyses as reported. We used only one question
to measure the parent– child relationship. However, when the same
question is used together with four other relevant questions in the scale
for parent– child satisfaction, the scale’s reliability was considered high
with a Cronbach’s � of 0.93 (Toguchi, 2009). This indicates that addi-
tional questions do not provide additional information. Therefore, to
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make the questionnaire as short as possible, we used only one question.
This satisfaction scale comprising five questions shows a moderate cor-
relation with the subfactors of bonding scales (Takagi and Toguchi,
2006), and its criterion-related validity has been confirmed.

We only assessed the time spent with parents at the preexperiment
because this project is a prospective longitudinal cohort study. To indi-
cate causality at certain levels with analyses in a prospective longitudinal
cohort study, it is important that certain variables measured in the pre-
experiment period predict (or precede) subsequent changes in other
variables. Otherwise, the analyses cannot suggest causality greater than
that of cross-sectional studies.

As with other large projects that use MRI with children, we could not
establish a common time for conducting the experiments that was acces-
sible to all participants. In the MRI experiment, it was difficult to scan
multiple subjects in confined seasons. For example, children can spend
more time with their parents during holidays, although we distinguished
between time spent with parents on holidays, or other days, and evalu-
ated them separately. However, during long vacations, children have
more holidays, and the effects of spending time with parents may be
more pronounced either during or just after a long vacation. In Japan,
there are usually no long vacations (�10 d) for adults. We believe that, as
long as the time spent with parents was evaluated separately between
holidays and other days, the differences in the time of year the scans were
conducted are not likely a confounding variable in the present analyses.
Nonetheless, this might reduce the sensitivity of the analyses and may be
a common limitation of larger MRI projects involving daily habits. How-
ever, when time spent with parents on holidays (which is more likely to
be common across ages) is used in the analysis instead of average number
of hours spent with parents, the main significant results of this study
(Table 1, analyses of 1, 6, 11, 12, 19) are mostly not changed. Two results’
statistical values slightly increased, whereas three results’ statistical values

slightly decreased. However, except for the effects of parent– child inter-
action on the Verbal Comprehension Index score in the cross-sectional
analysis (where p value increased from 0.031 to 0.101), all the results
remained significant ( p � 0.05). These results did not alter our
conclusions.

In the preexperiment, the measure of socioeconomic status consisted
of three questions. One was an inquiry relating to family annual income
as reported in our previous study (Taki et al., 2010; Takeuchi et al., 2014).
Annual income data were collected using discrete variables: 1, annual
income �US $20,000 (the currency exchange rate was set at US $1 � 100
yen); 2, annual income US $20,000 –$40,000; 3, annual income US
$40,000 –$60,000; 4, annual income US $60,000 –$80,000; 5, annual in-
come US $80,000 –$100,000; 6, annual income US $100,000 –$120,000;
7, annual income �US $120,000. The values 1–7 were used in subsequent
regression analyses. The other two questions related to the highest edu-
cational qualification of both parents. There were eight options (1, ele-
mentary school graduate or below; 2, junior high school graduate; 3,
normal high school graduate; 4, graduate of a short-term school com-
pleted after high school (such as a junior college); 5, university graduate;
6, masters degree; and 7, doctorate) and each choice was converted into
the number of years taken to complete the qualification in the normal
manner in the Japanese education system (1, 6 years; 2, 9 years; 3, 12
years; 4, 14 years; 5, 16 years; 6, 18 years; 7, 21 years). The average of the
converted values for each parent was used in the analyses. This protocol
followed the standard approach used by the Japanese government for
evaluating socioeconomic status. Furthermore, according to previous
work (Lederbogen et al., 2011), the urbanicity of the place (at the munic-
ipal level) where subjects lived when the first experiment was performed
was scored in three categories: cities with �100,000 inhabitants (3),
towns with �10,000 inhabitants, (2) and rural areas (1). The original
publication (Pedersen and Mortensen, 2001) also included categories for

Table 1. Statistical analyses performed in this study and the corresponding p value after correcting for study-wise multiple comparisonsa

Question, dependent variable, independent variable Type p value*

1 Does PCI (DV) associate with higher VCI (IV) as predicted from previous studies? One-tailed 0.031, 0.045
2 Does PCI (DV) associate with POI (IV)? Two-tailed 0.891, 0.528
3 Does PCI (DV) associate with PS (IV)? Two-tailed 0.825, 0.528
4 Does PCI (DV) associate with WM (IV)? Two-tailed 0.276, 0.232
5 Does PCI (DV) associate with FSIQ (IV)? Two-tailed 0.147, 0.138
6 Does PCI (DV) associate with larger VCI increase (IV) as predicted from previous studies? One-tailed 0.020, 0.045
7 Does PCI (DV) associate with POI change (IV)? Two-tailed 0.209, 0.186
8 Does PCI (DV) associate with PS change (IV)? Two-tailed 0.881, 0.528
9 Does PCI (DV) associate with WM change (IV)? Two-tailed 0.707, 0.514

10 Does PCI (DV) associate with FSIQ change (IV)? Two-tailed 0.058, 0.058
11 Does PCI (DV) associate with rGMD in the left STG? (IV)? F-contrast 0.015, 0.045
12 Does PCI (DV) associate with rGMD in the right STG (IV)? F-contrast 0.038, 0.047
13 Does PCI (DV) associate with rGMD in the left IFG (IV)? F-contrast 0.881, 0.528
14 Does lower rGMD in the left STG (correlate of higher PCI) (IV) associate with advance development (DV)? One-tailed �1.63 � 10�11 **, 1.63 � 10�10

15 Does lower rGMD in the right STG (correlate of higher PCI) (IV) associate with advance development (DV)? One-tailed 4.46 � 10 �10, 3.57 � 10 �9

16 Does lower rGMD in the left STG (correlate of higher PCI) (IV) associate with superior VCI (DV) (another correlate of higher PCI)? One-tailed 0.038, 0.047
17 Does lower rGMD in the right STG (correlate of higher PCI) (IV) associate with superior VCI (DV) (another correlate of higher PCI)? One-tailed 0.023, 0.045
18 Does longitudinal rGMD change in the left STG (IV) associate with PCI (DV) like cross-sectional rGMD? One-tailed 0.963, 0.546
19 Does longitudinal rGMD change in the right STG (IV) associate with PCI (DV) like cross-sectional rGMD? One-tailed 0.029, 0.045
20 Does VCI (correlate of higher PCI) (IV) show the interaction effects between age and PCI (DV)? — 0.990, 0.546
21 Does VCI change (correlate of higher PCI) (IV) show the interaction effects between age and PCI (DV)? — 0.799, 0.528
22 Does mean rGMD of the PCI correlate in the left STG (IV) show the interaction effects between age and PCI (DV)? — 0.041, 0.047
23 Does mean rGMD of the PCI correlate in the right STG (IV) show the interaction effects between age and PCI (DV)? — 0.023, 0.045
24 Does mean rGMD change of the PCI correlate in the right STG (IV) show the interaction effects between age and PCI (DV)? — 0.667, 0.508
25 Does VPCI (DV) correlate with VCI (IV) in a similar way as PCI? One-tailed 0.030, 0.045
26 Does VPCI (DV) correlate with VCI change (IV) in a similar way as PCI? One-tailed 0.003, 0.016
27 Does VPCI (DV) correlate with mean rGMD of the PCI’s correlate in the left STG (IV) in a similar way as PCI? One-tailed 0.375, 0.300
28 Does VPCI (DV) correlate with mean rGMD of the PCI’s correlate in the right STG (IV) in a similar way as PCI? One-tailed 0.045, 0.047
29 Does VPCI (DV) correlate with mean rGMD change of the PCI’s correlate in the right STG (IV) in a similar way as PCI? One-tailed 0.020, 0.045
aPCI, Parent– child interaction (time spent with parents); DV, dependent variable; IV, independent variable; VCI, Verbal Comprehension Index; POI, Perceptual Organization Index; PS, Processing Speed; WM, Working Memory; LIFG, left
inferior frontal gyrus; LSTG, left superior temporal gyrus; RSTG, right superior temporal gyrus; VPCI, verbal parent– child interaction (conversation factor score).

*The left p values show the p values that are uncorrected (non–voxel-based imaging analyses) or corrected within the analyses (voxel-based imaging analyses); the right p value shows the p values that are corrected in a study-wise manner
through FDR.

**The actual p value is lower, but the SPM cannot display the value. In the study-wise FDR test, we used this value, but using the lower p value than this value will not affect the significance or insignificance of the study-wise FDR.
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(5) capital (4) and capital suburb, which did not occur in our sample.
Further, none of the subjects in this study lived in rural areas. Even when
another type of classification was used that was based on the thresholds of
1,000,000 or 100,000 inhabitants, the statistical values were less affected
(data not shown). We also gathered data that were used to examine
whether the mother and father lived together with the participants at the
time of the first experiment and documented the number of parents
living with participants. These data were included in the analyses as
covariates.

For participants in the fourth grade or below, the parents (and not
children) answered questions regarding the amount of parent– child in-
teraction and the relationship between children and parents. For partic-
ipants in the fifth grade or above, children themselves (and not parents)
answered questions regarding his or her interactions with parents. This
threshold is based on the low reliability of answers from small children,
and the line was drawn between fourth and fifth grades according to the
customs in the field, and previous recommendations were for discour-
aging the use of self-report methods due to their lack of validity and their
use in children younger than 10 years (Kambara et al., 1998; Kohl et al.,
2000). All other questions were answered by parents regardless of a
child’s grade.

Behavioral data analysis. The behavioral data were analyzed using Pre-
dictive Analysis SoftWare release version 22.0.0 (PASW Statistics 18;
SPSS 2010). Multiple regression analyses were used to investigate associ-
ations between hours spent with parents and cognitive functions in the
preexperiment as well as associations between hours spent with parents
and pretest to post-test changes in cognitive functions after correcting for
the effects of confounding variables. Results with a threshold of p � 0.05
were considered statistically significant.

We did not include FSIQ as a covariate in the multiple regression
analyses in the psychological analyses that examined whether spending
time with parents affected the subscales of IQ tests. Including the IQ
score is statistically incorrect, partly because of the multicolinearity prob-
lem (the r of the zero-order correlation between the FSIQ and Verbal
Comprehension Index (VCI) score was as high as 0.83 in the present
study) and because VCI is a part of the total IQ score, which are therefore
fundamentally “overlapping.” In other words, conceptually the identical
components exist between two variables. However, we cannot conceptu-
ally “regress out” the effects of IQ from VCI with multiple regression
analyses. The same holds true for the longitudinal VCI and FSIQ changes
(r � 0.737 in this case). Thus, we are unable to regress out the FSIQ
change when we analyze the association between time spent with chil-
dren and longitudinal VCI change (or changes of any other subscales).
Nevertheless, we added the FSIQ score for the preexperiment in the
longitudinal analyses of changes in subscales of the FSIQ because of the
lack of the aforementioned problems and the concern that children with
higher or lower cognitive functions may attract parents and increase the
parent– child interaction. Such preexisting cognitive functions in chil-
dren, rather than parent– child interactions, might cause developmental
differences.

One-tailed tests were used in the VCI analyses because an association
between parent– child interactions and development of verbal skills and
knowledge was previously confirmed. The aim of these VCI analyses is to
confirm the previously observed associations, and the analyses are
hypothesis-driven. Two-tailed tests were used for other scores of the
Wechsler IQ test because the analyses are not hypothesis-driven. Fur-
thermore, we are unaware of previous studies that demonstrate an asso-
ciation between parent– child interactions and development of FSIQ,
Working Memory, Perceptual Organization, or Processing Speed.

Image acquisition. All images were collected using a 3-T Philips Intera
Achieva scanner. Three-dimensional, high-resolution, T1-weighted im-
ages (T1WI) were collected using a MPRAGE sequence. The parameters
were as follows: 240 � 240 matrix, TR � 6.5 ms, TE � 3 ms, TI � 711 ms,
FOV � 24 cm, 162 slices, 1.0 mm slice thickness, and scan duration of 8
min and 3 s.

Preprocessing and analysis of structural data. Preprocessing of the struc-
tural data was performed using Statistical Parametric Mapping software
(SPM8; Wellcome Department of Cognitive Neurology, London) imple-
mented in MATLAB (MathWorks). Using the new segmentation algo-

rithm implemented in SPM8, T1-weighted structural images of each
individual were segmented into six tissues. In this process, the gray mat-
ter tissue probability map (TPM) used in this procedure was manipu-
lated from maps implemented in the software so that the signal
intensities of the voxels with (gray matter tissue probability of the default
tissue gray matter TPM � white matter tissue probability of the default
TPM) �0.25 became 0. When this manipulated gray matter TPM is used,
the dura matter is less likely to be classified as gray matter (compared
with when the default gray matter TPM is used) without other substantial
segmentation problems. In this new segmentation process, default pa-
rameters were used, except that affine regularization was performed us-
ing the International Consortium for Brain Mapping template for East
Asian brains. We then proceeded into the diffeomorphic anatomical
registration through exponentiated lie algebra (DARTEL) registration
process implemented in SPM8. In this process, we used DARTEL-
imported images of the 6 TPM of gray matter created using the above-
mentioned new segmentation process. First, the template for the
DARTEL procedures was created using the T1WI data from the prescan
of all the subjects. Next, using this existing template, DARTEL proce-
dures were performed using the prescan and postscan T1WI of all of the
subjects included in this study and default parameter settings. The result-
ing images were then spatially normalized to the MNI space to obtain
images with 1.5 � 1.5 � 1.5 mm 3 voxels. Subsequently, all images were
smoothed by convolving them with an isotropic Gaussian kernel of 12
mm FWHM for the reasons described below.

Finally, the signal change in rGMD between preintervention and
postintervention images was computed at each voxel for each partici-
pant. In this computation, the preexperiment’s unsmoothed rGMD im-
ages were subtracted from the postexperiment’s unsmoothed rGMD
images, and the resulting images were then smoothed by convolving
them with an isotropic Gaussian kernel of 12 mm FWHM. The resulting
maps representing the rGMD between the pre-MRI and post-MRI ex-
periments (rGMD post � rGMD pre) were then forwarded to the longi-
tudinal imaging analyses, as described in the following section.

Statistical analysis of imaging data. Statistical analyses of imaging data
were performed with VBM5 software, an extension of SPM5, for the
reasons described below.

In the cross-sectional analyses of rGMD, we included only voxels that
showed rGMD values of �0.10 in all subjects. In longitudinal analyses,
we only included voxels that had rGMD values �0.10 in both the pres-
moothed and postsmoothed rGMD images for all subjects. The primary
purpose for using this type of threshold is to cut the periphery of the gray
matter area and to effectively limit the area for analysis to areas likely to
be gray matter.

Cross-sectional whole-brain multiple regression analysis was per-
formed to investigate the association between rGMD and the time spent
with parents. Sex, age (days after birth), family annual income, average
number of years of parents’ highest educational qualification, urbanicity
of the areas in which participants lived, number of parents who lived
together with the participants, relationship with parents, whether the
parent or participant answered the questions regarding the interaction
between parents and children, and number of hours spent with parents
(as calculated above) were independent variables. Thus, there were nine
independent variables in total, and rGMD at each voxel was the depen-
dent variable. The centering option was used to center the interactions.

Next, to reveal the nature of the rGMD correlates of hours spent with
parents in terms of the association with verbal abilities and development,
we investigated the association between rGMD and the Verbal Compre-
hension score as well as the association between rGMD and age using
voxel-by-voxel multiple regression analysis. In this multiple regression
analysis, sex, age (days after birth), and Verbal Comprehension were
independent variables and rGMD at each voxel was the dependent vari-
able. The FSIQ or VCI was not included in this model because they are
concurrent phenomena with rGMD. Furthermore, rGMD correlates
with these cognitive functions are included among what we would like to
investigate in the analyses of associations between parent– child interac-
tions and rGMD.

In longitudinal analyses of rGMD, the maps representing signal
changes in rGMD between the preexperiment and postexperiment im-
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ages were analyzed. We investigated the association between preexperi-
ment and postexperiment rGMD changes and hours of time spent with
parents after regressing out age, length of time between the preexperi-
ment and postexperiment, sex, family annual income, average number of
years of parents’ highest educational qualification, the urbanicity of the
areas in which participants lived, number of parents who lived together
with participants, FSIQ in the preexperiment, whether the parent or
participant answered the questions regarding the interactions between
parents and children, relationship with parents, number of hours spent
with parents, and rGMD at each voxel in the preexperiment using the
biological parametric mapping toolbox for SPM (Casanova et al., 2007).
The BPM toolbox can handle voxel-by-voxel correlations between mul-
timodal images, and it was used to correct the effect of rGMD in the
preexperiment on the preexperiment to postexperiment rGMD changes
at each voxel. Changes in FSIQ or VCI from the preexperiment to post-
experiment measures were not included in the model of longitudinal
rGMD analyses for the same reasons that the cross-sectional rGMD anal-
yses of FSIQ or VCI score in the preexperiment are described above.

In the cross-sectional whole-brain analyses, the statistical significance
level was set at p � 0.05, corrected at the nonisotropic adjusted cluster
level (Hayasaka et al., 2004) with an underlying voxel level of p � 0.0025.
Nonisotropic adjusted cluster-size tests can and should be applied when
cluster size tests are applied to data known to be nonstationary (in an-
other words, not uniformly smooth), such as VBM data (Hayasaka et al.,
2004). In this nonisotropic cluster-size test of random field theory, a
relatively higher cluster-determining threshold combined with high
smoothing values of �6 voxels leads to appropriate conservativeness in
real data. With high smoothing values, an uncorrected threshold of p �
0.01 seems to lead to anticonservativeness, whereas that of p � 0.001
seems to lead to slight conservativeness (Silver et al., 2011); thus, the
abovementioned threshold was used. We used the VBM5/SPM5 version
of this test and a smoothing value of 12 mm. This is because a previous
validation study of this test using a real dataset (Silver et al., 2011) showed
that the conditions of this cluster size test are very limited and are depen-
dent on the smoothness of the data as described above. However, SPM8
and SPM5 estimate actual FWHM substantially differently in the areas
analyzed and this directly affects the cluster test threshold. Therefore,
regardless of which (SPM5 or SPM8) is appropriate, our view is that the
conditions shown in the previous study (Silver et al., 2011) are no longer
guaranteed in SPM8 because different analyses are performed and these
return different results. We used a 12 mm FWHM, which was recom-
mended in the previous study (Silver et al., 2011). In addition, the use of
a 12 mm FWHM for rGMD images resulting from DARTEL procedures
under the current conditions appears to be sufficient for achieving actual
smoothness (i.e., the amount of smoothness in analyses of the acquired
data when the recommended smoothing value is used with segmented
VBM images from previous versions). In longitudinal analyses, because
of incompatibility between SPM and the nonisotropic adjusted cluster
size test, nonisotropic adjusted cluster size tests could not be performed;
therefore, we focused on ROI analyses. However, whole-brain longitudi-
nal analyses did not result in any significant findings, regardless of the
method used for correcting for multiple comparisons across the whole
brain.

In the cross-sectional and longitudinal voxel-by-voxel multiple regression
analyses, for areas with a strong a priori hypothesis, namely, the IFG, and
STG the statistical significance level was set at p � 0.05, with a small-volume
correction (SVC) for multiple comparisons (family-wise error) in regions of
interest. Detailed reasons for these regions being chosen were described in
the Introduction. All ROIs were constructed using the WFU PickAtlas Tool
(http://www.fmri.wfubmc.edu/cms/software#PickAtlas) (Maldjian et al.,
2003, 2004) and was based on the PickAtlas automated anatomical labeling
atlas option (Tzourio-Mazoyer et al., 2002). The masks of the bilateral IFG
were constructed by adding mask images from subregions of IFG, and the
masks of the bilateral STG were constructed according to automated ana-
tomical labeling.

Interaction effects between age (who answered the question on parent–
child interaction) and number of hours spent with parents and their impact
on significant correlates of time spent with parents. To investigate whether
psychological and anatomical correlates of the time spent with parents

were driven by a particular age group (in other words, to test whether the
associations between the time spent with parents and its correlates differ
between younger and older children), we performed additional analyses
using ANCOVAs in PASW Statistics 22. The dependent variables in both
analyses were the significant correlates of hours spent with parents iden-
tified in the present study (i.e., one of the following: Verbal Comprehen-
sion in cross-sectional and longitudinal analyses and mean rGMD value
for significant clusters identified in cross-sectional and/or longitudinal
analyses). In these analyses, the subjects were divided into two groups on
the basis of whether they were �fourth grade or �fifth grade, which
corresponds to who answered the question on parent– child interactions
(guardians or children themselves). We added the interaction between
the number of hours spent with parents and this group factor as covari-
ates in the models for each analysis in addition to all other covariates that
were used in each of abovementioned analysis of correlates of hours of
spending time with parents.

We did not have an a priori hypothesis for these analyses. Thus, we
simply applied the p values of interaction effects from the ANCOVAs
through F-tests.

Investigation of the effects of verbal parent– child interactions. As was the
case with our previous studies, we assessed the time spent with parents
but did not confine such time to verbal interactions. The present effects
of time spent with children on verbal skills and verbal-related neural
systems might be caused by verbal parent– child interactions. To confirm
such notions, we supplementarily performed the following analyses us-
ing ANCOVAs in PASW Statistics 22.

In the present study, we used the data obtained with a set of questions
that examined the frequencies of various parent– child interactions. For
each item, the content (e.g., “have dishes”) was shown, and the partici-
pant (or parent) was asked how often the parents and children together
behaved in such a manner. Responses were selected from the following
four options: 1, not at all; 2, relatively infrequent; 3, relatively frequent; 4,
frequent. These answers were used as reported. The questions have been
used in studies of parent– child interactions in Japan, including govern-
mental and international investigations, although the exact contents of
the items vary among studies (Management and Coordination Agency
Headquarters About Juveniles, 1996; Ohyama, 2001; Okamoto, 2002).

Because there are 16 items, we first performed a promax-rotated factor
analysis (unweighted least-squares method) of scores for each question
in this set of questions. Based on the recommendation of Stevens (1996),
the Scree test was used to determine the number of factors. As a result,
four-factor solution was selected. Eigenvalues of the first six factors were
4.33, 2.13, 1.5, 1.12, 0.84, and 0.83. The recommended cutoff value of
factor loadings to include certain items in the factor recommended is
sometimes �0.4 (Ishii, 2005). Therefore, we used this cutoff value for
factor loadings.

The first factor comprised six items that we named the “small chil-
dren” factor. This factor consisted of acts that parents usually do only
with small children and includes items, such as “take care of clothes”
(factor loading, 0.479), “take a bath” (0.674), “sleep together at night”
(0.573), “parents read books to children”(0.750), “play pretend games
using toys and tools” (0.722), and “parents teach children” (0.597). The
second factor consisted of three items that we named the “conversation”
factor. This factor consisted of items, such as “talk about what happened
today” (0.603), “talk about future path” (0.840), and “talk about life”
(0.752). The third factor consisted of three items that we named the “play
together” factor. This factor consisted of items such as “play games in-
doors” (0.420), “go for a walk or play in the park” (0.755), and “play
sports” (0.744). The fourth factor consisted of two items and we named
the “have dishes and watch TV or listen to music” factor. This factor
included items, such as “have dishes” (0.533) and “watch TV or listen to
music” (0.527). The items “go shopping” and “make dishes” were re-
moved based on the criteria of factor loading and the other 14 items
belonged to one of the abovementioned factors.

Apparently, the “conversation” factors matched with our interest. The
correlation coefficients (r) between time spent with parents and the fac-
tors were 0.296 (“small children”), 0.390 (“conversation”), 0.201 (“play
together”), and 0.210 (“have dishes and watch TV or listen music”).
These r values demonstrate the cross-validity of the four factors and the
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amount of time spent with children; the “conversation” factor showed
the strongest association with the amount of time spent with parents. The
Cronbach’s � value was 0.772 for the “small children” factor, 0.764 for
the “conversation” factor, 0.645 for the “play together” factor, and 0.396
for the “have dishes and watch TV or listen music” factor. Therefore, the
first three factors have good to acceptable reliability, but the fourth factor
may have a problem with reliability. However, our focus is the “conver-
sation” factor, which represents verbal parent– child interactions, and
the reliability of the fourth factor is less of an issue.

We then proceeded to multiple regression analyses using the “conver-
sation” factor as a measure of verbal parent– child interaction. The de-
pendent variables in both psychological and anatomical analyses were the
significant correlates for hours spent with parents (i.e., one of the follow-
ing: Verbal Comprehension in cross-sectional and longitudinal analyses
and mean rGMD value for significant clusters identified in cross-
sectional and longitudinal analyses). We added the “conversation” factor
as a covariate in the models for each analysis, and in addition to all other
covariates that were used in the correlational analyses of hours of time
spent with parents, and instead removed time spent with parents from
the model.

We used one-tailed tests in the present analyses because their purpose
was to confirm that verbal parent– child interaction has the same associ-
ation patterns with correlates of parent– child interaction (time spent
with children), rather than confirm the verbal parent– child interaction
has any association with correlates of parent– child interaction.

Study-wise multiple comparison issues. Although this study has only a
few analyses that directly addressed the hypotheses (cross-sectional and
longitudinal imaging analyses involving time spent with children), there
are numerous other analyses. Some of them support the discussion and
interpretation of the present results. Other analyses were added to show
specificity of the main findings or the readers’ interest. Therefore, there
may be concerns with multiple comparisons issues.

To our knowledge, there are no established methods to correct multi-
ple comparisons across multiple voxel based and non–voxel-based anal-
yses. Thus, the method for such an analysis is somewhat exploratory.
Basically, we used the false discovery rate (FDR), as was the case in a prior
imaging study (Wallace et al., 2010), although that study did not deal
with voxel-based analyses. We confirmed whether the present results
were within a threshold of p � 0.05, and corrected for FDR using the
graphically sharpened method (Benjamini and Hochberg, 2000) when
multiple comparisons were performed in a study-wise manner. FDR-
based methods have been shown to be more powerful and sensitive than
other available approaches to multiple statistical testing (for a full discus-
sion, see Benjamini and Hochberg, 1995; Genovese et al., 2002).

In this calculation, for non–voxel-based imaging analyses, the p values
of that were unchanged from abovementioned analyses used for the
computation of p values that are corrected for FDR. However, in tradi-
tional voxel-based imaging analyses and abovementioned voxel-based
imaging analyses in this study, the results are reported with one-tailed
tests, in this calculation of study-wise FDR-based p values, we did so only
in cases where there were hypotheses regarding the directionality of the
associations (in cases where analyses were performed to confirm associ-
ations in a specific direction, rather than confirming there are associa-
tions in any direction). In other voxel-based imaging analyses (i.e.,
analyses that did not have any hypotheses or did not test the association
of the certain directions), in this calculation of study-wise FDR-based p
values, we tested the associations in F-contrasts (and voxelwise correc-
tion for multiple comparisons using family wise error) for each ROI.
Because this analysis becomes complicated when there are multiple sig-
nificant results in one-voxel based imaging analysis, in this calculation of
study-wise FDR-based p values, we just picked up only the strongest
result or voxel in each analysis for each area.

In the imaging analyses described in Statistical analysis of imaging
data, the cross-sectional associations between time spent with parents
and rGMD in the three ROIs were two-tailed. We selected two-tailed
analyses because some studies have associated children’s adaptive char-
acteristics with less gray matter in the ROIs in terms of associations
between parents and children (De Bellis et al., 2002a; Tomoda et al.,

2011). However, this was not always the case (De Brito et al., 2009), and
that may depend on the samples’ characteristics.

The subsequent analyses of associations between age and rGMD, as
well as between VCI and rGMD, were performed to confirm that age and
VCI have the same association patterns with rGMD in the bilateral tem-
poral gyrus, which was associated with time spent with children (and not
to investigate age and VCI have any associations with rGMD in these
areas). The same holds true to longitudinal analyses between rGMD
change and time spent with children.

Results
Basic data
The characteristics of the subjects are shown in Table 2. The
amount of time spent with parents was determined using a self-
report questionnaire. We used ANOVA to investigate whether
the psychological variables measured in the preexperiment that
were used in the multiple regression analyses were different be-
tween subjects who only participated in the preexperiment and
those who participated in both the preexperiment and postex-
periment. There were no significant differences in these variables
(p � 0.05, uncorrected).

Cross-sectional behavioral analysis
A multiple regression analysis that used preexperiment data re-
vealed (after correcting for the effects of age, sex, family annual
income, the average number of years of parents’ highest educa-
tional qualification, the urbanicity of the areas in which the par-
ticipants lived, number of parents who lived together with the
participants, and whether the participant or parents answered the
questions regarding the interaction between parents and chil-
dren, and the relationship with parents) that the number of hours
spent with parents in the preexperiment showed a significant and
positive correlation with the Verbal Comprehension scores of
WAIS-III and WISC-III in the preexperiment (p � 0.031, t �
1.876, standardized partial regression coefficient [�] � 0.120), as
expected. However, the association between Verbal Comprehen-
sion and the number of hours spent with parents did not show a

Table 2. Psychological variables of the study participants in the cross-sectional
analyses (127 boys and 135 girls, upper lines) and their change in the longitudinal
analyses (106 boys and 102 girls, lower lines when there are two lines)

Measure Boys Girls

Age (yr) 10.8 	 2.9, 5.7–16.5 11.4 	 3.4, 5.8 –18.4
3.0 	 0.3, 1.7– 4.0 3.0 	 0.3, 1.8 – 4.1

FSIQ 104.4 	 12.9, 77–134 102.0 	 11.3, 71–128
0.4 	 8.6, �18 to 23 1.9 	 9.5, �44 to 26

Verbal Comprehension 104.9 	 13.9, 64 –145 103.1 	 14.0, 65–136
0.4 	 8.6, �36 to 27 2.0 	 11.2, �36 to 29

Working Memory 102.5 	 13.1, 71–138 98.6 	 12.4, 69 –124
�0.7 	 9.3, �18 to 23 �1.4 	 11.5, �61 to 18

Perceptual Organization 102.9 	 15.3, 69 –146 100.0 	 11.9, 68 –134
0.0 	 10.5, �29 to 23 0.2 	 11.5, �48 to 31

Processing Speed 100.4 	 11.8, 66 –134 104.4 	 13.2, 69 –136
5.7 	 10.6, �28 to 34 5.4 	 12.6, �30 to 39

Family annual incomea 4.09 	 1.51, 1–7 3.88 	 1.48, 1–7
Average number of years of

parents’ highest educa-
tional qualification

14.3 	 1.74, 9 –18.5 14.1 	 1.55, 10.5–18.5

Average hours of spending
time with parents for
weekdays and holidays
(hours)

2.24 	 1.01, 0 –3.5 2.34 	 1.02, 0.08 –3.5

aData are mean 	 SD, range. Family annual income was classified as follows: 1, annual income �2 million yen; 2,
2– 4 million yen; 3, 4 – 6 million yen; 4, 6 – 8 million yen; 5, 8 –10 million yen; 6, 10 –12 million yen; 7, �12 million
yen.
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correlation with the Perceptual Organization (p � 0.891, t �
0.137, � � 0.009), Processing Speed (p � 0.825, t � 0.222, � �
0.014), Working Memory (p � 0.276, t � 1.092, � � 0.067), or
FSIQ (p � 0.147, t � 1.454, � � 0.093) scores of WAIS-III and
WISC-III in the preexperiment.

Longitudinal behavioral analysis
A multiple regression analysis performed using the longitudinal
data revealed (after correcting for the effects of age, sex, family
annual income, average number of years of parents’ highest edu-
cational qualification in the preexperiment, the urbanicity of the
areas in which the participants lived, number of parents who
lived together with the participants, whether the participant or
parents answered the questions regarding the interaction be-
tween parents and children, relationship with parents, duration
of time between the postexperiment and preexperiment, and
score for each test in the preexperiment) that the number of
hours spent with parents in the preexperiment was significantly
and positively correlated with the change in the Verbal Compre-
hension subscore between the preexperiment and postexperi-
ment data (p � 0.020, t � 2.075, � � 0.109). However, this
association was again specific to the Verbal Comprehension score
and was not significantly correlated with the change in the Per-
ceptual Organization (p � 0.209, t � 1.261, � � 0.088), Working
Memory (p � 0.881, t � 0.150, � � 0.008), Processing Speed
score (p � 0.707, t � 0.377, � � 0.022), or FSIQ (p � 0.058, t �
1.903, � � 0.093) between the preexperiment and postexperi-
ment data.

Cross-sectional rGMD analysis
A multiple regression analysis that used preexperiment data re-
vealed (after correcting for the effects of age, sex, family annual
income, the average number of years of parents’ highest educa-
tional qualification, the urbanicity of the areas in which the par-
ticipants lived, number of parents who lived together with
participants, whether the participant or parents answered the
questions regarding the interaction between parents and children
and the relationship with parents) that the number of hours spent
with parents in the preexperiment was significantly and nega-
tively correlated with rGMD in an anatomical cluster that spread
from the right STG and Heschl’s gyrus (MNI coordinates x, y, z �
65, �7.5, 0, t value of the peak � 3.99, p � 0.010, corrected for
multiple comparisons at the nonisotropic adjusted cluster level;
Fig. 1a– c) and in an anatomical cluster that spread from the left
STG, across the middle temporal gyrus, to Heschl’s gyrus (MNI
coordinates x, y, z � �61.5, �9, 6, t value of the peak � 4.18, p �
0.026, corrected for multiple comparisons at the nonisotropic
adjusted cluster level; Fig. 1a– c). There were no other significant

results in the whole-brain analysis of rGMD. Small-volume cor-
rections were used among areas with a strong a priori hypothesis.
However, this analysis failed to show significant correlations in
the whole-brain analysis (i.e., left IFG), and there were no signif-
icant results in this analysis. Although we did not include FSIQ as
a covariate in this analysis (for the reasons, see Materials and
Methods), the anatomical cluster around the right STG remained
significant at the whole-brain level, even when FSIQ was added as
a covariate. In this additional analysis that used FSIQ as a cova-
riate, the anatomical cluster in the left STG became just a ten-
dency (p � 0.1, corrected) at the whole-brain level; and when the
SVC was applied, there were still significant results in the left
STG.

To reveal the nature of the rGMD correlates of Verbal Com-
prehension, which was significantly associated with the number
of hours spent with parents, we used multiple regression analysis
for investigating the association between rGMD and Verbal
Comprehension scores. A multiple regression analysis that used
preexperiment data revealed (after correcting for the effects of
age and sex) that the Verbal Comprehension score showed sig-
nificant negative correlation with rGMD in an anatomical cluster
that spread through the left superior and middle temporal gyrus
(MNI coordinates x, y, z � �74, �22, �9, t value of the peak �
4.31, p � 0.038, corrected for multiple comparisons at the non-
isotropic adjusted cluster level; Fig. 2a,b,d). Small-volume cor-
rections were used among areas with a strong a priori hypothesis,
and a significant negative correlation was observed between the
Verbal Comprehension score in the preexperiment and rGMD of
the right STG (MNI coordinates x, y, z � 51, �1, 0, t value of the
peak � 3.92, p � 0.023, corrected for FWE at the voxel level
within the areas with a strong a priori hypothesis; Fig. 2a– c). The
clusters in the bilateral temporal gyrus in which rGMD was sig-
nificantly correlated with the number of hours spent with parents
did not overlap with the clusters in which rGMD was significantly
correlated with the Verbal Comprehension score at the applied
threshold; however, they overlapped when the clusters were
formed at a threshold of p � 0.01, uncorrected. Also, the addi-
tional referencial analysis replacing Verbal Comprehension score
with FSIQ revealed the similar negative correlation pattern in and
around areas of the bilateral superior temporal gyrus (Fig. 2).

In addition, to reveal the nature of the association between
rGMD of STG and development, we investigated rGMD corre-
lates of age in the same multiple regression analysis. After correct-
ing for the effects of sex and Verbal Comprehension score, age
was found to be significantly and negatively correlated with a
wide range of areas in the whole brain (p � 0.05, corrected for
multiple comparisons at the nonisotropic adjusted cluster level;
Fig. 3a,b). In this analysis, the cluster became too large and the

Figure 1. Negative rGMD correlates of the amount of time (hours) spent with parents in cross-sectional analyses. a, Negative rGMD correlates of time spent with parents. Significant correlations
in the left temporal area and the right STG were observed together with other nonsignificant correlations. Results are shown with p � 0.0025, uncorrected for visualization purposes. b, c,
Associations between rGMD and the amount of time spent with parents. Residual plots with trend lines depicting correlations between residuals in multiple regression analyses with rGMD of the
peak voxels in (b) the right STG and (c) the left STG as the dependent variables.
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cluster-based test became inappropriate because of the nature of
the cluster-based test (it does not indicate exactly where the effect
of interest is located within a cluster). The extent of the clusters in
which rGMD was negatively correlated with age substantially
overlapped the clusters in which rGMD was negatively correlated
with the amount of time spent with parents described above (Fig.
3a– d).

Longitudinal rGMD analysis
Next, we investigated the association between rGMD changes in
the preexperiment to postexperiment analysis and the number of
hours spent with parents in the preexperiment. Multiple regres-
sion analysis was performed with age, time between the preex-
periment and postexperiments, sex, family annual income,
average number of years of parents’ highest educational qualifi-
cation, the urbanicity of the areas in which participants lived,
number of parents who lived together with participants, whether
the participants or parents answered the questions regarding the
interaction between parents and children, FSIQ in the preexperi-
ment, relationship with parents, number of hours spent with
parents in the preexperiment, and rGMD at each voxel in the
preexperiment as independent variables and the preexperiment
to postexperiment rGMD change as the dependent variable.

SVC were used among areas with a strong a priori hypothesis,
and the number of hours spent with parents in the preexperiment
was significantly and negatively correlated with the preexperi-
ment to postexperiment change in rGMD of the right STG (MNI
coordinates x, y, z � 70.5, �42, 13.5, t value of the peak � 3.85,
p � 0.029, corrected for FWE at the voxel level within the areas
with a strong a priori hypothesis; Fig. 4a,b). There were no other
significant relationships. In this analysis, however, changes in
FSIQ from preexperiment to postexperiment periods were not
included as a covariate (for the reasons described in Materials and
Methods). Even after including changes in FSIQ as a covariate,
there was a significant result in the right STG in this SVC analysis.

However, the cluster of the right STG in which a significant
correlation was observed between the longitudinal rGMD change
and the number of hours spent with parents did not overlap with
the cluster in which a significant correlation was observed be-
tween rGMD of the right STG and the number of hours spent
with parents or the cluster of the left STG in which a significant
correlation was observed between rGMD and Verbal Compre-
hension. When a threshold of 0.01 uncorrected was used, a clus-
ter of the right STG in which a negative correlation was observed
between longitudinal rGMD change and the number of hours
spent with parents substantially overlapped clusters in which cor-

Figure 2. Negative rGMD correlates of Verbal Comprehension and FSIQ in cross-sectional analyses. a, Negative rGMD correlates of Verbal Comprehension. Significant correlations were observed
in the left temporal area and the right STG together with other nonsignificant correlations. Results are shown with p � 0.0025, uncorrected for visualization purposes. b, c, Associations between
rGMD and Verbal Comprehension. Residual plots with trend lines depicting the correlations between residuals in multiple regression analyses with rGMD of the peak voxels in (b) the right STG and
(c) the left STG as the dependent variables. d, Negative rGMD correlates of FSIQ. Significant correlations were observed in the left temporal area and the right STG together with other nonsignificant
correlations. Results are shown with p � 0.0025, uncorrected for visualization purposes. e, f, Associations between rGMD and FSIQ. Residual plots with trend lines depicting the correlations between
residuals in multiple regression analyses with rGMD of the peak voxels in (e) the right STG and (f ) the left STG as the dependent variables.

Figure 3. Negative rGMD correlates of age in cross-sectional analyses. a, b, Negative rGMD correlates of age. Correlations in the bilateral STG were observed together with correlations in other
areas. a, Results are shown with p � 0.0025, uncorrected for visualization purposes. b, c, Associations between rGMD and age. Residual plots with trend lines depicting the correlations between
residuals in the multiple regression analyses with rGMD of the peak voxels in (b) the right STG and (c) the left STG as the dependent variables.
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relations were observed between rGMD and the number of hours
spent with parents in the preexperiment and between rGMD and
the Verbal Comprehension score in the preexperiment (however,
the cluster of the right STG in which the longitudinal correlation
was observed was not contiguous with the significant cluster de-
scribed above). On the other hand, the cluster of the right STG in
which a significant correlation was observed between longitudi-
nal rGMD change and the number of hours spent with parents
substantially overlapped with the cluster in which a significant
cross-sectional correlation was observed between rGMD and age,
as described above.

Interaction effects of age (who answered the questions on
parent– child interaction) and number of hours spent with
parents on significant correlates of time spent with parents
We also investigated the interaction effects of age (who answered
the question on parent– child interaction) and the number of
hours spent with parents to determine their impact on the vari-
ables that showed significance or a tendency for association with
time spent with parents in both cross-sectional and longitudinal
analyses.

In the analyses of the psychological and longitudinal imaging
correlates of time spent with parents, no significant interaction
effects were observed between age and the number of hours spent
with parents on psychological and imaging correlates of the
spending time with parents (cross-sectional analysis of VCI; p �
0.990, F � � 0.001, longitudinal analysis of VCI; p � 0.799, F �
0.065, longitudinal analyses of the mean rGMD for the right STG
of the significant cluster of longitudinal imaging correlates for
spending time with parents; p � 0.667, F � 0.185).

In the analyses of the cross-sectional imaging correlates of the
time spent with parents, we observed significant interaction ef-
fects of age (who answered the question on parent– child interac-
tion) and the number of hours spent with parents on the mean
rGMD of the left STG of the significant cluster of cross-sectional
imaging correlates of the spending time with parents (p � 0.041,
F � 4.201) and that of right STG (p � 0.023, F � 5.254). In both
cases, the effects of spending time with parents were stronger in
the younger age group. The simple correlation coefficients (r)
between the mean rGMD value in the significant clusters and the
number of hours spent with parents were as follows: mean rGMD
in the significant cluster of the above-identified cross-sectional
left STG in the younger group, r � �0.309; mean rGMD in the
above-identified significant cross-sectional cluster of the left STG
in the older group, r � �0.156; mean rGMD in the above-
identified cross-sectional significant cluster of the right STG in

the younger group, r � �0.322; mean rGMD in the above-
identified cross-sectional significant cluster of the right STG in
the older group, r � �0.107. When the interaction effects of age
(who answered the question on parent– child interaction) and
the number of hours spent with parents were replaced by the
interaction effects of continuous age variable and number of
hours spent with parents, there were no significant effects and the
aforementioned significant interaction effects of age and the
number of hours spent with parents on rGMD in the bilateral
STG in the cross-sectional analyses became nonsignificant, al-
though the tendencies remained (p � 0.1 for both of analyses).

However, the implication of these findings of significant in-
teraction effects with age (who answered the question on parent–
child interaction) is unclear. This is because: (1) these interaction
effects were not clear in the longitudinal analyses; (2) we did not
perform experiments to analyze these types of interaction effects,
and the age of the subjects was continuous and not suited to this
type of analysis; and (3) in this analysis, when the age was lower
(under fourth grade), two variables changed at once (age and who
answered the questions regarding parent– child interaction),
thus, what causes (e.g., higher effects when children are smaller,
or higher reliability of the parental report). Future studies are
required to investigate this issue using a more suitable experi-
mental design.

Investigation of the effects of verbal parent– child interaction
on correlates of significant correlates of time spent with
parents
We also investigated the effects of verbal parent– child interaction
on the significant correlates of time spent with parents. These
analyses were performed to test whether the present significant
correlates of time spent with parents are caused by verbal parent–
child interaction.

In the analyses of the cross-sectional psychological correlates
of the time spent with parents (VCI score), we observed signifi-
cant positive correlation between “conversation” factor scores of
parent– child interaction and VCI scores (p � 0.030, t � 1.896).
In the analyses of the longitudinal correlates of time spent with par-
ents (i.e., changes of VCI score), we observed a significant positive
correlation between “conversation” factor scores of parent–child
interaction and changes in VCI score (p � 0.003, t � 2.779).

In the analyses of the cross-sectional neuroimaging correlates
for the time spent with parents (i.e., mean rGMD of the left STG
of the significant cluster of cross-sectional imaging correlates for
spending time with parents and that of the right STG), we ob-
served a significant negative correlation between “conversation”

Figure 4. Negative rGMD correlates of the amount of time spent with parents in longitudinal analyses. a, Negative rGMD correlates of the amount of time spent with parents. Significant
correlations were observed in the right STG. Results are shown with p � 0.0025, uncorrected for visualization purposes. b, Associations between rGMD and the amount of time spent with parents.
Residual plot with trend lines depicting correlations between residuals in multiple regression analyses with rGMD of the peak voxels in the right STG as the dependent variables.
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factor scores of parent– child interaction and mean rGMD of the
significant cluster in the right STG (p � 0.045, t � �1.705).
However, there was no significant association between the mean
rGMD and the significant cluster in the left STG (p � 0.375, t �
�0.319).

In the analyses of the longitudinal neuroimaging correlates of
time spent with parents (i.e., mean rGMD of the right STG of the
significant cluster of longitudinal imaging correlates of spending
time with parents), we observed a significant negative correlation
between “conversation” factor scores of parent– child interaction
and the mean rGMD of the significant cluster in the right STG
(p � 0.020, t � �2.048).

Study-wise multiple comparison issues
The results of the present analyses are presented in Table 1. Re-
sults that were significant in each analysis remained significant
after accounting for the study-wise multiple comparisons using
FDR. This was because most of the analyses in this study were not
exploratory, and the majority of the analyses showed significant
results in each contrast and nature of the FDR testing. The study-
wise correction for multiple comparisons, including both voxel-
based analyses and non–voxel-based analyses, is an exploratory
method. However, when the majority of the analyses show signif-
icance in each analysis, corrections for multiple comparisons are
of less concern. The conclusion that corrections for study-wise
multiple comparisons are of less concern will not change.

Discussion
In the present study, we revealed for the first time the effects of the
amount of parent– child interaction on children’s brain struc-
tures using both cross-sectional and longitudinal analyses. Our
hypothesis was partly confirmed and our cross-sectional studies
newly revealed that the amount of time spent with parents was
negatively correlated with rGMD in anatomical clusters involv-
ing the bilateral STG as well as an increase in rGMD in an area
adjacent to the right STG a few years later. Congruent with the
abovementioned previous studies, the amount of time spent with
parents was found to be positively correlated with Verbal Com-
prehension in the cross-sectional studies, and a further increase
in Verbal Comprehension was predicted a few years later. Verbal
Comprehension was found to be negatively correlated with
rGMD in similar contingent areas of the bilateral STG using
cross-sectional analyses. Further, the amount of verbal parent–
child interaction had similar effects on Verbal Comprehension
and rGMD of the right STG in cross-sectional and longitudinal
analyses. Based on these findings, the structure of the right STG
may partly mediate the link between the amount of parent– child
interaction and the development of Verbal Comprehension. These
types of relationships were not observed in IFG, at least at the applied
threshold, and no associations between rGMD and the amount of
time spent with parents were observed in IFG in the present study.
However, these clusters did not completely overlap at the stringent
thresholds used, and the possible associations between cognitive and
neural development brought about by parent–child interactions
need to be interpreted with caution.

We found that spending time with children affects rGMD of
the right STG and that this effect may be associated with the
negative effect of spending time with parents on verbal ability.
The amount of time spent with parents was negatively correlated
with rGMD in the bilateral temporal gyrus and positively corre-
lated with Verbal Comprehension in cross-sectional analyses.
Furthermore, a larger amount of time spent with parents was
associated with a reduction in rGMD of the right STG a few years

later, although this was in a slightly different location and was
positively correlated with developmental changes in Verbal
Comprehension. On the other hand, rGMD of similar areas was
negatively correlated with Verbal Comprehension. rGMD of this
area also decreased as the children grew older. These results indi-
cate that increased parent– child interactions affect this area and
that any resultant changes may underlie or be associated with the
effects of increased parent– child interactions on verbal skills.
However, there was only a marginal overlap, if any, between the
significant clusters for each effect at the applied threshold. These
significant clusters were observed in similar areas; and as the
statistical thresholds were made more lenient, the clusters over-
lapped at some stages. Thus, the weak overlap between significant
clusters and the slight differences in locations may simply reflect
the fact that the study had insufficient statistical power to detect
associations between cognition and structures (Takeuchi et al.,
2013a, b) and could also reflect the effects of daily habits in epi-
demiological studies. We cannot be sure about this, and our find-
ings need to be interpreted with caution until they can be
replicated.

The right STG is involved in a wide range of nonliteral infor-
mation processing in communicative processes, and the effects of
the amount of parent– child interaction on the structure of the
right STG and Verbal Comprehension may be related to altera-
tions in these functions. Previous neuroscientific studies have
suggested that the left STG is involved in language comprehen-
sion (Hécaen and Albert, 1978) and spoken-word recognition
(Howard et al., 1992). The right STG has been implicated in the
processing of nonverbal sound discrimination, recognition, and
comprehension (McGlone and Young, 1992), processing of lin-
guistic context (Kircher et al., 2001), irony and metaphor com-
prehension (Eviatar and Just, 2006), and gaze recognition
(Akiyama et al., 2006). Both the left and right STG have been
shown to be involved in a number of verbal processes (Binder et
al., 1994; Herholz et al., 1994; McGuire et al., 1996), and the
commonality of the bilateral STG as well as laterality of STG may
be important. The key functions of the right STG may be more
specialized and focused on the processing of nonliteral informa-
tion during communicative processes. The effects of the amount
of parent– child interaction on the right STG may thus reflect
altered processing of nonliteral verbal information among verbal
skills, which is also necessary at measures, such as Verbal Com-
prehension Index, too (Holdnack et al., 2011).

A wide range of evidence has suggested that reductions in STG
gray matter structures reflect increased functional integrity of this
area during development. Enlarged right STG gray matter struc-
tures are observed in children exposed to parental verbal abuse
(De Bellis et al., 2002a), mistreated children and adolescents with
post-traumatic stress disorder (Tomoda et al., 2011), children
with generalized anxiety disorder (De Bellis et al., 2002b), and
children and adolescents with autism (Jou et al., 2010). Interest-
ingly, the first three groups are known to have deficits in nonlit-
eral interpersonal ability (Dodge, 1993) and anxiety is also
negatively associated with interpersonal ability (Uchiyama et al.,
2001), which is relevant to the abovementioned nonliteral infor-
mation processing during communication. Furthermore, the
present study revealed a developmental decrease in rGMD in
STG and a reduction in rGMD in areas of the bilateral STG asso-
ciated with Verbal Comprehension. These data point to the con-
clusion that the reduction in rGM structures in these areas
reflects increased functional integrity. Furthermore, it is tempt-
ing to speculate whether the enlarged gray matter structures of
STG observed in children who have less parent– child interac-
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tions and those observed in the abovementioned clinical groups
have common roots (i.e., less or inappropriate social interactions
for whatever reason) and the same functional implication (re-
duced nonliteral communicative processes).

Why the negative correlations between regional gray matter in
STG and cognitive functions or pathological processes were seen
in the present and previous studies is not clear. However, after the
early phase of development, gray matter tends to decrease (Giedd
et al., 1999), which is probably caused by synaptic pruning (Sow-
ell et al., 2003). Further, children with superior IQs show the most
vigorous cortical thinning in areas, including the temporal gyrus
(Shaw et al., 2006). Further, cross-sectionally, more intelligent
children generally have a slightly thinner cortex than children
with a lower IQ, and this relationship becomes more pronounced
with increasing age due to faster developmental cortical thinning
in children with higher IQs (Schnack et al., 2014). Particularly,
the VCI component has been shown to be specifically and nega-
tively correlated with cortical thickness in the bilateral temporal
gyrus (Menary et al., 2013). Thus, one speculation obtained from
these studies is the delayed developmental cortical thinning may
lead to a relatively larger rGMD in the STG, whereas lower func-
tions form the negative correlation between rGMD and function.

The root cause of the lack of any longitudinal effect of the
amount of parent– child interaction on the structures of the left
STG is unclear. The number of hours spent with parents did not
correlate with longitudinal changes in the gray matter structures
of the left STG despite cross-sectional correlations being ob-
served among these structures, the amount of time spent with
parents, and verbal knowledge. One simple interpretation is that
the amount of parent– child interaction does not affect the struc-
tures of the left STG; however, the left STG and its associated
functions (verbal and social related) (Takeuchi et al., 2013a, b)
may facilitate parent– child interaction. There are also other pos-
sibilities, such as the effects of parent– child interactions on the
left STG are direct and immediate rather than accumulative;
therefore, changes were only detected in cross-sectional analyses.
Alternatively, as suggested previously, the effect of parent– child
interactions on verbal skills may be most evident during infancy
(Harvey, 1999) and may have little impact among children who are
of the same age as those in the present sample. Future interventional
studies during infancy may be able to solve these questions.

The present study had some limitations. First, this was not an
intervention study. Thus, although we have shown that the num-
ber of hours spent with parents affects both brain structures and
Verbal Comprehension in cross-sectional and longitudinal anal-
yses, we cannot clarify whether spending time with parents has a
direct effect on these measures. We effectively ruled out the pos-
sibility of a good relationship with the parents or the socioeco-
nomic status of the family having caused these associations by
including the relationship with the parents and socioeconomic
status as covariates. However, it is possible that unknown related
or confounding factors influenced these findings. There are liter-
ally numerous factors that affect child cognitive development,
and like any relevant psychological studies of parent– child inter-
action and previous neuroimaging studies of the effects of envi-
ronmental factors on children’s brain development, we did not
correct for all of them. One such factor that affects a child’s cog-
nitive development that had not been corrected in the analysis is
the nature of his or her peers (Harris, 1998). Individual children’s
tendencies toward spending time with parents or the parents’
tendency to willingly interact with children may have directly or
indirectly affected these measures. Future intervention studies
can describe these issues more precisely. Further, like most large-

scale studies of daily habits (Makino, 2007; Taki et al., 2010,
2012b; Przybylski, 2014), we relied on self-report or parental-
report measures for daily habits. Although it makes it possible to
easily assess what we would like to measure, it may suffer from
low reliability compared with objective observations, precise
daily recordings, or future studies using these more troublesome
but possibly more accurate measures that may provide more pre-
cise correlates of parent– child interactions. Furthermore, in this
study’s questionnaire, duration of time that participants were to
consider (e.g., time spent with parents in the past 2 months) was
not specified. This procedure (lack of specification of the period
time) is common among widely used and established question-
naires for daily habits, such as the morningness– eveningness
questionnaire (Horne and Ostberg, 1976), the questionnaire that
was used by a Japanese government’s study (Makino, 2007),
questionnaires that our previous studies used (Taki et al., 2010,
2012b), as well as the questionnaire used by the leading expert of
the effects of daily habits in children (Przybylski, 2014). Never-
theless, the lack of specification might introduce unwanted
variances.

In conclusion, spending time with parents is directly or indi-
rectly associated with the neurocognitive development of chil-
dren. Although no definitive causal effects can be reported until
intervention studies have been performed, these findings suggest
that spending time with parents, particularly that through verbal
communication, has beneficial effects on verbal cognition and
associated neural development, and guardians of children should
consider these effects when they raise children.
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