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Abstract Although many functional magnetic resonance

imaging (fMRI) studies have investigated the neurophysi-

ology of attention deficit hyperactivity disorder (ADHD),

the existing studies have not yielded consistent findings.

This may be related to the different properties of different

frequency bands. To investigate the frequency-specific

regional homogeneity (ReHo) of spontaneous neural

activities in ADHD, the current study used resting-state

fMRI to explore the ReHo properties of five frequency

bands, slow-5 (0.01–0.027 Hz), slow-4 (0.027–0.073 Hz),

slow-3 (0.073–0.198 Hz), slow-2 (0.198–0.25 Hz) and the

extra-low frequency (0–0.01 Hz), in 30 drug-naive boys

with ADHD and 30 healthy controls. Compared with

controls, the ADHD group showed decreased ReHo in the

default mode network (DMN) including the medial pre-

frontal cortex and precuneus, middle frontal gyrus and

angular gyrus. ADHD patients also showed increased

ReHo in the posterior cerebellum. Significant interactions

between frequency band and group were observed pre-

dominantly in the dorsolateral prefrontal and parietal cor-

tices, orbital frontal cortex, supplementary motor area,

inferior occipital gyrus, thalamus and anterior cerebellum.

In particular, we found that the between-group difference

in the extra-low frequency band (0–0.01 Hz) seemed to be

greater than that in the other frequency bands for most

brain regions. The findings suggest that ADHD children

display widespread abnormalities in regional brain activity,

particularly in the DMN and attention network, and these

abnormalities show frequency specificity.
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1 Introduction

Attention deficit hyperactivity disorder (ADHD) is one of

the most common childhood onset disorders and is char-

acterized by developmentally inappropriate inattentiveness,

impulsivity and hyperactivity. The worldwide prevalence

of this disorder is estimated to be 8 %–12 % [1]. Although

the etiology of ADHD remains unclear, neuroimaging

studies have observed dysfunction in brain regions such as

the prefrontal and parietal cortices, cingulate cortex, cau-

date, basal ganglia and cerebellum [2–7].

Resting-state fMRI (RS-fMRI) has been widely applied

to explore the functional abnormalities of ADHD. Many

RS-fMRI studies have reported abnormal functional con-

nectivity (FC) of certain brain regions and networks in

patients with ADHD. For example, researchers have found

abnormal connectivity between the dorsal anterior cingu-

late cortex (dACC) and the posterior cingulate cortex

(PCC)/precuneus (PCu), suggesting abnormal activation in

the default mode network (DMN) of children [8, 9] and

adults [10] with ADHD. In addition to these FC abnor-

malities, abnormal local activities have been identified.

Regional homogeneity (ReHo), a widely used approach to

measure the similarity of the time series of a given voxel

with its neighbors within a single region, provides impor-

tant information regarding the local temporal synchrony of

the brain regions [11]. ReHo has been used to explore

regional spontaneous low-frequency oscillation activities in

patients with schizophrenia [12], major depression [13],

Parkinson’s disease [14], epilepsy [15] and ADHD [16,

17]. Cao et al. [17] found decreased ReHo in the frontal–

striatal–cerebellar circuits but increased ReHo in the

occipital cortex of ADHD children. Cheng et al. [18]

observed decreased ReHo in the PCu and medial frontal

gyrus but increased ReHo in the cerebellum, cuneus, tha-

lamus, precentral gyrus and cingulate gyrus in ADHD

patients.

Despite recent advances, most previous RS-fMRI stud-

ies focused on low-frequency oscillations (0.01–0.1 Hz).

Brain oscillation data obtained from electroencephalogra-

phy (EEG) cover a wide range of frequencies, which can

then be divided into multiple oscillatory bands. These

oscillatory bands have been found to be related to different

mechanisms and associated with different brain states [19].

Previous reviews noted that an understanding of the

physiological mechanisms of self-emerging oscillations

would not only provide insight into their functions but also

assist in the diagnosis and treatment of brain disorders [19,

20]. The above 0.1-Hz fMRI signal is thought to be related

to cardiac or respiratory factors [21] and is always removed

from data analysis. However, recent studies found more to

the story. Such signals also reflect spontaneous neural

activity. Malinen et al. [22] suggested that fluctuations

from 0.12 to 0.25 Hz might be related to altered activity of

the autonomic nervous system in patients with chronic

pain. Recently, Zuo et al. [23] subdivided the entire fre-

quency range into four bands: slow-5 (0.01–0.027 Hz),

slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz) and

slow-2 (0.198–0.25 Hz). They found different contribu-

tions of the slow-5 and slow-4 bands to low-frequency

oscillation amplitudes in specific regions such as the basal

ganglia, thalamus and PCu in healthy participants [23, 24].

Employing ReHo, Yu et al. [25] investigated the frequency

characteristics of neural activity in patients with

schizophrenia and found different ReHo abnormalities

between the slow-5 and slow-4 frequencies in brain

regions, including the inferior occipital gyrus (IOG) and

caudate. Other studies have shown significant interactions

between different frequency bands among patients with

mild cognitive impairment and schizophrenia [26, 27]. A

recent study used amplitude of low-frequency fluctuation

(ALFF) to investigate the characteristics of five frequency

bands in patients with late-onset depression. They found

that patients with late-onset depression showed frequency-

specific ALFF abnormalities in widespread brain regions,

which may be related to cognitive dysfunction [28]. All of

these studies have provided evidence that brain activity is

sensitive to specific frequency bands. To our knowledge,

however, no studies have examined the properties of dif-

ferent frequency bands in children with ADHD.

Thus, in the current study, we explored the ReHo dif-

ferences between ADHD children and healthy controls

across five frequency bands (for details, see Sect. 2). We

expected ReHo abnormalities in children with ADHD to

show frequency specificity.

2 Materials and methods

2.1 Participants

The participants included 30 stimulant-naı̈ve boys who

were diagnosed with ADHD and 30 age-matched healthy

male controls (aged 8–14 years). All procedures performed

in studies involving human participants were in accordance

with the ethical standards of the institutional and/or

national research committee and with the 1964 Helsinki

Declaration and its later amendments or comparable ethical

standards. Detailed demographic information and the

clinical characteristics of the participants are listed in

Table 1. Participants who met the criteria of left-handed-

ness; lifetime history of head trauma with loss of con-

sciousness; history of neurological illness or psychiatric

disorders, including schizophrenia, affective disorders,

anxiety, Tourette’s disorder, pervasive developmental dis-

order and mental retardation; or a full-scale intelligence
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quotient (IQ) score\ 80 were excluded from our study

[29]. Patients with comorbid conduct disorder (CD) or

oppositional defiant disorder (ODD) were not excluded. All

patients with ADHD were outpatients of the Institute of

Mental Health, Peking University. The ADHD diagnosis

was made using a semi-structured diagnostic interview, the

Clinical Diagnostic Interviewing Scale (CDIS) [30], based

on DSM-IV criteria. Fifteen of the 30 boys with ADHD

met the criteria for the combined type, 14 met the criteria

for the predominantly inattentive type, and 1 met the cri-

teria for the predominantly hyperactivity/impulsivity type.

Twelve patients also had comorbid ODD, and 1 had

comorbid CD.

The healthy controls were recruited from a local primary

school. They were also assessed using CDIS but did not

conform to an ADHD diagnosis, and their exclusion cri-

teria were the same as those for the ADHD group.

The study was approved by the Research Ethics Review

Board of the Institute of Mental Health, Peking University.

Written informed consent was obtained from the parents of

the participants, and all of the children agreed to participate.

2.2 MRI data acquisition

TheMRI data were acquired using a Siemens Trio 3T scanner

at the Imaging Center for Brain Research, Beijing Normal

University. The participants lay supine, and a head strap and

foam pads were used to minimize their head movement. The

participants were verbally asked to remain still and to relax

with their eyes closed while attempting not to think of any-

thing in particular during the RS-fMRI scanning. The images

were collected using an echo planar imaging (EPI) sequence:

33 axial slices, repetition time (TR) = 2,000 ms, echo time

(TE) = 30 ms, flip angle = 90�, thickness/skip = 3.5/

0.7 mm, field of view (FOV) = 200 9 200 mm2, acquisition

matrix = 64 9 64, 240 volumes. Individual 3DT1-weighted

images were acquired with the following parameters: 128

sagittal slices, TR = 2,530 ms, TE = 3.39 ms, slice thick-

ness/gap = 1.33/0 mm, flip angle = 7�, inversion time

(TI) = 1,100 ms, in-plane resolution = 256 9 192 and

FOV = 256 9 256 mm2.

2.3 Data processing

The data analysis was performed using the Data Processing

Assist for RS-fMRI (DPARSF) [31], which integrates Sta-

tistical Parameter Mapping (SPM8; http://www.fil.ion.ucl.

ac.uk/spm) and the RS-fMRI Data Analysis Toolkit (REST)

(http://www.restfmri.net) [32]. The data processing included

the following steps: (1) The first 10 volumes were discarded

due to scanner calibration and participant adaptation to the

fMRI scanning. (2) Slice timing and (3) head motion cor-

rection were performed. No participants were excluded from

the study due to excessive motion (defined as more than

3 mm of translation or more than 3 degrees of rotation in any

direction). (4) Individual 3D structural images were first co-

registered to the mean functional realigned image and then

segmented into gray matter, white matter (WM) and cere-

brospinal flow (CSF). (5) The functional images were spa-

tially normalized to the Montreal Neurological Institute

(MNI) space (resampled voxel size = 3 9 3 9 3 mm3)

using the transformationmatrix that was obtained in step (4).

(6) The temporal linear trend was removed from the nor-

malized functional data. (7) To reduce the influence of

motion and physiological noise with regard to the RS-fMRI

signal, a regression was conducted with the signals of WM,

CSF, global signal (GS) and the Friston 24-parameter head

motion as covariates. (8) Temporal band-pass filtering was

performed. The data were filtered in slow-5

(0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3

(0.073–0.198 Hz) and slow-2 bands (0.198–0.25 Hz; see

[24]). In addition, the extra-low frequency band (0–0.01 Hz)

was examined given that a recent study suggested that this

frequency band is physiologically meaningful [33].

Then, individual ReHo maps were generated by calcu-

lating the Kendall’s coefficient of concordance (KCC) of

the time series of the 27 nearest neighboring voxels in a

voxel-wise manner [11]. For standardization purposes, the

individual ReHo maps were divided by their own global

mean values within a whole-brain mask. Finally, spatial

smoothing was conducted on each ReHo map with a

Gaussian kernel of 6 9 6 9 6 mm3 full width at half

maximum.

Table 1 Participant demographic and clinical information

Variables Control group (n = 30) ADHD group (n = 30) t value P value

Age (years) 10.3 ± 1.7 10.2 ± 1.7 0.376 0.708

Full-scale IQ score 121.1 ± 13.9 106.2 ± 14.5 4.058 \0.001

ADHD RS-IV

Inattention 17.0 ± 3.8 27.6 ± 4.3 -9.826 \0.001

Hyperactivity/impulsivity 15.6 ± 3.8 21.2 ± 5.4 -4.516 \0.001

Total scores 32.6 ± 6.6 48.8 ± 6.9 9.090 \0.001

Mean head motion 0.41 ± 0.19 0.42 ± 0.20 0.217 0.829
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2.4 Statistical analyses

Between-group statistical comparisons of the demographic

and clinical data were performed using SPSS 19.0 (http://

www.spss.com). Themean headmotion parameters [34] were

also compared between groups using a two-sample t test to

control for the effect of participants’ head motion. To identify

the frequency-specific differences inReHovalues between the

ADHD and control groups, a whole-brain voxel-wise mixed-

model ANOVA was performed using 3dANOVA in AFNI

(http://afni.nimh.nih.gov/afni/) [35], with frequency band

entered as the repeated factor (type = 5). To correct for

multiple comparisons in this voxel-wise assessment, a

thresholdofP\ 0.01 (maineffect ofgroup:F(1, 58)[ 7.103;

interaction effect: F(4, 232)[3.404) and cluster sizes

C1080 mm3 (40 voxels), which corresponded to a corrected

P\0.05 usingAlphaSim,were set [36]. Lastly, post hoc two-

sample t tests were performed on the peak voxels in regions

that were identified in the main effect of group (SPSS 19.0).

3 Results

3.1 Demographic information

No significant between-group differences were found with

regard to participants’ age (control: 10.2 ± 1.7; ADHD:

10.3 ± 1.7, P = 0.708) or mean head motion (control:

0.41 ± 0.19; ADHD: 0.42 ± 0.20, P = 0.829). Compared

with the controls, the patientswithADHDhad lower full-scale

IQ scores (control: 121.1 ± 13.9; ADHD: 106.2 ± 14.5,

P\ 0.001), higher inattention scores (control: 17.0 ± 3.8;

ADHD: 27.6 ± 4.3, P\ 0.001), and higher hyperactivity/

impulsivity scores (control: 15.6 ± 3.8; ADHD: 21.2 ± 5.4,

P\ 0.001) and higher ADHD RS-IV total scores (control:

32.6 ± 6.6; ADHD: 48.8 ± 6.9, P\ 0.001; Table 1).

3.2 The main effect of group on ReHo

The two-way repeated measures ANOVA found a significant

main effect of group (P\ 0.05, corrected), as shown in

Table 2 and Fig. 1. Further post hoc two-sample t tests

showed thatADHDpatients had significantlydecreasedReHo

in the left medial prefrontal cortex (MPFC), middle frontal

gyrus (MFG), right angular gyrus and bilateral PCu. Fur-

thermore, ADHDpatients showed increasedReHo in the right

posterior cerebellum.

With regard to the left MPFC, right angular gyrus and

bilateral PCu, upon visual inspection, the low frequency

bands (extra-low frequency, slow-5 and slow-4) con-

tributed more to the between-group difference than did the

high frequency bands. With regard to the left MFG and

right posterior cerebellum, the extra-low frequency, slow-3

and slow-2 bands contributed more to the differences in

ReHo than did the slow-5 and slow-4 bands (Fig. 2).

3.3 The interaction effect between frequency band

and group

Significant interaction effects were found between fre-

quency band and group (P\ 0.05, corrected) in the fol-

lowing brain regions: the bilateral inferior/medial orbital

frontal cortex (OFC), dorsolateral prefrontal cortex

(DLPFC) including the MFG and superior frontal gyrus

(SFG), supplementary motor area (SMA) extending to the

middle cingulate cortex (MCC) and left postcentral gyrus

(PoCG), parietal cortices including the superior and inferior

parietal gyrus (SPG and IPG), supramarginal gyrus, left IOG

including the calcarine and lingual gyrus, right fusiform, left

thalamus and right anterior cerebellum (Table 3; Fig. 3).

For example, ADHD patients showed decreased ReHo

values in the low frequency bands (e.g., the extra-low

frequency and slow-5 bands) but increased values in the

high frequency bands (e.g., slow-3 and slow-2 bands) with

regard to the bilateral inferior/middle OFC and right

anterior cerebellum compared with the controls. ADHD

patients showed increased ReHo values in the low fre-

quency bands (e.g., the extra-low frequency band) but

decreased values in the high frequency bands (e.g., slow-2)

with regard to the left calcarine and right fusiform. The

differences were large in the low frequency bands but

gradually reduced as the frequency increased in the left

Table 2 Brain regions showing significant differences between the control and ADHD groups on ReHo

Brain regions BA R/L x y z Cluster size Peak F value

ADHD group\ control group

MPFC 9/10 L -3 63 30 1,350 19.31

Angular gyrus 39/40 R 51 -51 33 1,161 14.53

PCu R/L -6 -48 39 2,133 16.39

MFG 44/45 L -42 27 36 1,971 13.68

ADHD group[ control group

Cerebellum R 24 -48 -57 1,350 12.37

MPFC medial prefrontal cortex, PCu precuneus, MFG middle frontal gyrus, BA Brodmann’s area
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thalamus, right supramarginal gyrus and bilateral MFG

(Fig. 4).

Interestingly,we found that the difference in the extra-low

frequency band (0–0.01 Hz) was greater than that in the

other four frequency bands for most brain regions, typically

including the right SFG and bilateral SMA (Fig. 4).

We also found a significant main effect of frequency

band, which nearly covered the whole brain region.

Fig. 1 Main effect of group on ReHo. The results were obtained by combining the 3dANOVA in AFNI (P\ 0.05, C40 voxels, corrected). R:

right; L: left

Fig. 2 Regions of ReHo showing a significant main effect of group across different frequency bands. The ReHo values of the peak coordinates

of these brain regions were extracted and are shown here. The frequency bands were defined as follows: extra-low frequency (0–0.01 Hz), slow-5

(0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz) and slow-2 (0.198–0.25 Hz). ReHo: regional homogeneity; *P\ 0.05;

**P\ 0.01, uncorrected
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Table 3 Brain regions showing a significant interaction between frequency band and group on ReHo

Brain regions BA R/L x y z Cluster size Peak F value

Cerebellum R 45 -54 -36 1,215 6.90

IOG/calcarine 18 L -15 -99 -9 1,944 5.64

OIFC/OMFC 11/47 R 33 45 -15 3,159 7.76

OIFC/OMFC 11/47 L -33 48 -15 1,647 9.81

Fusiform 37 R 42 -42 -9 297 5.82

Thalamus L -6 -12 9 1,107 7.68

Supramarginal 40 R 39 -42 36 3,348 9.65

SFG 8/9 R 18 33 51 1,323 10.11

MFG/SFG 6/8 L -24 6 54 2,187 8.86

PoCG 3/4/43 L -60 -12 42 1,809 7.67

SMA R/L -6 -3 48 1,377 6.45

SPG/IPG 7 L -30 -3 48 972 5.71

IOG inferior occipital gyrus, OIFC/OMFC inferior/medial orbital frontal cortex, SFG/MFG superior/middle frontal gyrus, SMA supplementary

motor area, PoCG postcentral gyrus, SPG/IPG superior/inferior parietal gyrus, BA Brodmann’s area

Fig. 3 Interaction between frequency band and group on ReHo. The results were obtained using 3dANOVA in AFNI (P\ 0.05, C40 voxels,

corrected). R: right; L: left

Sci. Bull. (2016) 61(9):682–692 687
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However, this main effect is beyond the scope of the cur-

rent study and thus is not shown here (Fig. S1).

3.4 The effects of the regression with nuisance

covariates

In addition, to explore the effect of the covariate signals

(including WM, CSF, GS and head motion) on the

results, we re-conducted fMRI data processing in a

regression without nuisance covariates. The results

somewhat differed from those found when including

these signals as covariates. Specifically, only the left

middle temporal gyrus (MTG) showed a significant main

effect of group (Table S1 and Fig. S2), while significant

interactions between frequency band and group were

primarily found in the left cerebellum, left fusiform, right

olfactory/caudate, bilateral temporal gyrus frontal lobe

including bilateral inferior OFC and right SFG, left

PoCG, SPG and PCu/PCC, and bilateral paracentral

lobule (Table S2, Fig. S4).

Fig. 4 Regions of ReHo showing an interaction effect in different frequency bands. The ReHo values of the peak coordinates of these brain

regions were extracted and are shown here. The frequency bands were defined as follows: extra-low frequency (0–0.01 Hz), slow-5

(0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz) and slow-2 (0.198–0.25 Hz). ReHo: regional homogeneity

688 Sci. Bull. (2016) 61(9):682–692
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Furthermore, as there is controversy concerning the

effect of GS on RS-fMRI data, we also re-performed the

data processing in a regression that included only the sig-

nals of WM, CSF and head motion (but not GS) as

covariates to further explore the potential effect of GS on

the data. We found roughly similar results as those found

while regressing out GS. Specifically, we found significant

main effects of group in the right cerebellum, right cal-

carine, left MPFC and MFG (Table S3 and Fig. S5) and

interaction effects between frequency band and group pri-

marily in the right cerebellum, bilateral OIFG/OMFG, right

MPFC, bilateral SFG/MFG and SMA and left lingual gyrus

(Table S4 and Fig. S6).

4 Discussion

This study investigated the ReHo properties of different

frequency bands in children with ADHD. We found that

ADHD children showed decreased ReHo patterns in brain

regions, including the DMN including the MPFC and PCu,

MFG and angular gyrus and increased ReHo in the pos-

terior cerebellum. In addition, we found significant inter-

actions between frequency band and group in attention

network regions, including the DLPFC and parietal cortex,

SMA, IOG, thalamus and anterior cerebellum. These

results indicate that the ReHo abnormalities related to

ADHD are associated with specific frequency bands. We

also found that the between-group difference in the extra-

low frequency band was greater than that in the other

frequency bands for most of the abovementioned brain

regions; moreover, the high frequency bands (slow-3 and

slow-2) showed specificity in certain brain regions. The

results suggest that children with ADHD show widespread

abnormal ReHo in brain regions, including the DMN and

attention network, and these abnormalities are specific to

different frequency bands.

4.1 The main effect of group

One of the primary findings was that the ADHD group

showed decreased ReHo in brain regions, including the

MPFC, PCu, angular gyrus and MFG, and increased ReHo

in the cerebellum. The low frequency bands (e.g., extra-

low frequency, slow-5 and slow-4) contributed more to the

between-group differences in the MPFC, PCu and angular

gyrus than did the high frequency bands, while the extra-

low frequency, slow-3 and slow-2 bands contributed more

to the differences in the MFG and cerebellum than did the

slow-5 and slow-4 bands. These findings indicate that the

frequency sensitivity of the abnormalities is variable across

different regions in ADHD children. The MPFC and PCu

are ‘‘core hubs’’ of the DMN. The MPFC likely mediates

the dynamic interplay between emotional processing and

cognition functions within the DMN activity [37]. The

decreased ReHo pattern in the MPFC is consistent with a

previous resting-state magnetoencephalography (MEG)

study that indicated a robust broadband decrease of neu-

ronal activity in the MPFC in ADHD patients [38]. The

PCu/PCC is associated with episodic memory [39] and

shows reduced activity in ADHD patients [40]. Reduced

FC between the anterior and posterior default mode com-

ponents has been reported among adults with ADHD [10].

A similar resting-state study concerning cohesiveness

within a specified functional network showed that ADHD

patients displayed reduced network homogeneity within

the DMN, particularly between the PCu and other DMN

regions [41], which is consistent with the current results.

Because the DMN is related to attentional control [42],

working memory [10], executive behavior [43] and reward

processing [44], the coincident findings might confirm

these functional deficits in ADHD children.

The cerebellum, which has frequently displayed abnor-

malities in ADHD patients, is related to motor movements,

attention, cognitive control and timing [45–48]. The

enhanced cerebellum activation observed in ADHD

patients might be a compensatory mechanism of the pos-

terior portion of the attention network for sustained atten-

tion [46, 47]. Concerning the between-group differences

related to the cerebellum and MFC, we found that the

dysfunctions of these two regions were more sensitive in

the high frequency and extra-low frequency bands com-

pared with the slow-5 and slow-4 bands (i.e., the traditional

windows for band-pass filtering). These frequency-specific

ReHo properties of certain brain areas might arise from

disparate cytoarchitectures or synaptic types [49]. If this is

the case, these findings might partially aid in the under-

standing of the pathophysiological mechanisms of ADHD.

4.2 The interaction effect between frequency band

and group

A significant interaction between frequency band and

group was found in several regions, including the DLPFC

and parietal cortex, SMA, IOG, and thalamus and anterior

cerebellum. These regional abnormalities were frequently

reported, and they contributed to the dysfunctions of the

cognitive–attention network [3] in ADHD patients.

The DMN is negatively correlated with the task-positive

network [50, 51]. This might reflect a binding mechanism

between introspective and extrospective attentional orien-

tations [52]. Reduced or disrupted anti-correlations reflect

disparity and variability between the two networks, which

could result in relationship deficits between introspective

and extrospective attentional orientation in ADHD patients.

The BOLD signal across different frequency bands is
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thought to be related to the integration between individual

neuronal processes [53]. These significant interaction

effects typically indicate that complex abnormalities of

spontaneous brain activity are associated with specific

frequency bands in ADHD children. As mentioned above,

several rhythms can temporally coexist in the same or

different structures, and neighboring frequency bands

within the same neuronal network are typically associated

with different brain states and compete with each other

[19]. For instance, in the bilateral OFC, ADHD children

showed decreased ReHo values in the low frequency bands

but increased ReHo values in the high frequency bands

compared with controls. EEG studies have indicated that

elevated relative theta power and reduced relative alpha

and beta combined with elevated theta/alpha and theta/beta

ratios are most reliably found in ADHD patients [54].

Recent evidence has suggested that the power of EEG

oscillations significantly contributes to spontaneous local

fluctuations in the resting-state BOLD signal in humans

[55, 56]. Although the correlation between EEG and BOLD

signals remains unclear, the current results may provide

partial support for such a correlation. Additional work

combining EEG and RS-fMRI synchronous recordings

would be helpful in understanding their relationship.

According to our results, some brain regions such as the

PCu showed greater decreases in widespread low frequency

bands (e.g., from the extra-low frequency to slow-3) than in

higher frequency bands (slow-2), while other brain regions

such as the OFC displayed greater abnormality in high fre-

quency bands (e.g., slow-3 and slow-2). The frequency bands

that contribute more to this abnormality could indicate the

neurophysiological mechanisms of brain regions. This notion

is similar to that found in a previous study that observed

greater ALFF abnormality of the PCu in slow-5 than in slow-4

in MCI patients [26]. A study also showed that the contribu-

tions of slow-4 and slow-5 to LFO amplitudes were different

in brain regions such as the PCu, basal ganglia and thalamus in

healthy subjects [23]. Moreover, the abnormalities in the

extra-low frequency seemed to be greater than those in the

other frequency bands for most brain regions in the current

study. We speculate that the extra-low frequency band might

be more sensitive than the other frequency bands in investi-

gating regional brain activity inADHDpatients. Although the

nature andmeaning of these interactions remain unclear, these

frequency-specific abnormalities would not be found using

the traditional frequency bands [25]. A recent study suggested

that the gradients of vertex-wise ReHo (2dReHo) along the

divisions of the prefrontal cortex and posteromedial cortex

revealed hierarchical organization within the two association

areas [57]; such gradients might help us understand the neu-

rophysiological meanings of ReHo and these frequency-

specific differences. Additional correlation analyses of fre-

quency-specific abnormality and clinical symptoms could aid

us in further interpreting the clinical meanings of sub-fre-

quency and ReHo and understanding the pathophysiology of

ADHD.

4.3 The effects of the regression with nuisance

covariates

A previous study indicated that high frequency RS-fMRI

signals were strongly related to physiological (i.e., respira-

tory and cardiac) noise [21]. Recent work proposed that a

regression with nuisance covariates was helpful in revealing

the functional significant components in high frequency

signals [58]. Therefore, to reduce the effects induced by head

motion and non-neuronal BOLD fluctuations, we controlled

for nuisance covariates, WM, CSF, GS and head motion. To

assess the confounding effects on the results, we also con-

ducted fMRI data processing in a regression without nui-

sance covariates. We found prominent differences between

the results of these two processing strategies. The overall

pattern of this regression appeared disorganized upon visual

inspection, especially in the WM, OFC and temporal lobe.

However, we found a relatively clearer pattern after per-

forming the regression with the nuisance covariates. That is,

the main effect of group pattern was primarily located in the

DMN, and the interaction effect in the thalamus, SMA and

occipital lobe appeared in the regression that included

covariates. Thus, the results indicate that regressing outWM,

CSF, GS and head motion reduces the influence of physio-

logical noise on fMRI signals.

Moreover, Weissenbacher et al. [59] revealed that

regression including GS as a covariate increased positive

resting-state correlation and introduced a false-negative

correlation. Thus, the authors recommended including WM,

CSF, GS and head motion as covariates to maximize the

specificity of positive resting-state correlation. Because

there is controversy concerning the effect of GS on RS-fMRI

data, we re-performed the data preprocess while regressing

out WM, CSF and head motion (but not GS). We found that

the results were roughly similar to the previous patterns.

Specifically, we found significant main effects of group in

the cerebellum, calcarine, MPFC and MFG and interaction

effects primarily in the cerebellum, OIFG/OMFG, MPFC,

SFG/MFG, SMA and lingual gyrus. Obviously, we found a

main effect of group in the bilateral PCu when GS was

controlled. The PCu findings did not hold when GS was not

included as a covariate. The PCu is the core region of the

DMN, which has frequently shown abnormalities in ADHD,

as previouslymentioned. Thus, a regression that includes GS

as a covariate could result in a prominent between-group

difference. A previous study indicated that such regression

could denoise and decompose the signals aggregated over

the network’s regions [60]. Based on our results, the

regression that controlled for GS did not result in a
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substantial change to our findings and was helpful in inves-

tigating the neuromechanism of ADHD. However, Zuo et al.

[61] suggested that GS reduced the test–retest reliability of

ReHo; therefore, the current findings should be interpreted

very carefully.

Several limitations of the current study should be taken

into consideration. First, the children in the ADHD group

had lower IQ scores than the healthy controls, and we did

not control for IQ when performing the ANOVA. Given

that IQ is a poorly specified latent variable that does not

independently measure aptitude or predict more specific

cognitive processes, the use of IQ as a matching variable or

covariate might produce overcorrected and anomalous

neurocognitive findings [62]. Therefore, the influence of IQ

on the results remains unclear. Second, the patients in the

current study were diagnosed as having one of three sub-

types of ADHD (ADHD-I: 14, ADHD-HI: 1, ADHD-C:

15), and 13 patients had comorbidities (ODD: 12, CD: 1).

Additional studies with larger and pure samples are needed

to explore the differences among ADHD subtypes and to

avoid the effect of comorbidity. Finally, in this study, the

ADHD group only included boys. Investigations about girls

with ADHD are needed to further examine gender differ-

ences in the physiopathologic mechanisms of ADHD.

5 Conclusions

In summary, the current study revealed lower ReHo in the

DMN and complex abnormalities in the attention network

in ADHD children. Importantly, the extra-low frequency

band (\0.01 Hz) showed high sensitivity to abnormal

spontaneous activity in ADHD children. The frequency-

specific abnormalities in ADHD might provide insight into

the abnormal functional integration between the individual

neuronal processes of ADHD and advance our under-

standing of the pathophysiology of ADHD.
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