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Objective: To investigate the mechanism of interactions between autonomic nervous system

(ANS) and cognitive function in Major depression (MD) with Magnetoencephalography

(MEG) measurements.

Methods: Participants with MD (n = 20), and Health controls (HCs, n = 18) were completed

MEG measurements during the performance of a go/no-go task. Heart rate variability (HRV)

indices (SDANN, and RMSSD) were derived from the raw MEG data. The correlation

analysis of the HRV and functional connectivities in different brain regions was conducted

by Pearson’s r in two groups.

Results: The go/no-go task performances of HCs were better than MD patients; HRV indices

were lower in the MD group. Under the no-go task, a brain MEG functional connectivity

analysis based on the seed regions of the orbitofrontal cortex (OFC) displayed increased

functional inter-region connectivity networks of OFC in MD group. HRV indices were

correlated with different functional inter-region connectivity networks of OFC in two groups,

respectively.

Conclusion: ANS is related to inhibitory and control function through functional inter-

region connectivity networks of OFC in MD. These findings have important implications for

the understanding pathophysiology of MD, and MEG may provide an image-guided tool for

interventions.

Keywords: major depression, magnetoencephalography, heart rate variability, functional

connectivity, the orbitofrontal cortex

Introduction
Major depression (MD) is a more severe state of depressive symptomatology in

which patients present multiple depressive symptoms and show significant distress

or impaired functioning. Of multiple depressive symptoms, cognitive impairments

are common in MD.1

Cognitive function refers to the ability to conduct the mental actions or pro-

cesses of knowledge acquisition and understanding through thought, experience,

and the senses. Cognitive dysfunction is prevalent and is associated with earlier

onset of depression and longer episode of duration in MD patients, and it has an

adverse impact on treatment outcomes as well as on functional recovery.2

Inhibitory and control function is a critical cognitive function (executive function)
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of the cerebrum and is necessary for the cognitive control

of behavior. The go/no-go task has been used to investi-

gate response inhibition.3 Under the go/no-go task, pre-

vious many studies with event-related potentials (ERPs)

and functional magnetic resonance imaging (fMRI)

reported that MD patients displayed impairments of inhi-

bitory and control function.4–7 However, a recent study

showed that MD patients displayed no abnormal neural

responses to the go/no-go task.8 One reason why these

study results did not come to an agreement may be the

deficient spatial resolution of ERPs and the temporal reso-

lution of fMRI.

Magnetoencephalography (MEG) is a noninvasive func-

tional neuroimaging technique that has better temporal and

spatial resolution, and it maps brain activity by using very

sensitive magnetometers to record the magnetic fields that

are produced by the electrical currents that naturally occur

in the brain, and it has been used for the investigations of

the neural mechanism of many cognitive functions.9–11

Functional connectivity measures how brain regions are

temporally coordinated and is employed to probe brain

network architecture.12 In recent decades, MEG has been

used for the study of the pathogenic mechanisms of MD

and is particularly useful for investigations of brain cortical

activity and functional connectivity.13,14 A number of net-

work-based studies have indicated that MD is receiving

increased recognition for its abnormal inter-regional and

intraregional connectivity interactions in both local and

distributed networks within the brain.15

Individual’s autonomic nervous system (ANS) func-

tioning relies on a balance between the activities of the

sympathetic and parasympathetic nervous systems, which

can be measured with heart rate variability (HRV). HRV

refers to the variation in time between consecutive heart-

beats, and it has been used as a non-invasive marker of

ANS function.16 Time-domain analysis, frequency-domain

analysis and a non-linear complexity measure were used

for HRV analysis. The standard deviation of all RR inter-

vals (SDNN) and the square root of the mean squared

differences of successive normal sinus intervals

(RMSSD) are components of HRV by the time-domain

analysis. Studies indicated that variations in the high-

frequency bandwidth of the heart rate represent ANS

activity, and RMSSD is sensitive to high-frequency heart

period fluctuations in the respiratory frequency range;

therefore, RMSSD can be regarded as representing the

flexibility of vagal (parasympathetic) tone and the general

capacity of the ANS to respond to changing environmental

conditions in an adaptive way.17–19

Autonomic dysfunction is found in MD and may be

a central biological substrate linking major depression to

a number of physical dysfunctions. Alterations of auto-

nomic nervous system functioning that promotes vagal

withdrawal are reflected in the decreased HRV indices.20

Many studies have displayed that MD patients present the

decreased HRV indices and HRV can be used as an index

of the association between major depression and auto-

nomic dysregulation.21–23 Additionally, the combined

positron emission tomography (PET) or fMRI and electro-

cardiography (ECG) study have confirmed that the neural

correlates of autonomic control by measuring both HRV

and associated brain activity during the measurement of

neuropsychological tests.24,25

Previous studies showed that HRV has a critical effect

on cognitive function in humans.26–28 Furthermore, many

studies reported the major role of biofeedback training for

MD patients is the improvement of the cognitive functions

by regulating the balance between the parasympathetic and

sympathetic nervous system function.29–31 These results

may confirm that the regulation of the ANS can improve

cognitive function in MD.

To sum up, MD patients present cognitive dysfunc-

tions, and the regulation of the ANS can improve cognitive

function in MD. MEG in humans allows inter-regional and

intraregional connectivity interactions in brain function to

be related to perception, thinking, reasoning and feeling,

which can provide mechanistic insight into interactions

between the autonomic nervous system and the cognitive

function. Understanding the neural mechanisms of inter-

actions between the ANS and cognitive function in MD is

helpful for its prevention, diagnosis and treatment.

However, up to date, the neural mechanism of interactions

between the ANS and inhibitory and control function in

MD has been still unclear.

In this study, the ANS function was assessed with HRV

indices (SDANN and RMSSD), the cognitive function

(inhibitory and control function) was measured with

a go/no-go task, and brain cortical activity and functional

connectivity were measured with MEG. In order to guar-

antee cognition along different psychophysiological

dimensions, the HRV indices (RR interval segment dura-

tion (RR), SDANN and RMSSD) were derived from the

raw MEG data. The simultaneous measurement of an

autonomic parameter during MEG of cognitive processing

provided a means of dissecting neural substrates. The
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purpose of this study was to determine the mechanism of

interactions between ANS and cognitive function (inhibi-

tory and control function) in MD. We hypothesized the

interactions between the ANS and cognitive dysfunction

(inhibitory and control function) were formed through

some functional inter-region connectivities in MD.

Method
Time and Setting
The experiment was completed in Department of

Psychiatry, Affiliated Nanjing Brain Hospital of Nanjing

Medical University, Nanjing, People’s Republic of China,

from January 01, 2018, to February 28, 2019.

Diagnostic Approaches and Participants
The present study included an MD group and an HC

group. The criteria for inclusion in the MD group

included 1) met only the criteria for major depression in

the Diagnostic and Statistical Manual of Mental Disorders,

Fifth edition (DSM-5); 2) age range from 18 years old to

60 years old; 3) Hamilton Depression Scale (17-item edi-

tion, HAMD) scores were no less than 17; 4) the onset of

depression was no less than twice; 5) did not take any

medicine within the last 2 weeks; 6) did not receive

electroconvulsive treatment within the last month; 7) did

not have a prior diagnosis of alcohol, nicotine or other

substance dependence or of any type of head injury, neu-

rological disorder or systemic disease that might affect the

central nervous system; and 8) had no contraindication for

the MEG measurements. The criteria of for inclusion in

the HC group included: 1) did not meet the criteria for any

DSM-5 axis I disorder or personality disorders, as deter-

mined by the Structured Clinical Interview for DSM-5

(SCID-5, Chinese version); 2) age range from 18 years

old to 60 years old; 3) HAMD (17-item edition) scores

were no more than 17; 4) no history of any kind of mental

disorder; 5) did not have a prior diagnosis of alcohol,

nicotine or other substance dependence; and 6) did not

have a prior diagnosis of any kind of head injury, neuro-

logical disorder or systemic disease that might affect the

central nervous system.

In this study, 20 patients with MD were recruited as

subjects (they all were inpatients) according to their order

of hospitalization. Eighteen healthy persons were recruited

as healthy controls. The healthy controls were recruited

from a group of citizens who lived in Nanjing City,

Jiangsu Province, People’s Republic of China, through

local advertisement. All of the participants were Chinese.

All participants were forbidden to drink any coffee or

tea on the day of the test session. In addition, to reduce the

stress caused by the MEG examination, patients were

informed the whole process of the research and were

asked to fit the environment in advance after 8 mins resting.

On the day of the MEG recording, the participants

were interviewed by a psychiatric associate chief physi-

cian and a psychiatric resident physician to collect their

medication information, demographic data, clinical char-

acteristics, and confirm/exclude a diagnosis of major

depressive disorder. The Annett handedness scale32 was

used for the assessments of handedness, and the handed-

ness was defined as follows: Annett score (1) = right,

(2–7) = mixed, (8) = left.

All of the experimental procedures were approved by

the Ethics Committee on Human Studies, Affiliated

Nanjing Brain Hospital of Nanjing Medical University,

Nanjing, People’s Republic of China, and they were con-

ducted in accordance with the Declaration of Helsinki. All

of the patients and healthy controls provided their written

informed consent to participate, and all were compensated

300.00 Chinese Yuan (CNY) plus travel expenses for their

participation. Since the ability of the patients to consent

was considered to be compromised, written informed con-

sent on the behalf of each patient was also obtained from

their legal guardians, who were also provided with the

content of all of the experimental procedures.

MEG Task and Procedure
The Go/No-Go Task

BrainX software, which was based on DirectX software

(Microsoft Corporation, Redmond, WA, USA), was used

for editing the experimental procedures for the go/no-go

task. There are 352 stimuli in this task that total 5 mins in

duration. The go/no-go task consisted of three stimuli: red

lamp picture, green lamp picture and gray cross. These

stimuli with white on a black background (1.5×1.5 cm in

size) and were serially presented on a computer screen. The

procedures for the go/no-go task first included a 2500 ms

(ms) gray cross presentation followed by a 500 ms green

lamp presentation, a 150 ms blank, and then a 400 ms red

lamp; after the red lamp presentation, there was a 300 ms

intertrial interval (ITI). The red lamp picture randomly

appeared. In this task, the green lamp was the go trial, and

the red lamp was the no-go trial. Using a response box,

participants were required to press the button with their
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left digit or right digit as quickly as possible when the gray

cross and green lamp were presented according to their

handedness, while the participants were required to refrain

from pressing the buttons when the red lamp was presented.

The practice phase consisted of 20 go and 5 no-go trials in

this experiment, and the practice phase was not used for the

MEG recording and analysis (Figure 1).

Behavioral Data Measurements
At the behavioral level, the accuracy rate (hit rate, i.e., the

percentage of correct responses) for the go trials and the

false alarm rate (error rate, i.e., the opposite of the intended

action) were counted for the no-go trials. The (Reaction

times, RTs) were recorded for the go trials.

MEG Data Acquisition
A 275-channel whole-head CTFMEG system (Omega 2000,

VSM Med Tech Inc, Port Coquitlam, Canada) at a sampling

rate of 1200 Hz was employed for the MEG recordings in

a special magnetically shielded room. The participants were

instructed to remove any pieces of metal and lay in the supine

position. The system had a third-order synthetic gradient that

was guaranteed to cancel background and noise interference.

During the MEG measurements, the head motion and loca-

lization were supervised with a motion tolerance of 5 mm

within the MEG helmet. A Siemens Verio 3.0 Tesla MRI

scanner (Erlangen, Germany) was used for the T1-weighted

imaging data acquisition. The T1-weighted axial images

parameters included repetition time/echo time (TR/TE) =

1900/2.48 ms, thickness/gap = 1.0/0 mm, field of view

(FOV) = 240×240 mm2, matrix = 256×256×192, and voxel

size = 1×1×1 mm3. Three energizing coils were placed at the

nasion, left preauricular and right preauricular to measure

the participant’s head location within the scanner and for the

offline coregistration of the MRI and MEG data.

Preprocessing
The MEG data were preprocessed by an offline analysis with

the Filedtrip toolbox (http://www.ru.nl/fcdonders/fieldtrip/)

in a MATLAB software environment (http://www.math

works.com). The raw MEG data were converted to go/no-

go epochs, followed by removing 49.5 Hz to 50.5 Hz power.

Only the correct no-go epochs were used in the MEG

analysis. The data for each subject were time-locked to the

onset of the stimulus (no-go trial), and the signal epochs

were selected as 200 ms for the prestimulus and 900 ms for

the poststimulus. The data were screened for head motion

using the SPM megheadloc function, which removed any

epochs with a motion greater than 5mm or when the inter-

trial movement was >10 mm. The Independent Component

Analysis (ICA) was performed to eliminate eye movement

and cardiac artifacts. Data were filtered into a 1–120 Hz

frequency band for the analysis.

Source Reconstruction and Functional

Connectivity Calculations
After preprocessing the raw MEG data, we completed the

source reconstruction by a minimum-norm estimates

algorithm.33 To further compare the differences in the

brain regions of depressed patients and healthy people

under the go/no-go task, we then used the method of

computing function connectivity. Previous studies have

shown that the frontal lobe is abnormally activated during

the go/no-go task in patients with unipolar depression

compared with healthy people.34 Although it can be used

as a potential biological indicator of top-down regulation

of self-regulation, HRV is closely related to the central

autonomic network (CAN).35 Moreover, the anterior cin-

gulate cortex (ACC) and the orbitofrontal cortex (OFC) of

the frontal lobe are important components of the CAN.

Therefore, to further explore the relationship between

abnormally activated brain regions and HRV under the

Figure 1 A cartoon illustrating the go/no-go task. ms, millisecond.
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go/no-go task, we chose 6.0 mm as the radius to obtain

spherical brain regions based on an Automated

Anatomical Labeling 90 (AAL90) template36 that included

our regions of interest (ROIs). We were sure that these

ROIs did not overlap with each other and that the signal

we obtained was clear and reliable. Then, we chose the

bilateral dorsolateral superior frontal gyrus (−18.45, 34.81,
42.20) (21.90, 31.12, 43.82), bilateral orbital part of the

superior frontal gyrus (−16.56, 47.32, −13.31)(18.49,
48.10, −14.02), bilateral orbital part of the middle frontal

gyrus (−30.65, 50.43, −9.62)(33.18, 52.59, −10.73) and

bilateral orbital part of the inferior frontal gyrus (−35.98,
30.71, −12.11)(41.22, 32.23, −11.91) as seed points and

used a Pearson correlation analysis to calculate the func-

tional connection of the other 89 brain regions in the

AAL90 template both under “go” task and “no-go” task.

Each sample functional map was entered into a two-tailed

independent sample t-test to determine which brain

regions were significantly correlated with the seeds, and

all p values were corrected by the false-discovery rate

(FDR). The statistical threshold was set at p < 0.001.

HRV Data Acquisition
The HRV data derived from MEG data. For measurement of

MEG only was continued for 5 mins; therefore, the HRV

components, MEAN, SDANN, and RMSSD, were selected

for analysis. The pan-tompkin function in the Matlab software

environment was carried out to lock the R wave, then by

measuring the interval of R-R, we could get the data of

MEAN, SDANN, and RMSSD. The calculation formulas for

above three HRV components were as follows: MEAN pre-

sents R-R interval (RR) and MEAN ¼ RR ¼∑N
i¼1RRi=N;

SDANN presents the slowly varying component of HRV, and

SDANN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N∑

N
i¼1 RRi�RRð Þ2

q
RMSSD presents the

quickly varying component of HRV, and RMSSD

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N�1∑
N
i¼1 RRiþ1�RRið Þ2

q
. Because a substantial part of

the long-term variability is day-night differences in time

domain analysis method, MEG was measured at afternoon

2:00 to 5:00.

Data Analysis
Data are presented as the means (standard deviation, SD).

Statistical Program for Social Sciences software version 19.0

(SPSS, IBM Corporation, Armonk, NY, USA) was used for

the data statistical analysis. Mean age, education (Hamilton

Anxiety Scale, HAMA) scores, HAMD scores, behavioral

data, HRV values and functional connectivity in the different

brain regions were compared between theMD and HC group

using independent-sample t-tests, and the sex ratio and hand-

edness were compared using the Pearson chi-square test. The

correlation analysis of the HRV values and functional con-

nectivity in different brain regions and HAMD scores were

conducted by Pearson’s r in the MD group. To account for

multiple comparisons and counteract the likelihood of false

positives, FDR correction was applied.37 Stepwise regression

was used to analyze the relationship between HRV data

(SDANN, RMSSD) and “go” task or “no-go” task. ROC

analysis was used to further verify that HRV is

a characteristic biological marker for MD. Alpha values of

0.05 were considered significant throughout.

Results
Demographic Characteristics of

Participants
The demographic and clinical data of all subjects are shown

in Table 1. There were no significant differences in the sex

ratio, mean age, mean education years, and handedness

between the MD group and HC group. Although the mean

of the HAMA scores was higher in the MD group than that

of the HC group, there were no significant differences. There

were significant differences in the HAMD scores between

two groups, and the HAMD scores in MD the group were

higher than those of the HC group.

Behavioral Data Analysis
1. As shown in Figure 2, the RTs for the go trials in the MD

group were longer than those in the HC group (t = 10.725,

p = 0.000); the hit rate for the go trials in the MD group was

lower than that in the HC group (t = 8.185, p = 0.000), and the

false alarm rate for the no-go trials in the MD group was

higher than that in the HC group (t = 3.546, p = 0.002).

HRV Indices Analysis
As shown in Figures 3 and 4, the electrocardiographic

components were collected from the cardiac artifacts

within 300 s by manual operation. Although the RR in

the MD group was higher than that of the HC group, there

were no significant differences (t = 0.584, p = 0.563).

There were significant differences in the RMSSD and the

SDANN between the MD group and HC group, and the

RMSSD and SDANN in the MD group were lower than

those in the HC group (t = 3.257, 3.117, p = 0.003, 0.003).
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By Pearson correlation analysis, the RR was not

associated with the HAMD scores in the MD group

(r = - 0.150; p = 0.529); however, the RMSSD and

SDANN were negativity associated with the HAMD

scores (r = - 0.484 and - 0.549; p = 0.031 and 0.012)

Functional Connectivity Analysis
Under the No-Go Task

As shown in Figure 5 and Table 2, a brain MEG func-

tional connectivity analysis based on the seed regions of

the orbitofrontal cortex (OFC) showed that, compared to

the brain regions in the HC group, the brain regions that

were involved in the functional connectivity network of

OFC in the MD group included the following: the func-

tional connectivity between the left superior frontal

gyrus (orbital part) and the right inferior frontal gyrus

(orbital part), the functional connectivity between the

left superior frontal gyrus (orbital part) and the right

amygdala, and the functional connectivity between the

left superior frontal gyrus (orbital part) and the right

Table 1 Demographic and Clinical Characteristics of Participants

MD HC Test Statistic

Sex ratio (M/F) 20 (12/8) 18 (10/8) χ2= 0.077, p = 0.782

Mean age (SD) 32.2 (9.4) 32.0 (9.4) t = 0.066, p = 0.948

Age range 18–51 21–54 -

Education (SD) 8.3 (1.8) 8.6 (1.4) t =0.575, p = 0.569

Total duration of depressive onset (months, SD) 40.5 (12.8) - -

Frequencies of depressive onset (SD) 3.5 (1.3) - -

Handedness (R/M/L) 8/5/7 6/5/7 χ2= 0.181, p = 0.913

HAMA (SD) 6.4 (1.2) 5.7 (0.9) t = 1.815, p = 0.078

HAMD (SD) 31.1 (7.5) 14.6 (1.9) t = 9.026, p = 0.000

Abbreviations: F, female; M, male; SD, standard deviation; R, right; M, mixed; L, left; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale.

Figure 2 (A) Comparison of RTs for the go trials in the MD and HC group. (B) Comparison of hit rate for go trials in the MD and HC group. (C) Comparison of false alarm

rate for the no-go trials in the MD and HC group. *p<0.01; **p<0.001.
Abbreviations: MD, major depression group; HC, healthy control group; ms, millisecond.
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parahippocampal gyrus. These brain region functional

connectivities usually represent inhibitory and control

function under the no-go task, and all these connectivity

networks were increased.

There were no significant differences between all the

other brain regions that were involved in the functional

connectivity network of the OFC in the MD group and

those in the HC group (all p > 0.00056).

Under the Go Task

Under the go task, compared to the HC group, the brain

regions that were involved in the functional connectivity

network of OFC in the MD group included the following:

the functional connectivity between the middle frontal gyrus

(orbital part) and precentral gyrus (t = - 4.011, p = 0.000292),

the functional connectivity between the middle frontal gyrus

(orbital part) and the inferior frontal gyrus (triangular part)

Figure 3 The electrocardio components were collected from the cardiac artifacts within 300 s by manual operation. (A) Raw signal, band pass filtered, filtered with the

derivative filter, squared and averaged with 30 samples length (Black – noise, Green – adaptive threshold, Red – sig level, and Red circles – QRS adaptive threshold); (B) QRS

on filtered signal, QRS on MVI signal and noise level (black), signal level (red) and adaptive threshold (green), and pulse train of the found QRS on ECG signal; (C) the figure

presents segment 30/30, and time from 290 to 299.99 s.
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(t = - 4.304, p = 0.000123) and the functional connectivity

between the superior frontal gyrus (orbital part) and precen-

tral gyrus (t = - 4.019, p = 0.000286).

Correlation Stepwise Regression Analysis

Between HRV and Functional

Connectivities of Inter-Regions
When participants performed no-go task, the following

results were made by Pearson correlation analysis: 1)

the RMSSD and SDANN are negatively correlated with

it in the MD group (r = - 0.468 and - 0.517, p = 0.038

and 0.020); however, the SDANN and RMSSD are not

correlated with the functional connectivity between the

left superior frontal gyrus (orbital part) and the right

inferior frontal gyrus (orbital part) in the HC group (r =

0.005 and 0.012, p = 0.986 and 0.963); 2) the RMSSD

is positively correlated with the functional connectivity

between the left superior frontal gyrus (orbital part) and

the right amygdala in the HC group (r = 0.545, p =

0.019), however, the RMSSD and SDANN are not asso-

ciated with in the MD group (r = - 0.172 and - 0.211,

p = 0.469 and 0.372); 3) the RMSSD is positively

correlated with the functional connectivity between the

left superior frontal gyrus (orbital part) and the right

parahippocampal gyrus in the HC group (r = 0.519, p =

0.027); however, the RMSSD and SDANN are not cor-

related with it in the MD group (r = - 0.118 and - 0.138,

p = 0.619 and 0.561).

When participants performed go task, the following

results were made by Pearson correlation analysis: 1)

SDANN and RMSSD are negatively correlated with the

functional connectivity between the middle frontal gyrus

(orbital part) and precentral gyrus (SDANN: r = - 0.465,

p = 0.039; RMSSD: r = - 0.472, p = 0.036); 2) SDANN

and RMSSD are negatively correlated with the functional

connectivity between the superior frontal gyrus (orbital

part) and precentral gyrus (SDANN: r = - 0.453, p =

0.045; RMSSD: r = - 0.457, p = 0.043).

By stepwise regression analysis, we found that the

functional connectivity between the superior frontal

gyrus (orbital part) and precentral gyrus was excluded

and two formulas were obtained.

Y ¼ �340:179X1� 198:850X2þ 243:897 Formula(1)

(Y = SDANN, X 1= the functional connectivity between

the left superior frontal gyrus (orbital part) and the right

Figure 4 (A) Comparison of RR in the MD and HC group. (B) Comparison of RMSSD in the MD and HC group. (C) Comparison of SDANN in the MD and HC group. *p<0.01.
Abbreviations: MD, major depression group; HC, healthy control group; ms, millisecond; RR, RR interval segment duration; RMSSD, root mean square of successive

differences; SDANN, the standard deviation of the average NN intervals.
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inferior frontal gyrus (orbital part), X 2 = the functional

connectivity between the middle frontal gyrus (orbital

part) and precentral gyrus, Anova2p = 0.009,

R = 0.655, R2 ¼ 0:429)

Y ¼ �43:588X1� 29:558X2þ 32:879 Formula(2)

(Y = RMSSD, X 1 = the functional connectivity between the

left superior frontal gyrus (orbital part) and the right inferior

frontal gyrus (orbital part), X 2 = the functional connectivity

between the middle frontal gyrus (orbital part) and precentral

gyrus, Anova2p = 0.036, R = 0.472, R2 ¼ 0:223)

From formula 1 and formula 2, since the regression

coefficient of the functional connectivity between the left

superior frontal gyrus (orbital part) and the right inferior

frontal gyrus (orbital part) is bigger than that of the functional

connectivity between the middle frontal gyrus (orbital part)

and precentral, the functional connectivity between the left

superior frontal gyrus (orbital part) and the right inferior

frontal gyrus (orbital part) contributes more to the changes

of HRV, which suggests that the differences of HRV between

MD group and HC group mainly caused by “no-go” task.

Correlation Analysis Between HAMD

and Abnormal Functional Connectivity in

the MD Group
By Pearson correlation analysis, the HAMD scores in the

MD group were found to be positively associated with the

functional connectivity between the left superior frontal

gyrus (orbital part) and the inferior frontal gyrus (orbital

part), the functional connectivity between the left superior

frontal gyrus (orbital part) and the right parahippocampal

gyrus, and the functional connectivity between the left

superior frontal gyrus (orbital part) and the right amygdale

(r = 0.808, 0.609 and 0.637; p = 0.000, 0.004 and 0.003).

Discussion
This study is the first to clarify the neural mechanisms of

interactions between the autonomic nervous system and

cognitive function (inhibitory and control function), with

the correlation analysis of the HRV indices and MEG

Table 2 Brain Regions for the Whole Brain Connectivity with

the Left Superior Frontal Gyrus (Orbital Part) Under No-Go

Task (MNI Coordinates)

Area H X Y Z t p

Inferior frontal gyrus

(orbital part)

R 131 158 60 −4.156 0.000191

Parahippocampal gyrus R 115 111 52 −4.685 0.000264

Amygdala R 117 127 54 −4.045 0.000039

Figure 5 A brain MEG functional connectivity analysis based on seed regions of the

orbitofrontal cortex (OFC) showed that, compared to HC group, brain regions involved

in the functional connectivity network of OFC in MD group included: the functional

connectivity between the left superior frontal gyrus (orbital part) and the right inferior

frontal gyrus (orbital part), right amygdale and right parahippocampal gyrus.
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functional inter-region connectivity networks of OFC

under the go/no-go task, in major depression.

Consistent with the previous studies,4–7,21–23 our beha-

vioral outcome showed that MD patients displayed poor

inhibitory and control function. Previously, many electro-

physiological and neuroimaging studies on inhibitory and

control function have been conducted in MD patients. For

example, a study using ERPs indicated the amplitudes of

error-related negativity (ERN), which were evoked by

a go/no-go task, were reduced in error trials, and this result

might reflect impaired response-monitoring processes in

MD patients.4 However, another study showed that the

amplitudes of ERN, which were evoked by a go/no-go

task, were increased in remitted MD patients, and the

results may implicate an overactive anterior cingulate cor-

tex (ACC) that is associated with a hypervigilant error-

monitoring system.5 Another study reported that MD

patients present reduced no-go P3 amplitudes.6 A recent

study used fMRI with a go/no-go task and facial emotion

processing task to evaluate the activation levels of the

brain region in the salience and emotional network and

the cognitive control network (CCN) and showed

a deficient CCN engagement during cognitive control in

remitted MD patients.7 However, another study that used

a go/no-go task to assess the ability of learning to emit or

withhold actions to obtain monetary rewards or avoid

losses showed that MD patients were not impaired in

their overall performance or learning and displayed no

abnormal neural responses.8 A previous fMRI study used

a go/no-go task, which comprises stimuli without emo-

tional characteristics to disentangle the effects of altered

affect processes, to investigate the neural mechanisms of

dysfunctional inhibitory in MD.38 And the findings

showed that in MD patients, greater neural activation in

frontal, limbic, and temporal regions during the no-go

task. In contrast to ERPs and fMRI, MEG has better

temporal and spatial resolution. In this study, we used

a brain MEG functional connectivity analysis to study

the neural substrates of inhibitory and control function in

MD patients, and displayed the functional connectivity

between the left superior frontal gyrus (orbital part) and

the right inferior frontal gyrus (orbital part), the right

amygdala, and the right parahippocampal gyrus were

increased. This result mostly consistent with previous

researches. However, the appearance of the right amygdala

and the right parahippocampal gyrus under the go/no-go

task suggested that these two brain regions which used to

be considered to be related to the regulation of emotions

might have associated with the regulation of the inhibitory

and control function.

In our study, we employed a new method for the

acquisition of HRV indices. The HRV indices (RR,

SDANN, and RMSSD) were derived from the raw MEG

data. First, the ICA was used to separate the various

components of the raw MEG data, and the following step

was the collection of the electrocardiographic component

of the cardiac artifacts by manual operation. Since the pan-

tompkin function was performed in the MATLAB soft-

ware environment to lock the R wave and the RR,

SDANN, and RMSSD data were calculated by measuring

the R-R interval, the HRV should be effective. The biggest

advantage of this method over other methods that have

been used in the previous research is that the ECG com-

ponent is extracted from the MEG data and more reliably

reflects the transient change of vagal-sympathetic balance

under the task. Under a larger number of researches test-

ing, the go/no-go task is the most reliable task to measure

control inhibition function. However, the HRV indices are

continuous and the “no-go” in the go/no-go task is dis-

continuous. For the changes of HRV indices under the go/

no-go task may result from “go” and “no-go”, we have to

figure out if the changes of HRV indices under the go/no-

go task mainly affected by control inhibition function. We

measured the all meaningful brain regions no matter under

“go” and “no-go”, and calculated their respective influ-

ences by stepwise regression. The result showed although

“no-go” merely accounts for about 5% of the whole task, it

has a greater impact on HRV indices than “go”, which

suggests the use of the go/no-go task can effective reflect

the relationship between HRV and control inhibition

function.

Studies as early as 1993 showed that autonomic neural

function was mainly influenced by the central autonomic

network (CAN), which includes the prefrontal cortex, the

limbic system and the brain stem structure,39 and OFC,

right amygdala, and the right parahippocampal gyrus in

our study belong to CAN. In addition, according to the

dysfunction of limbic-hypothalamic-pituitary-adrenal axis

(LHPA axis) in MD patients, as important components of

the limbic system, the amygdala and hippocampus gyrus

can regulate the work of hypothalamic-pituitary-adrenal

axis (HPA axis).40,41 And a recent research shows that

HPA axis can regulate autonomic neural function by glu-

cocorticoids, which can further affect HRV.42 Our study

shows the functional connectivity between the left superior

frontal gyrus (orbital part) and the right amygdala, and the
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right parahippocampal gyrus of healthy people have cor-

relation with HRV while these correlations disappear in

MD patients. In this point, we suggest that MD patients

due to the abnormal effect of the amygdala and hippocam-

pus gyrus resulting in this association disappeared. At the

same time, function connectivity between internal OFC

which is associated with control inhibition function is

abnormal activated and can affect HRV through the func-

tion of HPA axis. This may lead to the correlation between

abnormal control inhibition function and abnormal HRV in

MD patients.43

The self-regulation of an individual refers to the multi-

dimensional characteristics of temperament that are involved

in the flexible regulation of emotion, behavior, and cognition

through means of “top-down” and “bottom-up” neural

mechanisms.44,45 Top-down self-regulation includes emo-

tional regulation and behavioral regulation.45 A number of

studies have reported that HRV can tentatively be used as

a biomarker of top-down self-regulation.46 Recent studies

have shown that HRV is decreased in MD and that HRV

can be used as an index of the association between depression

and autonomic dysregulation; therefore HRV may be an

indicator of a clinical state of MD.21–23,47 Neuroimaging

studies have indicated the neural correlates of autonomic

control by measuring both HRVand associated brain activity

during the measurement of neuropsychological tests. For

instance, a previous study that used positron emission tomo-

graphy (PET) to investigate the association between HRV

and regional cerebral blood flow (rCBF) during the perfor-

mance of a handgrip motor task and an n-back task showed

that the activity in both the medial and lateral orbital cortices

was correlated with differences in the rCBF and HRV

between MD patients and normal controls.24 Another study

that used fMRI to investigate the associations between HRV

and specific brain activity during the performance of an

emotional category task indicated that a reduced rostral ante-

rior cingulate cortex (rACC)-subcortical functional connec-

tivity in MD patients may account for autonomic

dysregulation.25 Similar to these studies, our results showed

that MD patients present the decreased RMSSD and

SDANN, and HRV has an association with the severity of

depressive state.

In summary, our study showed that MD patients dis-

played poor inhibitory and control function and presents

the decreased HRV indices. Additionally, MD patients

display the increased functional connectivity networks of

OFC under the no-go task; and most importantly, the

SDANN and RMSSD are correlated with the functional

connectivity between the left superior frontal gyrus (orbi-

tal part) and the right inferior frontal gyrus (orbital part) in

MD patients. According to these results, we conclude that

autonomic nervous system is related to inhibitory and

control function through functional inter-region connectiv-

ity networks of OFC in major depression.

Our findings have important implications for the under-

standing pathophysiology of major depression, and MEG

may provide an image-guided tool for interventions.

There are two limitations in this study. First, because of

the small sample size, the results must be considered as

preliminary. Further studies with larger sample sizes are

needed to further replicate the results of this study. Second,

the HRV data that were derived from the preprocessed MEG

data, i.e., the electrocardiographic components, were col-

lected from the cardiac artifacts, and the measurement of

MEG was only conducted for 5 mins; therefore, the time-

domain analysis was used for the HRV analysis instead of

frequency-domain analysis. Since only the HRV compo-

nents, R-R interval, SDANN, and RMSSD were selected

for the analysis, they do not represent the entirety of the

HRV characters. Future studies using the specific apparatus

facilities for ECG data acquisition should be conducted to

further verify our HRVoutcome.
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