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ABSTRACT

Background: The brain centers play an important role in the pathophysiology of arrhythmogenesis. Resting-state functional 
magnetic resonance imaging (rs-fMRI) is an elegant method for assessing the brain-heart interactions. 

Methods: This study was performed with healthy participants (CON) and premature ventricular contraction (PVC) patients. The 
rs-fMRI data were obtained on a Philips 3.0 Achiva scanner. We combined different methods to identify brain function. 

Results: The PVC group showed decreased the amplitude of low-frequency fluctuations (ALFF) mainly in the right caudate 
nucleus and right insula, increased fractional-amplitude of low-frequency fluctuations (fALFF) mainly in the right cuneus. The regional 
homogeneity (ReHo) value of the PVC group were mainly decreased in the left middle temporal gyrus compared with those recorded in 
the CON group. The PVC group showed significantly higher seed-based functional connectivity (FC) with the right parahippocampal 
gyrus, right amygdala, right lingual gyrus, right inferior temporal gyrus, left caudate nucleus, left anterior cingulate, and left middle 
frontal gyrus. However, it showed lower FC with the right inferior frontal gyrus triangular part and right thalamus. 

Conclusion: The patterns of spontaneous brain activity, synchronization activity, and FC in the PVC and CON groups were 
different. The areas with altered brain activity in patients with PVC are considered the epicenter of emotional and behavioral expression, 
indicated that emotion via regulation of the central nervous system may contribute to the development of ventricular arrhythmia.
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Introduction

The morbidity and mortality of cardiac arrhyth-
mia are high in the population, presently therapies 
have limitations, including the insufficient knowl-
edge of neural activity(1-7). 

There exists a complex and dynamic interac-
tion between the heart and brain, the brain centres 
affect cardiac electrophysiology(8). It is well known 
that brain injury can cause cardiovascular compli-
cations, but even without neurological trauma and 
with a structurally normal heart, the central nervous 
system (CNS) is a powerful modulator of cardiac 
excitability(9-12), especially in the setting of negative 
emotions(3), and plays an important role in the gene-
sis of ventricular arrhythmias.

Negative emotion has an asymmetric effect on 
cortical activity, and there does not appear to be one 
arrhythmia center in the brain but rather multiple 
areas involved in the process. Given the important 
role of neural activity, understanding the relation-
ship between abnormal neuromodulation and car-
diac electrophysiology could have important treat-
ment implications. However, most studies target on 
the autonomic nervous system, the understanding of 
the effects of CNS on cardiac electrophysiology is 
not well established, research on humans is limited, 
and mainly focus on pathology condition. Neglect-
ing brain-related arrhythmias may lead to delayed 
diagnosis and inappropriate treatment(13-17).

As such, the value of neuroscience-based cardi-
ovascular research is increasingly evident.
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Central neural activity influences cardiac elec-
trophysiology are coming to light in the new era of 
functional neuroimaging(18, 19). Functional MRI is a 
very potential technology to assess the heart-brain 
interaction, especially in response to emotion chang-
es(18), has been widely used in studies of neurologic, 
neurosurgical, and psychiatric disorders. However, 
it is rarely used in research related to the cardiovas-
cular system(4, 10).

In our study, we used the rs-fMRI technique 
to construct a bridge between the brain and heart 
in humans. We collected rs-fMRI data to compare 
the differences in rs-BOLD signal between healthy 
participants and patients with premature ventricular 
contraction. We sought to determine whether altera-
tions of spontaneous brain activity, synchronization 
activity, and functional connectivity exist in patients 
with arrhythmia, provide new insights into future 
novel therapies to prevent ventricular arrhythmia.

Materials and methods

Participants  
Our study was approved by The Ethics Commit-

tee of The First Affiliated Hospital of Harbin Medical 
University, consisted of a control group (CON) and a 
premature ventricular contraction group (PVC). The 
PVC is defined as that patients with a PVC burden 
>10% but <30%, based on 24 hour Holter recording. 

The exclusion criteria: 
• Patients with structural heart disease; 
• History of psychiatric/neurological disorders; 
• Organic brain syndrome; 
• Respiratory system diseases.
 
MRI Acquisition and data preprocessing
All participants, scanned with a 3.0-T Philips 

Achiva 3.0T scanner. 
Sequence of gradient echo-planar image was 

used for the rs-fMRI scan with the following param-
eters: 

• Repetition time/echo time = 2,000/40 ms; 
• Flip angle = 90°; 
• Slice thickness = 4 mm; 
• Matrix = 128×128; volumes = 200; 
• And field of view = 230×230 mm2. 
During the fMRI scanning, individuals pre-

sented with sinus rhythm, and were asked to keep 
their eyes closed, relax, limit movement, and stay 
awake. We used Statistical Parametric Mapping 12 
(SPM12, http://www.fil.ion.ucl.ac.uk/spm/) to con-
firm the quality of rs-fMRI images. Participants with 

head motion exceeded 1.5 mm or 1.5° were exclud-
ed. Data were analyzed using DPARSF (http://rfmri.
org/DPARSF)(5), based on SPM12 on the MATLAB 
2019a platform (The MathWorks, Natick, MA, USA). 

Functional image data were preprocessed as 
follows: 

• Removing the first 10 time points; 
• Slice timing using the 27th slice as the reference; 
• Correcting head movements; 
• Normalized to Montreal Neurological Insti-

tute (MNI) space using a standard MNI template, 
and regressing nuisance covariables, including white 
matter signal, cerebral spinal fluid signal, head mo-
tion and linear trends. 

 
ALFF, fALFF, ReHo and seed-based func-

tional connectivity analysis  
For ALFF and fALFF analysis, the time series 

were transformed into the frequency domain using a 
Fourier transform. 

The square root of the power spectrum was 
calculated and averaged across 0.01-0.08 Hz within 
each voxel(20-23) to obtain raw ALFF value. Subse-
quently, the raw ALFF value was divided by mean 
ALFF value of the whole brain. The fALFF value 
was the ratio of the power spectrum of low frequency 
(0.01-0.08 Hz) to that of the entire frequency range. 
ReHo analysis was performed on the functional im-
ages after preprocessing, ReHo maps were produced 
by calculating the concordance of the Kendall coef-
ficient of the time series of a given voxel with its 26 
nearest neighbors. The generated ReHo images were 
smoothed using a Gaussian kernel (4-mm full-width-
half-maximum) for further statistical analysis(24). The 
ALFF, fALFF, and ReHo values of each individual 
were transformed to Z scores to enable further com-
parison between groups. 

Seeds were derived from ALFF, fALFF and 
ReHo calculations. A mean time series for each seed 
was extracted as a reference. Subsequently, Pearson 
correlation coefficient (r) was applied to quantify the 
relationship between the seeds and the other brain 
regions. As a result, a correlation map was produced 
for each seed. The resulting r values were converted 
into Z values through Fisher’s R-to-Z transformation 
(Fisher, 1915). FC results were visually presented by 
the BrainNet Viewer toolbox (http://www.nitrc.org/
projects/bnv/)(20).

Statistical analysis  
The difference of quantitative demographic 

data between the two groups were calculated by 
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two-sample t-test. Fisher’s Exact Test was used for 
the analysis of categorical demographic data. Group 
comparisons of ALFF, fALFF, ReHo, and FC results 
were performed using a two-sample t test using the 
statistics module of the DPABI toolbox (http://rfmri.
org/DPABI)(22), with age, sex, and head motion as 
covariates. 

The results were corrected for multiple com-
parisons using the AlphaSim program (http://afni.
nih.gov/afni/docpdf/AlphaSim.pdf). The statistical 
threshold for each voxel was set at p<0.001 with an 
extent threshold of cluster size >50 voxels, which 
yielded a corrected threshold of p<0.01.

Results and discussion

Patient characteristics
This study involved 10 healthy participants 

and 11 patients with PVC. The PVC and CON 
groups did not show statistically significant differ-
ences with respect to characteristics, including age, 
sex, education level, and the parameters of echocar-
diography (Table 1).

fALFF, ALFF, and ReHo
Compared with the CON group, the PVC group 

showed decreased ALFF mainly in the right caudate 
nucleus and right insula (Table 2 and Figure 1A). The 
PVC group showed increased fALFF mainly in the 
right cuneus (Table 2 and Figure 1B). 

The values of the PVC group were mainly de-
creased in the left middle temporal gyrus (ReHo) 
compared with those recorded in the CON group 
(Table 2 and Figure 1C).

Seed-based functional connectivity
The results of the seed-based FC analysis be-

tween the PVC and CON groups are shown in Table 
3 and Figure 2. With the seed placed in right caudate 
nucleus, the PVC group showed significantly high-
er FC with the right parahippocampal gyrus, right 
amygdala. With the seed placed in right insula, the 

Figure 1: PLFF (A), fALFF (B), and ReHo (C) differen-
ces between the PVC and CON groups. (A) Decreased 
ALFF (blue) in the right caudate nucleus and the right 
insula in the PVC group compared with the CON group. 
(B) Increased fALFF (red) in the right cuneus in the PVC 
group compared with the CON group. (C) Decreased 
ReHo (blue) in the left middle temporal gyrus in the PVC 
group compared with the CON group. Color bar indicates 
the T score. x, y, and z denote the Montreal Neurological 
Institute coordinates. ALFF, amplitude of low frequency 
fluctuation; ALFF, fractional amplitude of low frequency 
fluctuation; ReHo, regional homogeneity.

Characteristic PVC (n=11) CON (n=10) P-value

Age (years) 54.44±13.98 57.63±11.56 0.62

Sex (M:F) 7:4 5:5 0.67

LVEF (%) 67.22±5.45 64.75±6.27 0.40

LVEDd (mm) 47.78±3.77 46.63±4.17 0.56

RVEDd (mm) 19.78±1.72 20.38±3.34 0.64

LA (mm) 35±2.6 36.38±1.3 0.20

RA: long axis (mm) 44.11±2.52 41.88±3.76 0.17

RA: short axis (mm) 35.33±3.84 32.63±1.85 0.09

Education (years) 12.89±2.76 13.13±3.04 0.87

Cluster 
size

Brain 
region Peak 

t-value

MNI coordinate

x y z

ALFF PVC<CON 62 Caudate 
nucleus (R) −3.95 15 18 −9

69 Insula (R) −5.01 33 3 12

fALFF PVC>CON 52 Cuneus (R) 5.21 15 −75 27

ReHo PVC<CON 110
Middle 

temporal 
gyrus (L)

−5.07 −51 −51 3

Table 1: Demographic and clinical characteristics in dif-
ferent groups. 
M, male; F, female; LVEF, left ventricular ejection fraction; 
LVEDd, left ventricular end diastolic diameter; RVEDd, right 
ventricular end diastolic diameter; LA, left atrium; RA, right 
atrium.

Table 2: Regions of change in the BOLD signal in ALFF, 
fALFF, and ReHo between the PVC and CON groups. 
The coordinates are shown in the Montreal Neurological Institu-
te (MNI) standard space. Seeds were labeled for the FC analy-
sis. BOLD, blood oxygenation level-dependent; ALFF, ampli-
tude of low frequency fluctuation; ALFF, fractional amplitude 
of low frequency fluctuation; ReHo, regional homogeneity; R, 
right; L, left. 
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PVC group showed lower FC with the right inferior 
frontal gyrus triangular part. Selecting the right cu-
neus as the seed, the PVC group showed significantly 
higher FC with the right lingual gyrus, but lower FC 
with the right thalamus. Left middle temporal gyrus- 
based FC analysis showed, the PVC group presented 
higher FC with the right inferior temporal gyrus, left 
caudate nucleus, left anterior cingulate, and left mid-
dle frontal gyrus. 

Compared with the CON group, in the right 
caudate nucleus-seed (CAU.R) network, increased 
functional connectivity in the PVC group was 
mainly located in the right parahippocampal gyrus 
(PHG.R) and right amygdala (AMYG.R). In the right 
insula-seed (INS.R) network, decreased functional 
connectivity was mainly located in the right infe-
rior frontal gyrus triangular part (IFGtriang.R). In 
the right cuneus-seed (CUN.R) network, increased 
functional connectivity was mainly located in the 
right lingual gyrus (LING.R), whereas decreased 

functional connectivity was mainly located in the 
right thalamus (THA.R). In the left middle temporal 
gyrus-seed (MTG.L) network, increased functional 
connectivity was mainly located in the right inferi-
or temporal gyrus (ITG.R), the left caudate nucleus 
(CAU.L), the left anterior cingulate (ACG.L), and the 
left middle frontal gyrus (MFG.L). Color bar indi-
cates the T score. 

Our rs-fMRI study aimed at the correlation 
between brain activity and arrhythmias. ALFF and 
fALFF measure the power of the BOLD signal and 
mirror spontaneous brain activity without any un-
derlying hypothesis. ReHo measures the synchrony 
of adjacent regions(15). Seed-based functional con-
nectivity detects abnormal functional connectivity 
between the seeds and the other brain regions and 
illustrates brain functional integration(14). We com-
bined these analysis methods to determine PVC re-
lated brain activity. 

In the PVC group, the altered spontaneous 
brain activity was mainly involved limbic and right 
cuneus, the synchronization of regional brain activ-
ity in the left middle temporal gyrus was decreased, 
and the disturbed functional connectivity was main-
ly located in the frontal and limbic system. Our study 
found some areas with altered brain activity in pa-
tients with PVC, these areas are mainly associated 
with controlling emotional and behavioral expres-
sion. Our contribution can provide ideas and targets 
for further cardiac electrophysiology research. The 
limbic system is a complex set of structures that deal 
with emotions and memory, including the hippocam-
pus, insular cortex, subcallosal gyrus, orbital frontal 
cortex, cingulate gyrus, parahippocampal, hypothal-
amus, septal nuclei, amygdala, and parts of the thal-
amus(2). The right insular cortex is involved in the 
generation of the basic emotional states in humans(6); 
emotional changes may lead to arrhythmia in pa-
tients without structural heart disease. 

A previous study found that caudate had an 
effect on heart rate and heart rate variability under 
social stress and anxiety(1). One study suggested that 
a hippocampal–caudate nucleus cooperation support 
memory performance, distinct neural representations 
are related to different memory systems associated 
with emotion and recognition. 

Literatures suggest that the insula /inferior 
frontal gyrus is an important node in brain networks 
that control emotional processing. A study showed 
cingulate activity and fronto-temporal connectivity 
is associated with psychosis. A publication stated 
that the ability to regulate emotion promotes men-

Seed
Cluster 

size

Main 
brain region Peak 

t-value

MNI coordinate

x y z

CAU.R 54
Parahippocampal 

gyrus (R)
Amygdala (R)

5.3 21 0 −27

INS.R 58 Inferior frontal gyrus, 
triangular part (R) −3.5 45 24 30

CUN.R 56 Lingual gyrus (R) 7.04 15 −84 −6

59 Thalamus (R) −6.08 15 −30 12

MTG.L 101 Inferior temporal 
gyrus (R) 5.23 45 −54 −15

90 Caudate nucleus (L)
Anterior cingulate (L) 5.52 −12 18 9

71 Middle frontal 
gyrus (L) 4.5 −33 18 48

Table 3: Significantly altered regions in seed-based fun-
ctional connectivity between the PVC and CON groups. 
The coordinates are shown in the Montreal Neurological Insti-
tute (MNI) standard space. R, right; L, left. CAU.R, the right 
caudate nucleus; INS.R, right insula-seed; CUN.R, right cu-
neus-seed; MTG.L, left middle temporal gyrus.

Figure 2: Resting-state functional connectivity maps; se-
eds were derived from the ALFF, fALFF, and ReHo cal-
culations of the PVC and CON groups. 
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tal well-being in health and is disrupted in psycho-
pathologies, such as post-traumatic stress disorder. 
The prefrontal cortex -a region of the brain involved 
in executive function, behavioral coordination, and 
cognitive control-is particularly important in imple-
menting the regulation of emotional response(16). 

Prefrontal and limbic circuit alterations were 
found in psychopathology(13). This evidence further 
supports our findings; emotions contribute to ven-
tricular arrhythmia. Combined with our analyses, the 
prefrontal and limbic areas of the brain are thought 
to be mainly responsible for PVC. Some studies 
found that electroacupuncture at CV4 and CV12 can 
modulate the limbic–prefrontal network(9). Based on 
the results of our study, this treatment approach may 
be helpful for patients with ventricular arrhythmia.

The cuneus, a smaller lobe in the occipital lobe, 
is involved in basic visual processing. In addition, 
the volume of gray matter in the cuneus is associ-
ated with inhibitory control in patients with bipolar 
depression(11). 

Higher activity was found in the dorsal visual 
stream (including the cuneus) of pathologic gam-
blers(7). Our study’s results indicated that the right 
cuneus of the brain is a potential member of the brain 
network involved in the control cardiovascular func-
tion. The limitation of this study was the relatively 
small sample size due to strictly exclude pathologic 
conditions that might affect neurovascular coupling, 
which may decrease the robustness of the results. 
Comparison of before and after antiarrhythmic drug 
treatment should be further performed(22-33).

Conclusion 

Our combined rs-fMRI analyses revealed a 
significant difference in spontaneous brain activity, 
synchronization activity, and functional connectivity 
in the PVC group. The areas of altered brain activity 
are mainly in the regions controlling emotional and 
behavioral expression. 

These findings indicate that emotion via regu-
lation of the central nervous system contribute to the 
development of ventricular arrhythmia, these altered 
brain regions may be the most promising for clinical 
application. 
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