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Aberrant Brain Functional Connectivity Dynamic Responses to

the Valsalva Maneuver in Heart Failure
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Background: Patients with heart failure (HF) show abnormal autonomic activities, which may stem from

altered functional connectivity (FC) between different brain sites.

Methods and Results: We evaluate insular and cerebellar FC with other brain areas, before, during, and

after the Valsalva challenge, with functional magnetic resonance imaging in 35 HF and 35 control subjects.

Significant insular FC emerged with striatum, thalamus, and anterior cingulate. While left and right cere-

bellar cortices showed significant FC with each other constituting the cerebellum network, the insula and

cerebellum networks showed significant negative FC with each other at baseline, challenge, and recovery

phases. The challenge induced increased FC within the insula and the cerebellum networks in both HF and

controls. However, patients with HF showed more increased insular network FC, but less enhanced cerebel-

lar FC. During the recovery phase, the negative FC between the insular network and cerebellum enhanced

significantly in controls, but not in HF. Lower left ventricle ejection fraction was correlated with lower

insula network FC, and impaired negative FC between cerebellum and the insula network in HF.

Conclusions: Increased insular FC in patients with HF might contribute to exaggerated sympathetic tone.

While impaired cerebellar FC and diminished negative interactions between cerebellum and insular sys-

tems may indicate impaired parasympathetic functions in HF. (J Cardiac Fail 2019;25:757�766)
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Patients with heart failure (HF) exhibit a range of auto-

nomic issues that fail to regulate sympathetic and parasym-

pathetic neural outputs in response to body position, motor,

or respiratory challenges.1,2 Such malfunctions are reflected

as abnormal arterial pressure, heart rate, and sweating in the

condition.2,3 Although impaired autonomic regulatory clini-

cal outcomes in HF are substantial, the underlying neural

network mechanisms controlling timely- and sustained-

responses to processes that require cardiovascular adjust-

ment, such as the Valsalva maneuver, are unknown.

The Valsalva maneuver is a non-invasive procedure to

examine both sympathetic and parasympathetic autonomic
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functions.4 The autonomic challenge consists of a voluntary

forced expiratory effort against a closed upper airway, which

raises intrathoracic pressure, and results in a sequence of hemo-

dynamic changes and cardiovascular regulatory reflex. During

the challenge period (i.e., sympathetic phase), healthy subjects

show heart rate increase, which returns quickly to baseline fol-

lowing expiratory pressure release (i.e., parasympathetic

phase).4 However, patients with HF usually fail to demonstrate

the normal increase in heart rate during the sympathetic phase,

and show a slower and gradual decline during the parasympa-

thetic phase, rather a quick drop as seen in healthy controls.5,6

In addition, patients with HF also show abnormal blood
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pressure changes during and after the autonomic challenges.7

Since previous HF studies suggest that aberrant autonomic

outflows from forebrain to medullary sites are underlying such

deficits,5�7 disturbed functional communications between dif-

ferent autonomic regulatory areas, including the insular and

cerebellar regions, may also contribute to these abnormal phys-

iological responses to the Valsalva challenge.

Brain structural injury appears in both gray and white matter

sites in patients with HF that provides a structural basis for dis-

turbed brain network communications in the condition.8�10

Structural damage in two crucial autonomic regulatory net-

works are of major concern: the insular-limbic-thalamo-striatal

network and the cerebellar network. The insular-limbic-

thalamo-striatal network is a set of brain sites responsible for

autonomic, somatic, and motoric functions, including insular,

anterior cingulate, hypothalamus, thalamus, caudate, putamen,

and globus pallidus areas.11 The insula, as the cortical hub of

this network, serves autonomic regulatory and interoceptive

awareness functions via projections to visceral, thalamic, brain-

stem, and limbic areas,12 and have been identified as the central

command center to ensure heart rate and blood pressure

increase at body movement.13 The cerebellar network, includ-

ing both cerebellar cortices and deep nuclei, plays important

roles in dampening extremes of blood pressure and modulates

vestibulo-cardiovascular responses, with cerebellar injuries in

animal studies leading to fatal outcomes with extreme blood

pressure or attenuated heart rate increase.14 Such brain imaging

studies emphasized widespread structural impairments in the

insular-limbic-thalamo-striatal and cerebellar networks. How-

ever, no study has examined the functional communications or

coordination of these two autonomic regulatory networks, as

well as their responses to autonomic challenges in HF.

In this study, we used blood oxygen level-dependent

(BOLD) functional magnetic resonance imaging (fMRI) to

evaluate the functional connectivity (FC), which quantifies

the synchronization or coordination of neural activities of

anatomically-distinct brain regions, within and between the

insular and cerebellar networks. Brain FC is dynamic,

which is distinct from structural connectivity, i.e., white
Table 1. Demographic, Biophysical, and Cl

Variables HF (n = 35)

Age range (years) 40�66
Mean age (years) 54.5§7.7
Gender (Male: Female) 24:11
BMI (kg/m2) 26.8§5.1
Education (years) 15.0§3.1
Heart rate (beats/min) 73.5§11.6
Systolic BP (mm Hg) 111.3§22.4
Diastolic BP (mm Hg) 67.0§10.5
LVEF (%) 28.4§9.4
Etiology Ischemic (n=21);

Non-ischemic (n=14)
Medications Diuretics (n=31);

beta-blocker (n=32);
angiotensin receptor (n=12);
ACE inhibitors (n=19)

BMI, body mass index; BP, blood pressure; HF, heart failure; LVEF, left ventri
matter fibers connecting different brain areas, and changes

within minutes to seconds due to subject’s physiological,

psychological, and pathological states.15�18 Since the Val-

salva maneuver includes different phases, brain FC may

change according to different physiological states before,

during, and after the autonomic challenge. However, no

study has examined how FC varies in different stages of the

Valsalva maneuver, which are assessed here. We hypothe-

size that FC in the insular and cerebellar networks will be

altered in HF at baseline, and during different phases of the

Valsalva maneuver compared with healthy controls.
Materials and Methods

Subjects

We recruited 35 hemodynamically-optimized patients

with HF (i.e., drug dosages were titrated to reach targeted

hemodynamic goals as per AHA/ACC HF guidelines19) and

35 age- and gender-comparable healthy controls. Demo-

graphic, clinical, and physiologic data of HF and control

subjects are summarized in Table 1. All patients with HF

were recruited from the Ahmanson- University of Califor-

nia at Los Angeles (UCLA) Cardiomyopathy Center. The

diagnosis of HF was based on national diagnostic criteria,20

and all subjects included in this study were with New York

Heart Association Functional Class II at the time of MRI.

All patients with HF were without any history of valvular

congenital heart defects, pregnancy induced cardiomyopa-

thy, drug abuse, or previous history of stroke, carotid vascu-

lar disease, head injury, or any diagnosed psychiatric

condition. Patients with HF were treated with guideline-

directed medical therapy, including angiotensin receptor

blockers or angiotensin-converting enzyme inhibitors, beta-

blockers, and diuretics, and were stabilized for hemody-

namics and body-weight for at least six months prior to the

participation in MRI studies.

Control subjects were recruited through advertisements at

the UCLA campus and West Los Angeles area. All control

subjects were in good health, without any clinical history of
inical Data of HF and Control Subjects

Controls (n = 35) Pvalues

40�61 —
51.2§5.9 0.054
22:13 0.621

25.4§3.0 0.050
16.1§2.2 0.076
69.7§11.8 0.182
117.8§16.8 0.175
76.4§12.8 0.001

— —

cle ejection fraction.
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cardiovascular, stroke, respiratory, neurological, or psychi-

atric disorders that may introduce brain changes. All partici-

pants gave written informed consent before MRI scanning

or other data collection, and the study protocol was

approved by the Institutional Review Board at the UCLA.

Valsalva Maneuver

The Valsalva maneuver was performed by all participants

in a sequence of four 16 s vigorous and forceful exhalations

into a mouthpiece, spaced 120 s apart, to a target expiratory

pressure of 30 mmHg level, with 160 s baseline before the

first challenge period. The mouthpiece was connected to a

pressure gauge, which allowed continuous assessment of

exhalation pressure. The pressure signal was calibrated

before each experiment. The closed exhalation circuit

allowed a slow air leak, guaranteeing an open glottis, which

ensured raised intrathoracic pressure. Following each 16 s

challenge period, the closed exhalation circuit was removed

and the subject breathed normally for 120 s. A light signal

was used to indicate challenge onset for the Valsalva effort.

Subjects were instructed to, upon seeing the light signal,

take a breath and exhale against a resistance, maintaining a

target pressure. A second light was illuminated when sub-

jects achieved 30 mmHg target pressure. Subjects practiced

the Valsalva maneuver prior to MRI data collection, and the

research team observed each challenge to ensure the target

pressure was achieved and maintained for each of the four

expiratory efforts.

Magnetic Resonance Imaging

All HF and control subjects underwent for brain struc-

tural and functional imaging in a 3.0-Tesla MRI scanner

(Siemens, Erlangen, Germany). We used foam pads on

either side of the head to minimize head motion during

scanning. High-resolution T1-weighted images were

acquired using a magnetization prepared rapid acquisition

gradient-echo pulse sequence (repetition time [TR] = 2200

ms; echo-time [TE] =2.34, 2.41 ms; flip angle

[FA] = 9˚; field-of-view [FOV] = 230£ 230 mm2; matrix

size = 320£ 320; voxel size = 0.72£ 0.72£ 0.9 mm3).

BOLD-fMRI data were collected with an echo planar imag-

ing based pulse sequence in the axial plane (TR = 2000 ms;

TE = 30 ms; FA = 90˚; FOV = 230£ 230 mm2; matrix

size = 64£ 64; voxel size =3.6£ 3.6£ 4.2; slice thick-

ness = 4.2 mm; volumes = 352). The Valsalva maneuver

was performed by all the subjects during the fMRI scan-

ning. We continuously recorded breathing rate, heart rate,

and oxygen saturation levels from each subject during MRI

using an abdominal pneumatic belt and a finger pulse oxim-

eter for safety reasons.

Data Processing

Prior to FC analysis, fMRI data were preprocessed using

SPM12 (http://www.fil.ion.ucl.ac.uk/spm) software. The

initial 10 volumes were discarded to avoid signal saturation
issues, and remaining 342 volumes were realigned to elimi-

nate potential head-motion and coregistered to T1-weighted

images. Since the Valsalva maneuver requires the move-

ment of mouth and forceful exhalations, head-motion is

inevitable. To eliminate signal contamination from head

motion, the effects of six rigid-body motion parameters and

their first and second derivatives were regressed-out as

covariates from the time series of each voxel. In addition,

challenge-induced linear trend and global brain signal

changes were also regressed out from the time series of

each voxel. BOLD images were then spatially-normalized

to Montreal Neurological Institute space, using nonlinear

transformation procedures, and smoothed with a 4 mm full-

width at half-maximum Gaussian kernel.

For FC analysis, four regions-of-interest (ROIs) from a

standard AAL template were selected as seed regions, includ-

ing the left and right insula and cerebellum crus 2. FC maps

were generated for each ROI of individual subject from the

fMRI data of the baseline (140�0 s before the first challenge

onset), the Valsalva challenge phase (0�16 s after the onset

of each of the four challenges), and the recovery phase

(16�40 s after the each challenge onset), respectively. FCs

between regional mean time series for seed regions and

whole-brain voxels were calculated with a canonical correla-

tion approach. A positive FC value indicated positive correla-

tion between the mean fMRI time course of the seed region

and a specific brain area (i.e., coactivation of these areas),

while a negative FC value showed negative correlation

between the neural activities of the seed region and a specific

brain area (i.e., the time series changes in the opposite direc-

tion between these regions, while one region is activated the

other region is deactivated). Individual FC maps were con-

verted into z-scored maps with Fisher’s z transformation and

subjected to second-level random-effects analysis to generate

group-level statistical maps.
Statistical Analyses

Demographic and physiologic data were examined by the

Chi square (categorical values) and independent samples t

tests (numerical values). We performed one-sample t tests on

the baseline FC maps, Valsalva challenge phase, and recov-

ery phase, respectively, to examine brain areas that were sig-

nificantly associated with the activities of ROIs during

different phases in HF and control subjects (covariates: age

and sex; False discovery rate [FDR] corrections for multiple

comparisons, P < 0.05). We compared the FC maps between

challenge phase and baseline, between recovery phase and

baseline, as well as between recovery and challenge phase,

using paired t tests in healthy control (HC) and HF groups

(FDR, P < 0.05). We compared the FC maps between HF

and control subjects using analysis of covariance (ANCOVA;

covariates: age and sex; FDR, P < 0.05) for the three phases,

respectively. We further examined cross-subject partial corre-

lations between the FC maps and left ventricle ejection frac-

tion (LVEF) values in HF subjects by calculating partial

correlations between FC value of each brain voxel and LVEF

http://www.fil.ion.ucl.ac.uk/spm


Fig. 1. Insular and cerebellum networks during baseline, Valsalva
challenge, and recovery in HC and HF subjects. (A) One-sample
t tests (FDR-corrected, P< 0.05; covariates, age and gender) of
left insular FC maps (left panel) and right insular FC maps (right
panel) in HC (upper panel) and HF (lower panel). (B) One-sample
t tests (FDR-corrected, P< 0.05; covariates, age and gender) of
left cerebellum FC maps (left panel) and right cerebellum FC
maps (right panel) in HC (upper panel) and HF (lower panel).
Three columns in each subfigure represent results in three phases,
from left to right: baseline, Valsalva challenge, and recovery
phase. Two representative slices in neurological convention (left
side of the brain is shown on the left) are shown for each phase.
Warm color indicates positive FC; cold color shows negative FC.
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values (covariates: age and sex; AlphaSim corrections for

multiple comparisons, corrected P < 0.05, with voxel-level

P< 0.005, cluster size >25 voxels).

Results

Demographic and Physiological Variables

No significant differences in age, gender, or education

appeared between groups (Table 1). In addition, patients

with HF did not differ in BMI, heart rate, or systolic blood

pressure compared with HCs. However, patients with HF

had lower diastolic blood pressure over HCs (P= 0.001).

FC Patterns in HF and HC Subjects

The insula and cerebellum networks showed similar pat-

terns in both HC and HF groups throughout different phases

of the Valsalva maneuver. Left and right insula showed sig-

nificant positive FC with the contralateral insula, bilateral

striatum, thalamus, and anterior cingulate cortex (ACC), at

baseline, challenge, and recovery phases (FDR-corrected,

P < 0.05). These sites constitute the insular-limbic-thalamo-

striatal network (referred here as the insula network). Also,

left and right insula showed significant negative FC with

bilateral cerebellar cortices at different phases of the Val-

salva maneuver (Fig. 1A; FDR-corrected, P < 0.05). Left

and right cerebellar cortices exhibited significant positive FC

with the contralateral cerebellar cortices, as well as signifi-

cant negative FC with bilateral insula, striatum, ACC, and

thalamus (Fig. 1B; FDR-corrected, P< 0.05).

FC Pattern Changes between Baseline, Challenge, and

Recovery Phases in HF and Control Subjects

In HC subjects, left and right insula showed signifi-

cantly increased FC with the contralateral insula, bilateral

striatum, and thalamus during challenge over baseline

period. During recovery phase, left and right insula

showed increased FC within the insular-thalamo-striatal

network, as well as enhanced negative FC with cerebellar

cortices compared with baseline. However, these increased

FC within the insula network was less extensive compared

with the challenge phase. Similarly, patients with HF

showed the highest FC within left and right insula net-

works during the challenge phase, and the recovery phase

showed the strongest negative FC between insula and cere-

bellar networks. (Fig. 2A; Supplementary Table S1; FDR-

corrected, P < 0.05).

In both groups, left and right cerebellar cortices showed

increased FC within the cerebellum network during the

challenge phase compared with baseline. During the recov-

ery phase, bilateral cerebellar cortices showed significantly

enhanced negative FC with the insula network, including

the bilateral insular cortices, putamen, thalamus, and ACC,

compared with baseline in HC. The negative FC between

bilateral cerebellar cortices and bilateral insula and putamen

during the recovery phase was also stronger than that in the

challenge phase in control subjects. However, HF subjects
showed significantly enhanced negative left cerebellar cor-

tex FC with only bilateral insula and ACC, but not bilateral

putamen during the recovery phase. Also, right cerebellar

cortex showed increased negative FC with only left puta-

men and ACC, but not other areas in the insula network in

patients with HF (Fig. 2B; Supplementary Table S1; FDR-

corrected P < 0.05).

FC Pattern Differences Between HF and Control Subjects

HF showed increased FC between bilateral insula and

putamen, as well as thalamus at both baseline and challenge

periods over control subjects. In the recovery phase, left

insula showed higher FC with bilateral thalamus and globus

pallidus, but lower FC with left posterior insula in HF



Fig. 2. Changes of insular and cerebellar FC during the different
phases of Valsalva maneuver in HC and HF subjects. (A) Paired
t tests (FDR-corrected, P< 0.05) of left insular FC maps (left
panel) and right insular FC maps (right panel) in HC (upper panel)
and HF (lower panel). (B) Paired t tests (FDR-corrected, P< 0.05)
of left cerebellum FC maps (left panel) and right cerebellum FC
maps (right panel) in HC (upper panel) and HF (lower panel).
Three columns in each subfigure represents the results of compari-
sons between different phases, from left to right: Valsalva chal-
lenge phase versus baseline (V-B), recovery phase versus baseline
(R-B), and recovery phase versus Valsalva challenge (R-V). Two
representative slices in neurological convention are shown for
each comparison. Warm color indicates increased FC values; cold
color shows decreased FC values.
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compared with controls. In addition, right insula also

showed lower FC with bilateral posterior insula in HF sub-

jects (Fig. 3A; FDR-corrected, P < 0.05).

Left cerebellar network did not show significant difference

between groups at the baseline; however, decreased FC

appeared between left and right cerebellar cortices in challenge

and recovery phases in HF compared with HCs. Left cerebel-

lum also showed impaired negative FC with bilateral insula

and thalamus during the recovery period in HF over control

subjects. Right cerebellum showed impaired negative FC with
right insula at baseline, and decreased FC with the contralateral

cerebellar cortices in challenge and recovery phases in HF

compared with HCs. Right cerebellum showed decreased nega-

tive FC with bilateral insula and thalamus during the recovery

phase in HF over controls (Fig. 3B; FDR-corrected, P< 0.05).
Correlations Between FC and LVEF Values in HF

Partial correlation analysis showed that the left insula FC

with striatum was positively correlated with LVEF during all

of the three phases. The left insula FC with cerebellum was

negatively correlated with LVEF at baseline and recovery

phases. The right insula FC with left insula and left putamen

was positively correlated with the LVEF during challenge

and recovery phases, while the right insula FC with cerebellar

cortices was negatively correlated with LVEF at baseline and

recovery periods (Fig. 4A; AlphaSim-corrected, P < 0.05)

The FC within the left cerebellum network showed signifi-

cant positive correlation with LVEF at baseline and recovery.

While the left cerebellum FC with bilateral insula, putamen,

and thalamus was negatively correlated with LVEF. Similar

correlation patterns appeared in the right cerebellum network

as well. The right cerebellum FC with the contralateral cere-

bellar cortices was positively correlated with LVEF at base-

line and recovery, while right cerebellum FC with bilateral

insula and putamen was negatively correlated with LVEF

(Fig. 4B; AlphaSim-corrected, P < 0.05).
Discussion

Overview

Insula showed significant FC with bilateral striatum, thal-

amus, and ACC, areas that constitute the insular network in

HF and control subjects. While left and right cerebellar

cortices showed significant FC with each other constituting

the cerebellum network; the insula and cerebellum networks

showed significant negative FC with each other at baseline,

challenge, and recovery phases in HF and controls. At base-

line, patients with HF showed increased insular FC with

bilateral striatum and thalamus over control subjects. The

Valsalva challenge induced increased FC within the insula

network, and within the cerebellum network in both HC

and HF subjects. However, compared with healthy subjects,

HF showed more increased FC within the insula network,

but less enhanced FC between bilateral cerebellar cortices.

During the recovery phase, the negative FC between the

insula and the cerebellum networks enhanced significantly

in healthy controls, but not in HF. Further analysis showed

significant positive correlations between LVEF and FC

within the insula network, as well as stronger negative inter-

actions between cerebellar cortices and the insula network.

The insular and cerebellar FC can be the central neurobi-

ological parameters of autonomic functions. The Valsalva

maneuver elicited increased insular FC (Fig. 2A) accompa-

nied by increased heart rate in healthy controls,5 indicating

enhanced insular FC is associated with sympathetic activity

in normal condition. Hyper-sympathetic activity during rest



Fig. 3. Abnormal insular and cerebellum networks in heart failure during baseline, Valsalva challenge, and recovery over control subjects.
(A) ANCOVA (FDR-corrected, P< 0.05; covariates, age and gender) of left insular FC maps (left panel) and right insular FC maps (right
panel) comparing HF with HC subjects. (B) ANCOVA (FDR-corrected, P< 0.05; covariates, age and gender) of left cerebellum FC maps
(left panel) and right cerebellum FC maps (right panel) comparing HF with HC subjects. Three columns in each subfigure represent results
of comparison results in three phases, from left to right: baseline, Valsalva challenge, and recovery. Two representative slices in neurologi-
cal convention are shown for each phase. Warm color indicates increased FC values; cold color shows decreased FC values.
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is one of the major phenomena in patients with HF; we

observed higher insular network FC during baseline in HF

than controls (Fig. 3A), again indicating increased insular

FC is associated with enhanced baseline sympathetic tone

in HF condition. On the other hand, the cerebellum showed

negative FC with the insula network (Fig. 1B), and this neg-

ative FC between cerebellum and insula was enhanced dur-

ing the Valsalva challenge and recovery phase (Fig. 2B),

suggesting an inhibitory role of cerebellum to limit extreme

blood pressure and heart rate changes in normal condition.

patients with HF showed decreased cerebellar FC during

the challenge and impaired negative FC between the cere-

bellum and insula during the recovery phase (Fig. 3B)

accompanied by slower drop of heart rate, as shown

before,5 again suggesting that cerebellar FC might be asso-

ciated with parasympathetic activation. These evidences

support each other and demonstrate the strong associations

between brain FC and autonomic function in both normal

and HF condition
Exaggerated Insular Network FC at Baseline

Both sympathetic and parasympathetic branches of the

autonomic nervous system are affected in patients with HF.

At rest, the sympathetic outflow in patients with HF is often

exaggerated, the parasympathetic activity is lessened, and

the interaction between these two systems is altered.21 The
increased baseline FC within the insular network may be

associated with exaggerated resting sympathetic tone in

HF. With fiber connections with multiple brain areas, insula

plays important roles in cardiovascular, vestibular, somato-

sensory, and motor modulation.11 Insular cortical and sub-

cortical FC, especially with the ACC, thalamus, and basal

ganglia, underscore the site’s roles in autonomic control,

along with somatosensory integration and pain-regula-

tions.12 Abnormal insular activities may encourage a pro-

arrhythmic state.22 Previous studies found insular structural

impairment would result in malfunction of autonomic regu-

lation and lead to exaggerated sympathetic tone, with an

accompanying higher incidence in myocardial infarction

and heart failure.23 Increased insular FC with other auto-

nomic control areas, such as striatum and thalamus, could

shift cardiovascular balance toward increased basal sympa-

thetic tone, a pro-arrhythmic condition, and may contribute

to the higher risk of cardiac mortality.23
Increased Insular and Impaired Cerebellar FC Networks

During Challenge

The Valsalva maneuver triggers enhanced sympathetic

activities, including heart rate increase and blood pressure

changes, during the challenge.4,6 Previous fMRI studies

have reported increased neural activities in the insula

accompanying increased heart rate.5,6,10 Positron emission



Fig. 4. Brain areas with significant correlation between LVEF and insular or cerebellar FC in HF subjects during baseline, Valsalva chal-
lenge, and recovery phases. (A) Partial correlation (AlphaSim-corrected, P< 0.05) between LVEF and left insula FC maps (left panel) or
right insula FC maps (right panel). (B) Partial correlation (AlphaSim-corrected, P< 0.05) between LVEF and left cerebellum FC maps (left
panel) or right cerebellum FC maps (right panel). Three columns in each subfigure represent results in three phases, from left to right: base-
line, Valsalva challenge, and recovery phase. Two representative slices in neurological convention are shown for each phase. Warm color
indicates positive correlation and cold color shows negative correlation.
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tomography study also showed that activation in insula,

putamen, ACC, and thalamus were associated with

increased heart rate during autonomic challenge.24 We

found here enhanced insular FC with basal ganglia, thala-

mus, and ACC in healthy controls during challenge, sug-

gesting that increased insular network FC contributes to

sympathetic activation in normal condition. However, HF

subjects showed more intensified insular network FC at

both baseline and challenge periods over the controls, indi-

cating that heightened insular network contributes to exag-

gerated baseline sympathetic tone and activates

sympathetic outflow during autonomic challenge. Lower

LVEF was associated with lower insula FC with putamen in

HF during different phases of the Valsalva maneuver, sug-

gesting that increased insular FC in HF compared with con-

trols might be a compensatory mechanism in the condition.

The over-activated insular network in HF during the chal-

lenge may reflect autonomic nervous system effort to trig-

ger sympathetic outflow and increase heart rate to

compensate low heart output during autonomic challenge6;

increased heart rate may help the brain to develop stronger

compensatory mechanism in patients with HF.

In addition to increased insular network FC, the challenge

also induced increased FC within the cerebellum network in

both control and HF subjects. Since the Valsalva maneuver
involves an interaction between motoric (active forced expira-

tion), as well as autonomic regulatory components, increased

FC within insula and cerebellum networks may have implica-

tions for both aspects. As important parts of the motor circuit,

the thalamus, putamen, globus pallidus, and cerebellum play

significant roles in motor planning.16 The disruption of this

circuitry will result in ataxia, difficulties in smooth pursuit of

action, and other movement disorders.17,25 In our study, HF

showed higher insular FC with thalamus, putamen, and

globus pallidus during challenge over controls, suggesting a

higher demand for central recruitment to maintain the expira-

tory strain and motor coordination pattern. Also, HF showed

less cerebellar FC increase than controls during the challenge,

indicating impaired cerebellar functions in motor and auto-

nomic regulations in HF.

For autonomic regulation, cerebellar cortices are key for

timely coordination of sympathetic and parasympathetic

attributes, and for dampening extremes of hypotension/

hypertension induced by physiological challenges or patho-

logical conditions.6,26 Impaired cerebellar FC in HF sub-

jects would not only lead to deficits in respiratory motor

coordination, but also to sympathetic deficits, such as heart

rate and blood pressure dysregulations. Moreover, lower

LVEF was correlated with lower FC between cerebellar

cortices during baseline and recovery periods. These data
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demonstrated that impaired cerebellum network FC was

directly associated with deficits in heart functions.
Impaired Negative Interactions Between Cerebellar and

Insular Networks during Recovery

During the recovery phase, cerebellum showed signifi-

cantly enhanced negative FC with the insula, thalamus, and

striatum in HC. However, negative FC between the cerebel-

lum and insular networks was less significant in HF. Fol-

lowing the expiratory pressure release, parasympathetic

system is activated and heart rate returns quickly to baseline

in HC, but patients with HF show a slower heart rate

decline, as well as abnormal blood pressure during the

recovery.5,6 The absence of negative interactions between

the cerebellar and insular networks in HF may underlie the

impaired parasympathetic functions, and may result in tardy

decrease of heart rate and abnormal blood pressure changes.

Blood pressure regulation is impaired both during the chal-

lenge and recovery periods of the Valsalva maneuver in

HF,27 and abnormal cerebellar FC may directly result in this

dysregulation. Cerebellar cortices interact with other auto-

nomic control areas that play important roles in limiting

blood pressure extremes, as well as breathe-to-breathe blood

pressure changes.28,29 In our study, as the respiratory straining

goes on, the cerebellar FC increase significantly in control,

but not in HF subjects, indicating a less sufficient control of

hypertension. During the recovery phase, patients with HF

typically show little or no rise in blood pressure,27 and lower

FC between cerebellar cortices over controls. The impaired

cerebellar network FC in HF may contribute to dysregulation

of blood pressure after the challenge.

Since increased insular network FC could shift autonomic

balance towards increased sympathetic tone, the negative

interaction between cerebellum and insula networks may

indicate a suppressive effect of cerebellum system on the

insula system, which brings the heart rate and blood pressure

back to baseline during recovery.23 Various studies showed

that the cerebellum can exert a tonic suppressor or inhibitory

influence on subcortical structures within the striatal-limbic

circuit,30 and electrical cerebellar stimulation inhibited sym-

pathetic tone and increased parasympathetic activity to the

cerebrovascular bed, resulting in vasodilation and an increase

in mean carotid blood flow.31 Our results showed that the

enhanced negative FC between cerebellar and insular systems

as seen in HC was absent in HF, implying impaired cerebel-

lar functions to dampen excessive sympathetic tones. In addi-

tion, lower LVEF was also correlated with decreased

negative interaction between cerebellum and insula networks,

indicating that proper coordination between cerebellar corti-

ces and insular networks is essential for maintaining sympa-

thetic and parasympathetic balance, as well as normal heart

functions. The lack of suppressive effects from cerebellum

may result in prolonged activation in the insular network dur-

ing the recovery phase, likely leading to a prolonged sympa-

thetic activation and delayed return to baseline heart rate and

blood pressure levels in HF.
Pathological Processes Contributing to Abnormal

Functional Connectivity

Although the precise pathological processes underlying

the altered FC in HF are unclear, but may include several

possible mechanisms. Patients with HF show compro-

mised cerebral perfusion, resulting from low cardiac out-

put, and insular and cerebellar functional changes may

have developed from ischemia or inadequate perfusion

accompanying the syndrome.32 Cerebellar, insular, and

subcortical sites are especially vulnerable to hypoxia/

ischemia, and even short-term exposure to hypoxia can

cause severe neural injury.33 Previous brain structural

studies showed brain tissue changes in various autonomic

control areas in patients with HF.10 We believe that a por-

tion of abnormal FC responses to the Valsalva maneuver

may derive from impaired neurons within the structures

and axons affecting the neural pathways connecting the

insula, striatum, and cerebellum to other brain sites. In

addition, initial injury to the autonomic control sites in the

brain in patients with HF, including the insular and cere-

bellar areas, may result in abnormal central neural outflow

and compromise vascular activity and heart rate regula-

tion, which in turn can lead to altered brain perfusion,

introducing secondary brain injury in limbic and other

brain areas.34

Limitations

One major limitation of this study is that we could not

directly link brain FC changes to sympathetic and para-

sympathetic activities, although demonstrated the dynamic

FC changes in different stages of the Valsalva maneuver.

For decades, heart rate responses to the Valsalva maneuver

have been used as a robust test of circulatory integrity.4

Our previous studies have also repeatedly showed abnor-

mal physiological response to Valsalva challenge in

patients with HF.5,6 This study further revealed aberrant

brain FC dynamics accompanied with these physiological

changes in HF. However, dynamic heart rate changes are

often result from both sympathetic and parasympathetic

nerve activities, and such coexistence of both activities

may confound the finding, and this may be the case why

both insular and cerebellar network activations were

observed during different phases of the Valsalva maneu-

ver. Although peripheral markers of autonomic activities

can be obtained indirectly, e.g., by measuring heart rate,

blood pressure, sweat release, or skin blood flow, these

responses are confounded by both sympathetic and para-

sympathetic actions, and are slower compared with

directly-recorded autonomic nerve activity using electro-

des. Microneurography, in which a tungsten microelec-

trode is inserted percutaneously into a peripheral nerve in

awake human subjects, allows to record autonomic nerve

activities to either muscle or skin,35 and further studies

combining fMRI and microneurography may help to sepa-

rate effects of sympathetic and parasympathetic activities

on brain FC patterns in patients with HF.
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Conclusions

Patients with HF show both persistent increased sympa-

thetic and impaired parasympathetic tones, and abnormal

insular and cerebellar FC found here would have greatly

contributed to those altered autonomic functions. Our find-

ings indicate that increased insular network FC at baseline

and during challenge in HF might be a compensatory mech-

anism for low heart output, which contributes to the exag-

gerated sympathetic tone in HF. While impaired cerebellum

FC network and the diminished negative interactions

between cerebellar and insular systems may indicate a loss

of the normal suppressive action from the cerebellum on

the insula network, which may contribute to impaired sym-

pathetic-vagal balance in the condition.

The FC changes during the Valsalva maneuver might be

useful as clinical marker of autonomic health state in

patients with HF. Increased FC within the insular-limbic-

thalamo-striatal circuitry may indicate exaggerated sympa-

thetic outflow, and diminished negative FC between the

insular and cerebellar sites might reflect impaired parasym-

pathetic regulation in patients with HF. Moreover, the sig-

nificant correlations between these FC changes and LVEF

suggest that brain functional changes are associated with

disease severity in HF, and could be used as a non-invasive

way to evaluate the central nervous system autonomic func-

tions and overall brain health in the HF condition.
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