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Abstract

Aims Heart failure may lead to brain functional alterations related to cognitive impairment. This study aimed to detect al-
terations of static functional network connectivity (FNC) and dynamic FNC in heart failure with preserved ejection fraction
(HFpEF) and to estimate the association between the altered FNC and clinical features related to HFpEF.
Methods and results The clinical and resting-state functional magnetic resonance imaging (fMRI) data of HFpEF patients
(n = 35) and healthy controls (HCs) (n = 35) were acquired at baseline. Resting-state networks (RSNs) were established based
on independent component analysis (ICA) and FNC analyses were performed. The associations between the FNC abnormalities
and clinical features related to HFpEF were analysed. Compared with HCs, HFpEF patients showed decreased functional con-
nectivity within the default mode network, left frontoparietal network, and right frontoparietal network and increased func-
tional connectivity within the right frontoparietal network and visual network. Negative correlations were observed between
decreased dynamic FNC and the left ventricular end-diastolic diameter (LVDd) (r = �0.435, P = 0.015) as well as the left ven-
tricular end-systolic diameter (LVDs) (r = �0.443, P = 0.013).
Conclusions The FNC disruption and altered temporal properties of functional dynamics in HFpEF patients may reflect the
neural mechanisms of brain injury after HFpEF, which may deepen our understanding of the disease.
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Introduction

Heart failure (HF) is a rising global epidemic disease with rel-
atively high mortality. Three main phenotypes describe HF ac-
cording to measurement of the left ventricular (LV) ejection
fraction (EF): HF with reduced EF (HFrEF), HF with preserved
EF (HFpEF), and HF with mid-range EF. Almost half of HF pa-
tients are HFpEF, and the prevalence is increasing.1 Cognitive
decline in executive function, attention, episodic memory,
language, psychomotor speed, and visuospatial ability is typ-
ical for patients with HF, with differences between HFrEF and
HFpEF.2 Neuroimaging research indicates that HF patients ex-
hibit a diverse range of brain structural alterations and then

lead to cognitive impairment.3–5 Frey et al. recently found
that reduced hippocampal volume observed at baseline was
associated with impaired cognitive function in patients with
predominantly mild HF.6 It is essential to determine the aber-
rant functional connectivity (FC) in HFpEF for understanding
the ongoing injurious processes, which would help guide in-
tervention strategies for neural protection in the condition.

Non-invasive magnetic resonance imaging (MRI) proce-
dures have been implemented to evaluate brain alterations
associated with HF. Recent works have shown alterations in
several brain regions serving automatic, sensorimotor, mood,
and cognition, including medial temporal lobes, cingulate gy-
rus, mammillary bodies, and fornix thalamus.7–9 Park et al.
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found that the topology of functional integration and special-
ized characteristics in HF are significantly changed in regions
showing altered FC, an outcome that would interfere with
brain network organization.10 These prove that impaired
resting-state functional organization may lead to temporal
neuropsychologic and physiologic pathology in HF and may
exacerbate the potential for further injury. However, the
inter-network interactions in patients with HFpEF remain un-
clear in HF. In view of the ability to isolate various brain func-
tion networks, the independent component analysis (ICA) has
been widely applied for identifying resting-state networks
(RSNs) to define different remote interaction patterns.11,12

Meanwhile, the functional network connectivity (FNC) can
represent the temporal correlation between these RSNs.13

Therefore, exploration of the RSNs and FNC may provide
unique dysconnectivity information to understand the under-
lying neural mechanisms in patients with HFpEF.

In this study, we aimed to evaluate the whole brain net-
work connectivity in patients with HFpEF using static FNC
(sFNC) and dynamic FNC (dFNC) based on resting-state func-
tional MRI (fMRI). Moreover, the associations between the al-
tered FNC and clinical features related to HFpEF were
analysed. This study will enable us to understand how HFpEF
influences brain function connectivity change and provide
some evidences of the neural mechanisms of brain injury af-
ter HFpEF.

Methods

Subjects and clinical data

Thirty-five patients with HFpEF and 35 age, gender, and body
mass index (BMI) matched healthy controls (HCs) were pro-
spectively enrolled between January 2016 and October
2019. HFpEF was diagnosed according to the European Soci-
ety of Cardiology (ESC) guidelines for HF 2016.14 First, the pa-
tient should have symptoms and signs typical of HF. Second,
echocardiography should show normal or only slightly re-
duced LVEF (reduced LVEF is defined as <50%). Finally, struc-
tural heart disease, such as LV hypertrophy and enlargement
of the left atrium (LA), or direct and indirect measures of di-
astolic LV dysfunction, such as elevated E/e0 or low e0 or tri-
cuspid regurgitation velocity, should be used.15 The patients
were excluded if they met the following criteria: (i) diabetes
mellitus, uncontrolled hypertension, significant valvular dis-
ease, previous myocardial infarction, and coronary revascu-
larization; (ii) previous cardiac surgery; and (iii) estimated glo-
merular filtration rate < 30 mL/min. Besides, age and sex
matched HCs were also recruited and met the following inclu-
sion criteria: (i) without a history of heart disease, diabetes,
hypertension, or dyslipidaemia; (ii) had normal exercise ca-
pacity by cardiopulmonary exercise testing; (iii) not on any

medications; (iv) normal resting echocardiograms and elec-
trocardiograms; and (v) underwent the same neuroimaging
tests as HFpEF patients. This study was approved by the Insti-
tutional Review Board of Nanjing Medical University. All par-
ticipants provided written informed consent before undergo-
ing MRI.

The demographic characteristics, systolic blood pressure
(SBP), diastolic blood pressure (DBP), and relevant medical
history were collected. Fasting plasma glucose, triglyceride,
cholesterol, low-density lipoprotein, and high-density lipopro-
tein were derived from laboratory blood tests. LVEF, frac-
tional shortening (FS), left ventricular end-diastolic diameter
(LVDd), and left ventricular end-systolic diameter (LVDs) were
derived from echocardiography. Diastolic dysfunction was
assessed by the ratio of early diastolic mitral flow velocity
and early diastolic myocardial velocity (E/Em ratio). LV mass
was calculated by area-length method and indexed to body
surface area (LVMI).

Cognitive function assessment

Mini-Mental State Examination (MMSE)16 and Montreal Cog-
nitive Assessment (MoCA)17 were used to evaluate the
neurocognitive state of all participants. MMSE was conducted
prior to MoCA for each participant. Similar sections on ‘Ori-
entation’ and ‘Serial subtraction starting at 100’ in both tests
were tested only once and scored based on their response to
the task in MMSE to avoid familiarization. The subjects with
scores of ≥25 for MMSE or ≥26 were considered cognitively
normal, and lower scores indicated poorer cognitive abilities.

Imaging procedure

Functional magnetic resonance imaging scan parameters
All participants completed fMRI scan on a 3.0 Tesla MRI scan-
ner (Ingenia, Philips Medical Systems) using an eight-channel
digital head coil receiver and parallel imaging technology.
T1-weighted images of the whole brain were acquired for
each subject with a three-dimensional turbo fast echo (3D-
TFE) sequence with the following parameters: repetition time
(TR): 8.1 ms; echo time (TE): 3.7 ms; slices: 170; thickness:
1 mm; gap: 0 mm; acquisition matrix: 256 × 256; flip angle
(FA): 8°; and field of view (FOV): 256 mm × 256 mm. The
structural sequence took 5 min and 28 s. The resting-state-
fMRI (rs-fMRI) blood oxygen level-dependent (BOLD) scans
were acquired axially using a gradient echo-planar imaging
sequence with the following parameters: TR: 2000 ms; TE:
30 ms; slices: 36; gap: 0 mm; thickness: 4 mm; FOV:
240 mm × 240 mm; FA: 90°; and acquisition matrix:
64 × 64. The rs-fMRI sequence scan took 8 min and 6 s. Dur-
ing all resting-state scans, scanner noise and head motion
were reduced by using earplugs and foam padding, and the

Aberrant static and dynamic functional network connectivity in heart failure with preserved ejection fraction 2559

ESC Heart Failure 2022; 9: 2558–2566
DOI: 10.1002/ehf2.13967



participants were instructed to close their eyes and rest
peacefully.

Data preprocessing

Data preprocessing was carried out using GRETNA software
(http://www.nitrc.org/projects/gretna) implemented in
MATLAB (Version R2013b), which included the following: (i)
data format conversion (DICOM data transformed into NIFI
format); (ii) removal of volumes (the first 10 volumes were
removed from each time series); (iii) slice-timing correction;
(iv) realignment (head movement >2.0 mm translation or
>2.0° rotation were excluded); (v) spatial normalization
(warping individual T1 image to standard MNI space18); and
(vi) spatial smoothing (a Gaussian smoothing kernel).

Resting-state networks selection and analysis

After data preprocessing, resting-state data of all participants
were analysed using spatial ICA as implemented in the GIFT
software (http://mialab.mrn.org/software/gift/) to select

RSNs. The number of independent components (ICs) was de-
termined by using the minimum description length (MDL)
criteria.19 First, a set of spatial ICA was executed on the ag-
gregate data of the participants, resulting in an estimate of
the ICs.20 Then, the strength value of connectivity within each
IC was converted into a z-score to reflect the degree of corre-
lation between the time series of a given voxel and the aver-
age time series of its corresponding components. Among the
34 components resulting from ICA, six significant components
were identified as RSNs through visual observation based on
previous studies. These ICs were classified into six RSNs
(Figure 1): attention network (AN), default mode network
(DMN), left frontoparietal network (LFPN), right
frontoparietal network (RFPN), sensorimotor network
(SMN), and visual network (VN), which have been widely re-
ported in previous resting-state fMRI research.21,22 For each
RSN, the single-sample t-test was first used to obtain the z-
maps for each group, the false discovery rate (FDR) was used
to correct, and the statistical figure was obtained at the
threshold of P < 0.01. Then, the two-sample t-test was used
to compare the voxels within a union mask on the z-maps of
the RSNs between-group. Between-group effects were
thresholded at P < 0.01, corrected by FDR correction.

Figure 1 Functional relevant resting-state networks (RSNs). The spatial maps of six independent components (ICs) were selected as the RSNs for fur-
ther analysis. AN, attention network; DMN, default mode network; LFPN, left frontoparietal network; RFPN, right frontoparietal network; SMN, sen-
sorimotor network; VN, visual network.
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Static functional network connectivity analysis
between resting-state networks

First, a time-domain band-pass filter (band-pass
0.00–0.25 Hz) was used to reduce the influence of
low-frequency drift and high-frequency physiological noise
on the time process. Pearson correlation between any two
RSN time processes for each participant was calculated to
generate an FNC correlation matrix with the dimensions of
6 (ICs) × 6. In the general linear model, FNC group difference
estimation was performed for each pair of RSNs. The signifi-
cance threshold was P < 0.05; FDR was used to correct for
multiple comparisons.

Dynamic functional network connectivity analysis
between resting-state networks

The temporal dFNC toolbox within the GIFT software was
used for the analysis. The dFNC between ICA time courses
was computed based on a sliding time-window approach.23

We used a tapered window created by convolving a rectangle
(width = 30 s, 15 TRs) with a Gaussian (σ = 3 TRs) and advanc-
ing 1 TR at each step.24 A k-means algorithm with the
squared Euclidean distance, 500 iterates, and 150 replicates
dFNC windows were partitioned into four clusters.25 The
number of states was determined using the elbow criterion
(the ratio of within-cluster distance to between-clusters dis-
tances). The connectivity pattern of each subject for each
state was estimated as a subject median of the subject win-
dows that were assigned to this state. Using subject state
vectors, we also computed the percentage of occurrence of
each dFNC state for each subject. The group difference was
computed using two-sample t-tests at each state and results
were corrected for multiple comparisons using the FDR
(P < 0.05).

Statistical analysis

Demographic and clinical characteristic were analysed using
commercially available software (SPSS for Windows, Version
19.0; SPSS). Continuous data are shown as the mean ± SD,
whereas categorical variables are presented as absolute and
relative frequencies. The differences between HFpEF patients
and HCs were assessed using the χ2 test for categorical vari-
ables and an independent-samples t-test or Fisher’s exact test
for continuous variables. P < 0.05 was considered to indicate
statistical significance. For FNC analysis, group comparisons
between HFpEF and HC groups were performed using two-
sample t-tests. Pearson’s correlation coefficients between
dFNC values and echocardiographic parameters, dFNC values,
and cognitive scores were analysed with a significance level
of P < 0.05.

Results

Participants and clinical data

Among 70 participants in the study, four patients were ex-
cluded due to excessive head motion artefacts after the fMRI
data head motion check. Thirty-one HFpEF patients [17 men
and 14 women; mean age (years ± SD) 59.39 ± 6.51; range,
47–69] and 35 subjects [22 men and 13 women; mean age
(years ± SD) 56.77 ± 6.25; range, 43–70] were analysed. The
education, MMSE scores, and MoCA scores were not signifi-
cantly different between HFpEF groups and HC groups. The
high-density lipoprotein in HFpEF groups was significantly
lower than that in HC groups (1.06 ± 0.23, 1.34 ± 0.42;
t = 3.205, P = 0.002); the other laboratory blood tests (fasting
plasma glucose, triglyceride, cholesterol, low-density lipopro-
tein, SBP, and DBP) were not significantly different in two
groups. Echocardiography examination was performed in pa-
tients with HFpEF. In HFpEF group, LVEF was (61.19 ± 5.33)%;
FS was (33.48 ± 3.36)%; LVDd was (47.48 ± 4.36) mm; and
LVDs was (30.97 ± 3.89) mm (Table 1). There were no signif-
icant differences of echocardiography information between
HFpEF group and HCs. The HFpEF patients had higher E/Em
ratio and LVMI than the HCs (Table 1).

Independent component analysis and component
selection

A total of 34 ICs were extracted by ICA, among which 6 com-
ponents were selected as the RSNs for further analysis. Six
networks with these components were labelled as follows
(Figure 1): The attention network (AN) (IC27) mainly included
the dorsal anterior cingulate and anterior insular cortices, as
well as part of the prefrontal areas. The default mode net-
work (DMN) (IC2) included the posterior cingulate cortex, in-
ferior parietal, and medial prefrontal cortex nodes. The left
frontoparietal network (LFPN) (IC13) included the inferior pa-
rietal lobule, superior parietal lobule, and temporal lobule.
The right frontoparietal network (RFPN) (IC28) included the
left middle frontal gyrus, inferior parietal lobule, superior pa-
rietal lobule, and angular gyrus. The sensorimotor network
(SMN) (IC14) was mainly focused at the bilateral primary so-
matosensory cortex, including precentral and postcentral gyri
areas. The visual network (VN) (IC34) included the primary vi-
sual cortex [the bilateral calcarine sulcus and medial extra-
striate region (e.g. the lingual gyrus and cuneus)].

Group functional connectivity differences within
resting-state networks

The FC analysis showed four RSNs had significant differences
between HFpEF and HC groups, including the DMN, LFPN,
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RFPN, and VN (Table 2 and Figure 2). Compared with the HC
group, the HFpEF group exhibited decreased FC within the
DMN (right inferior frontal operculum), LFPN (left superior
frontal lobe), and RFPN (right medial superior frontal lobe
and right middle frontal lobe). Moreover, there was increased
FC in the RFPN (left superior frontal lobe) and VN (right supe-
rior occipital lobe) in the HFpEF group compared with the HC
group. Based on voxel-wise analysis, the resting-state FC did
not show significant alteration in AN and SMN.

Group differences in static functional network
connectivity

For the sFNC analysis, six networks were analysed between
HFpEF group and HC group. Relative to the HC group, the
HFpEF group exhibited significantly decreased negative net-
work interactions between DMN and AN.

Group differences in dynamic functional network
connectivity

Time-varying FNC over the scan duration can be repre-
sented by five states. FNC states are characterized by the
cluster centroids (Supporting Information, Figure S1). Signif-
icant differences between groups in dFNC were observed
only in State 3 (16% dFNC) (Supporting Information, Figure
S2). Clustering results with k = 5 are shown in Figure 3A.
Reoccurrence fraction in State 3 (0.08 ± 0.09 vs.
0.23 ± 0.17) and mean dwell time in State 3 (7.32 ± 5.91
vs. 13.78 ± 9.34) in HFpEF group were significantly shorter
than those in HC group (t = 4.329, P < 0.001; t = 3.305,
P = 0.002) (Figure 3B,C) (Supporting Information, Table
S1). Group differences in dFNC using the window width of
40, 50, and 60 s corresponding to 20 TRs, 25 TRs, and 30
TRs, respectively, were also shown in the Supporting
Information, Figures S3–S5.

Table 1 Demographic clinical characteristic in patients with HFpEF and HCs

Characteristics HCs (n = 35) HFpEF (n = 31) t/χ2 value P value

Age (years) 56.77 ± 6.25 59.39 ± 6.51 �1.664 0.101
Gender (male/female) 22/13 17/14 0.437 0.618
Education 11.91 ± 2.42 11.87 ± 2.32 0.074 0.941
MMSE 29.03 ± 1.22 28.68 ± 1.08 1.230 0.223
MoCA 27.66 ± 1.55 26.87 ± 1.73 1.948 0.056
Fasting plasma glucose (mmol/L) 5.17 ± 0.32 5.35 ± 0.93 �1.055 0.296
Triglyceride (mmol/L) 1.71 ± 1.38 1.70 ± 1.10 0.048 0.962
Cholesterol (mmol/L) 4.71 ± 1.06 4.19 ± 1.43 1.689 0.096
LDL (mmol/L) 2.84 ± 0.93 2.41 ± 1.01 1.836 0.071
HDL (mmol/L) 1.34 ± 0.42 1.06 ± 0.23 3.205 0.002*
SBP (mmHg) 129.74 ± 10.46 127.61 ± 11.18 0.799 0.427
DBP (mmHg) 80.89 ± 6.97 79.55 ± 8.61 0.697 0.488
LVEF 63.34 ± 5.98 61.19 ± 5.33 1.604 0.113
FS (%) 34.51 ± 2.86 33.48 ± 3.36 1.420 0.160
LVDd (mm) 48.40 ± 3.47 47.48 ± 4.36 0.974 0.333
LVDs (mm) 31.20 ± 3.10 30.97 ± 3.89 0.349 0.728
E/Em 8.57 ± 2.03 15.87 ± 1.57 �16.183 <0.001**
LVMI (g/m2) 101.77 ± 12.06 135.55 ± 13.01 �10.945 <0.001**

Note: Data are the mean ± standard deviation.
Abbreviations: DBP, diastolic blood pressure; E/Em, the ratio of early diastolic mitral flow velocity and early diastolic myocardial velocity;
FS, fractional shortening; HCs, healthy controls; HDL, high-density lipoprotein; HFpEF, heart failure with preserved ejection fraction; LDL,
low-density lipoprotein; LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter; LVEF, left ventricular
ejection fraction; LVMI, left ventricular mass index; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment;
SBP, systolic blood pressure.
*P < 0.05.
**P < 0.001.

Table 2 Brain regions with significant differences connectivity within resting-state networks between heart failure with preserved
ejection fraction patients and healthy controls

Brain regions BA
Peak MNI coordinates

x, y, z (mm) Peak T value Voxels

DMN Frontal_Inf_Oper_R 25 51, 12,27 3.8335 55
LFPN Frontal_Sup_L 10 �21, 57, 3 3.6666 41
RFPN Frontal_Sup_Medial_R 17 9, 39, 42 5.0615 153

Frontal_Sup_L 6 �21, 33, 36 �4.1927 80
Frontal_Mid_R 33 48, 42, 12 4.3437 150

VN Occipital_Sup_R 23 18, �90, 18 �3.8723 56

Abbreviations: DMN, default mode network; Frontal_Inf_Oper_R, right inferior frontal operculum; Frontal_Sup_L, left superior frontal
lobe; Frontal_Sup_Medial_R, right medial superior frontal lobe; LFPN, left frontoparietal network; Occipital_Sup_R, right superior occipital
lobe; RFPN, right frontoparietal network; VN, visual network.
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Correlation analysis

Correlations were performed between the dFNC and echo-
cardiographic parameters, dFNC, and cognitive scores
(Supporting Information, Table S2). The significant negative

correlations were found between reoccurrence fraction in
State 3 and LVDd (r = �0.435, P = 0.015) (Figure 4A) and re-
occurrence fraction in State 3 and LVDs (r = �0.443,
P = 0.013) (Figure 4B). In addition, a significant negative cor-
relation was found between the mean dwell time in State 3
and LVDd (r = �0.403, P = 0.025) (Figure 4C). However, we
did not find any significant correlations between the dFNC

Figure 2 Group functional connectivity (FC) differences within resting-state networks (RSNs). Significant differences between the HFpEF and HC
groups were found within four RSNs. DMN, default mode network; Frontal_Inf_Oper_R, right inferior frontal operculum; Frontal_Sup_L, left superior
frontal lobe; Frontal_Sup_Medial_R, right medial superior frontal lobe; LFPN, left frontoparietal network; Occipital_Sup_R, right superior occipital lobe;
RFPN, right frontoparietal network; VN, visual network.

Figure 3 (A) Mean dwell time in windows vs. cluster states between HC and HFpEF; (B) reoccurrence fraction in State 3 and (C) mean dwell time in
State 3 between HC and HFpEF were plotted using violin plots. HC, healthy controls; HFpEF, heart failure with preserved ejection fraction.
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values and the E/Em ratio and LVMI (P > 0.05). Moreover,
there were no significant correlations between dFNC values
and cognitive scores.

Discussion

Previous studies have indicated that cognitive impairment is
highly prevalent in patients with HF using the neuropsycho-
logical assessment, with deficits being most prominent in
the domains of executive function, memory, language, and
mental speed.26,27 Frey et al. found that patients with HF
showed more advanced medial temporal lobe atrophy com-
pared with controls, and the degree of medial temporal lobe
atrophy was strongly associated with the severity of cognitive
impairment.5 Others studies have also reported that patients
with HF have brain changes related to cognitive function.6,14

However, the samples of these studies were heterogeneity. It
is unclear whether the subtypes of HF (HFpEF) will cause
brain changes. In our study, we found decreased FC within
LFPN, RFPN, and DMN and increased FC within RFPN and
VN in HFpEF. Park et al. demonstrated that HF patients had
aberrant spontaneous functional connections in various brain
areas using rs-fMRI, which were related to sensorimotor, au-
tonomic, mood, and cognitive regulation.10 DMN is widely
known to be associated with cognitive and emotional
processing,28 and FPN is critical for the ability to coordinate
behaviour in a rapid, accurate, and flexible goal-driven
manner.29

Heart failure patients had tissue injury in most of brain re-
gions (including hippocampus, anterior thalamus, fornix,
mammillary bodies, caudate nuclei, putamen, cerebellum,
and frontal cortices) that regulate cognitive, behavioural,
and planning functions.30 In this study, we found that the de-
creased FC was mainly in right inferior frontal operculum, left
superior frontal lobe, right medial superior frontal lobe, and
right middle frontal lobe in patients with HFpEF. The frontal
lobes have progressively acquired a central role in most as-
pects of cognition and behaviour. In addition, the RFPN (left

superior frontal lobe) and VN (right superior occipital lobe)
showed increase in patients with HFpEF. The FPN is pivotal
in visual–spatial attention and motor function. The VN is as-
sociated with the processing of visual information. Given all
this, the results of the increased RFPN and VN may suggest
a compensatory mechanism to lessen the consequences of
nerve damage caused by DMN and FPN and help maintain
the patient’s cognitive abilities.

It is worth pointing out that the HFpEF group exhibited sig-
nificantly decreased negative interactions between DMN and
AN, which was an important finding that had not been previ-
ously reported in HFpEF. The DMN is responsible for control
and integration of primary perception and advanced
cognition.31 The decline in attention and reduction in volume
of the attention-related cortex reflects the impaired function
of AN.32 Athilingam et al. showed that HFpEF patients had
delayed recall and reduced abstraction abilities scored by
MoCA.33 Therefore, we believed that the changes in the in-
teractions between DMN and AN may provide further infor-
mation on how HFpEF patients can adjust the connectivity
of the related networks during cognitive tests.

The dFNC could capture uncontrolled but reoccurring pat-
terns of interactions among intrinsic networks during task en-
gagement or at rest, which has not been explored in HFpEF
patients. The five reoccurring dFNC states, significantly differ-
ent from static connectivity, suggest the human brain is
highly dynamic.23 Our results showed that HFpEF patients
demonstrated shorter time in State 3, including the reoccur-
rence fraction and dwell time, which had negative correla-
tions with LVDd and LVDs. The mechanism proposed for brain
injury in HF is multifactorial. The cerebral blood flow, the neu-
rohormonal axis, and the inflammatory axis in HF were
thought to have a role in the interaction between HF, cogni-
tion, and structural brain changes.34 A possible explanation of
our results might be found in the complex interaction be-
tween the LVDd and LVDs in the HFpEF patients and its effect
on the reoccurrence fraction and mean dwell time in State 3.
The correspondence between changes in LVDd and LVDs and
changes in dFNC suggest that variability in the reoccurrence
fraction and mean dwell time in State 3 may contribute from

Figure 4 (A) The significant negative correlations were found between reoccurrence fraction in State 3 and LVDd (r = �0.435, P = 0.015), (B) reoccur-
rence fraction in State 3 and LVDs (r = �0.443, P = 0.013), and (C) mean dwell time in State 3 and LVDd (r = �0.403, P = 0.025). LVDd, left ventricular
end-diastolic diameter; LVDs, left ventricular end-systolic diameter.
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fluctuations in autonomic tone and their potential psycholog-
ical correlates. In addition, the window size from 30 s to
1 min had relatively little impact on dynamics.

There are several limitations and shortcomings in the pres-
ent work that have to be considered. First, this is a prelimi-
nary cross-sectional study of FNC changes in HFpEF with lim-
ited sample size, so that it is difficult to direct the casual
relationship between brain functional network and HFpEF.
More longitudinal studies with larger samples are needed.
Second, other brain networks may play an important role in
the pathophysiology of brain injury in HFpEF, and detecting
the variation of the FC and FNC in multiple networks will pro-
vide insight into the neural mechanism in depth. Finally, the
ICA method cannot reveal the directionality of the interac-
tions between networks. Further studies are required to as-
sess the specific and directional function in coupling with
other brain networks in HFpEF.

Conclusions

To summarize, this is the first study to assess function con-
nectivity and the FNC properties in HFpEF. Our findings dem-
onstrated that decreased negative network interactions be-
tween DMN and AN in sFNC and shorter dwelling time and
reoccurrence fraction in dFNC and decreased dwelling time
and reoccurrence fraction in dFNC were associated with LVDd
and LVDs in HFpEF. We believe these findings could poten-
tially help our understanding of the neural mechanisms of
brain injury after HFpEF.
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Figure S1. States 1-5 functional network connectivity (FNC)
matrices. Positive correlations are in the yellow to red range,
while negative correlations are light to dark blue.
Figure S2. Significant differences between HC and HFpEF
group were observed in State 3.
Figure S3. dFNC analysis between RSNs using a tapered win-
dow created by convolving a rectangle (width = 40s, 20TRs).
(A-B) Time-varying FNC over the scan duration can be repre-
sented by 5 States. Significant differences between groups in
dFNC were observed only in State 3. (C) Reoccurrence frac-
tion in State 3 (0.07±0.09 vs 0.23±0.18) and Mean dwell time
in State 3 (7.48±7.06 vs 15.77±10.32) in HFpEF group were
significant shorter than those in HC group (t=4.462,
P<0.001; t=3.762, P<0.001).
Figure S4. dFNC analysis between RSNs using a tapered win-
dow created by convolving a rectangle (width = 50s, 25TRs).
(A-B) Time-varying FNC over the scan duration can be repre-
sented by 5 States. Significant differences between groups in
dFNC were observed only in State 3. (C) Reoccurrence frac-
tion in State 3 (0.19±0.16 vs 0.35±0.25) and Mean dwell time
in State 3 (14.84±12.56 vs 29.61±36.17) in HFpEF group were
significant shorter than those in HC group (t=3.133, P=0.003;
t=2.266, P=0.029).
Figure S5. dFNC analysis between RSNs using a tapered win-
dow created by convolving a rectangle (width = 60s, 30TRs).
(A-B) Time-varying FNC over the scan duration can be repre-
sented by 5 States. Significant differences between groups in
dFNC were observed only in State 5. (C) Reoccurrence frac-
tion in State 5 (0.10±0.13 vs 0.30±0.27) and Mean dwell time
in State 3 (8.23±10.51 vs 25.35±24.04) in HFpEF group were
significant shorter than those in HC group (t=4.008,
P<0.001; t=3.820, P<0.001).
Table S1. Demographic clinical characteristic in patients with
HFpEF and HCs.
Table S2. Correlations analysis between the dFNC and echo-
cardiographic parameters and cognitive scores in HFpEF
patients.
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