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Abstract 

Background  Epidemiological studies have indicated that patients with heart failure (HF) who experience cognitive 
impairment (CI) have a poor prognosis. While poor self-management and compliance are suggested as contribut-
ing factors, they do not fully explain the underlying mechanisms of high risk of cardiac events in HF patients with CI. 
Given the interconnectedness of CI and the autonomic nervous system (ANS), both regulated by the central nervous 
system, this study investigated the relationship among cognitive function, metabolism in ANS-related brain regions, 
and major arrhythmic events (MAEs) in patients with HF with reduced ejection fraction (HFrEF).

Results  We retrospectively enrolled 72 patients with HFrEF who underwent gated myocardial perfusion imaging, 
heart and brain 18F-FDG positron emission tomography/computed tomography imaging, and cognitive testing. 
Cognitive function was evaluated using the Mini-Mental State Examination. During the follow-up period, 13 patients 
(17.8%) experienced MAEs. Patients with MAEs exhibited decreased cognitive function across various domains, includ-
ing orientation, registration, and language and praxis (all p < 0.05). Patients with CI displayed a prolonged heart rate-
corrected QT (QTc) interval and hypometabolism in the left hippocampus and bilateral caudate nuclei (all p < 0.05). 
Significant correlations were observed between cognitive function, QTc interval, and metabolism in ANS-related brain 
regions (all p < 0.05). Cox regression model analysis showed that the predictive value of cognitive function is not inde-
pendent of the QTc interval and there is a significant interaction. The mediation analyses suggested that a prolonged 
QTc interval resulting from ANS disorder increased risk of MAEs in HFrEF patients with CI. Patients with CI exhibited 
reduced central autonomic network (CAN) connectivity.

Conclusion  ANS dysfunction, exacerbated by reduced metabolism in ANS-related brain regions and CAN connectiv-
ity, contributed to an increased risk of MAEs in HFrEF patients with CI.
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Background
Heart failure (HF) is a life-threatening syndrome charac-
terized by multifaceted aspects, and its global incidence 
and mortality rates are rising due to population aging 
and increasing cardiovascular risk factors [1]. The physi-
cal and mental well-being of patients with HF typically 
deteriorates, often resulting in cognitive impairment (CI) 
and dysfunction in the autonomic nervous system (ANS). 
CI is strongly associated with ANS dysfunction [2–5], 
and the latter may occur earlier [6]. HF patients with CI 
often have a worse prognosis, which is potentially linked 
to decreased self-care and compliance [7]. However, this 
alone does not fully explain the mechanisms underlying 
poor prognosis in HF patients with CI.

Reduced cardiac output, vascular dysfunction, and 
sympathetic-vagal imbalance can lead to a decline in 
brain function, possibly contributing to CI [8]. Addition-
ally, ANS disorder, characterized by sympathetic overac-
tivity and parasympathetic withdrawal, is a hallmark of 
HF and plays a crucial role in pathogenesis of arrhyth-
mias [9, 10]. A prolonged heart rate-corrected QT (QTc) 
interval is closely related to sympathetic nerve activa-
tion and is considered an important risk factor for fatal 
arrhythmias and sudden cardiac death [11]. Central auto-
nomic network (CAN) dysfunction may be a common 
mechanism in CI and ANS disorder [12]. The CAN is a 
complex network composed of a series of brain regions 
essential for cognition and regulation of the ANS [5, 12–
14]. Core components of the CAN include the prefrontal 
cortex, hippocampus, hypothalamus, caudate nucleus, 
amygdala, dorsal vagal complex in the brainstem, and 
spinal cord, which are interconnected through neural 
pathways and collectively involved in regulating ANS 
functions such as heart rate, blood pressure, respiration, 
and digestion [15–17]. The prefrontal cortex, particularly 
the anterior cingulate and orbitofrontal cortices, plays a 
crucial role in regulating emotions, attention, and higher 
cognitive functions associated with ANS activity [18]. 
These regions influence the hypothalamus and the auto-
nomic control centre in the brainstem through descend-
ing projections, thereby modulating heart rate and blood 
pressure [19].

Previous studies have shown that a reduction in 
regional grey matter in patients with HF, especially in 
the cingulate gyrus, hippocampus, and thalamus, leads 
to CI [20–22]. The hippocampus, vital for memory pro-
cessing, along with neighbouring structures such as the 
cingulate gyrus, parahippocampal gyrus, and thalamus, 
forms the Papez circuit, which is crucial for information 
transmission [23, 24]. Additionally, our previous study 
demonstrated that, even after adjusting for traditional 
arrhythmogenic risk factors, metabolism in ANS-related 
brain regions—including the insula, hippocampus, 

cingulate gyrus, caudate nucleus, and thalamus—was a 
significant independent predictor of major arrhythmic 
events [25]. ANS dysfunction may increase the risk of 
ventricular arrhythmias (VA) and sudden cardiac death 
by exacerbating left ventricular (LV) electrical instability 
[26]. However, in patients with HF, the underlying mech-
anisms of CI, functional impairment in specific ANS-
related brain regions, and adverse outcomes, particularly 
VA, remain unclear. Building on existing research, this 
study aims to further explore the potential mechanisms 
underlying the poor prognosis of HF with reduced ejec-
tion fraction (HFrEF) in patients with clinically deter-
mined CI, by evaluating the potential associations among 
cognitive function, ANS-related neural metabolism, and 
LV electrical instability.

This study hypothesized that CI and ANS disorders 
are two clinical manifestations resulting from reduced 
metabolism and connectivity within the CAN in patients 
with HFrEF, and that the association between CI and 
poor prognosis may partly result from ANS disorder 
caused by CAN injury. Numerous studies have shown 
that reduced regional brain metabolism, as quantified by 
18F-fluorodeoxyglucose (FDG) positron emission tomog-
raphy (PET)/computed tomography (CT), is closely asso-
ciated with cognitive impairment [27, 28]. Therefore, this 
study investigated the associations among CI, CAN dys-
function, and major arrhythmic events (MAEs), as well as 
the potential mechanisms underlying poor prognosis in 
patients with HFrEF using 18F-FDG PET/CT imaging.

Methods
Study population
This single-centre, retrospective, longitudinal, observa-
tional imaging study enrolled patients who underwent 
clinically indicated 99mTc-sestamibi single-photon emis-
sion computed tomography (SPECT)/ CT gated myo-
cardial perfusion imaging (GMPI) at the Beijing Anzhen 
Hospital between January 2018 and December 2021. A 
total of 87 patients underwent brain 18F-FDG PET/CT 
scanning and cognitive testing. The inclusion criteria 
were chronic ischemic HF with left ventricular ejection 
fraction (LVEF) < 40%, absence of cerebrovascular acci-
dents, no recent revascularization (defined as less than 
3  months for percutaneous coronary intervention or 
less than 6 months for coronary artery bypass grafting), 
no history of psychiatric illness, and no evidence of sub-
stance or alcohol abuse. Details of the inclusion criteria 
are illustrated in Supplementary Fig. 1.

Patients with cerebral infarction detected on 18F-FDG 
PET/CT images, those with insufficient image quality for 
analysis, and those missing follow-up information were 
excluded (n = 15).
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An ischemic HF diagnosis was based on compre-
hensive clinical judgment following clinical guidelines. 
Ultimately, 72 patients were included in this study (Sup-
plementary Fig. 1). All patients underwent standardized 
evaluations, including laboratory tests and clinical assess-
ment [29]. The resting QTc interval was calculated using 
the Bazett formula.

The study protocol was approved by the Ethics Com-
mittee of the Beijing Anzhen Hospital of Capital Medical 
University (No. 2017024) and adhered to the principles 
of the Declaration of Helsinki. Written informed consent 
was obtained from all the participants. Two experienced 
nuclear cardiologists independently reviewed all images 
while blinded to the clinical information.

Imaging and analysis
99mTc‑sestamibi SPECT/CT GMPI and cardiac 18F‑FDG PET/
CT imaging
The SPECT/CT GMPI procedure at rest was performed 
as previously described [30]. Data were analysed using 
QGS software (version 3.1; Cedars-Sinai Medical Center) 
on a Siemens e.soft workstation (Siemens AG 2015) to 
compute the LVEF (%) and LV mechanical synchrony 
parameters, including bandwidth (BW, °), standard devia-
tion (SD, °), and entropy (%) [31]. Subsequently, patient 
preparation followed the 2016 ASCN guidelines for PET 
imaging [32]. Accordingly, 370–500 MBq of 18F-FDG was 
injected, and data were acquired within 1 h. Myocardial 
perfusion and metabolic activity were analysed using the 
American Heart Association 17-segment and 5-point 
scoring system [33]. Total perfusion deficit (TPD, %LV) 
was derived from hypoperfusion segments. Hibernating 
myocardium in a perfusion defect was defined by a mis-
match score of ≥ 1, while scarring was defined by a mis-
match score of < 1. Each segment represented 6% of the 
LV. The extent of hibernating myocardium and scarring 
(%LV) was calculated based on mismatched or matched 
segments.

Brain 18F‑FDG PET/CT
Brain 18F-FDG PET/CT imaging was conducted in 
accordance with the guidelines of the European Society 
of Nuclear Medicine [34]. Participants were positioned 
in a comfortable and tranquil room with subdued light-
ing. One hour after the injection, 3D images of the brain 
using 18F-FDG were captured for 10  min using a high-
resolution PET scanner (Biograph mCT, Siemens Health-
care). These images were reconstructed using 5 iterations 
and 21 subsets to achieve a high spatial resolution. In 
addition, CT transmission scan (120  kV, 240 mAs) was 
used for attenuation correction. To quantify regional 
brain metabolic activity, a validated methodology was 
employed. In brief, the preprocessing of cerebral PET/CT 

images utilized SPM12 (Welcome Department of Cogni-
tive Neurology, London, UK). Initially, all cerebral FDG 
PET scans were normalized to the Montreal Neurologi-
cal Institute (MNI) space and resampled to 2 × 2 × 2 mm3 
voxels. These normalized images were then smoothed 
using an 8  mm3 full width at half maximum (FWHM) 
Gaussian kernel. Subsequently, intracranial tissues were 
extracted from the smoothed images using a brain mask 
image in MNI space. Regions of interest were identified in 
MNI space using automated anatomical labelling (AAL) 
atlases, and the standardized uptake values (SUVmean) 
of the left and right brain regions were determined. The 
standardized uptake value ratio was calculated by divid-
ing the SUVmean in each brain region by the SUVmean 
in the cerebellum. Following these procedures, research-
ers were able to accurately assess and quantify the 
regional brain metabolic activity in patients with HFrEF 
undergoing 18F-FDG PET/CT imaging. To construct 
the metabolic CAN, 16 nodes (8 nodes per hemisphere) 
associated with the parasympathetic nervous system and 
20 nodes (10 nodes per hemisphere) linked to the sympa-
thetic nervous system were selected from the AAL atlas. 
This atlas has been previously utilized in imaging-based 
studies to assess central autonomic processing in humans 
[17, 35]. Pearson’s correlation coefficients between each 
pair of regions of interest were computed in an inter-sub-
ject manner to define the network edges. Subsequently, 
two weighted network matrices (16 × 16 and 20 × 20) 
were created for each subgroup. The networks of patients 
with and without CI were then statistically compared 
using a permutation test. The metabolic brain networks 
were visualized using the BrainNet Viewer software [25].

Cognitive function tests
To further investigate the impact of CI, we conducted 
cognitive function tests with the patients. Specifically, 77 
patients completed the Mini-Mental State Examination 
(MMSE), where scores of ≤ 26 indicated CI.

Endpoints and follow‑up
The primary endpoints were MAEs, including sustained 
ventricular tachycardia with hemodynamic compromise, 
sudden cardiac death, cardiac arrest, and appropriate 
implantable cardioverter-defibrillator therapy. Events 
were adjudicated by physicians blinded to the SPECT and 
PET data and confirmed through a combination of medi-
cal records, clinical visits, and telephone interviews. In 
cases of multiple MAEs, the earliest event was recorded. 
All-cause death was considered the secondary outcome.

Statistical analyses
Data analyses were performed using SPSS software (ver-
sion 22.0; Armonk, NY, USA) and R 4.2.0 (R Foundation 
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for Statistical Computing, Vienna, Austria). Categori-
cal data were presented as counts and percentages (%), 
while continuous variables were expressed as mean ± SD 
or median with interquartile range (IQR). Normality was 
assessed using the Kolmogorov–Smirnov test. Student’s 
t-test was used to compare normally distributed vari-
ables, whereas the Kruskal–Wallis and Mann–Whitney 
U tests were used to examine non-normally distributed 
variables. Chi-squared or Fisher’s exact tests were used to 
compare categorical data. Pearson’s or Spearman’s coef-
ficients were employed to evaluate correlations. Kaplan–
Meier curves were used to depict event occurrence time 
data, with survival rates compared using the log-rank test. 
Cox proportional hazard models were used to calculate 
the hazard ratios (HR) and 95% confidence intervals after 
adjusting for covariates. The residual analysis method 
was used to explore the impact of CI on metabolic levels 
while controlling for inter-individual differences in cog-
nitive function. First, a linear regression model was con-
structed, with MMSE score and PET metabolic level as 
the independent and dependent variables, respectively, to 
fit an individual’s metabolic level. Subsequently, residuals 
were extracted from this model, representing the varia-
tion in metabolic level after controlling for the influence 
of the MMSE score. An independent samples t-test was 
used to compare the differences in residuals between 
the CI and non-CI groups to evaluate the differences in 
neurometabolism and QTc interval between the two 
groups after controlling for the influence of the MMSE 
score. Welch’s test was used for the t-test to handle pos-
sible issues of unequal variances. The net reclassification 
improvement (NRI) method was used to conduct a for-
mal risk reclassification analysis. A multivariable step-
wise linear regression analysis was performed, adjusting 
for sex, age, hyperlipidaemia, hypertension, diabetes, 
and body mass index (BMI), to evaluate the relationship 
among cognitive function, metabolism in ANS-related 
brain regions, and the QTc interval. Mediation analysis 
was conducted to assess the impact of ANS-related neu-
ral metabolism on MAEs via LV electrical instability. Per-
mutation tests assessed the statistical significance of the 
network differences (family-wise error [FWE]-corrected 
5000 times). A P-value of < 0.05 was considered statisti-
cally significant. Notably, the P-values were not adjusted 
for multiplicity, which may have affected the reproduc-
ibility of statistical inferences.

Results
Study population
The final study cohort comprised 72 patients with HFrEF, 
with a median age of 57 ± 10  years and predominantly 
men (91.7%). Table 1 summarizes the demographic, clini-
cal, and laboratory characteristics of the patients. Among 

the 72 patients, 30 (41.7%) were categorized with New 
York Heart Association functional class III or IV, and 61 
(84.7%) were prescribed beta-blockers.

As shown in Table 1, patients who experienced MAEs 
exhibited a prolonged QTc interval and reduced LVEF 
compared to patients without MAEs. No significant 
differences were observed in the LV dimensions (end-
diastolic and end-systolic volumes) or LV mechanical 
synchrony parameters (BW, SD, and entropy) between 
patients with and without MAEs (all p > 0.05). Similarly, 
there were no statistically significant differences in cardi-
ovascular risk factors (hypertension, diabetes, hyperlipi-
daemia, smoking history, and family history) between the 
two groups (all p > 0.05). Moreover, there were no notable 
differences in medication use between the two groups (all 
p > 0.05).

Outcome
The median follow-up period was 2.4  years (IQR: 1.0–
3.6  years). MAEs occurred in 13 (18.1%) patients. The 
univariate analysis identified the risk factors associated 
with MAEs (Supplementary Table 1). Kaplan–Meier sur-
vival analysis stratified the entire cohort into two groups 
based on CI status, revealing a significantly reduced sur-
vival rate in patients with CI compared to those without 
CI (61.5% vs. 8.5%, HRadj: 7.145 [95% confidence interval: 
1.543–33.089]; p < 0.001; Fig. 1). The relationship between 
cognitive function and MAEs remained significant after 
multivariable adjustment for traditional cardiovascular 
risk factors (Table 2).

During follow-up, 13 patients (18.1%) experienced the 
secondary endpoint of all-cause death. Patients with CI 
exhibited a significantly higher incidence of all-cause 
death compared to those without CI (30.8% vs. 8.5%, 
HRadj: 4.531 [95% confidence interval: 1.044–19.676]; 
P = 0.047; Supplementary Fig.  2). Cognitive function as 
a continuous variable, corrected for age, sex, LVEF, and 
arrhythmia history, remained an independent predic-
tor of all-cause mortality in patients with HFrEF (HRadj: 
0.721 [95% confidence interval: 0.531–0.979]; P = 0.036; 
Supplementary Table 2).

LV electrical instability and ANS‑related neurometabolic 
status in patients with CI
Patients with CI exhibited significantly lower meta-
bolic activity in the left hippocampus and bilateral cau-
date nucleus compared to those without CI (0.72 ± 0.08 
vs. 0.75 ± 0.05, P = 0.035; 0.81 ± 0.11 vs. 0.70 ± 0.16, 
P = 0.004; 0.66 ± 0.11 vs. 0.56 ± 0.12, P = 0.005; Fig.  2). 
In addition, critical differences were observed in 
metabolic activity in the left anterior cingulate gyrus 
(1.08 ± 0.10 vs. 1.02 ± 0.08, P = 0.061), left superior 
parietal gyrus (1.15 ± 0.11 vs. 1.08 ± 0.14, P = 0.079;), 
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and left thalamus (1.10 ± 0.09 vs. 1.05 ± 0.13, P = 0.099) 
between those with and without CI. As shown in 
Fig.  3A, the QTc interval was significantly prolonged 
in patients with CI compared to that in those with-
out CI (473.2 ± 27.7  ms vs. 442.4 ± 23.8  ms, p < 0.001). 

To investigate the impacts of CI on neurometabolism 
and QTc intervals while accounting for individual dif-
ferences in cognitive function, residual analysis was 
employed to compare the disparities in ANS-related 
neurometabolism and QTc intervals between the CI 

Table 1  Baseline characteristics of study participants according to MAEs

Values are median (25th, 75th), n (%), or mean ± SD. No corrections for multiple testing were applied. ACE = angiotensin-converting enzyme; ARB = angiotensin 
receptor blocker; ARNI = angiotensin receptor enkephalin inhibitor; BNP = brain natriuretic peptide; BMI = body mass index; BW = bandwidth; EDV = end diastolic 
volume; eGFR = estimated glomerular filtration rate; ESV = end systolic diastolic volume; HM = hibernating myocardium; HMA = Hippocampal metabolic activity; 
hs-CRP = high-sensitivity C-reactive protein; LVEF = left ventricular ejection fraction; MAEs = major arrhythmic events; MMSE = minimum mental state examination; 
NYHA = New York Heart Association; QTc = corrected QT; SUVR = standardized uptake values ratio; TPD = total perfusion deficit.

All patients Patients without MAEs Patients with MAEs P Value
(n = 72) (n = 59) (n = 13)

Age, years, mean ± SD 56.8 ± 10.3 56.3 ± 10.8 58.9 ± 8.0 0.428

Male, n (%) 66 (91.7) 53 (89.8) 13 (100) 0.583

BMI, kg/m2, mean ± SD 25.7 ± 3.1 25.8 ± 3.3 25.2 ± 2.1 0.585

Heart rate, b.p.m (IQR) 76.5 (70.0, 85.0) 76.0 (70.0, 83.5) 78.5 (70.5, 87.3) 0.624

SBP, mmHg, (IQR) 121.5 (106.8, 130.0) 120.5 (107.5, 130.0) 129.0 (106.3, 130.0) 0.701

QTc interval, ms, mean ± SD 448.3 ± 27.3 443.0 ± 24.6 472.9 ± 26.8 0.001
Hypertension, n (%) 45 (62.5) 37 (62.7) 8 (61.5) 1.000

Diabetes, n (%) 33 (45.8) 25 (42.4) 8 (61.5) 0.235

Hyperlipidemia, n (%) 38 (52.8) 29 (49.2) 9 (69.2) 0.231

Smoker, n (%) 41 (56.9) 32 (54.2) 9 (69.2) 0.371

Family history of CAD, n (%) 23 (31.9) 22 (37.3) 1 (7.7) 0.050

Prior arrhythmia, n (%) 9 (12.5) 6 (10.2) 3 (23.1) 0.349

NYHA 0.130

I-II, n (%) 42 (58.3) 37 (62.7) 5 (38.5)

III-IV, n (%) 30 (41.7) 22 (37.3) 8 (61.5)

Serum biomarkers
Triglycerides, mmol/L, (IQR) 1.4 (1.1, 1.9) 1.4 (1.1, 1.9) 1.2 (0.8, 1.6) 0.133

hsCRP, mg/L, (IQR) 1.5 (0.7, 3.8) 1.5 (0.6, 3.5) 1.4 (1.1, 6.7) 0.261

BNP, pg/mL, (IQR) 267.5 (126.3, 418.3) 215.5 (110.8, 386.5) 387.0 (182.3, 662.0) 0.072

eGFR, ml/min/1.73m2, (IQR) 93.0 (82.2, 101.7) 92.3 (83.7, 101.7) 96.3 (80.6, 101.5) 0.957

Serum albumin, g/L, mean ± SD 43.5 ± 2.9 43.9 ± 2.9 42.2 ± 2.4 0.060

Creatinine, μmol/L, (IQR) 81.2 (70.9, 91.3) 81.0 (71.3, 91.5) 81.9 (67.4, 92.9) 0.941

Medication
Beta-blocker, n (%) 61 (84.7) 49 (83.1) 12 (92.3) 0.676

ARNI/ACE inhibitors/ARBs, n (%) 52 (72.2) 43 (72.9) 9 (69.2) 0.746

Spironolactone, n (%) 41 (56.9) 35 (59.3) 6 (46.2) 0.538

Aspirin, n (%) 61 (84.7) 49 (83.1) 12 (92.3) 0.676

Digoxin, n (%) 5 (6.9) 4 (6.8) 1 (7.7) 1.000

Imaging parameters
TPD, %/LV, mean ± SD 43.1 ± 14.8 42.9 ± 14.0 44.0 ± 18.6 0.819

HM, %LV, (IQR) 15.0 (8.0, 25.8) 14.0 (8.0, 26.0) 18.0 (0.0, 27.0) 0.814

Scar burden, %LV, mean ± SD 25.3 ± 16.9 24.9 ± 16.1 27.5 ± 20.7 0.622

EDV, mL, (IQR) 188.0 (150.0, 260.8) 188.0 (149.0, 257.0) 207.0 (160.0, 272.0) 0.578

ESV, mL, (IQR) 150.0 (112.8, 209.8) 147.0 (108.0, 203.0) 174.0 (131.5, 230.0) 0.269

LVEF, %, mean ± SD 21.8 ± 6.9 22.6 ± 6.7 17.9 ± 6.4 0.025
Phase BW, °, mean ± SD 125.2 ± 38.9 123.6 ± 40.1 132.0 ± 33.6 0.488

Phase SD, °, mean ± SD 34.2 ± 11.4 33.3 ± 11.5 38.3 ± 10.0 0.151

Entropy, %, mean ± SD 67.7 ± 6.8 67.3 ± 6.8 69.5 ± 7.2 0.312
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and non-CI groups. Furthermore, patients with MAEs 
showed significantly lower metabolism in most ANS-
related brain regions compared to those without MAEs 
(all p < 0.05), as shown in Supplementary Fig.  3. After 
controlling for cognitive function, only the metabolic 
activity of the left caudate nucleus showed a statisti-
cally significant difference between the MAEs and non-
MAEs groups (all p < 0.05; Supplementary Table 4).

Correlations among cognitive function, LV electrical 
instability, and ANS‑related brain region metabolism
Our findings revealed a significant correlation between 
cognitive function and the QTc interval (r = − 0.429, 
P = 0.001; Fig. 3B). As shown in Supplementary Fig. 4 and 
Supplementary Table  5, there were significant correla-
tions among cognitive function and neurometabolism 
in the insula, anterior cingulate gyrus, hippocampus, 
caudate nucleus, thalamus, and superior temporal gyrus 
(all p < 0.05). Significant correlations were also observed 
between QTc and neurometabolism in the dorsolateral 
superior frontal gyrus, medial superior frontal gyrus, 
insula, anterior cingulate gyrus, hippocampus, amygdala, 
superior parietal gyrus, supramarginal gyrus, precuneus, 
caudate nucleus, pallidum, thalamus, and superior tem-
poral gyrus (all p < 0.05). After correction for cognitive 
function, the QTc interval remained significantly related 
to neurometabolism in the hippocampus, supramarginal 
gyrus, caudate nucleus, pallidum, thalamus, and superior 
temporal gyrus (all p < 0.05; Supplementary Tables  6). 
Figure  4 and Supplementary Tables  7 present the cor-
relations among bilateral ANS-related neurometabolic 
activities, QTc interval, and cognitive function. Signifi-
cant correlations were found between cognitive func-
tion and neurometabolic activities in the right insula, 
right anterior cingulate gyrus, bilateral hippocampus, left 
amygdala, bilateral thalamus, and left superior temporal 
gyrus (all p < 0.05). Additionally, significant correlations 
were found between the QTc interval and neurometabo-
lism in the bilateral medial superior frontal gyrus, bilat-
eral insula, bilateral anterior cingulate gyrus, bilateral 
hippocampus, left amygdala, left superior parietal gyrus, 
bilateral supramarginal gyrus, bilateral caudate nucleus, 
bilateral pallidum, bilateral thalamus, and bilateral supe-
rior temporal gyrus (all p < 0.05). After correcting for 
cognitive function, the QTc interval was closely related 
to neurometabolism in the bilateral insula, bilateral hip-
pocampus, left amygdala, bilateral caudate nucleus, 
bilateral pallidum, right thalamus, and bilateral superior 
temporal gyrus (all p < 0.05; Supplementary Tables  8). 
Notably, ANS-related neurometabolic activity was not 
associated with LVEF in patients with HFrEF (all p > 0.05; 
Supplementary Tables 5 and 7).

Fig. 1  Kaplan–Meier survival curves of MAEs. The incidence of MAEs 
in the CI group was significantly higher than that in the non-CI 
group. Adjusted covariables included age, sex, LVEF, and arrhythmia 
history. CI = cognitive impairment; MAEs = major arrhythmic events; 
HRadj = adjusted hazard ratio

Table 2  Univariate and multivariate analysis of cognitive 
function vs MAEs in patients with HFrEF

BNP = brain natriuretic peptide; CI = confidence interval; HM = hibernating 
myocardium; HR = hazard ratio; LVEF = left ventricular ejection fraction; 
MAEs = major arrhythmic events; TPD = total perfusion deficit.
a The cardiac risk factors that were included in this model were each of the 
cardiovascular risk factors (P < 0.1) that were significantly associated with the 
development of events based on the univariate analysis (Table S1)—family 
history, serum albumin, and BNP—that were included as cofactors in a stepwise 
(forward) conditional manner

Cognitive function

HR (95% CI) P Value

Univariate

Per unit change 0.639 (0.526–0.777) < 0.001

Per SD change 0.404 (0.272, 0.600) < 0.001

Covariates: age and sex

Per unit change 0.639 (0.523–0.781) < 0.001

Per SD change 0.404 (0.269–0.605) < 0.001

Coveriates: scar burden and LVEF

Per unit change 0.608 (0.486–0.761) < 0.001

Per SD change 0.366 (0.232, 0.576) < 0.001

Coveriates: HM 
and revascularization

Per unit change 0.647 (0.523–0.801) < 0.001

Per SD change 0.414 (0.269, 0.638) < 0.001

Coveriates: combined cardiac risk factorsa

Per unit change 0.541 (0.385–0.759) < 0.001

Per SD change 0.288 (0.145, 0.572) < 0.001
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Prognostic value of CI/ANS‑related brain regions 
metabolism on QTc interval
We conducted stepwise linear regression analysis with 
the QTc interval as the dependent variable. The predic-
tor variables included cognitive function, metabolism 
in ANS-related brain regions, age, sex, and cardiovas-
cular risk factors such as BMI, dyslipidemia, hyperten-
sion, and diabetes (Supplementary Table  9). In Model 
1, both cognitive function and metabolism in the left 
hippocampus were identified as significant predictors 
of the QTc interval. In Models 2 and 3, cognitive func-
tion, metabolism in the bilateral caudate nucleus, and 

age emerged as important predictors, while the other 
variables were not selected.

Interactions between CI and LV electrical instability
As shown in Supplementary Table 10, after adjusting for 
family history, serum albumin, brain natriuretic peptide 
(BNP), and CI, LV electrical instability (QTc interval) 
remained an independent risk factor for MAEs in HFrEF 
patients (HRadj: 1.036 [95% CI: 1.007–1.066]; P = 0.014). 
However, after correcting for family history, serum albu-
min, BNP, and QTc interval, CI was no longer an inde-
pendent predictor of MAEs risk (HRadj: 2.971 [95% CI: 

Fig. 2  Comparative analysis of ANS-related neurometabolic activity in patients with and without CI. Patients with CI had significantly reduced 
metabolic activity in the left hippocampus and bilateral pallidum. ACG = anterior cingulate gyrus; AMYG = amygdala; ANS = autonomic nervous 
system; CAU = caudate nucleus; CI = cognitive impairment; DCG = median cingulate and paracingulate gyri; HIP = hippocampus; INS = insula; 
L = left; PCUN = Precuneus; PUT = putamen; R = right; SFGdor = superior frontal gyrus, dorsolateral; SFGmed = superior frontal gyrus, medial; 
SMA = supplementary motor area; SMG = supramarginal gyrus; SPG = Superior parietal gyrus; STG = superior temporal gyrus; THA = thalamus



Page 8 of 13Shi et al. EJNMMI Research          (2024) 14:120 

0.751–11.744]; P = 0.121). A risk reclassification analysis 
of MAEs was conducted to assess whether the incremen-
tal prognostic value of CI is related to the QTc interval. 
The NRI was calculated using four risk categories (0–20%, 
20–40%, 40–60%, and > 60%). When CI was added to the 
QTc interval, no reclassification was observed (P = 0.182) 
(Supplementary Table 11). Additionally, there was a sig-
nificant interaction between CI and QTc interval (HRadj: 
1.004 [95% CI: 1.001–1.007]; Pinteraction = 0.014).

Intermediary model analysis
We further investigated the effects of impaired metabo-
lism in the left hippocampus and bilateral caudate nuclei 
on MAEs. Specifically, we assessed the effect of impaired 
CAN on MAEs in patients with CI by setting the QTc 
interval as the mediator. The QTc interval emerged as a 
mediator in the association between CAN and MAEs, 
accounting for 25.7%–40.8% of the total effects (all 
p < 0.05; Supplementary Fig.  5). After correcting for 

Fig. 3  Cognitive function and left ventricular electrical instability in patients with HFrEF. A Compared to patients without CI, the left ventricular 
electrical activity in HFrEF patients with CI was more disordered (QTc interval was prolonged); B Cognitive function was significantly related to QTc 
interval. CI = cognitive impairment; QTc = corrected QT interval

Fig. 4  Relationship between cognitive function, metabolism in ANS-related brain regions, and left ventricular electrical instability. Cognitive 
function and QTc interval were significantly correlated with part of the ANS-related brain regions metabolism. Band width indicates the number 
of correlations. ANS = autonomic nervous system; QTc = corrected QT. Abbreviations as in Fig. 2
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cognitive function, the QTc interval served as a mediat-
ing factor for the association between the left hippocam-
pus and MAE, accounting for 33.1% of the total effect 
(p < 0.05). Furthermore, LV electrical instability did not 
account for 100% of the total effect, suggesting that other 
mechanisms also link neural activity to MAEs.

Connectivity of CAN
Patients with CI exhibited reduced connectivity strength 
(low connectivity) in both the sympathetic and para-
sympathetic networks compared to patients without CI 
(Fig.  5). The sympathetic-related hypoconnectivity net-
work between patients with and without CI consisted 
of 16 edges distributed over 14 nodes (all p < 0.05; FWE-
corrected, 5000 permutations). These nodes included the 
bilateral dorsolateral prefrontal cortex, bilateral insula, 
bilateral anterior cingulate gyrus, bilateral middle cin-
gulate gyrus, bilateral amygdala, right supramarginal 
gyrus, bilateral putamen, and left thalamus. The para-
sympathetic-related hypoconnective network between 
patients with and without CI consisted of nine edges 
distributed over 11 nodes (all p < 0.05; FWE-corrected, 
5000 permutations). These nodes included the bilateral 
supplementary motor areas, bilateral hippocampus, bilat-
eral amygdala, right supramarginal gyrus/angular gyrus, 
bilateral caudate nucleus, and left superior temporal 
gyrus/middle temporal gyrus.

Discussion
Main findings
This study provides unique insights into the intricate 
relationship among cognitive function, ANS-related neu-
rometabolism, and prognosis in patients with HFrEF. 
Our findings revealed that patients with MAEs exhibited 

significant cognitive deficits across various domains, and 
cognitive function emerged as an independent predic-
tor of MAE risk in HFrEF. Additionally, patients with CI 
exhibited impaired ANS-related neurometabolism and 
LV electrical instability. Multivariate linear regression 
indicated a close relationship among these factors. How-
ever, Cox regression analysis showed that predictive value 
of cognitive function is not independent of QTc interval. 
Finally, the establishment of a metabolic brain network 
revealed reduced CAN connectivity in HFrEF patients 
with CI. Our results suggested that CI and ANS disorders 
are two clinical manifestations resulting from CAN dam-
age. The increased risk of MAEs in HFrEF patients with 
CI may be attributed to impaired neurometabolism and 
connectivity of the CAN, leading to LV electrical instabil-
ity (Central Illustration).

Potential mechanisms for the relationship between CI 
and MAEs
Previous studies have consistently shown that CI is 
prevalent in HF patients and significantly affects their 
prognosis [20, 36, 37]. Consistent with these findings, 
our present study revealed that HFrEF patients with 
CI had an elevated risk of MAEs or all-cause mortality. 
We observed that HFrEF patients with MAEs exhibited 
impaired cognitive function, particularly in orientation, 
registration, language, and praxis, compared to those 
without MAEs. This underscores the importance of 
cognitive function as a potential predictor of MAE risk. 
Notably, this study was the first to explore the relation-
ship between cognitive function and MAE risk. However, 
poor compliance with medical treatment and self-care 
management hinders a full understanding of the mecha-
nisms underlying poor prognoses.

Fig. 5  Hypoconnectivity among the ANS-associated brain networks. Comparison of the A sympathetic- and B parasympathetic-associated brain 
networks between patients with and without CI (family-wise error corrected; p < 0.05). CI = cognitive impairment
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Recent studies have indicated that individuals with CI 
often exhibit a prolonged QTc interval and altered heart 
rate variability [38–40]. These anomalies could stem from 
regional brain damage involved in the regulation of car-
diac autonomic function [40, 41]. Our study’s findings 
support this perspective, showing that HFrEF patients 
with CI exhibit impaired metabolic activity of ANS-asso-
ciated brain regions metabolism (left hippocampus and 
bilateral caudate nucleus) along with a prolonged QTc 
interval. The hippocampus is a crucial region of the lim-
bic system that plays a vital role in spatial and episodic 
memory and is heavily involved in modulating the car-
diac ANS [42–44]. Non-invasive measures of anatomi-
cal and functional connectivity in humans demonstrate 
a clear relationship between the caudate and executive 
frontal areas [45]. Furthermore, the caudate nucleus is a 
classical CAN region specific to sympathetic vagal con-
trol [17]. Unfortunately, the hippocampus and bilateral 
caudate nuclei are highly susceptible to hypoxia and 
hypoperfusion, both of which are common occurrences 
during HF progression. ANS-related neurometabolic 
impairments may lead to impaired cognitive function 
and ANS activity in patients with HF.

This study also revealed important correlations among 
cognitive function, QTc interval, and metabolism of 
ANS-related brain regions (including the insula, ante-
rior cingulate gyrus, hippocampus, amygdala, caudate 
nucleus, thalamus, and superior temporal gyrus). Nota-
bly, Cox regression model analysis showed that the pre-
dictive value of cognitive function is not independent of 
the QTc interval and there is a significant interaction. 
These results highlight the overlapping central autonomic 
substrates associated with cognition and ANS responses. 
Subsequent mediation analyses further demonstrated 
that LV electrical instability due to ANS-related nerve 
injury is a primary factor contributing to the increased 
risk of MAEs in HFrEF patients with CI. Notably, our 
analysis revealed that variations in cognitive function 
could not be attributed to impaired LVEF, prevalent 
comorbidities, or biochemical markers.

Prognostic impact of CAN disorder in HFrEF patients 
with CI
Our findings revealed that HFrEF patients with CI exhib-
ited a significant decrease in CAN connectivity, affect-
ing both the sympathetic- and parasympathetic-related 
networks. The impairment in CAN connectivity was 
more pronounced in HFrEF patients with CI than in 
the compromised ANS-related neurometabolic activ-
ity. These findings highlighted the potential significance 
of CAN connectivity in these patients. Additionally, our 
findings indicated that the impaired ANS-related neuro-
metabolism in HFrEF patients with CI is associated with 

the nodes of the parasympathetic nerve-related network. 
This finding is consistent with prior research suggesting 
that the intricate central network regulating parasympa-
thetic function at rest is disrupted in the early stages of 
Parkinson’s disease [46]. Recent investigations have indi-
cated that APOE4 carriers at risk for Alzheimer’s disease 
exhibit impairments in higher-order ANS and parasym-
pathetic activity [47]. This is consistent with our find-
ings of impaired CAN functional connectivity and more 
severe parasympathetic-related neurometabolic impair-
ments in HFrEF patients with CI. Another study reported 
that reduced functional connectivity between the amyg-
dala and caudate nucleus predicted reduced post-induc-
tion heart rate variability in individuals with generalized 
anxiety disorder, highlighting the overlapping neural sub-
strates associated with cognitive and ANS responses in 
patients with generalized anxiety disorder [48]. Our study 
also observed reduced functional connectivity between 
the amygdala and caudate nucleus, suggesting that parts 
of the CNS may be involved in both cognitive and ANS 
response processes.

These results suggested a significant association 
between CI and ANS dysfunction. In patients with 
ischemic HF, cellular excitability and connectivity 
impairment, combined with imbalanced sympathetic 
nerve innervation, heterogeneity of scar boundary con-
duction, fibrosis, and repolarization interaction, create 
favourable conditions for re-entrant arrhythmias [26, 49]. 
LV electrical instability may exacerbate with increased 
ANS activity, thereby increasing the risk of ventricular 
arrhythmia (VA) in patients with HF [26, 50]. Thus, these 
findings suggest that HFrEF patients with CI may expe-
rience reduced metabolism in ANS-related brain regions 
and diminished CAN connectivity, leading to periph-
eral ANS disorder and ultimately increasing repolariza-
tion dispersion and VA risk. This finding may support 
the pathophysiological mechanisms underlying the high 
prevalence of MAEs in HFrEF patients with CI.

Clinical implications
Our study adds to the growing evidence for the integra-
tion of cognitive and ANS regulation by shared central 
autonomic mechanisms. Importantly, our findings indi-
cate that adverse outcomes in HFrEF patients with CI are 
largely attributable to the exacerbation of LV electrical 
instability resulting from ANS disorder, which are asso-
ciated with reduced metabolism in ANS-related brain 
regions and CAN connectivity. This research avenue 
holds promise in advancing our understanding of cog-
nitive assessment methods and their implications for 
cardiovascular health. This study emphasizes the impor-
tance of preliminary screening of patients in the high-risk 
groups for MAEs and early intervention through a simple 
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cognitive scale assessment during clinical practice. In 
addition, we proposed that targeted intervention in CAN 
(including physical exercise, transcranial magnetic stimu-
lation, and direct current stimulation) is potentially effec-
tive in improving cognitive function and ANS flexibility 
in patients with HF.

Study limitations
This study was a single-centre, small-sample, observa-
tional investigation. Therefore, the findings may not be 
generalizable, and larger prospective studies at different 
centres are needed to confirm these findings. In clini-
cal practice, both the Montreal Cognitive Assessment 
and MMSE are used for cognitive assessment, although 
the MMSE may not adequately capture mild cognitive 
issues. Further research is required to explore the asso-
ciations among various cognitive tests, ANS dysfunction, 
and adverse outcomes. However, considering the clinical 
factors, the MMSE seems more suitable for clinical prac-
tice. Moreover, longitudinal monitoring of alternation in 
cognitive impairment in patients with HF could provide a 
deeper understanding of the connection between CI and 
MAEs. Although the mediation analysis suggests a causal 
effect, it does not establish causation. Hence, future 
studies should employ long-term imaging techniques to 
observe dynamic changes in cognitive function, ANS, 
and adverse prognosis. Finally, advanced scanning tech-
niques such as PET/MRI offer insights into the complex 
interactions between the heart and brain in patients with 
HFrEF.

Conclusions
Our study revealed that CI and ANS disorders are two 
clinical manifestations resulting from CAN damage. 
Additionally, impaired in specific brain regions and net-
work connectivity within the CAN contributed to LV 
electrical instability and subsequent MAEs, which repre-
sents one of the main mechanisms underlying poor prog-
nosis of HFrEF patients with CI. This interaction provides 
novel insights into the adverse outcomes observed in 
HFrEF patients with CI. Further comprehensive studies 
are necessary to validate these findings.
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