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Background:  

Heart failure (HF) is a prevalent disease affecting 64 millions of people worldwide (1). The 

incidence of HF is increased by several risk factors, including chronic stress (2-3). In fact, 

individuals with depression have a higher risk of developing HF (4). One potential mechanism is 

stress- related neural network activity (SNA), which is associated with the risk of subsequent 

cardiovascular events, including heart failure. Heightened SNA has been found to be associated 

with increased sympathetic nervous system activity and leucopoietic activity, promoting 

atherosclerotic inflammation, which ultimately result in cardiovascular disease (2,5).  

  

Physical activity (PA) is an essential aspect of preventing and managing cardiovascular diseases, 

and recent research has shown that PA is associated with a reduction in the incidence of major 

adverse cardiovascular events (MACE), and this reduction in part by decreases SNA (6). It has 

also been demonstrated to have a significant antidepressant effect on patients with stress-related 

syndromes, such as major depressive disorder and anxiety (7).  

  

The mechanism is still unclear about the development of heart failure among depression and how 

could we develop preventive measurement.  Thus, in these two studies we are testing if individual 

with heightened SNA such as depression have higher risk of developing heart failure. Then, we 

have tested if PA could lower the risk of incident heart failure, in part, by reducing SNA among 

individual with heightened SNA such as depression and anxiety. Developing targeted interventions 

that focuses on PA and its potential benefits could have significant clinical implications and a 

substantial public health impact.  
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Abstract (Count: 281) 

Background: Depression is associated with risk of developing heart failure (HF). Also, higher 

stress-related neural activity (SNA) associates with subsequent risk of cardiovascular disease. We 

investigated whether depression predicts subsequent HF through heightened SNA.    

Methods: Individuals (N=102,028; median age 57 years; 42.6% male) enrolled in the Mass 

General Brigham Biobank were identified to study the association of depression and incident HF, 

subset of 1,227 who underwent clinically indicated 18F-fluorodeoxyglucose positron emission 

tomography/computed tomography (FDG-PET/CT) imaging were retrospectively identified. SNA 

was measured using validated methods, as amygdalar metabolic activity corrected for regulatory 

brain (i.e., medial prefrontal cortical) activity. Depression and subsequent development of HF was 

determined via medical record review using International Classification of Diseases 10 (ICD-10) 

codes. Survival analyses using Cox and Kaplan-Meier models were performed.   

Results: Over a median follow-up period of 3.5 (IQR 2.0-5.0) years, 2,631 (2.6%) individuals 

developed HF (717 Heart failure with reduced ejection fraction (HFrEF), 1,214 Heart failure with 

preserved ejection fraction (HFpEF)). Individuals with subsequent HF (versus no HF) had higher 

baseline SNA (mean Z-score 0.19 ± 1.07 versus -0.08 ± 0.99; p=0.005, adjusted for age and sex). 

SNA associated with subsequent HF when divided into tertiles (Figure 2B) and as a continuous 

measure (standardized HR [95% CI]: 1.40 [1.13-1.74], p=0.002, adjusted for age, sex, 

hypertension, hyperlipidemia, diabetes, and smoking). The association between depression and HF 

subtype was stronger for HFpEF (1.46 [1.28-1.65], p<0.001) than for HFrEF (1.09 [0.92 -1.3], 

p=0.32).  

Conclusion: In this retrospective study of individuals with depression have higher risk of incident  
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HF through heightened SNA with a somewhat stronger association for HFpEF. Understanding the 

link between depression and subsequent HF may provide important insights into better HF 

prevention and management strategies.  
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Word count: 1827 

Introduction  

Despite the advance preventive medicine, heart failure (HF) presents a major challenge to modern 

medicine, with a projected 46% increase in HF prevalence by 2030 affecting over 8 million people 

(1). Compounding this challenge is the identification of depression as a risk factor for poor 

prognosis in HF patients (2). Furthermore, individuals with depression have higher risk of 

subsequent incidence of HF even without any prior cardiovascular disease (CVD) (3). In fact, a 

meta-analysis of 28 studies, those with depression had a 46% higher risk of CVD than the general 

population (4). Even though depression significantly associates with the development of HF (5, 6), 

more research is required to fully understanding the underlying mechanisms.  

  

The association between depression and HF is bidirectional and appears to involve complex 

psychosocial and neurobiological mechanisms (7-11). Brain regions involved in the perception of 

chronic stress have recently been implicated in the development of CVD risk factors and adverse 

CVD events. Subcortical structures (such as the amygdala) are accountable for detecting potential 

threats, while cortical regions (such as the ventromedial prefrontal cortex, vmPFC) regulate the 

subcortical response (12,13). Resting 18F-fluorodeoxyglucose positron emission 

tomography/computed tomography (18F-FDG-PET/CT) provides a measurement of stress-related 

neural network activity (SNA), as the ratio of amygdala to vmPFC activity, that associates with 

chronic stress (14). SNA also associates with chronic psychosocial stressors and is chronically 

elevated in stress-related conditions such as depression (15-19). Furthermore, heightened SNA 

associates with heightened leucopoietic activity and sympathetic nervous system activity, all of 

which promote to atherogenesis and atherosclerotic inflammation, and ultimate result in CVD (15, 

20-21).  
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Accordingly, we leveraged a large institutional biobank cohort and 18F-FDG-PET-CT brain 

imaging to evaluate the impact of depression on neural-cardiovascular pathways. Specifically, we 

tested the hypotheses that depression is associated with increased SNA and  with increased risk of 

incident HF through heightened SNA.   

  

Methods   

Study Participants   

Participants were identified from the Mass General Brigham (MGB) Biobank. The Biobank 

provides electronic health record (EHR)-derived clinical data, and additional lifestyle and 

socioeconomic data from an optional survey filled by a subset of participants upon enrolment. 

Adult participants were identified up to 12/23/2020. A subset of 9,080 individuals provided genetic 

data, from which a sub-cohort of participants with clinical 18F-FDG-PET/CT imaging were 

identified (Figure 1). All participants provided written consent prior to enrolment. This study was 

approved by the MGB Institutional Review Board.   

  

18F-FDG-PET/CT Imaging Protocol   

18F-FDG-PET/CT was performed using an integrated clinical scanner (i.e., Biograph 64, Siemens 

Healthcare, Erlangen, Germany, or equivalent) using a standard protocol. Clinical indications for 

imaging were mainly for malignancy screening or surveillance. Imaging was performed in a resting 

state, approximately 1 hour after radiotracer injection. A low-dose, non-electrocardiogramgated, 

non-contrast CT was performed for attenuation correction.   
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Measuring SNA   

A trained investigator blinded to clinical data measured regional brain activity as previously 

described. 18F-FDG uptake was measured by drawing ~ 15 mm diameter circular regions of 

interest (ROIs) around the bilateral amygdalae and ~ 20 mm diameter circular ROIs around 

bilateral vmPFCs. Mean standardized uptake values (SUV mean) were recorded and averaged for 

the bilateral structures respectively. SNA was obtained by dividing the average amygdalar SUV 

by the average vmPFC SUV. Additional details relating to imaging methods are provided in the 

Supplement.   

  

Demographic, Clinical, Lifestyle, and Socioeconomic Data   

Demographic and clinical variables were derived from the MGB Biobank questionnaires and 

medical records. Clinical diagnoses (e.g., HF, depression, CVD risk factors) were obtained using 

International Classification of Disease – 10 (ICD-10) codes. Lifestyle (e.g., alcohol intake, 

physical activity, smoking) and socioeconomic (e.g., education, employment) factors were 

obtained from an optional survey filled by a subset of participants (51,115 individuals). Median 

income was derived from the US Census Bureau data based on the area of residence ZIP code.  

Additional details are provided in the Supplement.  

  

Statistical Analyses   

Demographic, clinical, lifestyle, and socioeconomic characteristics were compared between those 

with and without incident HF using the independent samples t-test or Mann-Whitney U-test for 

continuous variables and the Chi-square test for categorical variables. Linear regression models 

adjusted for age and sex were used to assess if SNA (as a standardized value, or Z-score) was 
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significantly different between those with or without depression (Figure S1) or those who 

developed vs. did not develop HF (Figure 2A).   

To study the association of depression and  SNA with incident HF, survival analyses using Cox 

models were used. The primary models adjusted for age, sex, and CVD risk factors (i.e., 

hypertension, diabetes, smoking, hyperlipidemia).  Mediation analysis using PROCESS macro 

v3.4 for SPSS was used to test the hypothesis that SNA mediates the link between depression and  

HF. All reported p-value were 2-sided. A p-value <0.05 was considered statistically significant.  

Statistical analyses were performed using SPSS version 28 (IBM Corporation, Armonk, NY, 

USA).   

  

Results   

Study Participants   

A total of 102,028 participants adult participants in the MGH Biobank were identified to study the 

association of depression and incident HF after excluding who developed HF before consent or 

depression after consent (Figure 1). Participants who developed HF were older and more likely to 

be men. In addition to having a higher prevalence of CVD risk factors, they were less physically 

active, had a higher prevalence of obesity, and were less likely to have been employed in the 5 

years prior to enrolment. Additionally, participants who developed HF had a higher prevalence of 

depression before consent (Table 1).  

  

Association between Depression and HF   

Over a median follow-up period of 3.5 (IQR 2.0-5.0) years, HF occurred in 2,631 (2.6%) 

participants, 717 (0.7%) of which were classified as heart failure with reduced ejection fraction 

(HFrEF) and 1,214 (1.2%) of which were classified as heart failure with preserved ejection fraction 
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(HFpEF) (Table 2). Depression associated with incident HF after adjusting for age, sex, and CVD 

risk factors (hypertension, hyperlipidemia, diabetes, and smoking) (adjusted hazard ratio (HR) = 

1.22, 95% confidence interval (CI) (1.12-1.34), p<0.001). This association remained significant 

after additionally adjusting for history of myocardial infarction before consent and after adjusting 

for lifestyle and socioeconomic factors (Table 2). This association seemed to be primarily driven 

by a stronger association between depression and incident HFpEF (adjusted HR = 1.46, 95% CI 

(1.28-1.65), p<0.001) rather than HFrEF (adjusted HR = 1.09, 95% CI (0.92-1.30), p=0.320) in 

models adjusted for age, sex, and CVD risk factors.  

  

Association between SNA and HF   

To evaluate the mechanistic link between depression and incident HF, we leveraged a sub-cohort 

of participants who underwent 18F-FDG-PET/CT imaging of the brain, to investigate if SNA 

associates with incident HF. Out of 2,111 participants with clinical imaging, 1,227 participants met 

criteria to study the association of SNA and incident HF after excluding those with inadequate 

brain imaging and those who developed HF before imaging (Figure 1).   

  

Over a median follow-up period of 4.3 (IQR 2.5-6.9) years, HF occurred in 150 (12%) participants,  

36 (2.9%) of which were classified as systolic and 67 (5.5%) of which were classified as diastolic 

(Table 3). Participants who developed HF after imaging had higher SNA (Figure 2A). SNA 

associated with incident HF when divided into tertiles (Figure 2B, log-rank p-value for 

trend=0.012, unadjusted) and as a continuous variable after adjusting for CVD risk factors  

(adjusted HR=1.40, 95% CI (1.13-1.74), p=0.002) (Table 3). This association remained significant 

after additionally adjusting for history of myocardial infarction before imaging and after adjusting 
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for history of cancer treatment (i.e., chemotherapy or radiation) (Table 3). SNA associated with 

both subtypes of HF with a somewhat stronger association with the diastolic subtype (Table 3).   

  

In a sensitivity analysis where individuals with moderate-to-severe or severe left-sided valvular 

disease or cardiomyopathies attributable to known causes were excluded, the association between 

SNA and HF remained largely similar (Table S2).   

  

SNA Mediates the Link Between Depression and HF   

Given the relationships among depression, SNA, and HF, mediation analysis was used to test the 

hypothesis that SNA mediates the link between depression and HF. It indeed showed that the 

temporal association between depression and incident HF is in part (~8%) explained by SNA in a 

model adjusted for age and sex (Figure 3).   

  

Discussion  

Many studies have domesticated the link between HF and depression, the mechanisms underlying 

this association have remained incompletely characterized. Although depression and HF share 

many comorbidities and risk factors (3) and both involve fluctuation in the hypothalamic-pituitary- 

adrenal axis (3), inflammation (22), and endothelial dysfunction (23), the current study recognizes 

a novel neurobiological mechanism involved in the link between depression and incident HF. 

Many prior studies did not evaluate the relationship between depression and HF subtypes (24-25), 

but among the current study population, the relationship between depression and HF was primarily 

driven by its association with HFpEF.  
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This study has several implications and strengths. First, it further validates the epidemiological 

observation that depression associates with incident HF, particularly diastolic HF (26). Because 

depression is an important contributor to the increased risk of HF, these findings highlight the 

importance of screening and treatment of depressive symptoms in patients at risk for HF. 

Additionally, the results demonstrate that heightened SNA is associated with higher risk of HF 

incidence. SNA has been associated with risk factors for HF including diabetes, visceral adiposity, 

and atherosclerosis as well as heightened inflammation. Accordingly, this finding has important 

translational implications by clarifying the multi-system mechanism that underlies HF.  

Furthermore, this observation may inform better prevention and management strategies.   

  

A recent study (27) explored the relationship between depression and hospitalization for HF in 

individuals without pre-existing coronary disease. Interestingly, depression only impacted 

hospitalization for diastolic but not systolic HF. In that study, participants with depressive 

symptoms were found to have a 1.5 times greater risk of hospitalization for diastolic HF, even after 

adjusting for other CVD risk factors. A separate study among a black population (28) found that 

women with higher Center for Epidemiologic Studies Depression Scale (CES-D) score, indicating 

a worsening of depression, have 53% greater risk of developing HF. These findings in combination 

with those of our study suggest a strong relationship between depression and HF, particularly 

diastolic HF, that merits further investigation.   

  

This study has several limitations, including the inability to establish a causal relationship due its 

design being observational study. The health survey data were self-reported at a single time point.  

Also, the events classification was based on ICD codes, which could result in misclassification.  
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• Despite accounting for many relevant confounders, statistical analyses may not account for other 

unmeasured factors. The imaging sub-cohort was derived from a clinical cohort, and the results 

may not be able to be generalized to a broad population since the indications for PET/CT imaging 

was limited to patients with history of cancer or cancer screening. We had adjusted for 

chemotherapy and radiation therapy to adjust for this issue. Also, we could not consistently account 

for several clinical factors that may participate in the causal pathway associating depression and 

HF risk, such as left ventricular ejection fraction, circulating markers of myocardial stress injury, 

left ventricular filling pressure, and left ventricular mass. Lastly, mediation analysis findings are 

consistent with, but do not establish, a causal role for SNA. Nonetheless, these findings are 

supported by larger clinical cohort, have significant public health implications, given the expected 

increase in HF incidence among individuals with depression.  

 

Our study provides novel insights into the mechanisms underlying the association between 

depression and the incidence of heart failure. These findings may suggest an important role for 

identifying and treating individuals with depression and high levels of chronic stress to reduce the 

risk of heart failure.  
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Table 1. Baseline characteristics  

  

Category   

 
Overall cohort 

(N=102,028)  

Incident HF during follow up   
p-value  

  

   No HF 

(N=99,397) 
Incident HF 

(N=2,631) 
 

Age in years, median (IQR)     57 (40 – 69)  57 (40 – 68)  72 (63 – 80)  <0.001  

Male sex   43,511 (42.6%)  42,062 (42.3%)  1,449 (55.1%)  <0.001  

White    86,205 (84.5%)  83,854 (84.4%)  2,351 (89.4%)  <0.001  

Cardiovascular disease risk factors     

Hypertension    44,568 (43.7%)   42,160 (42.4%)  2,408 (91.5%)  <0.001  

Hyperlipidemia    43,045 (42.2%)  40,889 (41.1%)  2,156 (81.9%)  <0.001  

Diabetes    14,116 (13.8%)   13,115 (13.2%)  1,001 (38.0%)  <0.001  

Smoking    34,272/87,626 (39.1%)  32,921/85,215 (38.6%)  1,351/2,411 (56%)  <0.001  

MI before consent    3,060/101,060 (3.0%)  2,677/98,797 (2.7%)  383/2,263 (16.9%)  <0.001  

Lifestyle factors      

Physical activity within 

recommendations  
 31,446/43,853 (71.7%)   30,747/42,685 (72%)  699/1,168 (59.8%)  <0.001  

Obesity (BMI≥ 30 kg/m2)    25,907/90,625 (28.6%)  24,920/88,062 (28.3%)  987/2,563 (38.5%)  <0.001  

Excessive alcohol intake    1,833/46,356 (4.0%)  1,789/45,167 (4.0%)  44/1,189 (3.7%)   0.649  

Socioeconomic factors     

Graduated from high school   46,074/46,661 (98.7%)  44,903/45,457 (98.8%)  1,171/1,204 (97.3%)  <0.001  

Employed in the past 5 years   36,262/47,077 (77.0%)  35,600/45,868 (77.6%)  662/1,209 (54.8%)  <0.001  

Income ($), median (IQR)    82,823  
(62,500 – 100,768)   

82,787  
(62,439 – 100,768)  

82,953  
(62,997 – 100,788)  

0.375  

Psychiatric factors     

History of depression before 

consent   
 26,229 (25.7%)  25,393 (25.5%)  836 (31.8%)  <0.001  

Variables with missing values had the total number of participants with available data featured in the 

denominator (i.e., for smoking, MI before consent, physical activity, obesity, alcohol intake, education, and 

employment). Physical activity within recommendations defined as ≥ 500 MET*min/week.  Excessive alcohol 
intake defined as > 14 drinks/week.  HF: Heart failure; MI: Myocardial infarction; IQR: Interquartile range; 

BMI: Body mass index; MET: Metabolic equivalents of task. Significant p-values are bolded.  
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Table 2. Association between depression and incident HF.  

  

    Predictor  

           Covariable   
 

Outcome  
 

      Theme                  List  
HF  HFrEF  HFpEF  

HR (95% CI)  p-value  HR (95% CI)  p-value  HR (95% CI)  p-value  

Depression  

“before 

consent”  

Univariate  -  
1.35   

(1.24-1.46)  
<0.001  

1.18   
(1.00-1.38)  

0.051  
1.59   

(1.41-1.79)  
<0.001  

Demographics   Age, sex, race  
1.68   

(1.54-1.82)  
<0.001  

1.54   
(1.31-1.82)  

<0.001  
2.03   

(1.80-2.29)  
<0.001  

CVD risk 

factors*  

Hypertension, 

hyperlipidemia, 

diabetes, smoking   

1.22   
(1.12-1.34)  

<0.001  
1.09   

(0.92-1.30)  
0.320  

1.46   
(1.28-1.65)  

<0.001  

CVD risk factors  

+ MI before 

consent  

Above + MI before 

consent  
1.18   

(1.07-1.30)  
<0.001  

0.99   
(0.81-1.22)  

0.992  
1.42   

(1.23-1.63)  
<0.001  

Lifestyle factors  
Physical activity, 

obesity, smoking  
1.31   

(1.14-1.49)  
<0.001  

1.11   
(0.84-1.47)  

0.462  
1.63   

(1.35-1.97)  
<0.001  

Socioeconomic  
factors   

Graduation from 

high school, 

employment, income  
1.40   

(1.23-1.59)  
<0.001  

1.20   
(0.92-1.58)  

0.182  
1.76   

(1.46-2.12)  
<0.001  

  
In addition to the depression before consent variable, all multivariable models contained age and sex variables.   
*Indicates primary analysis  
Race: white vs non-white; physical activity: within vs below recommendations (≥ vs < 500 MET*min/week); 

obesity: body mass index ≥ 30 kg/m2. HF: Heart failure; HFrEF: Heart failure with reduced ejection fraction; 

HFpEF: Heart failure with preserved ejection fraction; CVD: cardiovascular disease; MI: myocardial infarction; HR: 

Hazard ratio; CI: confidence interval; MET: Metabolic equivalents of task. Significant p-values are bolded.   
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Table 3. Association between SNA and incident HF.   

Predictor  

Covariable  
  

Outcome  
 

Theme  List  
HF  

 
HFrEF  HFpEF  

HR (95% CI)  
p- 

value  
HR (95% CI)  

p- 
value  

HR (95% CI)  
p- 

value  

SNA  
(Z-score)  

Univariate  -  
1.30   

(1.12-1.52)  
<0.001  

1.39   
(1.05-1.84)  

0.021  
1.44   

(1.16-1.79)  
<0.001  

Demographics   Age, sex, race  
1.28   

(1.10-1.49)  
<0.001  

1.36  
 (1.03-1.80)  

0.033  
1.40  

 (1.13-1.74)  
0.002  

CVD risk 

factors*  

Hypertension, 

hyperlipidemia, 

diabetes, 

smoking   

1.40   
(1.13-1.74)  

0.002  
1.43   

(1.03-2.00)  
0.034  

1.70   
(1.19-2.41)  

0.003  

CVD risk  
factors   
+ MI before 

consent  

Above + MI 

before consent  
1.35   

(1.09-1.68)  
0.006  

1.39  
 (0.98-1.98)  

0.064  
1.70   

(1.20-2.42)  
0.003  

Cancer 

treatment  

History of 

chemotherapy 

and radiation  

1.30  
(1.11 - 1.52)  

0.001  
1.34  

 (1.00-1.81)  
0.053  

1.42   
(1.15 – 1.75)  

0.001  

In addition to the SNA variable, all multivariable models contained age and sex variables.   
*Indicates primary analysis  
SNA: Stress-associated neural network activity (Z-score); Race: white vs non-white; HF: Heart failure; HFrEF:  
Heart failure with reduced ejection fraction; HFpEF: Heart failure with preserved ejection fraction; CV:  
cardiovascular; MI: myocardial infarction; HR: Hazard ratio; CI: confidence interval. Significant p-values are 

bolded.      
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Figure 1. Study cohorts.   

  

 
*Available imaging data were selected from a subset of 9,080 participants who provided genetic 
data. MGB: Mass General Brigham; HF: Heart failure; 18F-FDG-PET/CT: 18F- 
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Fluorodeoxyglucose – Positron Emission Tomography/Computed Tomography; SNA: 
Stressassociated neural network activity.   

Figure 2. Association between SNA and incident HF.   

  

Fig 2A. Bar graph showing mean SNA values among 
those who did vs. did not develop HF after imaging.  
  

  
  
p-value adjusted for age and sex  
Error bars represent +/- 1 standard error of the mean  

  

Fig 2B. Kaplan-Meier curves showing HF-free survival after 
imaging according to SNA tertiles.  

  

 
N at risk   

 Tertile 1  409  176  49  

 Tertile 2  409  157  36  

   Tertile 3  409  

  

154  35  

SNA: Stress-associated neural network activity  Figure 3. Mediation analysis linking depression 

to incident HF through SNA.   
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The mediation model is adjusted for age and sex   

a, b, c, and d represent the regression coefficients (in log-odds metric) with 95% confidence 

intervals in parentheses  

SNA: Stress-associated neural network activity  
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Abstract ( Count:326) 

Background: Numerous evidence underscores the link between high metabolic activity in the 

brain related to stress (stress-related neural network activity, SNA) and increased risk of 

cardiovascular disease (CVD) events, including heart failure (HF). Our recent study has 

demonstrated that physical activity (PA) can effectively decrease SNA levels in a dose-dependent 

manner. Based on this compelling evidence, we hypothesize that PA may decrease the risk of 

incident HF in part through a reduction in SNA.         

Method: Self-reported PA data were acquired from Mass General Brigham (MGB) Biobank 

participants. The metabolic equivalent of task minutes per week (MET*minutes/week) was 

calculated and categorized according to current PA recommendations (< 500 and ≥ 500 

METmin/wk). In a subset with 18F-fluorodeoxyglucose positron emission tomography imaging  

(n=679), SNA was measured as a ratio of amygdalar to ventromedial prefrontal cortical activity  

(vmPFC). Subsequent HF and baseline CVD risk factor data were obtained using ICD Codes. 

Linear and Cox regression models were employed to evaluate the relationship between PA vs. HF 

risk. Mediation analysis was used to test whether PA’s impact on SNA significantly mediated the 

association between PA and HF.    

Results: Among 48,673 participants (median age 60 years [IQR 44 - 70], 39.5% male). PA within 

recommended level associated with a lower risk of subsequent HF (hazard ratio (HR) [95% 

confidence interval (CI)]: 0.829 [ 0.743, 0.926], p < 0.001). Mediation analysis showed that PA 

reduces HF risk in part via reductions in SNA, accounting for 9.1% of the total relationship 

between PA and HF risk (p < 0.05). Moreover, among individuals with pre-existing depression 

and/or anxiety, PA was associated with greater reductions in ten-year HF risk compared to those 
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without depression and/or anxiety (HR [95% CI]: 0.836 [0.785, 0.891] vs. 0.882 [0.858, 0.907], p-

interaction=0.048).                      

Conclusion: PA associates with reductions in SNA activity and subsequent HF risk. Notably, this 

reduction is greater among those with pre-existing depression and/or anxiety. Moreover, the 

mechanism by which PA reduces HF risk may involve salutary effects on stress-related neural 

pathways.   
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Word count: 2292 

Introduction  

Heart failure (HF) is a prevalent and burdensome disease in the United States and worldwide. 

Developing targeted interventions for preventing HF could yield significant clinical implications 

and have a intrinsic public health impact (1). While physical activity (PA) is a crucial aspect of 

preventing and managing cardiovascular diseases (CVD) (2), the precise mechanisms underlying 

its beneficial effects are not yet entirely clear. Multiple potential mechanisms have been suggested 

to explain how PA may lower the risk of HF, including indirect effects on CVD risk factors(3-6) 

and direct effects on cardiac function (7-10). Our previous research suggested that PA has been 

associated with a reduction in the incidence of major adverse cardiovascular events (MACE), 

partly due to the reduction in Stress-related Neural Network Activity (SNA) (11). Additionally, 

PA has been shown to have a significant antidepressant effect on patients with stress-related 

syndromes, such as major depressive disorder and anxiety (12). Given that chronic stress is known 

to increase the risk of CVD through neurobiological mechanisms (13,14), we hypothesize that PA 

could lower the risk of incident HF, in part, by reducing SNA.  

  

Chronic stress response in the brain involves several neural centers, including the amygdala and 

the ventromedial prefrontal cortex (vmPFC), which detect and regulate stress. Resting 18F- 

fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG-PET/CT) 

can objectively measure SNA as a ratio of amygdalar to vmPFC metabolic activity (13,15-16). 

Recent studies have shown that SNA is positively associated with heightened stress-related 

diseases, including depression and anxiety (17-18). Most notably, elevated SNA was found to be 

an independent predictor for subsequent CVD events, including HF (13,19) due to increased 

proinflammatory cytokines and greater vulnerability of atherosclerotic plaque, which leads to 
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atherosclerotic inflammation in addition to activation of sympathetic nervous system (20-22). 

These findings suggest that SNA may serve as a useful biomarker of HF risk in individuals exposed 

to chronic psychological stress.  

  

PA has demonstrated to modulate neurotransmitter activity, including dopamine, norepinephrine, 

and serotonin, which may have a stress-lowering effect. It is a useful approach for alleviating 

psychological symptoms related to stress such as depression and anxiety (23). This stress-reducing 

effect could be attributed to an improvement in vagal tone by increasing blood vessel compliance, 

inhibiting sympathetic activity, and enhancing reflexive vagal nerve activity in the heart (24). 

Additionally, recent research has demonstrated that PA can lower metabolic activity in the 

amygdala and related systemic inflammation in obese women (25). Although neurobiological 

mechanisms have been involved in the impact of PA on reducing the risk of MACE, the specific 

mechanisms responsible for the salutary effect of PA on the risk of HF incidence are not well 

defined.  

  

To tackle this gap, our study leveraged a large institutional biobank cohort and 18F-FDG-PET-CT 

brain imaging to further investigate the potential impact of PA on the risk of HF incidence. We 

aim to test the following hypotheses: 1) PA reduces HF incidence after adjusting for CVD risk 

factors and other lifestyle factors, 2) the effect of PA on HF incidence is partly mediated by a 

reduction in SNA, and 3) the impact of PA on HF incidence is more pronounced in individuals 

with higher baseline SNA, such as depression and anxiety.  
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Methods  

Study Participants   

The study utilized the Mass General Brigham (MGB) Biobank, a comprehensive electronic health 

record containing clinical data and optional lifestyle data from a behavioral health survey. The 

study sample comprised 48,673 participants who consented and completed the PA questionnaire 

before 12/23/2020. Among the study participants, a subset of 679 individuals underwent clinically 

indicated 18F-FDG-PET/CT imaging, which facilitated the assessment of brain activity. The study 

received approval from the MGB Institutional Review Board, and all participants provided written 

consent prior to enrolment.   

  

18F-FDG-PET/CT Imaging Protocol   

The 18F-FDG-PET/CT imaging was conducted using an integrated scanner (e.g., Biograph 64, 

Siemens Healthcare, Erlangen, Germany, or equivalent) with a standard protocol, mainly for the 

purposes of malignancy screening or surveillance. The imaging was performed in a resting state 

approximately one hour after the tracer injection, and a low-dose, non-contrast CT was performed 

for attenuation correction. These steps were consistently followed by all the participants involved 

in the study.  

  

Assessment of the Stress-related neural network activity.  

A skilled investigator, who was blinded to clinical data, measured the regional brain activity in the  

18F-FDG-PET/CT images. The bilateral amygdalae and ventromedial prefrontal cortices  

(vmPFCs) were circled with approximately 15 mm circular regions of interest (ROIs) to measure  

18F-FDG uptake. The average standardized uptake values (SUV mean) were calculated for each 

structure. The ratio of mean amygdala SUV to mean vmPFC SUV was used to determine the 



   33  

amygdala-vmPFC signal ratio (SNA). The brain imaging sub-study excluded participants with 

intracranial masses or craniotomy.   

  

Physical activity Assessment  

Upon enrolment, participants voluntarily completed a health survey that aimed to assess their 

recreational activity levels over the past year. The survey included questions about the duration of 

time spent engaging in eight different recreational activities. The energy expenditure for each 

activity was estimated using metabolic equivalent-of-task (MET) values (26). The total 

METminutes per week for all activities were calculated by multiplying the average duration of 

each activity by its respective MET value. It should be noted that the current guidelines for adults 

recommend at least 150 minutes of moderate-intensity physical activity or 75 minutes of vigorous 

physical activity per week, which is equivalent to approximately 500-1000 MET-minutes per week  

(27). Further details of this measure are provided in the Supplement table S1.  

  

Demographic, Clinical, Lifestyle, and Socioeconomic Data   

The MGB Biobank questionnaires and medical records were utilized to obtain demographic and 

clinical information for this study. Clinical diagnoses such as heart failure, heart failure with 

preserved ejection fraction (HFpEF), heart Failure with reduced ejection fraction (HFrEF), 

depression, cardiovascular disease risk factors, and insomnia were identified using the 

International Classification of Disease-10 (ICD-10) codes. A subset of participants (51,115 

individuals) completed an optional survey that provided information on lifestyle factors (such as 

alcohol intake, physical activity, and smoking). Further details regarding the methods can be found 

in the supplement table S2.  
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Statistical Analyses   

The statistical analyses were conducted using SPSS version 28 (IBM Corporation, Armonk, NY,  

USA). Data were presented as mean and standard deviation or the median and interquartile range 

(IQR) as appropriate. The independent sample t-test was used to compare continuous variables, 

while Chi-square or Fisher’s exact tests were used for categorical variables.   

  

Survival analysis using Cox models was used to investigate the associations of physical exercise 

or SNA with incident HF. Primary outcome of interest is the overall HF events, while secondary 

outcomes included subtypes of HF (HFrEF and HFpEF). Potential confounding variables, 

including age, sex, and cardiovascular risk factors (i.e., hypertension, diabetes, smoking, and 

hyperlipidemia) and lifestyle factors (i.e., Alcohol drinking, obesity and insomnia), were defined 

a priori and adjusted for.   

  

Ten-year heart failure events were defined as those events that occurred during the ten-year period 

preceding the dataset lock (12/23/2010 - 12/23/2020) to consider events that occurred prior to the 

date of consent. A subgroup analysis was performed to evaluate the relative difference in 

cardiovascular benefit of PA between those with and without a pre-existing diagnosis of depression 

and/or anxiety (before 12/23/2010). An additional analysis from the time of consent to the date of 

data lock (time of consent → 9/12/2020) was run wherein time of consent coincides with the date 

at which the PA questionnaire was carried out.  

 Mediation analysis using PROCESS macro v3.4 for SPSS was used to test the hypothesis of 

whether the cardiovascular benefit of physical activity on HF is partially mediated by SNA. All 

reported p-values were 2-sided, and a p<0.05 was considered statistically significant. Further 

details are given in the Supplement.   
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Results  

Study Participants:  

A total of 48,673 adult participants (median age [IQR] = 60 [44-70] years; 39.5% male) from the 

MGB Biobank with complete physical activity data were analyzed. Over median 3.5 (IQR 2-5) 

years follow up, 3066 of participants developed HF. Of these participants, 679 had adequate brain 

imaging data (Figure 1). Within the entire cohort, 34,398 individuals (70.7%) engaged in physical 

activity within guideline recommendations. Notably, individuals who developed heart failure were 

more likely to be older, less active, and had a higher prevalence of traditional cardiovascular 

disease (CVD) risk factors, obesity, and prior depression and/or anxiety. A detailed description of 

baseline characteristics is in Table 1.  

  

Physical Activity associated with a lower risk of HF events:  

Physical activity meeting the recommended level (> 500 MET-min/week) is associated with a 

lower risk of heart failure after adjusting for age, sex, and cardiovascular risk factors, including 

hypertension, hyperlipidemia, diabetes, and smoking (0.829 [0.743-0.926], p < 0.001). This 

association remains significant after accounting for lifestyle factors such as alcohol intake, 

insomnia, smoking, and obesity (0.824 [0.735-0.924], p = 0.003). Additionally, in a secondary 

analysis of HF subtypes, PA associated with a lower risk HFpEF (0.752 [0.666 – 0.848], p < 0.001) 

and HFrEF (0.812 [0.705 – 0.936], p =0.004), Table 2.  

   

SNA partially mediates the cardiovascular benefit of physical activity on HF.  

Consistent with previous findings, PA is associated with lower SNA (standardized B [95% CI): 

0.151 [-0.292, -0.009], P= 0.037, supplemental figure 2), and SNA is associated with lower 
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incidence of HF (OR [95% CI]: 1.341 [1.083, 1.661], p = 0.007, supplemental table3). To 

investigate whether reductions in SNA partially mediate the beneficial effect of physical activity 

on HF incidence, we conducted a mediation analysis. The indirect pathway from increased physical 

activity (≥ vs. < recommended levels) to reduced SNA to decreased HF risk was found to be 

significant (log odds [95% CI]: -0.053 [-0.117, -0.002], p < 0.05), after adjusting for age and sex. 

This mediation accounted for 9.1% of the total effect of physical activity on HF risk (Figure 2).  

   

Reduced HF risk related to PA is more pronounced among individuals with depression and/or 

anxiety.  

Based on the finding that PA can reduce the incidence of HF through reductions in SNA and given 

that depression is also associated with incident HF through SNA (19), we hypothesized that 

individuals with heightened SNA, such as those with depression and/or anxiety, would benefit 

more from PA than those with lower SNA. We tested whether HF benefits derived from PA were 

greater in individuals with pre-existing depression and/or anxiety (higher SNA).  

  

In our analyses, we observed that meeting the recommended level of PA was associated with 

greater reductions in ten-year HF risk among individuals with pre-existing depression and/or 

anxiety compared to those without depression and/or anxiety (HR [95% CI]: 0.67 [0.569, 0.79] vs.  

0.718 [0.665, 0.776], p-interaction=0.242). This association was significant for ten-year subgroup 

analysis for HFpEF & HFrEF risk (see Table 3).  

  

We also observed that PA (quintiles) was associated with greater reductions in ten-year HF risk 

among individuals with pre-existing depression and/or anxiety compared to those without 

depression and/or anxiety (inter-quintile HR [95% CI]: 0.836 [0.785, 0.891] vs. 0.882 [0.858, 
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0.907], p-interaction=0.048, see Table 3). This association was significant for ten-year subgroup 

analysis for HFpEF & HFrEF risk (see Table 3).  

  

Discussion   

The current study provides further mechanistic understanding into the beneficial impact of PA on 

reducing the risk of HF incident mediated by SNA. Although SNA is significantly associated with 

higher risk of both HFpEF and HFrEF, (19), PA is also significantly associated with lowering the 

risk of both HFrEF and HFpEF after adjustment for CVD risk factors and lifestyle factors for those 

who exercised >= 500 MET-mins/week. Furthermore, individual with depression and/or anxiety 

shown to have greater cardio-protective benefits from PA, lowering the risk of developing HF. The 

mediation analysis elucidates that SNA plays a partial role between PA and reduction of HF 

incident. Thus, our finding uncovers a novel association between PA, stress resilience, and HF 

preventive benefit, emphasizing the need for future research in this area. This could be explained 

by the effect of PA on cardiac remodelling, prevention of diastolic dysfunction and improving 

cardiac parasympathetic regulation that protect the heart against ischemic reperfusion injury (24, 

28-29).   

  

Although the pathophysiology of depression and anxiety with HF is poorly comprehended, they 

have several shared risk factors and underlying mechanisms, including dysregulation of platelet 

reactivity, inflammation, neuroendocrine dysfunction, behavioral and social determinants of health 

(30-31). Our cohort study indicates that individuals with pre-existing depression and/or anxiety 

have a stronger reduction in HF risk with increasing doses of PA levels, compared to those without 

depression and/or anxiety. This suggests that the cardioprotective effects of PA are more 

pronounced in individuals with depression and/or anxiety. This finding has significant clinical 
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implications for those with depression and/or anxiety to benefit more from PA regarding 

psychological and CVD benefit. Further research is necessary to explore the impact of PA on 

individuals with depression and/or anxiety and other psychiatric conditions related to chronic  

stress.  

  

This study has several limitations. Using a self-reported heath survey in an observational study 

may be prone to misinterpretation and recall bias. The classification of events was based on ICD 

codes, which could be subject to misclassification bias. Brain imaging subset mainly underwent 

18F-FDG-PET/CT for cancer screening, limiting generalizability. Although the mediation analysis 

findings suggest a potential causal relationship between PA and HF mediated by SNA, this does 

not establish causality and prospective studies are required to assess causation. Finally, the study 

did not consider the use of later physical activity patterns, which may have influenced the risk of 

HF. Nonetheless, these findings, which supported by larger cohort, have significant public health 

implications, given the expected increase in HF incidence with an aging population.  

  

  

Our study provides promising evidence of the effectiveness of PA in reducing the risk of HF among 

individuals with stress-related conditions, particularly depression and anxiety. This underscores 

the importance of implementing multidisciplinary interventions that promote a healthy lifestyle 

and alleviate chronic stress to prevent heart failure. Healthcare providers can use these findings to 

spread the awareness of the importance of PA in reducing HF risk, alleviating stress, and improving 

brain health.  
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Figure Legend  
  

Figure 1: Study Cohort  

The study is composed of a clinical outcomes study and a brain imaging sub-study. The study 

cohort is derived from 51,115 Mass General Brigham Biobank subjects who enrolled, consented, 

and participated in the health behaviors survey. A total of 679 subjects with clinical imaging were 

evaluated in the brain imaging sub-study.   

  

Figure2: Mediation model for a hypothesized pathway from physical activity to risk of 

incident heart failure through stress-related neural activity   

Mediation analysis using a single mediator to assess whether physical activity exerts its 

cardioprotective effect in part through decreasing SNA. The indirect and direct pathways are 

shown. Physical activity was quantified using metabolic equivalents of a task-minutes/week 

(METmin/wk) and then categorized into two groups: within or below recommendations (>500 vs. 

< 500 MET-min/wk). SNA was assessed as a ratio of amygdalamean divided by vmPFCmean, yielding 

SNNAmean. Mediation analysis was adjusted for age and sex. HF: Heart Failure.  

  
Figure 3: The cardiovascular benefit of physical activity among those with vs. without 

depression AND/OR anxiety Graphs demonstrating HF hazard ratios across quintiles (Q) of 

physical activity, using Q1 as reference, in: A. Heart Failure adjust, B. Heart Failure with preserved 

Ejection Fraction (HFpEF), C. Heart Failure with restricted Ejection Fraction (HFrEF). The 

analyses are adjusted for age, sex, and cardiovascular risk factors (hypertension, hyperlipidemia, 

diabetes mellitus and current/past smoking). P-values represent those of the trend. P-interaction 

presented in the figure is that of PA quintiles*pre-existing depression AND/OR anxiety for 

determining adjusted ten-year HF risk benefit. Ranges of MET-min/wk for each quintile of 

physical activity are Q1[0-306], Q2[307-795], Q3[796-1,538], Q4[1,539-2,517] and 

Q5[2,51818,720]. Error bars represent 95% confidence intervals. HR: hazard ratio. MET-min/wk: 

metabolic equivalent of task-minutes/week. Q: quintile.  

  
Figure 4: Central illustration: Physical activity, neuroimaging measures, and cardiovascular 

risk reduction  
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A. MGB BioImaging study   

B. Axial view of the amygdala and vmPFC demonstrating a pattern of 18F-fluorodeoxyglucose 

uptake in those with low SNNA. C. Mediation analysis to investigate whether physical activity 

mediates its cardio-protective effect in part through reducing SNNA. The analysis involved a single 

mediator and assessed both direct and indirect pathways. Physical activity was quantified in terms 

of metabolic equivalents of a task-minutes per week (MET-min/wk) and was stratified into two 

categories: within or below recommended levels (>500 vs. <500 MET-min/wk). Age and sex were 

included as covariates in the mediation analysis. Heart failure (HF) was utilized as the outcome 

variable in the study.  

D. Effect of physical activity on HFrEF & HFpEF among those with and without Depression 

AND/OR Anxiety  
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Table 1. Baseline characteristics   

Category  
Overall cohort 

(N=48,673)  

Physical Activity  
 

Incident Heart Failure during Follow up  

< 500  
MET-min/wk  

(n=14,275)  

≥ 500  
MET-min/wk  

(n=34,398)  

p- 
value  

No HF 

(N=45,341)  
Incident HF 

(N=3,332)  
p- 

value  

Total physical activity (MET-

Min/wk) 
  

  

Median [IQR]  
1,177.5  

(439.75-2,205)  
212  

(53 – 332)  
1827  

(1043 –2713.5)  <0.001  
1244.5  

(477 – 2237)  
1100.5  

(212 – 1624)  <0.001  

Demographic factors  
   

Age in years, 

median (IQR)  

60  
(44 – 70)  

62  
(50 – 72)  

58  
(41 – 69)  <0.001  

59  
(43 – 69)  

71  
(61 – 78)  <0.001  

Male sex  
19,235  
(39.5%)  

5471  
(38.3%)  

13764 (40%)  
<0.001  

17422  
(38.4%)  

1813  
(54.4%)  <0.001  

White  43,327 (89%)  
12,524  
87.7%)  

30803 (89.5)  <0.001  
40306  

(88.9%)  
3021  

(90.7%)  
0.002  

Cardiovascular disease risk factors  
   

Hypertension  
22,350  
(45.9%)  

7986  
(55.9%)  

14364  
(41.8%)  

<0.001  
19379  

(42.7%)  
2971  

(89.2%)  
<0.001  

Hyperlipidemia  
22,620  
(46.5%)  

7630  
(53.5%)  

14990  
(43.6%)  

<0.001  19945 (44%)  
2675  

(80.3%)  
<0.001  

Diabetes  
6,772  

(13.9%)  
2976  

(20.8%)  
3796  
(11%)  

<0.001  
5519  

(12.2%)  
1253  

(37.6%)  
<0.001  

Smoking  
19,683  
(40.4%)  

6863  
(48.1%)  

12820 (37.3)  
<0.001  

17827  
(39.3%)  

1856  
(55.7%)  <0.001  

Lifestyle factors  
   

Insomnia   
6155  

(12.6%)  
2118  

(14.8%)  
4037  

(11.7%)  
<0.001  

5446  
(12%)  

709  
(21.3%)  

<0.001  



   46  

Obesity (BMI≥ 30 

kg/m2)  
12,785  
(26.3%)  

5741  
(40.2%)  

7044  
(20.5%)  

<0.001  
11549  

(25.5%)  
1236  

(37.1%)  
<0.001  

Alcohol  
   

None/Low alcohol 

intake   
21,539  
(44.3%)  

7990  
(56%)  

13549  
(39.4%)  

<0.001  
19756  

(43.6%)  
1783  

(54.4%)  
<0.001  

Moderate alcohol 

intake  
24,870  
(50.1%)  

5533  
(38.8%)  

19337  
(56.2%)  

<0.001  
23507  

(51.8%)  
1363  

(40.9%)  
<0.001  

High alcohol intake  
1,915  

(3.9%)  
595  

(4.2%)  
1320  

(3.8%)  
<0.001  

1784  
(3.9%)  

131  
(3.9%)  

<0.001  

Psychiatric factors  
       

History of depression 
and/or  
anxiety   

7,087  
(14.6%)  

2,637  
(18.5%)  

4,450  
(12.9%)  

<0.001  
6,503  

(14.3%)  
584  

(17.5%)  
<0.001  

Data are presented in N (%) unless otherwise noted. Abbreviations: MET-min/wk: metabolic  

 equivalent-of-task minutes per week, HF: Heart Failure      
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Table 2A: Relationship between physical activity (within recommendation) and Incident 

Heart Failure event (from consent date)  

Predictor   

Covariable     Outcome   

Theme  List  

HF   HFrEF  HFpEF  

HR (95% CI)  
p – value  

HR (95% CI)  
p – value  

HR (95% CI)  
p – value  

Physical  

Activity  
>= 500  
MET- 

mins/wk   

Univariate  -  
0.607  

(0.544 – 0.677)  
< 0.001  

0.572  
(0.498 – 0.659)  

< 0.001  
0.507  

(0.45 – 0.571)  
< 0.001  

Demographics  Age & Sex  
0.707  

(0.634 – 0.789)  
< 0.001  

0.66  
(0.573 – 0.76)  

< 0.001  
0.609  

(0.54 – 0.686)  
< 0.001  

CV risk 

factors*  

Hypertension, 

hyperlipidemia, 

diabetes, 

smoking  

0.829  
(0.743 – 0.926)  

< 0.001  
0.812  

(0.705 – 0.936)  
0.004  

0.752  
(0.666 –0.848)  

< 0.001  

Lifestyle 

factors  

Alcohol “Low, 

mod, high” + 

Insomnia+ 

smoking + 

obesity  

0.824  
(0.735 – 0.924)  

0.003  
0.762  

(0.658 – 0.882)  
< 0.001  

0.759  
(0.67 –0.86)  

< 0.001  

CKD 

History of 

Chronic Kidney 

Disease  

0.794 

(0.711– 0.887)  

 

< 0.001 

 

0.789 

( 0.685 – 0.91)  

 

< 0.001 

 

0.729 

( 0.646 – 0.823) 

< 0.001 

 

BMI Average of BMI 

0.799 

( 0.713– 0.895 ) 

 

< 0.001 

 

0.722 

( 0.624– 0.835) 

 

< 0.001 

 

0.746 

( 0.659– 0.845) 

 

< 0.001 

 

eGFR Averge of eGFR 

0.805 

( 0.692 – 0.937 ) 

 

0.005 

0.824 

( 0.676– 1.004 ) 

 

0.055 

0.717 

( 0.61– 0.842) 

 

< 0.001 

Hemoglobin 
Average of 

Hemoglobin 

0.854 

( 0.567– 1.287) 
0.45 

0.915 

( 0.571 – 1.464) 
0.71 

0.811 

( 0.552– 1.192) 
0.287 
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* Age and sex included. Physical activity recommendations: > 500 metabolic equivalent 

minutes per week. HF: Heart failure, HFpEF: of heart failure with preserved ejection fraction, 

HFrEF: heart failure with restricted ejection fraction, smoking: current/past smoking, CI: 

Confidence Interval, HR: Hazard ratio  

    

 

 

 

 

 

Table 2B: Relationship between physical activity (within recommendation) and 10-year Heart 

Failure event risk  

Predictor   

Covariable     Outcome   

Theme  List  

HF   HFrEF  HFpEF  

HR (95% CI)  
p – value  

HR (95% CI)  
p – value  

HR (95% CI)  
p – value  

Physical 

Activity  
>= 500  
MET- 

mins/wk   

Univariate  -  
0.513  

 (0.479 – 0.549)  
< 0.001  

0.507   
(0.456 – 0.563)  

< 0.001  
0.421   

(0.384 – 0.461)  
< 0.001  

Demographics  Age & Sex  
0.593  

 (0.553 – 0.635)  
< 0.001  

0.585  
(0.526 – 0.651)  

< 0.001  
0.513   

(0.468 – 0.563)  
< 0.001  

CV risk 

factors*  

Hypertension, 

hyperlipidemia, 

diabetes, 

smoking  

0.713  
 (0.665 – 0.765)  

< 0.001  
0.739   

(0.663 – 0.823)  
0.004  

0.648  
 (0.59 –0.711)  

< 0.001  

Lifestyle 

factors  

Alcohol “Low, 

mod, high” + 

Insomnia+ 

smoking + 

obesity  

0.726  
(0.676 – 0.781)  

0.003  
0.703  

(0.629 – 0.786)  
< 0.001  

0.68   
(0.617 –0.748)  

< 0.001  

  

* Age and sex included. Physical activity recommendations: > 500 metabolic equivalent minutes 

per week. HF: Heart failure, HFpEF: of heart failure with preserved ejection fraction, HFrEF: 

heart failure with restricted ejection fraction, smoking: current/past smoking, CI: Confidence  

Interval, HR: Hazard ratio  
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Table3: Effect of physical activity on incident heart failure among those with and without 

Depression AND/OR Anxiety  

  

Event  
Event 

Horizon  

Pre-existing  
Depression  

AND/OR 

anxiety  

Physical Activity recommendation  Physical Activity Quintiles  

HR†  (95% 

CI)  
For 

differences   
For interaction 

¶  
HR†  (95% 

CI)  
For 

differences   
For 

interaction¶¶   

ALL HF  
Ten-year’s 

event risk  

Entire 

population   
0.713  

(0.665 - 0.765)  <0.001   N/A  
0.876  

(0.854 - 0.899)  <0.001   N/A  

-  
0.718  

( 0.665 - 0.776)  <0.001   

0.242  

0.882  
( 0.858- 0.907)  <0.001   

0.048  

+  
0.67  

( 0.569 - 0.79)   
<0.001   

0.836  
( 0.785 -  
0.891)   

<0.001   

HFpEF   
Ten-year’s 

event risk  

Entire 

population   
0.648  

(0.59 - 0.711)  <0.001   N/A  
0.832  

(0.803 - 0.863)  <0.001   N/A  

-  
0.679 ( 0.61 - 

0.756)  <0.001   

0.032  

0.852  
(0.818 - 0.887)  <0.001   

0.007  

+  
0.562   

( 0.462 - 0.685)   <0.001   
0.769 (0.71 - 

0.833)   <0.001   

HFrEF   
Ten-year’s 

event risk  

Entire 

population   
0.739  

(0.663-0.823)  
<0.001   N/A  

0.881  
(0.846 – 0.917)  

  
<0.001   N/A  

-  
0.795  

(0.704 – 0.899)  <0.001   

0.003  

0.901  
(0.862 – 0.942)  <0.001   

0.009  

+  
0.553  

(0.435 – 0.703)  <0.001   
0.797  

(0.725 - 0.876)  <0.001   

  

Cox regression model demonstrating Heart Failure event risk reduction in those with pre-existing 

depression (diagnosed prior the ten-year period leading to follow-up) vs. those without. Interaction 

terms were used to further demonstrate the statistical significance of the differences observed 

between the hazard ratios in these two sub-populations. Physical Activity recommendations (≥ or 

< 500 metabolic equivalents of task-minutes per week (MET-min/wk). †Adjusted for age, sex, and 

cardiovascular risk factors (hypertension, diabetes mellitus, hyperlipidemia, and current/past 

smoking). HF = Heart Failure, HFpEF= Heart failure with preserved ejection fraction & HFrEF = 

Heart failure with reduced ejection fraction.   

 ¶ Interaction term = physical activity (< vs. ≥ guideline-recommended amount) x history of 

depression AND/OR anxiety (yes vs. no).   

¶¶ Interaction term = Physical Activity Quintiles x history of depression AND/OR anxiety (yes vs.  

no).      
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    Figure1: Study Cohort  

 
* Available imaging data were selected from the subset of 9,080 participants who 

provided genetic data.   

MGB: Mass General Brigham Biobank; 18F-FDG-PET/CT imaging: of 

18Ffluorodeoxyglucose - positron      emission tomography/ 

computed tomography.  

    

Figure 2: Mediation model for hypothesized pathway from physical activity to risk of 

incident heart failure through stress-related neural activity   
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Figure 3: The cardiovascular benefit of physical activity among those with vs. without 

depression AND/OR anxiety   
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Figure 4: Central illustration  
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Summary of Conclusions  

The link between depression and the risk of heart failure (HF) is well-established, and our 

study provides novel insights into the underlying mechanisms, particularly heart failure with 

preserved ejection fraction, through heightened SNA. Furthermore, physical activity (PA) has been 

shown to reduce SNA activity and subsequent HF risk, especially among those with pre-existing 

depression and/or anxiety. Implementing multidisciplinary interventions that promote a healthy 

lifestyle, including regular PA, and alleviate chronic stress may be crucial in preventing HF. 

Therefore, healthcare providers should emphasize the importance of PA in reducing HF risk, 

alleviating stress, and improving brain health.   

These findings suggest that identifying and treating individuals with high levels of chronic 

stress such as depression and anxiety may play an essential role in reducing the incidence of HF. 

Overall, these two studies provide important insights into better HF prevention and management 

strategies by highlighting the link between depression, chronic stress, and physical activity in 

preventing the development of heart failure, which could have a substantial public health impact.  
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     Discussion and Perspectives  

Both of our studies utilized the Mass General Biobank. We have explored the association between 

depression and the risk of incident heart failures (HF). Also, if physical activity (PA) could reduce 

this risk of HF incidence through neurological pathway, stress-related neural network activity (SNA). 

In the first study, depression was found to be linked with incident HF, particularly heart failure with 

preserved ejection fraction (HFpEF). The association between depression and HF subtypes have been 

reported in some recent studies (8). Our findings support the significant association between 

depression and HFpEF, unlike the heart failure with reduced ejection fraction (HFrEF). However, 

heightened SNA was associated with higher risk of both HFpEF and HFrEF incidence. The study 

suggests that screening and treatment of individuals with depression at risk for HF is important and 

that understanding the multi-system mechanism that underlies HF could inform better prevention and 

management strategies. 

In the second study, PA was found to be associated with lower risk of both HFpEF and HFrEF after 

adjustment for cardiovascular risk factors and lifestyle factors. Furthermore, individuals with 

depression and/or anxiety have greater cardio- protective benefits from PA, lowering the risk of 

developing HF. Even though the depression is significantly associated with HFpEF, PA is 

significantly lowering the risk of both HFpEF and HFrEF incidence. The study suggests that SNA 

plays a partial role between PA and the reduction of HF incident and that individuals with heightened 

SNA such as depression and/or anxiety have a stronger reduction in HF risk with increasing doses of 

PA beyond recommended levels.  

Both studies have limitations such as being observational in nature, using self-reported health survey, 

and not establishing causality. Both studies used ICD codes, which could result in misclassification. 

In addition, we could not account for many clinical factors (i.e., left ventricular ejection fraction, left 
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ventricular filling pressure, and left ventricular mass), that may be part in the causal pathway 

associating depression and HF risk and the benefit of PA as a preventive measurement. Lastly, the 

study did not consider the use of later physical activity patterns, which may have influenced the risk 

of HF.  

Nonetheless, the findings of both studies have significant clinical implications and highlight the 

importance of further research in this area. Future studies can focus on applying multiple preventive 

measures on patients with chronic stress such as depression and anxiety and assess if combined 

approaching of stress reliving managements will have cumulative impact on patient with heightened 

SNA and if that could also prevent risk of HF incidence. 
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Supplemental Methods  

  
Supplemental Methods – Brain Imaging  
Analyses of positron emission tomography (PET) and computed tomography (CT) images were performed using a 

workstation that enables multi-modal standard image fusion (Leonardo–TrueD, Siemens Solutions, Malvern, 

Pennsylvania, USA).  

  
Using the attenuation correction CT images, the amygdala was identified dorso-medially in the temporal lobe, 

forming the ventral superior and medial walls of the inferior horn of the lateral ventricle. The anterior border was 

defined as the lateral ventricle’s most inferior portion (where flattened by the thalamus), and the posterior border 

was defined as the crux of the fornix anterior to the basilar artery. The internal capsule defined the lateral and 

inferior boundaries.  

  
The ventromedial prefrontal cortex borders were defined as the frontal crest bones, falx cerebri, and 

interhemispheric longitudinal fissure (frontal and medial boundaries) and the frontal horn of the lateral ventricle and 

Sylvian fissure (dorsal boundaries).  

  
Supplemental Methods – Clinical, Lifestyle, and Socioeconomic Data  
Clinical Data   

  
Lifestyle Data (from the optional survey)   
Survey question regarding alcohol intake  
During the past year, how many alcoholic drinks (glass/bottle/can of beer; 4 oz glass of wine; drink or shot of liquor) 

did you usually drink?   
- None, or less than 1 per month  
- 1-3 per month  
- 1 per week   
- 2-4 per week   
- 5-6 per week   
- 1-2 per day   
- 3-4 per day   
- 5-6 per day   
- More than 6 per day   

  

 
Survey question regarding physical activity   
During the past year, what was your average time per week spent at each of the following recreational activities?   

- Walking or hiking (including to/from/for work)   
- Jogging (slower than 10 mins/mile)   
- Running (10 mins/mile or faster)   
- Bicycling (including stationary machine)   
- Tennis, squash or racquetball   
- Lap swimming   
- Higher intensity exercise (aerobic exercise, aerobic dance, exercise machine)  -  Lower intensity 

exercise (yoga, stretching, toning)   

  
Answers could be   

- None (0 mins per week)  -  1-19 mins per week   
- 20-59 mins per week   
- 1 hour per week   
- 1 to <2 hours per week  
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- 2 to <3 hours per week  
- 3 to <6 hours per week  
- 6+ hours per week    

  
If the answer was given as a range (e.g., 1 to < 2 hours per week), the middle value of that range was taken (i.e., 1.5 

hours per week). Each respondent’s overall level of activity was assessed by deriving the level of energy 

expenditure for each activity from the compendium of physical activity as metabolic equivalents of task (METs). 

The time spent on a particular activity (in minutes/week) was then multiplied by the derived METs value of that 

activity to yield that activity’s MET-mins/wk. Finally, the MET-mins/week values for all activities were summed to 

provide a total METmins/week for each respondent.  

  

  

  
Survey question regarding smoking   
Have you smoked at least 100 cigarettes in your lifetime?   

- Yes, currently smoke   
- Yes, smoked in past, but quit   
- No   

  
Past and current smokers were categorized as “smokers”, while those who have never smoked were categorized as 

“non-smokers”. For participants who left the above question in the survey blank, information on their smoking 

status was derived from their electronic health records if needed.   

  
Socioeconomic Data   
Survey question regarding education  
What is the highest grade in school that you finished? (Please check one)  

- Grade school (1-4 years)  
- Grade school (5-8 years)  
- Some high school (9-11 years)   
- High school diploma or GED (finished high school)   
- Some college   
- Two-year college or vocational school   
- Four-year college   
- Masters, doctoral, or professional degree    

  
Survey question regarding employment   
Were you employed/working outside the home at any time in the last 5 years?   

- Yes  
- No   

  
Income Data  
We used the ZIP codes of the participants’ home addresses to derive median household income based on the United 

States Census Bureau’s 2016 American Community Survey 5-year estimates.  

  
Supplemental Methods – Statistical Methods  
Mediation analysis was performed using the PROCESS macro written for SPSS by Dr. Andrew F. Hayes. Mediation 

analysis estimates and quantifies the significance of the indirect pathway that an independent variable exerts on a 

dependent variable through an intermediate (mediator) variable. An ordinary least squares or logistic 

regressionbased path framework was implemented to estimate direct and indirect effects, and produced estimates 

based upon 5,000 bias-corrected bootstrap samples. We implemented a model with a single mediator (model number 

4) involving one dependent variable (Heart Failure), one independent variable (Depression), one mediator (SNA), 



   61  

and two covariables (age and sex). P-values are not generated by this software for the indirect pathway; however, 

95% confidence intervals that do not cross zero indicate a p-value < 0.05.   

  

  
Table S1. International Classification of Diseases 10 (ICD-10) codes for clinical diagnoses obtained from medical 

records.    
Major category   Sub-category   ICD-10 code   

Heart failure   Heart failure   I50  

  Systolic (congestive) heart failure   I50.2  

  Diastolic (congestive) heart failure   I50.3  

Myocardial Infarction     I21  

Depression   Major depressive disorder, single episode  F32  

  Major depressive disorder, recurrent episode  F33  

Hyperlipidemia     E78  

Hypertension   Essential (primary) hypertension   I10  

  Hypertensive heart disease  I11  

  Hypertensive chronic kidney disease  I12  

  Hypertensive heart and chronic kidney disease  I13  

  Secondary hypertension   I15  

  Hypertensive crisis  I16  

Diabetes  Diabetes mellitus due to underlying condition   E08  

  Drug of chemical induced diabetes mellitus  E09  

  Type 1 diabetes mellitus   E10  

  Type 2 diabetes mellitus  E11  

  Other specified diabetes mellitus  E13  
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Supplemental Results Figure 

S1. Association between depression and SNA.  

 
Standardized beta=0.198, 95% confidence interval (0.067-0.329), p=0.003, adjusted for age and 
sex.   

Error bars represent +/- 1 standard error of the mean.   

SNA: Stress-associated neural network activity   

  

  

  

 

  

Table S2. Association between SNA with incident HF (excluding valvular disease and 

cardiomyopathies*).   

  

    HF  
 

HFrEF   HFpEF   

Covariable theme  Covariable list  HR (95% CI)  p-value  HR (95% CI)  p-value  HR (95% CI)  p-value  

Univariable  SNNA  
1.35   

(1.14-1.59)  <0.001  
1.50   

(1.11-2.02)  0.008  
1.54   

(1.20-1.96)  <0.001  

Demographics   Age, sex, race  
1.32   

(1.12-1.56)  
0.001  

1.53  
 (1.11-2.10)  

0.009  
1.50  

 (1.17-1.91)  
0.001  

CV risk factors**  
Hypertension, 

hyperlipidemia, diabetes, 

smoking   

1.45  
 (1.14-1.83)  

0.002  
1.52  

 (1.08-2.15)  
0.018  

1.76  
 (1.21-2.55)  

0.003  

CV risk factors  + 

MI before 

imaging  

Above + MI before 

imaging  
1.38  

 (1.09-1.75)  
0.008  

1.46  
 (1.01-2.12)  

0.042  
1.76  

 (1.22-2.54)  
0.003  

Cancer treatment  
History of chemotherapy 

or radiation   
1.34  

 (1.12-1.60)  
0.001  

1.45  
 (1.06-1.99)  

0.020  
1.52  

 (1.20-1.93)  
<0.001  
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*Thirty participants with heart failure after imaging were excluded for having moderate-tosevere 

or severe left sided valvular disease, infiltrative cardiomyopathies (e.g., amyloid, 

hemochromatosis), inflammatory cardiomyopathies (e.g., sarcoid), hypertrophic cardiomyopathy  

(HCM), or other inherited cardiomyopathies (e.g., arrhythmogenic right ventricular 

cardiomyopathy).   

  

In addition to the SNA variable, all multivariable models included age and sex variables.   

  

**Indicates primary analysis  

  

SNA: Stress-associated neural network activity (Z-score); Race: white vs non-white; HF: Heart 

failure; HFrEF: Heart failure with reduced ejection fraction; HFpEF: Heart failure with preserved 

ejection fraction; CV: cardiovascular; MI: myocardial infarction; HR: Hazard ratio; CI: 

confidence interval. Significant p-values are bolded.   
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Supplemental material  

  

Supplemental Methods  

Image analysis   

A blinded radiologist (SA) performed brain image analysis with respect to all clinical data. The analysis 

involved the use of a workstation (Leonardo-TrueD, Siemens Solutions, Malvern, Pennsylvania, USA) that 

enables the fusion of multi-modal standard images from positron emission tomography (PET) and 

computed tomography (CT). The patient received an intravenous injection of 18F-fluorodeoxyglucose  

(18F-FDG), and the imaging was conducted after approximately one hour while the patient was at rest.  

Attenuation correction was carried out with a low-dose, non-electrocardiogram-gated, non-contrast CT.  

  

Assessment of stress-associated neural activity (SNA)  

Subsequent to the automated fusion of PET and CT images, the amygdala was localized on the CT images 

based on anatomic landmarks. Specifically, the amygdala was found to be located dorso-medially in the 

temporal lobe and comprises the ventral superior and medial walls of the inferior horn of the lateral 

ventricle. To define the anterior aspect of the amygdala, the lateral ventricles were used, and the most 

inferior section of the lateral ventricles was utilized to identify the anterior boundary, where they were 

flattened by the thalamus. The crux of the fornix was used to determine the posterior boundary, which was 

consistently found to be anterior to the basilar artery. The lateral and inferior boundaries were localized 

based on the internal capsule (1). The prefrontal cortex, situated behind the eyes and forehead, was also 

analyzed. The ventro-medial prefrontal cortex (vmPFC) was identified based on the frontal crest bones, 

falx cerebri, and interhemispheric longitudinal fissure as the frontal and medial boundaries, while the frontal 

horn of the lateral ventricle and Sylvian fissure were used as the dorsal boundary. The analysis of the 

18FFDG uptake in the amygdala and vmPFC was performed using a ~15 mm circular region of interest 
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(ROI) bilaterally, and the mean and maximum standardized uptake values (SUV) were recorded for each 

ROI.  

  

The ventro-medial prefrontal cortex (vmPFC) was identified using the frontal crest bones, falx cerebri, and 

interhemispheric longitudinal fissure as the frontal and medial boundaries and the frontal horn of the lateral 

ventricle and Sylvian fissure as the dorsal boundary. 18F-FDG uptake in the amygdala and vmPFC was 

determined using a ~15 mm circular region of interest (ROI) bilaterally, and mean and maximum (max) 

18F-FDG uptake were recorded as mean and max standardized uptake values (SUV) for each ROI.   

  

Physical activity   

A health survey was conducted among participants of a biobank, who were given the opportunity to 

voluntarily complete a questionnaire on physical activity. The questionnaire consisted of questions related 

to their physical activity levels, including the following:  

  

During the past year, what was your average time spent per week at each of the following recreational 

activities?  

• Bicycling (including stationary).  
• Higher intensity exercise (e.g., aerobic exercise, aerobic dance, exercise machine).  
• Jogging (slower than 10 min/mile).  
• Lap swimming.  
• Lower intensity exercise (e.g., yoga, stretching, toning).  
• Running (10 min/mile or faster).  
• Tennis, squash, or racquetball.  
• Walking/hiking (including to/from/for work).  Response categories:  

• None (0 mins per week)  
• 1 to 19 minutes per week  
• 20 to 59 minutes per week  
• 1 hour per week  
• 3 to less than 6 hours per week  
• 6+ hours per week  
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For responses indicating a range (e.g., 2 to < 3 hours), the midpoint of the range was considered as the 

representative value (i.e., 2.5 hours). The energy expenditure for each activity was estimated based on its 

metabolic equivalent of task (MET) value (2). The duration spent on each activity, measured in minutes per 

week, was then multiplied by its corresponding MET value to obtain the value in MET-minutes per week. 

The aggregate of all values across different activities yielded the total MET-minutes per week for each 

participant. Detailed information regarding the MET values utilized for each activity can be found in 

Supplemental Table 1.  

  

Cardiovascular events and other clinical diagnoses   

The cardiovascular events and risk factors such as hypertension, hyperlipidemia, and diabetes mellitus were 

identified using ICD-10 codes. However, smoking information was obtained from the Biobank survey data. 

Clinical diagnoses such as sleep disorders and psychiatric conditions were also determined using ICD 

codes. Further information about the Biobank terms and specific ICD codes can be found in Supplemental 

Table 2.  

  

Covariables   

I.  Alcohol  Data regarding the consumption of alcohol was obtained from the biobank through 

the administration of a lifestyle survey. The inquiry made about the intake of alcohol was as follows:  

  

During the past year, how many alcoholic drinks (glass/bottle/can of beer; 4oz glass of wine; drink or 

shot of liquor) did you usually drink?  

  

1. None, or less than 1 per month  
2. 1-3 per month  
3. 1 per week  
4. 2-4 per week  
5. 5-6 per week  
6. 1-2 per day  
7. 3-4 per day  
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8. 5-6 per day  
9. More than 6 per day  

  

Those who responded with option 1 were classified as “none/low alcohol intake,” those who responded 

with options 2-6 were classified as “moderate alcohol intake” and those who responded with options 7-

9 were classified as “heavy alcohol intake.”   

  

II. Smoking  

Data on smoking was derived from the survey via the following question:   

Have you smoked at least 100 cigarettes in your lifetime?  

  

• Yes, currently smoke  
• Yes, smoked in past, but quit  
• No   

  

Past and current smokers were categorized as “smokers,” while those who have never smoked were 

categorized as “non-smokers.” For participants who left the above question blank, information on their 

smoking was derived from their electronic health records.   

  

III. Obesity : BMI Categorical (>=30 vs <30)    

Statistical analysis   

Mediation Analysis  

The SPSS PROCESS macro v3.4 (IBM Corporation, Armonk, NY, USA) was used to perform a 

mediation analysis, in order to investigate whether the cardiovascular benefits of physical activity 

were mediated by the hypothesized mediator, SNNA. The analysis employed a path framework 

based on either ordinary least squares or logistic regression, and calculated direct and indirect 

effects, as well as confidence intervals using 5,000 bias-corrected bootstrap samples (3). The 
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proposed single mediator path (Model 4) "physical activity → SNNA → HF" was examined, while 

controlling for age and sex as covariates  

Table S1: Derivation of MET-min/wk values for each of the activity categories  

Activity  METs  Compendium (2011)  

Description  Intensity  

 Categories in duration per week (in minutes or hours/week)   

None  1-19 

min   
20-59 

min  
1 

hr.  
1-2   

hrs.  
2-3  

hrs.  
3-6   

hrs.  
6+ 

Hrs.  

 Categories in minutes/week   

0  10   40  60   90  150  270  360   

 Below values in MET-min/wk   

Walking or hiking  

(to/from work)  5.3  
Hiking or walking at a 
normal pace through  
fields and hillsides  Mod  0  53  212  318  477  795  1,431  1,908  

Jogging (<10 min/mile)  7  Jogging, general  Vig  0  70  280  420  630  1,050  1,890  2,520  

Running (10 min/mile or  
faster)  9.8  10 min/mile (up to 4.3 

min/mile (13.3 METs)  Vig  0  98  392  588  882  1,470  2,646  3,528  

Bicycling (including 

stationary)  7.5  Bicycling, general  Vig  0  75  300  450  675  1,125  2,025  2,700  

Tennis, squash, racquetball  7.3, 7.3, 7  
(7.15)  

Tennis, general/squash, 

general/racquetball, 

general  
Vig  0  71.5  286  429  643.5  1,072.5  1,930.5  2,574  

Lap swimming  5.8  

swimming  laps, 

freestyle, front crawl, 

slow, light, or moderate 

effort  
Mod  0  58  232  348  522  870  1,566  2,088  

Higher intensity  7.3  Aerobic, high impact  Vig  0  73  292  438  657  1,095  1,971  2,628  

Lower intensity  
(yoga/stretching/toning)  

2, 2.3  
(2.15)  

Yoga, Nadisodhana 

Stretching, mild  Light  0  21.5  86  129  193.5  322.5  580.5  774  

  

  
Mod: moderate, Vig: vigorous, MET-min/wk: metabolic equivalents of task-minutes/week. METs: metabolic  

equivalents of task.  
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Table S2. International Classification of Diseases 10 (ICD-10) codes for clinical diagnoses 

obtained from medical records.    

  

Major category   Sub-category   ICD-10 code   

Heart failure   Heart failure, unspecified  I50  

  Systolic (congestive) heart failure   I50.2  

  Diastolic (congestive) heart failure   I50.3  

Depression   Major depressive disorder, single episode  F32  

  Major depressive disorder, recurrent episode  F33  

Anexity       

Hyperlipidemia     E78  

Hypertension   Essential (primary) hypertension   I10  

  Hypertensive heart disease  I11  

  Hypertensive chronic kidney disease  I12  

  Hypertensive heart and chronic kidney disease  I13  

  Secondary hypertension   I15  

  Hypertensive crisis  I16  

Diabetes  Diabetes mellitus due to underlying condition   E08  

  Drug of chemical induced diabetes mellitus  E09  

  Type 1 diabetes mellitus   E10  

  Type 2 diabetes mellitus  E11  

  Other specified diabetes mellitus  E13  

Sleep disorder   Insomina   G47  
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Table S3: Relationship between SNA and subsequent Heart Failure event risk (after 

imaging)  

  

Predictor        Theme          Covariable list  

  
Outcome  

 

HF  
 

HFrEF  HFpEF  

HR (95% CI)  pvalue  
HR (95% CI)  pvalue  

HR (95% CI)  pvalue  

SNA  

Univariate  -  
1.292  

(1.112 – 1.500)  
<0.001  

1.381  
(1.044 – 1.828)  

0.024  
1.425  

(1.151 – 1.765)  
0.001  

Demographics   Age, sex, race  
1.270  

(1.094 – 1.474)  
0.002  

1.346  
(1.023 – 1.773)  

0.034  
1.402  

(1.133 – 1.735)  
0.002  

CVD risk 

factors*  

Hypertension, 

hyperlipidemia, 

diabetes, smoking   
1.377  

(1.112 – 1.704)   
0.003  

1.416  
(1.016 – 1.974)   

0.04  
1.661  

(1.167 – 2.365)   
0.005  

  

  
SNA: Stress-related neural network activity, HF: Heart failure, HFpEF: of heart failure with preserved 

ejection fraction, HFrEF: heart failure with restricted ejection fraction, CI: Confidence Interval, HR: 

Hazard ratio  
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Supplemental Figure 1  

  

  

 

         Survival analysis demonstrating the Relationship between physical activity and Heart Failure  
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Supplemental Figure 2  
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