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Abstract: Aims: Low blood pressure (BP) has been shown to be associated with increased mortality
in patients with chronic heart failure. This study was designed to evaluate the relationships between
diagnosed hypertension and the risk of ventricular arrhythmia (VA) and all-cause death in chronic
heart failure (CHF) patients with implantable cardioverter-defibrillators (ICD), including those with
preserved left ventricular ejection fraction (HFpEF) and indication for ICD secondary prevention.
We hypothesized that a stable hypertension status, along with an increasing BP level, is associated
with a reduction in the risk of VA in this population, thereby limiting ICD efficacy. Methods:
We retrospectively enrolled 964 CHF patients, with hypertension diagnosis and hospitalized BP
measurements obtained before ICD implantation. The primary outcome measure was defined as
the composite of SCD, appropriate ICD therapy, and sustained VT. The secondary endpoint was
time to death or heart transplantation (HTx). We performed multivariable Cox proportional hazard
regression and entropy balancing to calculate weights to control for baseline imbalances with or
without hypertension. The Fine–Gray subdistribution hazard model was used to confirm the results.
The effect of random BP measurements on the primary outcome was illustrated in the Cox model
with inverse probability weighting. Results: The 964 patients had a mean (SD) age of 58.9 (13.1) years;
762 (79.0%) were men. During the interrogation follow-up [median 2.81 years (interquartile range:
1.32–5.27 years)], 380 patients (39.4%) reached the primary outcome. A total of 244 (45.2%) VA events
in non-hypertension patients and 136 (32.1%) in hypertension patients were observed. A total of
202 (21.0%) patients died, and 31 (3.2%) patients underwent heart transplantation (incidence 5.89 per
100 person-years; 95% CI: 5.16–6.70 per 100 person-years) during a median survival follow-up of
4.5 (IQR 2.8–6.8) years. A lower cumulative incidence of VA events was observed in hypertension
patients in the initial unadjusted Kaplan–Meier time-to-event analysis [hazard ratio (HR): 0.65,
95% confidence interval (CI): 0.53–0.80]. The protective effect was robust after entropy balancing
(HR: 0.71, 95% CI: 0.56–0.89) and counting death as a competing risk (HR: 0.71, 95% CI: 0.51–1.00).
Hypertension diagnosis did not associate with all-cause mortality in this population. Random systolic
blood pressure was negatively associated with VA outcomes (p = 0.065). Conclusions: In hospitalized
chronic heart failure patients with implantable cardioverter-defibrillators, the hypertension status
and higher systolic blood pressure measurements are independently associated with a lower risk
of combined endpoints of ventricular arrhythmia and sudden cardiac death but not with all-cause
mortality. Randomized controlled trials are needed to confirm the protective effect of hypertension
on ventricular arrhythmia in chronic heart failure patients.
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1. Introduction

Chronic heart failure (CHF) is a common final stage of heart disease and represents
a major cause of death and disability worldwide [1] and additionally, it is a health issue
associated with increasing healthcare expenditures [2]. Hypertension, defined as blood
pressure (BP) above 140/90 mmHg, is the leading risk factor for developing HF [3]. The
clinical outcome is worse and mortality is increased in hypertensive patients with HF [4].
The hazard ratios (HRs) for developing HF in hypertensives compared with normotensives
were twofold higher in men and threefold higher in women [5]. Therefore, BP management
is a crucial step in the development of strategies that may prevent the progression of HF.

However, contrary to the well-established linear association between elevated BP
and cardiovascular events in the general population [6], the association of hypertension
and adverse outcomes in patients with established HF has been a topic of considerable
discussion, as observational studies have found various types of J shaped, U shaped, and
paradoxical negative linear relations [7–11]. These studies primarily linked single random
BP measurements with clinical outcomes, which are affected by numerous cofounders,
including underlying diseases and antihypertensive medication, leading to potential inac-
curacy and uncertainty of these associations. Whether a pathological condition of stable
hypertension exerts a protective role in the prognosis of CHF is still worth discussing.

Although death in patients with CHF is usually because of underlying cardiac disease,
the cause-specific mechanisms could be split between sudden cardiac death (SCD) from
arrhythmic events and non-sudden cardiac death (NSCD) because of pump failure [12]. To
prevent the former cause of death in CHF patients, implantable cardioverter defibrillator
(ICD) therapy is a widely accepted modality that can effectively monitor and terminate
lethal ventricular arrhythmia [13]. Despite a recent meta-analysis reporting that preva-
lent hypertension and higher systolic and diastolic BP increase the risk of SCD among a
diversified population [14], data on the association between hypertension and the risk of
ventricular arrhythmias (VA) or ICD therapies in chronic heart failure patients, especially
those with preserved left ventricular ejection fraction (LVEF), are still limited. It remains
elusive whether and how exactly hypertension could predict VA in the HF population, or
whether its protective effects only appear in low LVEF patients.

Therefore, the present study aimed to comprehensively evaluate the association of
hypertension and blood pressure measurements on ventricular arrhythmic events in a
real-world cohort of CHF patients with different functional statuses. We raise the following
hypothesis that diagnosed hypertension and easily accessible BP measurements could help
identify SCD high-risk populations who are eligible for a primary-prevention ICD.

2. Methods

At the time of regular device clinic follow-up visits, we enrolled sequential stable
ambulatory patients with chronic heart failure implanted with a single/dual-chamber
ICD between 1 January 2010 and 1 May 2020. Patients were included if they had at least
one sign and one symptom of heart failure from a prespecified list of clinically defined
signs and symptoms. For suspected heart failure patients, cardiac risk factors, the plasma
concentration of NT-proBNP, chest X-ray, and echocardiography were comprehensively
evaluated to confirm the diagnosis [15]. The exclusion criteria were (1) removal of the
ICD within six months (n = 3), (2) without any interrogation follow-up beyond six months
(n = 42), and (3) missing data on blood pressure and other significant variables (n = 13).
Finally, 964 patients were included (Figure 1). The study was conducted in accordance with
the Declaration of Helsinki and was approved by the Ethics Committee of Fuwai Hospital.
Written informed consent was obtained from all patients before inclusion.
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Demographic characteristics a physical examination and data on comorbidities, 
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from electronic medical records by trained clinicians at admission. Two-dimensional 
transthoracic echocardiography and laboratory tests were performed within 3 days before 
ICD implantation. BP was measured in a supine position and on both arms using an elec-
tronic sphygmomanometer by a physician on the day before ICD implantation during 
admission. Where there is a difference in BP between arms, the arm with the higher BP 
values was used for measurements. All measurements were to be read to the nearest 2 
mmHg. The higher of the two readings was used for analysis. 

ICD programming was standardized to eliminate variation in VA detection and ther-
apy. After implantation, two-zone detection was programmed in the ICD: fast ventricular 
tachycardia (VT) (170–210 bpm) and ventricular fibrillation (>210 bpm). Supraventricular 
tachycardia discrimination algorithms were programmed for the VT zone. In all ICD pa-
tients, shock and anti-tachycardia pacing (ATP) during charging when possible were pro-
grammed in the ventricular fibrillation zone. The decision on programming ICD therapies 
in the fast VT zone was left to the discretion of the physician, which was primarily bursts 
of ATP followed by high-voltage shock(s) if ATP was unsuccessful. 

2.2. Outcomes Measures 
Clinical evaluation was performed before device implantation. The follow-up period 

started on day 1 after ICD implantation. Device interrogation including a review of the 
stored intracardiac electrograms was performed 3 months post-implantation and every 6–
12 months thereafter. ATP and shocks were considered appropriate if the preceding 
rhythm was ventricular tachycardia or ventricular fibrillation (VT/VF). The primary out-
come measure was defined as the composite of SCD, appropriate ICD therapy, and sus-
tained VT. Sudden cardiac death was defined as unexpected death within 60 min of the 
onset of cardiac symptoms without prior cardiac deterioration, during sleep, or within 

Figure 1. Flow chart depicts patients included in the study and outcomes. Appropriate Tx,
appropriate ICD therapy; BP, blood pressure; HTx, heart transplantation; ICD, implantable
cardioverter-defibrillator.

2.1. Data Collection and Device Programming

Demographic characteristics a physical examination and data on comorbidities, NYHA
functional class, medication history, and laboratory testing results were collected from
electronic medical records by trained clinicians at admission. Two-dimensional transtho-
racic echocardiography and laboratory tests were performed within 3 days before ICD
implantation. BP was measured in a supine position and on both arms using an electronic
sphygmomanometer by a physician on the day before ICD implantation during admission.
Where there is a difference in BP between arms, the arm with the higher BP values was
used for measurements. All measurements were to be read to the nearest 2 mmHg. The
higher of the two readings was used for analysis.

ICD programming was standardized to eliminate variation in VA detection and ther-
apy. After implantation, two-zone detection was programmed in the ICD: fast ventricular
tachycardia (VT) (170–210 bpm) and ventricular fibrillation (>210 bpm). Supraventricular
tachycardia discrimination algorithms were programmed for the VT zone. In all ICD
patients, shock and anti-tachycardia pacing (ATP) during charging when possible were pro-
grammed in the ventricular fibrillation zone. The decision on programming ICD therapies
in the fast VT zone was left to the discretion of the physician, which was primarily bursts
of ATP followed by high-voltage shock(s) if ATP was unsuccessful.

2.2. Outcomes Measures

Clinical evaluation was performed before device implantation. The follow-up period
started on day 1 after ICD implantation. Device interrogation including a review of the
stored intracardiac electrograms was performed 3 months post-implantation and every
6–12 months thereafter. ATP and shocks were considered appropriate if the preceding
rhythm was ventricular tachycardia or ventricular fibrillation (VT/VF). The primary out-
come measure was defined as the composite of SCD, appropriate ICD therapy, and sus-
tained VT. Sudden cardiac death was defined as unexpected death within 60 min of the
onset of cardiac symptoms without prior cardiac deterioration, during sleep, or within
≤24 h of last being seen alive and clinically stable [16]. Board-certified electrophysiologists
performed blinded adjudication of ICD therapy events. Inappropriate therapies were ex-
cluded from the outcomes. The secondary outcome measure was a combination of all-cause
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mortality or cardiac transplantation. The survival status was confirmed with medical death
records or telephone calls until May 2021. The dates for the censoring of survival status
and interrogation information are not necessarily the same.

2.3. Statistical Analysis

Continuous data are expressed as mean ± standard deviation or the median with
the interquartile range (IQR) as appropriate; categorical data are presented as frequencies
with percentages. Hypertension is defined as office SBP values ≥ 140 mmHg and/or DBP
values ≥ 90 mmHg following repeated examination, and is classified as Grade 1 (SBP
140–159 mmHg and/or DBP 90–99 mmHg), Grade 2 (SBP 160–179 mmHg and/or DBP
100–109 mmHg), or Grade 3 (SBP ≥ 180 mmHg and/or DBP ≥ 110 mmHg) [4]. Baseline
characteristics of patients with or without hypertension were compared using the unpaired
t-test for normally distributed continuous variables, Kruskal–Wallis test for non-normally
distributed continuous variables, and χ2 test for categorical variables.

The statistical analysis was performed in the following phases. First, we performed
an analysis of the unadjusted cumulative incidence rates for both outcomes, illustrated by
Kaplan–Meier time curves and a univariate Cox proportional hazard regression. Patients
who were still free from a primary end-point event at the last interrogation visit, or who
were still alive, were censored. The follow-up time was defined as the time between
ICD device implantation (index date) and the outcome events or censoring. Patients
without hypertension were the control group. An initial multivariable Cox regression
model included demographic factors, clinical factors, medications, and laboratory tests.
Cofounders were selected based on the Akaike information criterion (AIC) rule among
univariable significant predictors with a p-value less than 0.1.

Second, to attenuate bias due to imbalances in baseline characteristics and to en-
hance our ability to draw inferences about the association, we used several matching and
reweighting methods to assemble a cohort in which patients with or without hyperten-
sion would be expected to be balanced on all related baseline characteristics. Initially,
propensity-score methods were used to reduce the effects of confounding. We estimated
propensity scores for each of the 964 patients using a multivariable logistic regression
model in which diagnosis of hypertension was used as the dependent variable and the
46 baseline variables were used as covariates. Associations between hypertension and
ventricular arrhythmia were then estimated by multivariable Cox regression models with
the use of three propensity-score methods. In the inverse-probability-weighted analysis,
the predicted probabilities from the propensity-score model were used to calculate the sta-
bilized inverse-probability-weighting weight. We conducted a secondary analysis that used
propensity-score matching and another that included the propensity score as an additional
covariate. In the propensity-score matching analysis, the nearest-neighbor method was
applied to create a matched control sample.

To furtherly confirm our conclusions, we also performed an adjusted analysis using
entropy balancing [17,18]. Entropy balancing is a reweighting method, which aims to
produce an exact covariate balance of patients with and without hypertension. It is consid-
ered a generalization of propensity-score weighting and uses an optimization algorithm
by assigning a scalar weight to each patient in the control group to balance means and
variances between hypertension patients and the reweighted non-hypertension patients.
In entropy balancing, no case is discarded. The estimated weights can be used as survey
sampling weights in the subsequent analyses. Standardized differences were used for the
balancing diagnostics instead of p-values [19]. A standardized difference >0.1 indicates
a meaningful difference [20]. The entropy balancing weighting was used to calculate a
weighted Kaplan–Meier curve for the non-hypertension patients and to perform a weighted
multivariate Cox proportional hazard regression.

Then, formal sensitivity analyses were conducted to quantify the degree of hidden
bias that could potentially explain any significant associations. First, a Fine–Gray sub-
distribution hazard model accounting for the competing risk of all-cause death was used
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to assess the association between hypertension and VA events in the same set of analy-
ses. Next, the relationships of hypertension by different grades and corrected by random
BP measurements before ICD implantation to the primary outcome were illustrated by
a Kaplan–Meier time curve. Then, subgroup analyses were conducted to assess the ho-
mogeneity of the association between hypertension and primary outcome in clinically
relevant subgroups of patients in the whole cohort. Finally, we explored the associations
between pre-implantation random SBP or DBP measurements as continuous variables and
the primary outcome. Potential nonlinearity was tested by using a likelihood ratio test
comparing the model with only a linear term against the model with linear and cubic spline
terms. Restricted cubic spline with best fit knots according to the AIC rule was used to
flexibly model the potential nonlinear effects of SBP and DBP. Multiple imputation was
used to handle missing data. The statistical analyses were performed using SPSS version
26.0 (for Windows, SPSS, Inc., Chicago, IL, USA) and R version 4.0.3 (R Foundation for
Statistical Computing, Vienna, Austria, 2008). Two-sided p-value ≤ 0.05 was considered
statistically significant if not otherwise specified.

3. Results

In total, the analysis included 964 patients with an ICD implantation, of whom 424
were diagnosed with hypertension. The baseline characteristics are displayed in Table 1.
The population was predominantly male (79.0%) with a mean age of 58.9. The admission
SBP and DBP levels were on average 10.4 and 4.3 mmHg higher in hypertension patients.
Also, the hypertension group was more likely to suffer from diabetes mellitus, coronary
arterial disease, stroke, hyperuricemia, hyperlipidemia, and renal dysfunction. They had
higher left atrial diameters and higher left ventricular ejection fractions. More of these
patients were taking RAAS inhibitors, CCB, statin, and antiplatelets, whereas fewer were
taking MRA. The plasma levels of creatinine and erythrocyte sedimentation rates were
higher in hypertension patients.

Table 1. Baseline Characteristics by Hypertension diagnosis in Patients with Chronic Heart Failure.

Characteristic No Hypertension
(n = 540)

Hypertension
(n = 424) p-Value

Age 55.6 ± 13.8 63.1 ± 10.7 <0.001
Male 420 (77.8) 342 (80.7) 0.312

Body mass index (kg/m2) 24.2 ± 3.3 25.6 ± 3.7 <0.001
Heart rate (bpm) 69.0 ± 13.9 68.5 ± 13.9 0.567
Systolic blood pressure 115.1 ± 14.5 125.5 ± 16.0 <0.001
Diastolic blood pressure 71.3 ± 9.3 75.6 ± 10.8 <0.001
NYHA class 0.401

I/II 322 (59.6) 265 (62.6)
III/IV 218 (40.4) 159 (37.5)

Smoking 239 (44.3) 203 (47.9) 0.292
Alcohol use 185 (34.3) 165 (38.9) 0.154
SCD family history 26 (4.8) 21 (5.0) 1.000
ICD Primary prevention 178 (33.0) 143 (33.7) 0.857
Dual-chamber 190 (35.2) 163 (38.4) 0.330
Syncope 251 (46.5) 170 (40.1) 0.055
Ablation history 53 (9.8) 30 (7.1) 0.165

Medical history
Diabetes mellitus 72 (13.3) 121 (28.5) <0.001
Atrial fibrillation 157 (29.1) 130 (30.7) 0.643
Atrioventricular block 68 (12.6) 53 (12.5) 1.000
Coronary arterial disease 196 (36.3) 262 (61.8) <0.001
Stroke 24 (4.4) 38 (9.0) 0.007
Pulmonary hypertension 46 (8.5) 36 (8.5) 1.000
Hyperuricemia 45 (8.3) 55 (13.0) 0.025
Hyperlipidemia 190 (35.2) 289 (68.2) <0.001
Frequent PVCs 233 (43.1) 192 (45.3) 0.514
eGFR < 60 mL/min/1.73 m2 90 (16.7) 139 (32.8) <0.001

Echocardiographic Parameters
Left atrial diameter 43.1 ± 8.4 44.2 ± 7.3 0.029
Left ventricular mass index 151.0 ± 54.4 150.2 ± 50.5 0.811
Right ventricular diameter 23.5 ± 5.9 23.2 ± 4.5 0.383
Left ventricular ejection fraction 40.8 ± 14.1 42.8 ± 13.3 0.026



J. Clin. Med. 2022, 11, 2816 6 of 14

Table 1. Cont.

Characteristic No Hypertension
(n = 540)

Hypertension
(n = 424) p-Value

Echocardiographic Parameters
HFrEF 294 (54.4) 197 (46.5)
HFmrEF 90 (16.7) 91 (21.5)
HFpEF 156 (28.9) 136 (32.1)

Medications
Antiarrhythmic drugs 333 (61.7) 247 (58.3) 0.314
ACEI/ARB 327 (60.6) 316 (74.5) <0.001
ARNI 27 (5.0) 13 (3.1) 0.146
β-blocker 488 (90.4) 387 (91.3) 0.712
Calcium channel blockers 20 (3.7) 76 (17.9) <0.001
Loop diuretics 397(73.5) 299 (70.5) 0.337
Mineralcorticoid receptor antagonist 378 (70.0) 255 (60.1) 0.002
Digoxin 129 (23.9) 107 (25.2) 0.684
Statin 231 (42.8) 272 (64.2) <0.001
Anticoagulants 103 (19.1) 93 (21.9) 0.295
Antiplatelets 152 (28.1) 186 (43.9) <0.001

Laboratory Parameters

NT-proBNP (ng/mL) 882.8
(390.8, 1763.8)

968.9
(392.4, 2167.6) 0.346

Hemoglobin (g/L) 143 (132, 153) 142 (129, 154) 0.478
LDH (U/L) 189 (161, 225) 189 (161, 228) 0.821
ESR (mm/h) 6 (3, 13) 7.5 (3, 14) 0.033
TC (mmol/L) 3.99 (3.36, 4.79) 3.81 (3.20, 4.72) 0.052
LDL (mmol/L) 2.34 (1.79, 3.09) 2.25 (1.75, 2.94) 0.307
HDL (mmol/L) 1.06 (0.88, 1.24) 0.97 (0.83, 1.18) 0.016

ACEI/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; ARNI, Angiotensin recep-
tor neprilysin inhibitor; ESR, erythrocyte sedimentation rate; HDL, high-density lipoprotein cholesterol; ICD,
implantable cardioverter-defibrillator; LDH, lactic dehydrogenase; LDL, low-density lipoprotein; MRA, mineralo-
corticoid receptor antagonist; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart
Association; PVCs, premature ventricular complexes; SCD, sudden cardiac death; TC, total cholesterol. Bold as
p-value less than 0.5.

3.1. Primary Outcome

During the follow-up [median 2.81 years (interquartile range: 1.32–5.27 years)],
380 patients (39.4%) reached the primary outcome, 373 of whom had VT and ICD therapy
and 7 (0.7%) of whom had SCD. A total of 244 (45.2%) VA events in non-hypertension
patients and 136 (32.1%) in hypertension patients were observed. In the unadjusted
Kaplan–Meier time-to-event curves, hypertension patients had a lower cumulative in-
cidence of primary endpoints than non-hypertension patients (Figure 2A and Table 2)
[hazard ratio (HR): 0.65, 95% confidence interval (CI): 0.53–0.80]. A multivariable model,
adjusted for possible confounders in a univariate analysis, also showed a lower hazard
ratio in the hypertension group (HR: 0.77; 95% CI: 0.61–0.96; Table 2).
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Table 2. Associations between Hypertension diagnosis and the primary composite endpoint of VA
and all-cause mortality in the crude analysis, multivariable analysis, propensity-score analysis, and
entropy-balanced analysis.

Analysis Primary Composite Outcome
HR (95% CI) p-Value All-Cause Mortality

HR (95% CI) p-Value

Crude analyses 0.65 (0.53–0.80) <0.001 0.97 (0.75–1.26) 0.817
Multivariable analyses * 0.77 (0.61–0.96) 0.023 0.89 (0.67–1.17) 0.391

Propensity-score analyses
With inverse probability weighting † 0.73 (0.55–0.95) 0.022 0.87 (0.63–1.21) 0.417

With matching ‡ 0.71 (0.52–0.96) 0.026 0.95 (0.67–1.34) 0.759
Adjusted for propensity score § 0.75 (0.58–0.97) 0.028 0.94 (0.69–1.29) 0.694

Entropy-balanced weighting analyses ※ 0.69 (0.49–0.98) 0.036 0.96 (0.61–1.51) 0.874

* Shown is the hazard ratio from the multivariable Cox proportional hazards model, with additional adjustment
for all demographic characteristics, comorbidities, echocardiographic parameters, medications, and laboratory
parameters. Hypertension, together with age, sex, ICD prevention indication, coronary atrial disease, pulmonary
hypertension, right ventricular diameter, and calcium channel blockers remained in the final model. The analysis
included all 964 patients. † Shown is the primary analysis with a hazard ratio from the multivariate Cox
proportional hazards model adjusted with the same covariates as inverse probability weighting according to the
propensity score. The analysis included all the patients. ‡ Shown is the hazard ratio from a multivariable Cox
proportional hazards model with the same covariates matching according to the propensity score. The analysis
included 482 patients (241 with hypertension and 241 without). § Shown is the hazard ratio from a multivariable
Cox proportional hazards model with additional adjustment for the propensity score. The analysis included all
the patients. ※ Shown is the hazard ratio from a multivariable Cox proportional hazards model using weights
from entropy balancing. The analysis included all the patients. Bold as p-value less than 0.5.

In the multivariable analysis with inverse probability weighting according to the
propensity score, there was still a significant association between hypertension diagnosis
and the composite primary endpoint (HR: 0.73; 95% CI: 0.55–0.95; Table 2). Additional
multivariable propensity-score analyses yielded similar results (Table 2). Furthermore, after
the application of entropy balancing, the weighted average of the baseline characteristics of
the hypertension patients was the same as that of the non-hypertension patients. Figure 3A
shows the Kaplan–Meier curve for the primary outcome for the non-hypertension patients
and the weighted Kaplan–Meier curves for the hypertension patients. A robust difference
was found in the cumulative incidence of VA events. The hazard ratio for the primary
composite endpoint, calculated using entropy-balanced multivariate Cox proportional
hazard regression, was 0.71 (95% CI: 0.56–0.89). For both weighting methods, detailed
information on the distribution of the baseline characteristics of hypertension patients
according to the weight assigned to them is included in Supplementary Table S1. The
between-group balance was assessed by estimating standardized mean differences for each
of the 46 baseline characteristics and presented as a Love plot (Supplementary Figure S1).
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3.2. Secondary Outcome and Sensitivity Analysis

During a median survival follow-up of 4.5 (IQR 2.8–6.8) years, 202 (21.0%) patients
died, and 31 (3.2%) patients underwent heart transplantation (incidence 5.89 per 100 person-
years; 95% CI: 5.16–6.70 per 100 person-years). The same set of analyses of the primary
outcome was applied. No significant difference in all-cause mortality could be found in
chronic heart failure patients with or without hypertension (Table 2 and Figures 2B and 3B).

In the sensitivity analyses, the results were virtually identical. A competing risk model taking
premature death into account demonstrated a virtually identical result (Supplementary Table S2).
When refining the hazard ratios across different hypertension grades, for controlled or uncon-
trolled hypertension (random SBP ≥ 140 mmHg or DBP ≥ 90 mmHg) the protective effect
of hypertension was consistent (Supplementary Figure S2). The findings from our sub-
group analyses demonstrate that the association between hypertension and VA events
was homogenous across various clinically relevant subgroups of patients, except for those
with ischemic etiology (Figure 4). The findings from our restricted cubic spline analy-
sis demonstrated that there was no evidence of a nonlinear association between the SBP
and VA events in both the propensity score-adjusted and inverse probability weighted
cohorts (p > 0.10, Figure 5), though a possible negative relationship was detected in
the weighted cohort (p = 0.065). For DBP, a significant nonlinearity was found in the
weighted cohort, with the highest risk of primary endpoint reached at around 70 mmHg
(p for nonlinearity = 0.004, Supplementary Figure S3).
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Figure 4. Forest plots for subgroup analyses of primary outcome by hypertension status. Forest
plots displaying hazard ratios and 95% confidence intervals for primary VA outcome in subgroups
of patients with heart failure by hypertension status. NYHA, New York Heart Association; VT/VF
indicates ventricular tachycardia/fibrillation; RAAS, renin-angiotensin-aldosterone system.
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4. Discussion

In this study, we mainly evaluated the prognostic value of hypertension diagnosis for
a better selection of ICD candidates in CHF patients. The findings from the current study
demonstrate that among hospitalized CHF patients eligible for an ICD, the comorbidities
of hypertension and higher SBP levels were associated with a significantly lower risk of
ventricular arrhythmic events, though without increasing the mortality risk. These findings,
taken together with multiple sensitivity analyses, provide strong evidence of a consistent
association between hypertension and better ventricular arrhythmia outcomes in patients
with CHF.

Apart from all-cause or cardiac mortality, ventricular tachyarrhythmias and SCD are
important outcomes that have been underreported in CHF patients. Although evaluating
the risk of cardiac mortality provides prognostic information, cost-effective decision making
with regard to ICD therapy requires approaches to discriminating patients with a high
risk of SCA from those more likely to succumb to heart failure and pump dysfunction.
LVEF was used as an important index for SCD risk stratification, given that patients with
HFrEF are at an increased risk of VA and SCD irrespective of HFrEF etiology [21], but it still
lacks sensitivity as a prognostic marker. On the other hand, studies exploring noninvasive
risk factors for SCD in patients with HFpEF do not identify consistent factors except for
ischemic heart disease [22]. Consequently, there is no accepted noninvasive test to identify
high-risk patients with HFpEF.

Hypertension and elevated SBP have been described as surrogate risk markers for VA
events in general population studies [14,23]. In contrast to patients with normal cardiac
function, previous studies have shown an inverse correlation between SBP and the risk of
adverse events, mostly death, in CHF patients with LVEF reduced or preserved [10,24,25].
The protective effect of CHF could be extended to ventricular arrhythmia, which was
previously detected by post hoc analysis of MADIT-RIT and MADIT-II trials in which
elevated SBP are at a lower risk of VA and SCD [26,27]. However, much confusion remains.
First, many studies categorized patients into 2–4 groups based on a single random BP
measurement, which may not reflect a certain hypertension status [9–11,26,27]. Second,
we noticed significant differences in the baseline characteristics between randomly SBP-
grouped cohorts since this is the inherent vice of a non-randomized-control design. Third,
previous studies only targeted patients with a lower LVEF. Last but not least, when applying
the conventional Cox proportional risk model, one may wonder if the increase in the
competing risk of pump failure death in patients with hypertension may be the actual
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culprit of an observed reduced incidence of VA events. Given the existing knowledge
gap, our study gave an elaborate verification in agreement with the previous ones. As
an innovative element, we attempted to mimic an RCT by applying entropy balancing to
render the diagnosis of hypertension independent of all the measured covariates including
random BP levels. Other possible determinants significant in the univariate analysis were
also included in multivariable models. A robust conclusion could be drawn when repeating
the weighting analysis accounting for death as a competing risk.

Contrary to conventional perceptions, we raised some hypotheses about the reverse
epidemiology of hypertension and sudden cardiac arrest in CHF patients, similar to the
reverse association of blood pressure and all-cause death widely reported in established
heart failure. On the one hand, hypertension is the most common cause of hypertensive
heart disease, which comprises left ventricular hypertrophy (LVH), left atrial enlargement,
diastolic dysfunction, functional mitral regurgitation, and neurohormonal changes, in
which LVH has a well-established relationship with SCD [28,29]. Large clinical trials and
meta-analyses have proven that hypertension is a major risk factor for SCD as well as car-
diovascular disease [14,30,31] and that effective BP control and regression of LVH during
antihypertensive therapy was associated with a 30% lower risk of SCD, independently of
blood pressure lowering and other known predictors of SCD [32]. However, on the other
hand, these conclusions are all confirmed in the general population, in whom gradually
developing cardiac structural abnormalities, including hypertrophy and fibrosis, seem to
be the direct cause of SCD, instead of hypertension per se. Ischemic etiology is blamed for
a large proportion of SCD. Although the Framingham Study found that elevated blood
pressure is a powerful independent predisposing factor for all clinical manifestations of
coronary heart disease, including sudden death, the proportion of sudden coronary heart
disease deaths is no greater in hypertensive than in normotensive persons once overt
coronary heart disease becomes manifest in symptomatic individuals [33]. More recent
studies have also found that ventricular tachycardia or ventricular fibrillation (VT/VF)
after MI was associated with lower blood pressure [34,35]. In hypertrophic cardiomyopathy,
an abnormal blood pressure response (failure to increase SBP or decreased SBP) during
exercise testing has been postulated to be a risk factor for SCD [36]. All the above evidence
demonstrates the potential risks of low blood pressure in both ischemic cardiomyopathy
(ICM) and non-ischemic cardiomyopathy (NICM). Our study demonstrated that the diag-
nosis of hypertension referred by untreated blood pressure ruled out the antihypertensive
effect and may reflect an earlier cardiac function before the final development of CHF.
In that sense, hypertension is not necessarily arrhythmogenic per se but indicates better
myocardial reserve and coordinated ventricular depolarization, which translates into fewer
VA. When ventricles grow larger and failed, elevated blood pressure may have a lesser
effect on the ventricle in terms of shear stress and overload. In contrast, the relatively
low SBP, despite increased sympathetic activity in CHF patients, plays a significant role
in the electrical dysfunction of the heart. This imbalance could lead to the generation of
ventricular arrhythmia [37].

In addition, a higher proportion of pre-weighted patients with hypertension were
receiving ACEI/ARB and CCB (almost dihydropyridine CCB), which may have contributed
to better-controlled reflex neurohormonal activation, and therefore better outcomes. Al-
though entropy balancing achieved substantial between–group balance in all measured
confounders, imbalances in their severity may remain and persist during follow-up. Fur-
thermore, imbalances in unmeasured confounders may also, in part, explain the observed
better outcomes in the hypertension group.

In the subgroup analysis, it is interesting to find that hypertension reduced the VA
risk more evidently in ICM patients rather than in NICM (p for interaction = 0.004), which
is in accordance with the previous study [27]. More importantly, we found a consistent
protective effect of hypertension throughout different LVEF groups and ICD prevention
indications. This can help to extrapolate the conclusion to HFpEF patients and the ICD
secondary prevention population (Figure 4). To the best of our knowledge, we have
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confirmed for the first time that hypertension could protect against ventricular arrhythmic
events in HFpEF patients. Although the implantation of an ICD appears to be mandatory
among patients with suspected sustained VT/VF history, a diagnosed hypertension status
may predict less ICD therapy or interrogation frequency, thus improving quality of life
once heart failure has been established.

The hazard ratios and 95% confidence intervals for the primary VA outcome by systolic
blood pressure level in 964 patients with chronic heart failure according to restricted
cubic spline regression models using 3 knots were calculated. Solid black lines indicate
hazard ratios and shaded areas indicate 95% CI. Plots on the left panel (A) are adjusted
for propensity scores, and those on the right panel (B) are inverse probability-weighted on
46 baseline characteristics.

In most studies, systolic BP (SBP) but not diastolic (DBP) was shown to directly
correlate with the risk of cardiovascular disease. This phenomenon was also observed in
our multiple sensitivity analysis, in which SBP showed a negative linear association with VA
outcomes (p for linear = 0.065). What surprised us is that DBP could demonstrate a possible
converse U-shape association with VA (p for nonlinear = 0.004). We suspected that potential
overfitting may exist when most single DBP measurements cluster around the median.
Also, we can draw robust conclusions when dividing those diagnosed with hypertension
into daily controlled or uncontrolled (random SBP ≥ 140 mmHg or DBP ≥ 90 mmHg)
groups (Supplementary Figure S2B). All the above evidence shows that the diagnosis of
hypertension serves as a better marker for predicting VA events rather than single BP
measurements, and also that SBP weighs more than DBP.

Overall, our analysis comprises a relatively long timeframe with a large number of
patients in a real-world setting and reflects contemporary therapy. It is distinguished by the
use of inverse probability weighting and entropy balancing to assemble a balanced cohort,
the use of subgroup analyses to demonstrate homogeneity, and the use of multiple sensitiv-
ity analyses by diversified statistical models and grouping adjustments to assess bias. Thus,
our findings may suggest that comorbid hypertension, along with elevated SBP, should
be taken into account for improving risk stratification, as they are at a significantly lower
risk for VA. Perhaps in those patients, the benefits of primary defibrillator implantation are
more limited.

However, several limitations are worth noting. First, to account for SCA events in
subjects with an ICD, we included ICD discharges for ventricular fibrillation or fast ventric-
ular tachycardia (>170 bpm). A more restrictive threshold would decrease the frequency of
arrhythmic events (potential SCA equivalents) and could alter the results of this analysis. In
addition, the lack of longitudinal measurements of blood pressure could underestimate its
prognostic role in predicting outcomes. In other words, longitudinal measurements of blood
pressure and electrophysiological properties are needed to investigate their relationship,
both before the onset and during the worsening of heart failure.

5. Conclusions

In hospitalized chronic heart failure patients with implantable cardioverter-defibrillators,
hypertension status and higher systolic blood pressure measurements are independently
associated with a lower risk of combined endpoints of ventricular arrhythmia and sudden
cardiac death, but not of all-cause mortality. This may be useful for identifying lower-risk
patients, in whom the benefits of primary defibrillator implantation are more limited.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11102816/s1, Table S1: Baseline characteristics of patients at
ICD implantation and balancing tests before and after inverse probability weighting and entropy
balancing. Table S2. Associations between Hypertension diagnosis and the primary endpoint of VA
using competing risk model in the crude analysis, multivariable analysis, propensity-score analysis
and entropy-balanced analysis. Figure S1. Love plot displaying absolute standardized differences
comparing 46 baseline characteristics between chronic heart failure patients with or without comorbid
hypertension before and after inverse probability weighting and entropy balancing. Figure S2.

https://www.mdpi.com/article/10.3390/jcm11102816/s1
https://www.mdpi.com/article/10.3390/jcm11102816/s1


J. Clin. Med. 2022, 11, 2816 12 of 14

Entropy balancing weighted Kaplan–Meier time-to-event curves for the cumulative incidence of
primary outcome events for patients with different grades and controlled status of hypertension.
Figure S3. Restricted Cubic Spline Plots for Primary Outcome by Diastolic Blood Pressure.

Author Contributions: Conceptualization, H.H. and Y.D.; Data curation, H.H., Y.D. and S.C.; Formal
analysis, H.H. and Y.D.; Investigation, H.H. and N.Z.; Methodology, Y.D., S.C. and W.H.; Project
administration, X.C.; Resources, M.G. and W.H.; Software, H.H., Y.D., M.C. and X.L.; Supervision,
H.N. and W.H.; Validation, N.Z., M.C., H.N., X.C., M.G., X.L. and Y.Y.; Visualization, S.C. and Y.Y.;
Writing—original draft, H.H.; Writing—review & editing, Y.D. and W.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by Ethics Committee of Fuwai Cardiovascular Hospital (protocol code:
2012-397, 17 July 2012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not available.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pocock, S.J.; Wang, D.; Pfeffer, M.A.; Yusuf, S.; McMurray, J.J.; Swedberg, K.B.; Ostergren, J.; Michelson, E.L.; Pieper, K.S.; Granger,

C.B. Predictors of mortality and morbidity in patients with chronic heart failure. Eur. Heart J. 2006, 27, 65–75. [CrossRef]
2. Ziaeian, B.; Fonarow, G.C. Epidemiology and aetiology of heart failure. Nat. Reviews. Cardiol. 2016, 13, 368–378. [CrossRef]

[PubMed]
3. Global, regional, and national comparative risk assessment of 84 behavioural, environmental and occupational, and metabolic

risks or clusters of risks for 195 countries and territories, 1990-2017: A systematic analysis for the Global Burden of Disease Study
2017. Lancet 2018, 392, 1923–1994. [CrossRef]

4. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; de Simone, G.; Dominiczak,
A.; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension. Eur. Heart J. 2018, 39, 3021–3104. [CrossRef]

5. Levy, D.; Larson, M.G.; Vasan, R.S.; Kannel, W.B.; Ho, K.K. The progression from hypertension to congestive heart failure. Jama
1996, 275, 1557–1562. [CrossRef] [PubMed]

6. Lewington, S.; Clarke, R.; Qizilbash, N.; Peto, R.; Collins, R. Age-specific relevance of usual blood pressure to vascular mortality:
A meta-analysis of individual data for one million adults in 61 prospective studies. Lancet 2002, 360, 1903–1913. [CrossRef]
[PubMed]

7. Lip, G.Y.; Skjøth, F.; Overvad, K.; Rasmussen, L.H.; Larsen, T.B. Blood pressure and prognosis in patients with incident heart
failure: The Diet, Cancer and Health (DCH) cohort study. Clin. Res. Cardiol. Off. J. Ger. Card. Soc. 2015, 104, 1088–1096. [CrossRef]

8. Tsujimoto, T.; Kajio, H. Low diastolic blood pressure and adverse outcomes in heart failure with preserved ejection fraction. Int. J.
Cardiol. 2018, 263, 69–74. [CrossRef]

9. Raphael, C.E.; Whinnett, Z.I.; Davies, J.E.; Fontana, M.; Ferenczi, E.A.; Manisty, C.H.; Mayet, J.; Francis, D.P. Quantifying the
paradoxical effect of higher systolic blood pressure on mortality in chronic heart failure. Heart 2009, 95, 56–62. [CrossRef]

10. Tsimploulis, A.; Lam, P.H.; Arundel, C.; Singh, S.N.; Morgan, C.J.; Faselis, C.; Deedwania, P.; Butler, J.; Aronow, W.S.; Yancy, C.W.;
et al. Systolic Blood Pressure and Outcomes in Patients with Heart Failure with Preserved Ejection Fraction. JAMA Cardiol. 2018,
3, 288–297. [CrossRef]

11. Schmid, F.A.; Schlager, O.; Keller, P.; Seifert, B.; Huang, R.; Fröhlich, G.M.; Lüscher, T.F.; Ruschitzka, F.; Enseleit, F. Prognostic
value of long-term blood pressure changes in patients with chronic heart failure. Eur. J. Heart Fail. 2017, 19, 837–842. [CrossRef]
[PubMed]

12. Fallavollita, J.A.; Dare, J.D.; Carter, R.L.; Baldwa, S.; Canty, J.M., Jr. Denervated Myocardium Is Preferentially Associated with
Sudden Cardiac Arrest in Ischemic Cardiomyopathy: A Pilot Competing Risks Analysis of Cause-Specific Mortality. Circ.
Cardiovasc. Imaging 2017, 10, e006446. [CrossRef] [PubMed]

13. Al-Khatib, S.M.; Stevenson, W.G.; Ackerman, M.J.; Bryant, W.J.; Callans, D.J.; Curtis, A.B.; Deal, B.J.; Dickfeld, T.; Field, M.E.;
Fonarow, G.C.; et al. 2017 AHA/ACC/HRS Guideline for Management of Patients with Ventricular Arrhythmias and the
Prevention of Sudden Cardiac Death: A Report of the American College of Cardiology/American Heart Association Task Force
on Clinical Practice Guidelines and the Heart Rhythm Society. J. Am. Coll. Cardiol. 2018, 72, e91–e220. [CrossRef] [PubMed]

14. Pan, H.; Hibino, M.; Kobeissi, E.; Aune, D. Blood pressure, hypertension and the risk of sudden cardiac death: A systematic
review and meta-analysis of cohort studies. Eur. J. Epidemiol. 2020, 35, 443–454. [CrossRef]

http://doi.org/10.1093/eurheartj/ehi555
http://doi.org/10.1038/nrcardio.2016.25
http://www.ncbi.nlm.nih.gov/pubmed/26935038
http://doi.org/10.1016/s0140-6736(18)32225-6
http://doi.org/10.1093/eurheartj/ehy339
http://doi.org/10.1001/jama.1996.03530440037034
http://www.ncbi.nlm.nih.gov/pubmed/8622246
http://doi.org/10.1016/s0140-6736(02)11911-8
http://www.ncbi.nlm.nih.gov/pubmed/12493255
http://doi.org/10.1007/s00392-015-0878-4
http://doi.org/10.1016/j.ijcard.2018.04.031
http://doi.org/10.1136/hrt.2007.134973
http://doi.org/10.1001/jamacardio.2017.5365
http://doi.org/10.1002/ejhf.805
http://www.ncbi.nlm.nih.gov/pubmed/28345202
http://doi.org/10.1161/CIRCIMAGING.117.006446
http://www.ncbi.nlm.nih.gov/pubmed/28794139
http://doi.org/10.1016/j.jacc.2017.10.054
http://www.ncbi.nlm.nih.gov/pubmed/29097296
http://doi.org/10.1007/s10654-019-00593-4


J. Clin. Med. 2022, 11, 2816 13 of 14

15. McDonagh, T.A.; Metra, M.; Adamo, M.; Gardner, R.S.; Baumbach, A.; Böhm, M.; Burri, H.; Butler, J.; Čelutkienė, J.; Chioncel, O.;
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