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Pharmacotherapy in Heart Failure (II): 
Beta Adrenergic Blocking Drugs, 
Ivabradine, Hydralazine and Nitrates

Shirin Zarafshar and Michael B Fowler

8.1  Beta Adrenergic Blocking Drugs

Sympathetic nervous system activation is a cardinal feature 
of heart failure. Cannon [1] first described this component of 
the autonomic nervous system as the “fight or flight response” 
which became activated to react to short bursts of activity 
associated with “pain, hunger, fear or rage.” The principal 
responses seen in the cardiovascular system are an increase 
in heart rate and myocardial contractility, an increase in 
peripheral vasoconstriction, and other alterations in vascular 
tone causing redirection of blood flow to vital organs. 
Chidsey [2] was one of the earliest investigators to demon-
strate that heart failure was accompanied by chronic activa-
tion of the sympathetic nervous system. This was at one time 
felt to be a beneficial response, helping to restore cardiac 
output through inotropic and chronotropic actions which 
were held to be beneficial to the failing heart. Beta adrener-
gic blocking drugs were believed to be contraindicated in 
heart failure and labeled as such. An improved understanding 
of the potential detrimental effects of chronic sympathetic 
activation emerged with new insights into the pathophysiol-
ogy of heart failure, and from small clinical studies which 
suggested patients with heart failure could benefit from treat-
ment with beta adrenergic blockade.

Cohn, who was at the forefront of recognizing the adverse 
hemodynamic consequences of the increase in peripheral 
resistance that occurs in heart failure, demonstrated an 
inverse relationship between circulating levels of norepi-
nephrine and survival in patients with chronic congestive 
heart failure [3]. Studies on failing human myocardium 
obtained at the time of cardiac transplantation, led by 
Michael Bristow, revealed profound alterations in the sensi-
tivity to chronic sympathetic activation. He demonstrated 
that failing myocardium had selective down regulation of 

beta-1 adrenergic receptors leading to catecholamine sub- 
sensitivity [4].

Chronic heart failure was being increasingly recognized 
as a condition characterized by an exuberant response of the 
neuronal hormonal system that normally regulates contrac-
tility, the response to injury, and regulation of salt and water 
balance [5]. Although natriuretic peptides and other vasodi-
lator hormones become activated, the dominant influence of 
the complex series of responses to the heart failure state is 
one of vasoconstriction, salt and water retention, and a pro-
gressive myocardial remodeling process that contributes to 
disease progression. This pathophysiology is relatively well 
understood and accepted in patients where the response to 
injury is heart failure with reduced ejection fraction. It is this 
group of patients that have been shown to respond to anti-
adrenergic therapy with beta adrenergic blocking drugs. 
These patients also require therapy directed against the 
renin-angiotensin-aldosterone system and will also respond 
to vasodilator therapy, specifically combination therapy with 
hydralazine and nitrates. Recently patients who have been 
shown to have a persistent relative tachycardia in sinus 
rhythm despite optimal tolerated doses of beta adrenergic 
blocking drugs have been demonstrated to have modest clini-
cal benefit when ivabradine, a drug that slows heart rate in 
sinus rhythm, is given.

8.2  Beta Adrenergic Blocking Drugs: 
Early Studies

In 1975 Waagstein [6] reported for the first time that patients 
with idiopathic dilated cardiomyopathy had improvements 
in parameters of systolic and diastolic function and appeared 
to tolerate and improve clinically when treated with beta-1 
selective beta blocking drugs. The same group from 
Gothenburg, Sweden subsequently reported in small single 
center studies that patients appeared to derive long-term ben-
efit from this therapy. Studies from Stanford showed an 
improvement in left ventricular ejection fraction, restoration 
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of myocardial beta −1 adrenergic receptor density, and an 
apparent recovery of contractile responses to dobutamine 
following therapy with metoprolol tartrate [7]. The first ran-
domized trial to evaluate the effect of beta blockade in 
patients with heart failure was a single center study by 
Engelmeier [8] which appeared to confirm a clinical benefit. 
The MDC study was the first multi-center study of metopro-
lol tartrate in patients with dilated cardiomyopathy [9]. The 
study found that patients randomized to metoprolol were less 
likely to die or be listed for cardiac transplantation. These 
early studies and a greater appreciation of the potential detri-
ment from chronic sympathetic over-activity resulted in a 
series of pivotal studies which clearly established that 
patients with chronic heart failure, irrespective of etiology, 
and a reduced ejection fraction, had an important reduction 
in the risk of death and reduced risk of hospitalization for 
any reason, and specifically for heart failure exacerbation, 
when treated with certain beta blocking drugs.

8.3  Beta Adrenergic Blocking Drugs: 
Randomized Trials

Evidence supporting the routine use of certain beta adrener-
gic blocking drugs in patients with heart failure and a reduced 
ejection fraction is provided by four randomized trials order 
which demonstrated an important statistically significant 
benefit. The original study was a four-component trial 
designed to establish the safety and efficacy of carvedilol in 
heart failure. On the basis of the six-minute walk test, patients 
were separately randomized into trials designed to evaluate 
the drug in mild, moderate, and severe heart failure. Two 
moderate heart failure severity trial designs were completed; 
one, although recruiting a relatively small number of patients, 
remains the only study which specifically explored the dose 
response to beta adrenergic blocking drugs [10]. An indepen-
dent data safety board recommended early discontinuation 
of the US carvedilol trials program when the mortality was 
observed to be 65% lower in the patients randomized to 
carvedilol compared to the placebo group [11]. Patients 
recruited into this trial needed a systolic blood pressure 
greater than 85 mmHg and deemed stable outpatients. They 
had to be on optimal doses of diuretics and receiving treat-
ment, if tolerated with an ACE inhibitor. Patients were 
required have a reduced left ventricle ejection fraction to 
enter the trial (HFrEF). Patients with major impairment of 
renal or hepatic function were excluded. The placebo annual-
ized mortality of approximately 10% is consistent with other 
trials in NYHA functional class II heart failure. MERIT HF 
[12] and CIBIS 2 [13] were multi-center randomized trials 
designed as survival trials. Entry criteria were similar to 
those of the US carvedilol trials program. None of these tri-
als were designed with a run-in period. All these studies 

recruited patients with HFrEF of ischemic or non-ischemic 
etiology. The results from these studies show an important, 
approximately 35% reduction in mortality with carvedilol, 
metoprolol succinate, or bisoprolol. All-cause and heart fail-
ure re-hospitalization was reduced. Patients with ischemic or 
non-ischemic etiology of heart failure appeared to derive a 
similar benefit. Although the CIBS study purported to enroll 
patients with class II and III heart failure, the approximately 
10% per year mortality in the placebo arm was more charac-
teristic of a patient population with class II heart failure. In 
order to address the concern that patients with advanced 
heart failure may not benefit, the COPERNICUS study was 
designed to evaluate the role of carvedilol in patients with 
severe heart failure. Patients had to have an LVEF of less 
than 25% to be eligible for this study. This study achieved its 
primary endpoint and survival in the carvedilol group was 
improved by a remarkable 34% [14]. Again the risk of hospi-
talization was reduced. In this study the initial dose of 
carvedilol was 3.125 mg twice daily, gradually up titrated to 
a target dose of 25 mg twice daily. In this patient population, 
the placebo annualized mortality was 18.5%. Although this 
is by far the most severe heart failure patient population ever 
evaluated in a large, multicenter, randomized trial of beta 
adrenergic blocking therapy, this mortality rate is still con-
siderably lower than that described in refractory heart failure 
patients who are experiencing frequent readmission where 
the six-month mortality may be as high as 50%.

8.4  Beta Adrenergic Blocking Drugs: 
Specific Properties

More than perhaps most classes of drugs, beta adrenergic 
blocking drugs exhibit multiple differences in their pharma-
cology. All the drugs shown in randomized trials to be ben-
eficial are lipophilic. This confers a lidocaine-like membrane 
stabilizing effect, and means that these drugs cross the blood 
brain barrier. They cross the placental barrier and will pres-
ent in breast milk. Beta-one selective agents, such as meto-
prolol and bisoprolol, will not tend to increase peripheral 
resistance. This vasoconstriction is a detrimental effect of 
beta-2 adrenergic receptor blockade, particularly in patients 
with heart failure seen with non-selective agents due to 
blocking of peripheral beta-2 adrenergic receptors, which are 
vasodilatory. Carvedilol, which is a nonselective agent, is 
free from this disadvantage due to the peripheral vasodilata-
tion caused by the blocking alpha-1 adrenergic receptors. 
Other differences between agents including possible differ-
ent actions on beta receptor density, and other ancillary prop-
erties such as an anti-oxidant effect, lend caution to regarding 
all beta adrenergic blocking drugs as being necessarily 
equally effective or having exactly similar impact in patients. 
In a hypertensive patient population with type II diabetes the 
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vasodilatation from carvedilol compared to metoprolol was 
the probable explanation all improvements in insulin sensi-
tivity and differences in hemoglobin A-1 C reported when 
comparing the two agents (GEMINI trial [15]). In the longest 
trial of beta-adrenergic blocking drugs in heart failure, the 
COMET study compared metoprolol with carvedilol [16]. 
The study has been criticized because the short acting salt 
(tartrate) of metoprolol was used although this does not have 
an impact on the beta receptor blocking properties of meto-
prolol, but does influence the pharmacokinetics. One major 
limitation of this comparison study between two agents in 
the same class is that metoprolol tartrate had only been used 
in one randomized multicenter trial in heart failure (MDC 
trial) and that an effective dose of the tartrate salt had never 
been established. This study demonstrated that the majority 
of patients on a comprehensive medical regime, which 
included carvedilol or metoprolol, will die from heart failure. 
Out of a total of 3209 patients, 1112 patients (600 of the 
patients randomized to metoprolol and 512 of the patients 
randomized to carvedilol) died during a mean follow-up of 
5 years [16]. It was possible to achieve a mean heart rate in 
this study in the 70s, which demonstrated that the majority of 
patients treated with the blocking drugs under the circum-
stances of a clinical trial could be titrated to the dose of either 
drug which achieved goal target heart rate without resorting 
to the additional use of ivabradine (vide infra).

8.5  Beta Adrenergic Blocking Drugs: 
Limitations in the Clinical Trials 
Evidence.

The US heart failure guidelines have divided patients with 
symptomatic heart failure into stage C and stage D catego-
ries. The stage D patients are the group with refractory heart 
failure. The recommendation from the AHA/ACC guidelines 
is for these end-stage patients to remain on the drugs that 
have been shown to be beneficial in randomized trials of 
stable patients with class C heart failure. There is no good 
direct evidence supporting this recommendation. Various 
lines of evidence support the contention that even patients 
much sicker than those recruited into the COPERNICUS 
trial are likely benefiting from beta blocking drugs. The 
observation by Fonarow that patients who are admitted to 
hospital with an acute exacerbation of heart failure have bet-
ter outcomes if they were kept on beta adrenergic blocking 
drugs is important, but propensity analysis may not have able 
to separate the clinical features associated with a poor prog-
nosis that contributed to what was likely an appropriate deci-
sion to discontinue therapy with beta blocking drugs during 
the hospitalization [17]. Similarly, the incorporation of the 
absence of therapy with a beta blocking drug to an adverse 
outcome in the Seattle heart failure score does not 

necessarily imply that patients who have become intolerant 
to beta blocking drugs would be better served if they were 
continued on therapy they appeared not to tolerate. Although 
there is no clinical trials evidence supporting the use of sym-
pathetically-mediated inotropic agents, dobutamine or milri-
none are frequently found to be useful in treating patients 
with acute decompensated heart failure, especially those 
with evidence of a low cardiac output state. Some investiga-
tors have claimed benefit from a combined use of beta adren-
ergic blocking drugs with enoximone, a phosphodiesterase 
inhibitor [18], although this benefit has not been shown in 
any multicenter clinical trials. Not all trials of beta adrener-
gic blocking drugs or of studies that modulate and reduce 
sympathetic exposure to the failing heart have been benefi-
cial. Bucindolol was explored in a dose ranging study where 
the greatest improvement left ventricular ejection fraction 
appeared to be greatest at the highest dose. This was the tar-
get dose selected in the BEST study [19]. The study did not 
reach its primary endpoint of survival. Subsequent analysis 
appeared to show that the response was determined by spe-
cific beta adrenergic pathway polymorphisms [20]. It is con-
sistent with the trial data that the dose selected in the BEST 
trial may have been too high and that modulation of excess 
catecholamine exposure is needed to strike the balance 
between harm and benefit. This hypothesis is to some extent 
supported in clinical practice where patients who have previ-
ously tolerated and appeared to benefit from high doses 
adrenergic blocking drugs require and seem to initially ben-
efit when dose reductions are forced by disease progression. 
Many of these patients will initially improve with a dose 
reduction with recovery from severe symptomatic hypoten-
sion and clinical and laboratory evidence of a low output 
state. In many patients a forced reduction in the dose of a 
previously well-tolerated beta adrenergic blocking drug is 
often an indicator of a slide into terminal refractory stage D 
heart failure. This can be used as a relatively reliable indica-
tor of a poor prognosis and used to initiate the process of 
evaluating selected patients for mechanical support and car-
diac transplantation. Further evidence that some level of 
adrenergic activity may be beneficial can be derived from the 
results of the MOXCON trial in which moxonidine, a central 
inhibitor of norepinephrine, reduced circulating norepineph-
rine levels but increased mortality [21].

8.6  Beta Adrenergic Blocking Drugs: 
Special Populations

Beta adrenergic blocking drugs benefit in patients with heart 
failure and a reduced ejection fraction appears to be consis-
tent across various patient groups. Specific trials designed to 
compare the benefit in patients in specific patient popula-
tions have not been performed but subgroup analysis in 
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general has confirmed that the benefit is preserved between 
the sexes, in patients of different ethnicity, and in subgroups 
with diabetes. Not all of these analyses have necessarily 
shown an equal benefit but interpretation of data from sub-
group analysis, even if this subgroup analysis was pre- 
specified, is fraught with the potential to provide misleading 
information. For instance, although the Merit-HF failure 
study did not appear to show benefit in the patients recruited 
in the United States or in women, studies with carvedilol 
have established that women and men drive equal benefit 
[22]. African-American populations have been shown to 
benefit in subgroup analysis of carvedilol studies [23]. Small 
studies have suggested that an Asian population may not tol-
erate the full target dosages are beta adrenergic blocking 
drugs shown to be effective in United States and European 
populations [24]. Interpretation of this data is difficult, and in 
general it would seem appropriate to treat all patient popula-
tion with heart failure at a reduced ejection fraction with one 
of the approved agents and up tirate to maximum tolerated 
dose if the target dose cannot be reached.

Various studies and registry data have suggested that 
patients who remain on low doses of beta adrenergic block-
ing drugs fare less well than patient up titrated to the target 
dosages used in the trials, and that adrenergic blocker bene-
fits are dose-related [25]. Two factors probably contribute to 
this observation. First, patients not up titrated likely are not 
receiving the maximum potential benefit. Second, the 
patients who really do not tolerate up titration are likely to 
have more advanced disease with hypotension and possibly 
symptoms of fatigue with evidence of a low output state pre-
venting successful dose escalation. These patients will have 
a worse prognosis than individuals with less advanced dis-
ease. It remains far from certain that forcing patients to a 
high dose of a adrenergic blocking drug for which there 
appears to be true evidence of intolerance would be benefi-
cial to that patient. It is worth noting that in the randomized 
trials not all patients in the study reached target dose and that 
the positive results seen in these studies included patients 
who were maintained below target dose due to intolerance. It 
is necessary for the treating physician to work closely with 
each individual patient to titrate to the highest possible toler-
ate dose while at the same time accepting that some patients 
may be optimally managed a doses below target.

Elderly patients with heart failure have specifically been 
evaluated. The SENIORS trial compared nevibolol with pla-
cebo in patients who were 70  years old or greater [26]. 
Although the study was relatively small (2128 patients), it 
did demonstrate improvement in the combined endpoint of 
mortality and cardiovascular admission. Uniquely this study 
did recruit patients with clinical heart failure regardless of 
ejection fraction. In a pre-specified subgroup analysis, the 
preserved ejection fraction patient population apparently 

showed equal benefit to the patient group with reduced left 
ventricle ejection fraction. This finding has not been repli-
cated. A relatively small study of carvedilol in patients with 
preserved ejection fraction, the Japanese diastolic heart fail-
ure study (J-DHF) showed no difference between carvedilol 
and a control group for a combined primary outcome of car-
diovascular death or unplanned hospitalization for heart fail-
ure [27]. During a mean follow-up of 3.2 years, 29 patients 
in the carvedilol group and 34 patients in the control group 
met this primary endpoint. Chronotropic incompetence may 
contribute to the pathophysiology of heart failure with a pre-
served ejection fraction. Patients in this group category 
would likely not benefit from the heart rate lowering effects 
of beta adrenergic blocking drugs. Similarly, patients who 
have heart failure and a preserved left ventricular ejection 
fraction with radiation-induced heart disease often have 
striking tachycardia but appear to be harmed when beta 
adrenergic blocking drugs are prescribed (personal observa-
tion). Presumably in this patient population, stroke volume is 
low and fixed and cardiac output is dependent on heart rate. 
Conversely some patients with heart failure and a preserved 
ejection fraction, classically those with mitral stenosis 
dependent on heart rate lowering to adequately fill the ven-
tricle. Perhaps the first use of beta adrenergic blocking drugs 
in heart failure was in patients with rheumatic mitral steno-
sis. It is likely that some patients with heart failure and a 
preserved left ventricle ejection fraction will benefit from 
beta adrenergic blocking drugs but the precise patient popu-
lation and the patient-specific characteristics which support 
their use has yet to be determined.

8.7  Beta Adrenergic Blocking Drugs: 
Practical Considerations

Treatment guidelines, evidence from randomized trials, and 
even practice performance measures strongly advocate the 
routine use of beta adrenergic blocking drugs in all patients 
with heart failure with reduced ejection fraction. It is appro-
priate to initiate therapy as soon as the patient is approach-
ing optimal volume status. In patients with hypertension and 
who are clearly well perfused, beta adrenergic blocking 
drugs should be initiated at the recommended initial starting 
dose. In patients who remain hypertensive after initiation of 
therapy, a higher starting dose could be considered and up 
titration should be rapid. Conversely, those patients with 
low blood pressure and tenuous clinical status may require 
lower-than-recommended initial doses and slower up titra-
tion of therapy. Although very few hospitalized patients 
were entered into randomized trials and the majority of tri-
als specifically recruited patients who are felt to be stable, 
patients do seem to tolerate the initiation of therapy in 
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hospital with little adverse impact on the duration of hospi-
tal stay [28].

Most patients with chronic congestive heart failure will 
tolerate up titration to the target dose of the specific heart 
failure trials. Patients will need to be seen frequently during 
this up titration phase to adjust concomitant medications and 
especially to prevent over-diuresis so that a relative degree of 
hypovolemia with hypotension is not wrongly attributed to 
beta adrenergic therapy up titration. Strategies to improve 
the proportion of patients who can be up titrated to target 
dosages include changing the timing of other drugs that 
might lower blood pressure. Once daily angiotensin- 
converting enzyme inhibitors or angiotensin receptor block-
ers could be given in the evening before bed while carvedilol 
could be given twice daily with food or metoprolol succinate 
in the morning. Once patients become tolerant to the titrated 
dose, some of these complex timing strategies can often be 
abandoned in favor of a more convenient and more easily 
adherent medication schedule.

Patients with left bundle branch block and a QRS duration 
of great than 150 milliseconds with hypotension and evi-
dence of a low output state may not initially tolerate anti-
adrenergic therapy. In this particular patient population, a 
relatively early implantation of a biventricular pacing device 
to provide cardiac resynchronization therapy (CRT) will 
sometimes improve the clinical stability and hemodynamics 
of a patient to the extent where beta adrenergic blocking 
drugs can be initiated and successfully up titrated.

In general, the group of patients who have responded 
well to beta adrenergic blocking drug, should remain on 
therapy indefinitely. Patients who discontinue beta adrener-
gic blocking drugs and the other neurohormonal antago-
nists that have been associated with recovery of left 
ventricular ejection fraction are at risk of re-development 
of LV dysfunction and recurrent overt heart failure symp-
toms. Exceptions might be a patient who recovered from a 
proven episode of acute myocarditis or heart failure associ-
ated with preeclampsia where there are credible reasons for 
a patient to want to discontinue therapy that is usually well-
tolerated and which has been associated with recovery from 
a serious condition.

In general patients need to be encouraged to take beta 
adrenergic blocking drugs for the rest of their life when they 
have been prescribed for heart failure. The majority of 
patients with heart failure will die from heart failure despite 
the successful new therapies introduced over the last 
30 years. The benefits of beta adrenergic blocking drugs spe-
cifically have to be explained to patients and some need to be 
coached to tolerate the relatively minor symptoms of pos-
tural hypotension that so often accompanies their use, par-
ticularly in patients who do not have background 
hypertension.

8.8  Ivabradine

Ivabradine has been developed to treat those patients who 
are unable to achieve a heart rate less than 70 beats per min-
ute at rest. This new class of medication inhibits the “funny” 
channel (If) in the sinoatrial node, thereby reducing heart 
rate by a mechanism other than beta 1 inhibition. However, 
conduction outside the sinoatrial node is not affected, and 
there is no effect on contractility or repolarization. The 
SHIFT trial demonstrated improvement for all-cause hospi-
talization or heart failure hospitalization [29]. However, 
there was no significant difference in all-cause or cardiovas-
cular mortality between those patients treated with standard 
medical therapy vs standard medical therapy and ivabradine. 
Furthermore, the reported benefit of ivabradine was consid-
erably stronger in non-ischemic heart failure patients as 
compared to ischemic heart failure patients (hazard ratio 
0.72 for non ischemics vs hazard ratio 0.87 for ischemics). 
This raises concern that ivabradine may not be as effective 
for those patients with ischemic cardiomyopathy [30]. Of 
note, the SHIFT trial excluded patients who had suffered 
myocardial infarction in the 60  days prior to enrollment. 
Nevertheless, the current ACC/AHA recommendations give 
ivabradine a Class IIa indication for heart failure patients of 
any etiology on maximally tolerated beta adrenergic block-
ing drugs with resting heart rate in sinus rhythm greater than 
70 beats per minute [31].

8.9  Hydralazine and Nitrates

Early hemodynamic studies of heart failure patients demon-
strated increased peripheral vascular resistance [32]. Patients 
with acute myocardial infarction were one of the first groups 
studied for acute afterload reduction [33]. A small study of 
15 patients demonstrated that nitroprusside infusion helped 
reduce chest pain, dyspnea, and clinical signs of left ven-
tricular failure in those patients with reduced cardiac index. 
Efforts to identify oral agents that could help patients with 
chronically reduced cardiac index included studies of min-
oxidil, prazosin, and phentolamine [34–36]. These oral 
agents were not as effective as nitroprusside infusions, how-
ever, and eventually combination therapy with hydralazine (a 
direct arterial vasodilator) and isosorbide dinitrate (ISDN, a 
relatively long- acting nitrate) were explored after initial 
exploratory studies of each medication as solitary treatment 
seemed promising [37, 38]. Two larger studies, V-HeFT I 
and V-HeFT II were designed to study possible mortality 
benefits of hydralazine/nitrate therapy. V-HeFT I random-
ized 642 men with systolic dysfunction to hydralazine 
(37.5 mg)/ISDN (20 mg), prazosin, or placebo while receiv-
ing digoxin and diuretics as standard medical therapy. This 
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study showed decreased mortality at 2  years among those 
patients treated with hydralazine/ISDN whereas those 
patients treated with prazosin did not show mortality benefit 
or improvement in left ventricular ejection fraction [39]. Six 
years later, the V-HeFT II trial reported that 804 men ran-
domized to enalapril (20  mg) vs. hydralazine (37.5  mg)/
ISDN (40  mg) showed significant mortality reduction as 
compared to placebo. However, those patients treated with 
enalapril had lower mortality rates as compared to hydrala-
zine/ISDN. On the other hand, peak VO2 and ejection frac-
tion changes were more favorable among those patients 
treated with hydralazine/ISDN rather than enalapril. The 
authors concluded that the differential benefits of each regi-
men might make treatment with all three agents the most 
efficacious [40].

Retrospective analyses of the V-HeFTI and V-HeFT II 
studies suggested that African-American patients derived 
more benefit from hydralazine/ISDN than white patients. 
The A-HeFT trial was designed to examine if African- 
American patients with class III-class IV heart failure would 
benefit more from hydralazine (37.5  mg)/ISDN (20  mg) 
therapy rather than placebo, in addition to standard medical 
therapy (ACE inhibitors, aldosterone antagonists, diuretics, 
and digoxin, [41]). The study of 1050 patients was ended 
early after the mortality rate in the placebo group was found 
to be significantly higher than the hydralazine/ISDN group 
(10% vs 6%, p  =  0.02). This lead to the first race-based 
guideline recommendation for heart failure therapy, and the 
first race-based Federal Drug Administration drug approval. 
However, the A-HeFT trial was not designed to test whether 
hydralazine/ISDN was more efficacious than ACE inhibitors 
or angiotensin receptor blockers. On the other hand, for those 
patients who are unable to take ACE inhibitors or angioten-
sion receptor blockers, hydralazine/nitrates remain an impor-
tant heart failure therapy for patients of all ethnicities.
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Antihypertensive Treatment and Heart Failure: 
Prevention of Recurrences or Prevention of 
New-onset Heart Failure?

Moser and Hebert were the first to call attention to the finding 
that blood pressure (BP)-lowering treatment did not only reduce 
risk of fatal and nonfatal stroke and fatal and nonfatal coronary 
heart disease (CHD) events but also risk of heart failure [1]. They 
reviewed data from 12 placebo (or no treatment)-controlled 
randomized trials (RCTs) including 13,837 hypertensive patients 
and calculated heart failure risk was reduced by 51% (risk ratio 
[RR] and 95% confidence interval [CI] 0.48 [0.38–0.59]). They 
also remarked that most of the positive RCTs they had considered 
had used a diuretic as BP-lowering drug [1].

In a very large meta-analysis updated to end 2013 and in-
cluding 68 RCTs on as many as 245,885 participants, we extend-
ed Moser and Herbert’s early analysis and we demonstrated that 
heart failure risk was significantly reduced by a standardized 
systolic BP/diastolic BP reduction of 10/5 mmHg and that heart 
failure reduction was even numerically greater than that of stroke  
(−43% vs. −38%) and much greater than the albeit significant re-
ductions of CHD events and cardiovascular and all-cause mortal-
ity [2]. A more stringent comparison was subsequently done by 
our group by restricting meta-analyses to only those 35 BP-low-
ering RCTs (146,810 individuals) measuring all major cause-spe-
cific events (stroke, CHD, heart failure, cardiovascular mortali-
ty) [3], and we reported that heart failure and stroke were by 

far the outcomes most extensively reduced by BP lowering (RR 
stroke 0.58 [0.49–0.68]; heart failure 0.63 [0.52–0.75]), without a 
significant difference between the two reductions. We also calcu-
lated a meta-regression to compare the relationships between the  
relative risk reductions of the various outcomes with the extent of 
BP reduction [3] and found the steepest slopes for the relation-
ships with heart failure and stroke with no significant differenc-
es between these slopes (p = 0.69, 0.78, and 0.67 for systolic BP, 
diastolic BP, and pulse pressure reductions, respectively). On the 
other hand, the slopes of heart failure reduction were significant-
ly greater than those of all-cause mortality reduction (p = 0.022, 
0.024 for systolic BP and pulse pressure reductions), although 
decreased mortality (both cardiovascular and all-cause) was also 
a significant effect. In no one of our meta-regression analyses 
was coronary heart disease reduction significantly related to the  
extent of blood pressure reduction (Fig. 1).

A further important question is whether BP-lowering treatment 
really prevents “new-onset” heart failure or mostly reduces 
recurring or worsening of preexisting heart failure. A correct 
analysis implied meta-analysis of only those BP-lowering RCTs 
explicitly excluding patients with history or current evidence 
of heart failure. Of the 35 BP-lowering RCTs measuring heart 
failure as an outcome, our search identified 18 in which baseline 
history of HF was explicitly listed as an exclusion criterion  
[4–31] and, therefore, suitable to be meta-analyzed to estimate the 
BP-lowering preventive effect on “new-onset” heart failure. Our 
search also identified other ten RCTs in which only patients with 
mild heart failure could have been included; added to the 18 RCTs 
with no baseline HF, they were used for a secondary meta-analysis 
(Table 1).

Even with the more stringent criteria of including RCTs with 
no baseline heart failure (Fig. 2), there was a large and highly 
significant reduction of “new-onset” heart failure, the extent of 
which (relative risk reduction −42%, absolute reduction −21 heart 
failure cases per 1000 patients treated 5 years) is very similar 
to that in the entire set of RCTs measuring heart failure as an 
outcome (relative risk reduction −37%, absolute risk reduction 
−19 heart failure cases). Also the secondary meta-analysis using 
looser criteria in selection of RCTs did not substantially change 
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the quantitative assessment of the effectiveness of BP-lowering 
treatment in the prevention of development of new HF (Fig. 2).

Are the Various Classes of Antihypertensive 
Drugs Equally Effective in Preventing “New-
onset” Heart Failure? 

Other clinically relevant questions are: are all classes of BP-
lowering drugs capable of significantly reducing “new-onset” 
heart failure, and, when directly (head-to-head) compared, are 
classes equally effective? A correct answer to these questions again 
required analyses limited to RCTs excluding baseline heart failure.

The first part of this question (i.e., the ability of each drug 
class to reduce new-onset heart failure) was approached by meta-
analyzing placebo-controlled BP-lowering trials stratified by the 
class of the active drug compared with placebo. Among the BP-
lowering RCTs that had rigorously excluded patients with baseline 
heart failure, four had BP lowering induced or initiated by a 
diuretic, two by a beta-blocker, four by a calcium antagonist, five 
by an ACE inhibitor, and two by an angiotensin receptor blocker 
(Table 1, column “Drug class”). In meta-analyses restricted to 
RCTs with no baseline heart failure (Fig. 3A), BP lowering by 
diuretics, beta-blockers, calcium antagonists, and ACE inhibitors 
significantly reduced the risk of new heart failure. Inability to find 
a significant heart failure reduction with angiotensin receptor 
blockers is likely to depend on insufficient statistical power 
(only two RCTs) associated with a small systolic BP/diastolic BP 
difference.

The second part of the question (i.e., the relative effectiveness of 
the various drug classes) was explored by using a second set of me-
ta-analyses, focused on direct head-to-head comparisons of differ-
ent active BP-lowering drugs, the only correct way of evaluating 
the relative effectiveness of two interventions. To investigate the 
more general question of the comparative effectiveness of various 

Fig. 1: Relationships of outcome reductions to the 
extent of BP reductions, in the 35 blood pressure-
lowering trials in which all the listed outcomes 
were measured. Meta-regressions of risk ratios 
(RR) on absolute systolic blood pressure (SBP) 
differences (D) (active treatment minus  placebo 
or less active treatment). Stroke is the green 
continuous line, coronary heart disease (CHD) the 
blue square line, heart failure (HF) the red short 
dashed line, cardiovascular (CV) death the orange 
long dashed line, and all-cause death the black 
dashed and dotted line. P-values indicate statistical 
significance of the slope of each outcome (colors 
as above to identify outcomes) on BP difference. 
Note the ordinates are on an ln scale. Modified 
from Thomopoulos et al. [3], by courtesy of Journal 
of Hypertension.
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mortality) [3], and we reported that heart failure and stroke were by far the outcomes 
most extensively reduced by BP lowering (RR stroke 0.58 [0.49–0.68]; heart failure 
0.63 [0.52–0.75]), without a significant difference between the two reductions. We 
also calculated a meta-regression to compare the relationships between the relative 
risk reductions of the various outcomes with the extent of BP reduction [3] and found 
the steepest slopes for the relationships with heart failure and stroke with no signifi-
cant differences between these slopes (p = 0.69, 0.78, and 0.67 for systolic BP, dia-
stolic BP, and pulse pressure reductions, respectively). On the other hand, the slopes 
of heart failure reduction were significantly greater than those of all-cause mortality 
reduction (p = 0.022, 0.024 for systolic BP and pulse pressure reductions), although 
decreased mortality (both cardiovascular and all-cause) was also a significant effect. 
In no one of our meta-regression analyses was coronary heart disease reduction sig-
nificantly related to the extent of blood pressure reduction (Fig. 18.1).

A further important question is whether BP-lowering treatment really prevents 
“new-onset” heart failure or mostly reduces recurring or worsening of preexisting 
heart failure. A correct analysis implied meta-analysis of only those BP-lowering 
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Fig. 18.1 Relationships of outcome reductions to the extent of BP reductions, in the 35 blood 
pressure-lowering trials in which all the listed outcomes were measured. Meta-regressions of risk 
ratios (RR) on absolute systolic blood pressure (SBP) differences (D) (active treatment minus 
placebo or less active treatment). Stroke is the green continuous line, coronary heart disease (CHD) 
the blue square line, heart failure (HF) the red short dashed line, cardiovascular (CV) death the 
orange long dashed line, and all-cause death the black dashed and dotted line. P-values indicate 
statistical significance of the slope of each outcome (colors as above to identify outcomes) on BP 
difference. Note the ordinates are on a ln scale. Modified from Thomopoulos et al. [3], by courtesy 
of Journal of Hypertension
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Table 1: Blood pressure-lowering trials evaluating new-
onset heart failure.

Baseline HF excluded Mild baseline HF 
allowed

Drug class

ACTION [4] ADVANCE [22] Diuretics

AUSTRALIAN-Mild [5] FEVER [23]  AUSTRALIAN-Mild [11]

CAMELOT [6] SHEP pilot [24]  EWPHE [13]

EWPHE [7] SHEP [25]  HYVET [17]

HEP [8] STOP [26]  OSLO [18]

HSCSG [9] Cardio-Sys [27] Beta-blockers

HYVET [10] IDNT [28]  HEP [15]

OSLO [11] NAVIGATOR [29]  UKPDS 38 [32]

Syst-China [12] ORIENT [30] Calcium antagonists

Syst-Eur [13] PEACE [31]  ACTION [9]

USPHS [14]  CAMELOT [12]

JATOS [15]  Syst-China [22]

UKPDS 38 [16]  Syst-Eur [23]

DIABHYCAR [17] ACE inhibitors

DREAM [18]  CAMELOT [12]

HOPE [19]  UKPDS 38 [32]

RENAAL [20]  DIABHYCAR [34]

TRANSCEND [21]  DREAM [35]

 HOPE [36]

ARBs

 RENAAL [43]

 TRANSCEND [44]

Trials indicated by their acronyms or first author. Full titles can be found in the 
references. Other abbreviations: ACE angiotensin-converting enzyme,  
ARBs angiotensin receptor blockers, HF heart failure
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Fig. 2: Relative and absolute risk reduction of heart failure in blood pressure lowering in trials with no baseline heart failure (A) and with no or mild baseline 
heart failure (B). Each column from left to right indicates numbers (n) of trials considered, the number of heart failure (HF) events observed and the number 
of patients followed up, the difference in systolic and diastolic blood pressure (SBP/DBP) achieved between actively treated patients (treated) and controls, 
the risk ratio (RR) and its 95% confidence interval (CI) standardized by a 10/5 mmHg difference, the standardized risk ratio as forest plot, and the absolute risk 
reduction as number and 95% CI of events prevented every 1000 patients treated for 5 years. Modified from Thomopoulos et al. [3], by courtesy of Journal 
of Hypertension.

Fig. 3: Effects of blood pressure lowering by each of five major classes of drugs compared with placebo (A) and with different classes of drugs (head-to-head 
comparisons) (B) on new-onset heart failure (trials with no baseline heart failure). Columns from left to right are numbers (n) of comparisons, the difference 
in systolic and diastolic blood pressure (SBP/DBP) achieved between treatment groups (negative numbers indicate lower BP with the first drug and positive 
numbers lower BP with the control), the number of heart failure (HF) events observed and the number of patients followed up, the risk ratio (RR) with 95% 
confidence intervals (CI) calculated with the observed SBP/DBP difference, and the risk ratio represented as forest plot. ACEI angiotensin-converting enzyme 
inhibitors; ARB angiotensin receptor blockers, BB beta-blockers, CA calcium antagonists, D diuretics, PL placebo, RASB renin-angiotensin system blockers, 
vs. versus. The asterisks indicate RR calculated with the fixed effect model and the crosses RR values adjusted for the SBP/DBP difference. Modified from 
Thomopoulos et al. [3], by courtesy of Journal of Hypertension.
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A. Trials with no baseline HF
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Trials
(n)

18

28

Difference
SBP/DBP
(mmHg)

-6.7/-3.4

-6.2/-3.0

Treated

997/30519

1688/55324

Controls

1276/29331

2027/53279

Absolute Risk Reduction
1000 pts/5 years

(95% CI)

HF Events
(n/patients) Standardized RR

(95% CI)

0.58 (0.44-0.75)

0.58 (0.47-0.72)

Standardized RR
(95% CI) 

Active better Control better

0.4 0.7 1.0 1.25 -30 -20 -10 0

-17

-21

Fig. 18.2 Relative and absolute risk reduction of heart failure in blood pressure lowering in trials with no baseline heart failure (A) and with no or mild baseline 
heart failure (B). Each column from left to right indicates numbers (n) of trials considered, the number of heart failure (HF) events observed and the number of 
patients followed up, the difference in systolic and diastolic blood pressure (SBP/DBP) achieved between actively treated patients (treated) and controls, the 
risk ratio (RR) and its 95% confidence interval (CI) standardized by a 10/5 mmHg difference, the standardized risk ratio as forest plot, and the absolute risk 
reduction as number and 95% CI of events prevented every 1000 patients treated for 5 years. Modified from Thomopoulos et al. [3], by courtesy of Journal of 
Hypertension
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Fig. 18.3 Effects of blood pressure lowering by each of five major classes of drugs compared with placebo (A) and with different classes of drugs (head-to-
head comparisons) (B) on new-onset heart failure (trials with no baseline heart failure). Columns from left to right are numbers (n) of comparisons, the differ-
ence in systolic and diastolic blood pressure (SBP/DBP) achieved between treatment groups (negative numbers indicate lower BP with the first drug and 
positive numbers lower BP with the control), the number of heart failure (HF) events observed and the number of patients followed up, the risk ratio (RR) with 
95% confidence intervals (CI) calculated with the observed SBP/DBP difference, and the risk ratio represented as forest plot. ACEI angiotensin-converting 
enzyme inhibitors; ARB angiotensin receptor blockers, BB beta-blockers, CA calcium antagonists, D diuretics, PL placebo, RASB renin-angiotensin system 
blockers, vs. versus. The asterisks indicate RR calculated with the fixed effect model and the crosses RR values adjusted for the SBP/DBP difference. Modified 
from Thomopoulos et al. [3], by courtesy of Journal of Hypertension

C
. Thom

opoulos and A
. Zanchetti



11

Blood Pressure-lowering Treatment and the Prevention of Heart Failure…

drug classes on cardiovascular outcomes, we had previously iden-
tified 50 RCTs with 58 two-drug comparisons, but of these trials, 
only 34 with 40 comparisons measured heart failure in addition to 
other outcomes. Among these head-to-head comparison trials, 18 
RCTs had excluded baseline heart failure from recruitment, and 
seven had only allowed mild heart failure [6, 28, 33–55]. These  
trials allowed studying the relative effectiveness of the various drug 
classes in the prevention of “new-onset” heart failure (Table 2). 
Figure 3B shows that, even when only RCTs explicitly excluding 
baseline heart failure were considered, calcium antagonists were 
found to be significantly inferior to all other drugs in preventing 
“new-onset” heart failure. No significant differences were found in 
all other comparisons, except for some superiority of diuretics vs. 
all other drugs together. Separate secondary meta-analyses includ-
ing also RCTs allowing inclusion of mild heart failure gave results 
overlapping with those of the primary analyses shown in Fig. 3B.

Does the Apparent Inferiority of Calcium 
Antagonists in Preventing New Onset of Heart 
Failure Depend on their Pharmacological 
Properties or on the Design of the Trials?

An additional important question is whether the reported 
statistically significant inferiority of calcium antagonists in HF 
risk prevention [8] really depends on pharmacological properties 
of this drug class or rather results from the design of many trials 

forbidding the concomitant use of drugs known to be active in HF 
treatment in the calcium antagonist group but not in the other one. 
Of the 13 comparisons of calcium antagonists with other classes 
of BP-lowering drugs in 12 RCTs excluding preexisting heart 
failure at baseline, four were in RCTs whose design allowed the 
concomitant use of diuretics, beta-blockers, or renin-angiotensin 
system blockers in the calcium antagonist group:
• In ACCOMPLISH [33], patients were randomized either 

to the association of benazepril-amlodipine or benazepril-
hydrochlorothiazide; therefore, both treatment groups equally 
received the ACE inhibitor benazepril.

• In the ASCOT-BPA trial [43], patients randomized to the 
calcium antagonist amlodipine could receive as second drug 
the ACE inhibitor perindopril (mean 58.5% throughout the 
time), and in the control group, patients initially randomized 
to the beta-blocker atenolol could receive as second drug a 
thiazide diuretic (mean 65.7% throughout the trial).

• In CAMELOT [6], background therapy with a diuretic was 
given to 32% of patients randomized to amlodipine and to 27% 
of those randomized to enalapril, and a beta-blocker was given 
to 74% and 75% of the patients randomized, respectively, to 
the calcium antagonist and the ACE inhibitor.

• In CASE-J [45], patients randomized to amlodipine and 
those to the angiotensin receptor blocker candesartan could 
additionally receive a diuretic (14% in the amlodipine group 
and 25% in the candesartan group) and a beta-blocker  
(17% and 22%, respectively).

Table 2: Trials comparing head-to-head different classes of BP-lowering drugsa.

Diuretics vs. all BBs vs. all CAs vs. all ACEIs vs. all ARBs vs. all

ACCOMPLISH [33] ASCOT-BPA [42] CAMELOT [6] CAMELOT [6] CASE-J [45]

ALLHAT [34] COPE [36] ACCOMPLISH [33] ALLHAT [34] COPE [36]

ANBP-2 [35] LIFE [43] ALLHAT [34] ANBP-2 [35] E-COST-R [55]

COPE [36] UKPDS 39 [44] ASCOT-BPA [42] JMIC-B [47] LIFE [43]

INSIGHT [37] (HAPPHY) [41] CASE-J [45] ONTARGET [53] ONTARGET [53]

MIDAS [38] CONVINCE [46] UKPDS 39 [44] (IDNT) [28]

NICS-EH [39] INSIGHT [37] (ABCD-H) [49] (MOSES) [50]

VHAS [40] JMIC-B [47] (CAPPP) [54] (NAGOYA) [51]

(HAPPHY) [41] MIDAS [38] (VALUE) [52]

NICS-EH [39]

NORDIL [48]

VHAS [40]

(ABCD-H) [49]

(IDNT) [28]

(MOSES) [50]

(NAGOYA) [51]

(VALUE) [52]

ACEIs angiotensin-converting enzyme inhibitor, ARBs angiotensin receptor blockers, BBs beta-blockers, CAs calcium antagonists, HF heart failure
aTrials excluding baseline HF and, between parentheses, trials allowing mild baseline HF
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On the other hand, in eight RCTs (nine comparisons), the 
trial design prevented the use of all or part of drugs active in the 
treatment of heart failure:
• In ALLHAT [34], patients receiving a calcium antagonist could 

not receive diuretics and renin-angiotensin system blockers (but 
only beta-blockers, reserpine, or clonidine) as second drugs.

• In INSIGHT [37], all patients in the control group received 
a diuretic, which could not be administered in the calcium 
antagonist group, whereas only a minority of patients in both 
the groups concomitantly received either a betablocker or an 
ACE inhibitor.

• In JMIC-B [47], control patients received an ACE inhibitor, 
which could not be prescribed in the calcium antagonist group, 
with less than 25% of patients in either group concomitantly 
receiving a beta-blocker.

• In MIDAS [38], administration of a diuretic was reserved to 
the control group and prohibited to the calcium antagonist 
group, with 25–28% of patients in either group concomitantly 
receiving the ACE inhibitor enalapril.

• In NICS-EH [39], a thiazide diuretic was given to all patients 
in the control group and prohibited in the patients randomized 
to the calcium antagonist nicardipine.

• In CONVINCE [46], diuretics were used in only 26% of the 
verapamil patients and in 44% of control patients, and beta-
blockers could not be prescribed to verapamil patients, but 
they were prescribed to 43% of patients in the control group.

• In NORDIL [48], diuretics were used in 17% of the diltiazem 
patients and in 43% of the control patients and beta-blockers 
in 13% and 66% of the diltiazem and control patients, 
respectively. 

• In VHAS [40], diuretics were used only in the control arm and 
were forbidden in the verapamil arm, with only one patient out 
of the four receiving an ACE inhibitor in both arms. 
Separate meta-analyses of the two sets of RCTs are summarized 

in Fig. 4. In those RCTs in which some of the drug classes effective 
in heart failure treatment could be administered in both the 
calcium antagonist and the control group, no significant difference 
occurred in the risk of “new-onset” heart failure between the 
two treatment groups (RR 0.96 [0.81–1.12]) (Fig. 4B), whereas 
a higher heart failure risk occurred in those RCTs, the design 
of which prevented addition of drugs effective in heart failure 
treatment to the patients randomized to calcium antagonists  
(RR 1.27 [1.14–1.42]) (Fig. 4A). The difference between the RRs 
of the two groups is statistically significant (p = 0.002).

Fig. 4: Separate meta-analyses of trials comparing calcium antagonists with other blood pressure-lowering drugs according to trial design: (A) forbidding 
concomitant use of diuretics, beta-blockers, and renin-angiotensin system blockers in the calcium antagonist treatment group and (B) allowing concomitant 
use of diuretics, beta-blockers, and renin-angiotensin system blockers also in the calcium antagonist treatment group. Trials with no baseline heart failure. 
Each row  reports data from single trials (indicated by acronym and drug comparison). Columns from left to right: between group systolic/diastolic blood 
pressure (SBP/DBP) differences, number (n) of heart failure (HF) events and number of patients in each treatment group, risk ratio (RR) with 95% confidence 
intervals (CI), RR forest plots, and P-value for heterogeneity for the two meta-analyses. ACEI angiotensin-converting enzyme inhibitors, ARB angiotensin 
receptor blockers, BB beta-blockers, CA calcium antagonists, D diuretics, PL placebo, vs. versus. P-value for differences between RR in meta-analysis A and 
RR in meta-analysis B is 0.002. The symbol † indicates RR value adjusted for the SBP/DBP difference. From Thomopoulos et al. [3], by courtesy of Journal of 
Hypertension.
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A. Trials forbidding use of D, BB, RASB
in the CA group 

ALLHAT [34]

ALLHAT [34]

CONVINCE [46]

INSIGHT [37]

JMIC-B [47]

MIDAS [38]

NICS-EH [39]

NORDIL [48]

VHAS [40]

Total

B. Trials allowing use of D, BB, RASB
also in the CA group 

ACCOMPLISH [33]

ASCOT [42]

CAMELOT [6]

CASE-J [45]

Total

CA

706/  9048

706/  9048

126/  8179

26/  3157

12/    828

2/    442

0/    204

63/  5410

2/    224

937/27492

100/  5744

134/  9639

3/    663

16/  2349

253/18395

Control

870/15255

612/  9054

100/  8297

12/  3164

9/    822

0/    441

3/    210

53/  5471

2/    232

1661/42946

96/  5762

159/  9618

4/    673

20/  2354

279/18407

HF Events

(n/patients) RR

(95% CI)

1.37 (1.24-1.51)

1.15 (1.04-1.28)

1.28 (0.98-1.66)

2.17 (1.10-4.30)

1.32 (0.56-3.12)

4.99 (0.24-103.61)

0.15 (0.01-2.83)

1.20 (0.84-1.73)

1.04 (0.15-7.29)

1.27 (1.14-1.42)

1.04 (0.79-1.38)

0.84 (0.67-1.06)

0.76 (0.17-3.39)

0.80 (0.42-1.54)

0.96 (0.81-1.12)†

RR 

(95% CI)

CA better Control better

P

Heterogeneity

0.21

0.66
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SBP/DBP

(mmHg)

1.1/-0.7
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-0.1/-0.7

0/0
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-4.5/0.5

0.5/-0.4

3.2/-0.1

2.8/0.2

0.6/-0.6

-0.9/-1.1

-2.7/-1.9

0.7/0.4

-1.7/-0.6

-1.9/-1.4

0.1 1.00.5 20.2 5

(CA vs D)
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(CA vs D)
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(CA vs D)

(CA vs D)

(CA vs D/BB)

(CA vs D)

(CA vs D)
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Fig. 18.4 Separate meta-analyses of trials comparing calcium antagonists with other blood pressure-lowering drugs according to trial design: (A) forbidding 
concomitant use of diuretics, beta-blockers, and renin-angiotensin system blockers in the calcium antagonist treatment group and (B) allowing concomitant use 
of diuretics, beta-blockers, and renin-angiotensin system blockers also in the calcium antagonist treatment group. Trials with no baseline heart failure. Each row 
reports data from single trials (indicated by acronym and drug comparison). Columns from left to right: between group systolic/diastolic blood pressure (SBP/
DBP) differences, number (n) of heart failure (HF) events and number of patients in each treatment group, risk ratio (RR) with 95% confidence intervals (CI), 
RR forest plots, and P-value for heterogeneity for the two meta-analyses. ACEI angiotensin-converting enzyme inhibitors, ARB angiotensin receptor blockers, 
BB beta-blockers, CA calcium antagonists, D diuretics, PL placebo, vs. versus. P-value for differences between RR in meta-analysis A and RR in meta-analysis 
B is 0.002. The symbol † indicates RR value adjusted for the SBP/DBP difference. From Thomopoulos et al. [3], by courtesy of Journal of Hypertension
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Conclusions

1. Heart failure is with stroke one of the two cardiovascular 
outcomes that are reduced by BP-lowering treatment to the 
greatest extent, without a clear preference for either outcome. 

2. Meta-analysis of only those RCTs that specifically excluded 
baseline heart failure allows the conclusion that heart failure 
risk reduction mostly consists of prevention of the clinical 
manifestations of “new-onset” heart failure, at least as clinically 
diagnosed by hospital physicians.

3. Blood pressure lowering by any of the five major classes of BP-
lowering drugs (diuretics, beta-blockers, calcium antagonists, 
ACE inhibitors, and angiotensin receptor blockers) can 
significantly reduce the risk of “new-onset” heart failure. This 
means that, when the possibility of recurrence or worsening of 
preexisting heart failure is avoided, the preventing effect of BP 
lowering by calcium antagonists on heart failure also achieves 
statistical significance.

4. When RCTs head-to-head comparing different classes of 
agents have been used in order to appropriately explore 
whether all antihypertensive drug classes are equally effective 
in preventing new heart failure, calcium antagonists have been 
found significantly less effective than the other drug classes in 
the prevention of new-onset heart failure.

5. However, we have found that inferiority of calcium antagonists 
in heart failure prevention occurs only in those RCTs whose 
design forbade or limited the use of diuretics, beta-blockers, or 
renin-angiotensin system blockers as accompanying drugs in 
the calcium antagonist arm but not in the control arm. On the 
other hand, the calcium antagonist inferiority did not occur 
in the RCTs allowing the use of the above-mentioned drugs 
also in the calcium antagonist arm. These findings support the 
hypothesis that the inferiority of calcium antagonists as far as 
new heart failure is concerned may depend, at least to a large 
extent, on an unequal use of accompanying drugs in such a 
way that the larger use of drugs known to reduce heart failure 
symptoms (diuretics, beta-blockers, and renin-angiotensin 
system blockers) in the control arms may mask onset of 
heart failure symptoms to a greater extent in control patients 
and create an imbalance against calcium antagonists. This 
interpretation supports the concept that, as for most outcomes, 
also the preventive effect of BP lowering on new heart failure 
basically depends on the lowering of BP independently of the 
drugs by which BP is reduced and suggests the clinical value 
of the association of calcium antagonists with any of the agents 
known to alleviate heart failure symptoms. 
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Introduction

The progression of surgical techniques and improvement of 
diagnosis and medical management of patients with congenital 
heart defects has altered the natural history of many previously 
fatal cardiac conditions. As a result, more and more patients with 
CHD are living into adulthood, and studies suggest that there 
are now more adults living with CHD (ACHD) than there are 
children with CHD [1, 2]. Between 2000 and 2010, the proportion 
of adults to children with CHD changed from 49% to 66%, and 
when extrapolated to the U.S. population, there are approximately 
1.5 million adults with CHD [1].

Adults with CHD are at an increased risk of late complications, 
including heart failure, arrhythmias, and sudden death. Despite 
advances in the field, death rates in the ACHD population can be 
two to seven times higher than for the general population [3]. There 
are over 13,500 admissions for heart failure annually according to 
one study out of the 24,800 admissions for ACHD every year [4]. 
With the annual increase of number of adults with congenital heart 
disease, this problem will only become greater in the future.

The 2008 ACC/AHA (American College of Cardiology/
American Heart Association) guidelines for adults with CHD 
and the 2010 ESC (European Society of Cardiology) guidelines 
for the management of grown-up congenital heart disease provide 

some guidance about the management of heart failure in the 
adult population [5, 6]. Some of the guidelines highlighted in the 
ACC/AHA 2009 update about the management of adult patients 
with heart failure can be extrapolated to adults with congenital 
heart disease, but many of the recommendations are based on 
studies that excluded these types of patients, and thus, applying 
these recommendations to patients with CHD is fraught with 
assumptions [7]. We focus on synthesizing and summarizing 
the evidence available to date in order to describe the critical 
care management of adult patients with CHD who present to the 
hospital with heart failure.

Types of Heart Failure

There are many definitions of heart failure, but we define it 
similarly to how the American Heart Association (AHA) and the 
Heart Failure Society of America guidelines define heart failure 
(HF): “In physiologic terms, HF is a syndrome characterized by 
either or both pulmonary and systemic venous congestion and/
or inadequate peripheral oxygen delivery, at rest or during stress, 
caused by cardiac dysfunction.” [8]. Adult patients with CHD 
can present with varied symptoms of heart failure, ranging from 
classic symptoms of fatigue, dyspnea, and exercise intolerance, but 
may also have more subtle findings like malnutrition, cachexia, or 
growth failure [8]. Many patients fail to even report symptoms 
despite objective evidence of exercise intolerance [9]. When 
applying the ACC/AHA guidelines on staging heart failure, most 
adults with CHD fall into at least stage B (structural heart disease 
but without signs of HF), but we focus on patients admitted to the 
hospital with at least stage C or stage D heart failure (structural 
heart disease with prior or current symptoms of HF and refractory 
HF requiring specialized interventions, respectively) [8].

Types of ACHD Patients

When an adult patient with CHD is admitted to the hospital, 
understanding their underlying anatomy and history of prior 
interventions and/or surgeries is paramount, as patients can be 
surgically repaired, palliated, or unrepaired. Surgical procedures 
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early in life for a patient with CHD are generally life prolonging, 
and thus, survival for patients with CHD has increased. Many of 
these procedures, however, are not curative, and consequently 
the adult patient with CHD will often times have residua of their 
initial congenital cardiac diagnosis and sequelae of their prior 
interventions. These patients may commonly face a lifetime 
of repeated interventions and long-term effects of structural 
abnormalities that will eventually lead to heart failure [10]. There 
are aspects of HF management that are universally applicable 
to adults with and without CHD, but many patients will have 
unique anatomic and physiological constraints that will make 
management individualized. It is useful to think of patients with 
CHD as those with a systemic left ventricle, those with a systemic 
right ventricle, or those with a single ventricle physiology (either 
left or right ventricular morphology). Furthermore, it is useful to 
understand that depending on the surgical technique available 
at the time of their birth and at the particular center performing 
the palliation, patients will have varying historical surgical 
repairs. For example, a patient with a Fontan palliation may 
have a classic atriopulmonary connection, an intracardiac lateral 
tunnel conduit, or an extracardiac cavopulmonary connection. To 
summarize, adults with congenital heart disease should be treated 
in accordance with their specific anatomy and not uniformly like 
typical adults with congestive heart failure. 

Epidemiology 

As stated earlier, there are more adults with congenital heart 
disease than there are children with the condition [1]. The number 
of hospital admissions is increasing, and one study demonstrated 
an increase of 102% from 1998 to 2005 [4]. Twenty percent of 
hospital admissions for patients with ACHD are for heart failure 
[3]. One recent study noted that patients with pulmonary arterial 
hypertension, a history of HF, and atrial arrhythmias are at the 
highest risk for HF admissions [11]. Heart failure is the leading 
cause of death for patients with ACHD [12]. While the prevalence 

of heart failure in adults with CHD is unknown, some reports 
suggest that nearly 50% of patients after a Fontan procedure will 
develop HF [8, 13] (Fig. 1).

With advances in surgery and medical therapy, children with 
congenital heart disease are living longer. One study showed that 
median age at death increased by 15 years from 1987 to 2005 [14]. 
Another study shows that for patients with CHD, the cause of late 
death after pediatric cardiac surgery was heart failure in 43% of 
cases in their study cohort [15]. The cost of these hospitalizations 
has been estimated to be $3.16 billion per year [4]. Per the 2008 
guidelines for adults with congenital heart disease, certain patients 
may be at higher risk for developing heart failure, including those 
with left-sided valvular defects, unoperated atrial septal defect 
(ASD), congenitally corrected transposition of the great arteries 
(ccTGA), D-transposition of the great arteries (dTGA) after 
a Mustard or Senning procedure, single ventricle physiology, 
tetralogy of Fallot (TOF) with early-era surgery or long-standing 
shunt, and Fontan surgery [5]. Compared to those with a systemic 
left ventricle and biventricular physiology, patients with a systemic 
RV or single right ventricles are at high risk of heart failure and 
associated mortality [13].

Etiology and Pathophysiology

Clinical heart failure in patients with CHD is due to a multitude 
of factors, some of which may be lesion specific. In traditional 
patients with acquired HF, the most common cause of heart 
failure is systemic ventricular dysfunction from ischemia, which 
is uncommon in ACHD patients [8]. According to the AHA 
statement on chronic heart failure in ACHD patients, abnormal 
myocardial architecture, abnormal myocardial perfusion due 
to cyanotic lesions, neurohormonal activation, myocardial 
fibrosis and adverse remodeling, surgical complications, and 
an underlying geometric and anatomic disadvantage from 
poor ventricular-ventricular dependence and ventriculo-arterial 
coupling all contribute to clinical HF in this population [8].

Fig. 1: Cited from [12].
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For example, the patient with repaired tetralogy of Fallot may 
not necessarily suffer from systolic left ventricular dysfunction 
due to ischemia from blocked coronary arteries. Heart failure 
may occur due to myocardial damage from shunts, multiple 
cardiac surgeries, or inadequate myocardial protection from the 
original surgery. Chronic volume and pressure overload from an 
insufficient pulmonary valve may contribute to right ventricular 
dysfunction and signs of right-sided heart failure. Impaired 
electrical conduction systems from the multiple surgeries and 
ventricular septal defect patches may prevent efficient ventricular 
function as well as sudden cardiac death episodes. Finally, 
some patients may also have anomalous coronary arteries that 
may lead to ischemia [10]. In patients with atrial level switches 
for D-transposition of the great arteries, pulmonary venous 
obstruction can cause heart failure. In a Fontan patient, the single 
ventricle has to pump against three resistance beds in a series (the 
systemic vascular bed, the cavopulmonary connection, and the 
pulmonary vascular bed) [16], which can lead to chronic heart 
failure. Nevertheless, as adults with CHD get older, they may also 
be susceptible to traditional risk factors for developing ischemia, 
such as hypertension, hyperlipidemia, and diabetes [3].

The neurohormonal aspects of heart failure are well docu-
mented, but it is unclear what standard therapies are beneficial in 
adults with congenital heart disease. There is evidence to suggest 
that patients with adult congenital heart disease do have similar 
increases in activation of neurohormonal pathways [17]. Studies 
have confirmed that an elevation in BNP is predictive of mortality 
and worsening functional status [18, 19].

Pulmonary hypertension is also a risk factor for heart 
failure. One study out of Canada showed that the prevalence of 
pulmonary hypertension in patients with congenital heart disease 
was around 5.8% [20]. This finding increased the risk of mortality 
and heart failure in these patients, by more than two times and 
three times, respectively, when compared to a matched cohort of 
CHD patients without pulmonary hypertension.

In addition to acquired etiologies of heart failure, adults with 
congenital heart disease may also have complex genetic pathways 
that contribute to their myocardial dysfunction. Certain genetic 
syndromes, such as Noonan, DiGeorge, or Williams-Beuren syn-
dromes, all present with cardiomyopathy, and the ACHD popula-
tion may have a unique interaction between genetic and acquired 
factors that may make treatment of heart failure more difficult [21]. 
There are currently few studies highlighting the effect of genetic 
variation in the ACHD population on adverse ventricular remode-
ling, but as these studies emerge, the future of “personalized” med-
icine will become more of a reality [22] (Table 1).

Management

General Principles of Heart Failure Management

Increasing numbers of adults with congenital heart disease will 
be admitted to the hospital for cardiac procedures, pregnancy, or 

other non-cardiac conditions. Nevertheless, proper management 
of ACHD patients with clinical and subclinical heart failure will 
be a priority in all these settings. If there is a patient with CHD 
who has critical care needs, they should ideally be in a center that 
has experience with treatment of ACHD patients [5, 6].

When discussing patients with CHD and CHF, many of 
the general principles highlighted in the ESC and ACC/AHA 
guidelines will remain the same. For example, the ESC guidelines 
espouse a method of parallel assessments when working up a 
patient with acute heart failure, including assessing for heart 
failure or other causes of their symptoms, identifying the trigger 
for the heart failure episode, and managing any life-threatening 
conditions like hypoxemia or hypotension [23]. Nevertheless, 
some differences exist; for example, the ubiquitous use of oxygen 
for hypoxic patients may not be applicable, especially in patients 
with intracardiac shunts.

In patients with pulmonary hypertension or persistent intra-
cardiac or extracardiac shunts, the balance between pulmonary 
and systemic vascular resistance must be maintained. Any ther-
apy that increases PVR will reduce cardiac output, and patients 
with shunts will have increased right-to-left shunting with thera-
pies that decrease systemic vascular resistance [24]. 

Assessment and management of traditional risk factors should 
occur. Existing guidelines for tobacco cessation and screening for 
traditional risk factors should be applied [8]. The prevalence of 
hypertension, diabetes, and dyslipidemia closely mirrors, if not 
exceeds, the rates of these risk factors in the general population 
[25]. Early detection and treatment should be then applied for 
these traditional cardiovascular risk factors, understanding 
that certain patients may have variable response to treatment 
depending on their cardiac anatomy. Patients should be vaccinated 
with an annual influenza vaccine and the pneumococcal vaccine 
as well [6]. 

Medical management of ACHD patients with heart failure 
should focus on optimizing their preload, afterload, and 
cardiac contractility. In terms of preload, the use of diuretics is 
accepted to improve symptoms in a fluid-overloaded patient. 
The detection of fluid overload may be difficult in certain 

Table 1: Causes of heart failure in patients with congenital 
heart disease.

Volume overload from left-to-right shunts and valvular regurgitation

Pressure overload from stenotic valves and other obstructive lesions

Intrinsic myocardial dysfunction, genetic syndromes

Pulmonary hypertension caused by congenital heart disease lesions, or 
from comorbidities like obstructive sleep apnea

Systemic arterial hypertension from coarctation of the aorta, renal 
disease, or essential hypertension

Coronary artery disease

Cyanosis

Tachycardia induced cardiomyopathy from recurrent atrial arrhythmias
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patients with CHD; for example, patients with a Fontan or a 
Glenn procedure will not have an interpretable jugular venous 
waveform to guide therapy [5]. Afterload reduction agents, such 
as ACE inhibitors (ACE-I) and angiotensin receptor blockers 
(ARB), are the cornerstone of heart failure therapy for those 
with acquired heart disease, but caregivers should extrapolate 
cautiously from heart failure trials as these studies enrolled very 
few patients with ACHD [5]. Some of the few studies involving 
ACHD patients did not show as robust of a clinical benefit when 
using these traditional agents. For example, the appropriate trial 
did not show a difference between groups that received ramipril 
or placebo in terms of right ventricular ejection fraction as 
measured by cardiac MRI [26]. When discussing contractility, 
the role of pacemaker therapy and multisite pacing (or cardiac 
resynchronization therapy) is also being investigated. There is 
no evidence to support the use of cardiac resynchronization 
therapy (CRT) in patients with a single ventricle morphology, 
but the traditional criteria for CRT implantation still apply (two-
ventricle morphology and HF symptoms with a QRS duration 
≥120 ms with a left bundle-branch block morphology in the 
setting of sinus rhythm) [5]. 

Many patients will have comorbidities that may make 
management of heart failure difficult, such as anemia, renal 
insufficiency, pulmonary hypertension, and hepatic dysfunction. 
Renal insufficiency has been associated with worse outcomes in 
adults with CHD [27]. Patients with single ventricle physiology, 
such as those with the Fontan circuit, are susceptible to external 
changes that will affect passive filling of the pulmonary bed. Thus, 
ascites, positive-pressure ventilation, and decreased diaphragmatic 
excursion will lead to increased Fontan or right-sided pressures 
and decreased pulmonary venous return [28]. Pulmonary 
hypertension (PH) is also a difficult situation to manage, 
especially in patients with Eisenmenger syndrome. The use of 
advanced therapies for pulmonary hypertension  demonstrate 
a mortality benefit in these patients [29]. Nonetheless, more 
studies are needed to investigate the use of PH-targeted therapy 
in adults with CHD. Hepatic dysfunction and right heart failure 
are also concerns in ACHD patients. Cardiac cirrhosis, especially 
in patients with a Fontan circulation, is quite common. Consider 
the use of bladder pressure monitors to avoid intra-abdominal 
hypertension from ascites and decreased renal perfusion. The 
use of inotropes, aggressive diuresis and the use of dialysis, and 
drainage of ascites may be required for optimization [30]. 

Specific therapeutic strategies tailored to different forms of 
CHD will be highlighted in future sections.

Diagnosis and Risk Prediction

Heart failure occurs when the heart cannot meet the metabolic 
demands of the body. In older patients, classic symptoms may 
manifest, but younger patients with CHD may maintain blood 
pressure and urine output due to autoregulation and may 
underreport symptoms given their lifetime of chronic heart 

disease [9, 31]. Conversely, for example, in cyanotic patients, 
dyspnea may occur within the first 30 seconds of initiating 
exercise due to hypoxemic and acidotic blood arriving at central 
receptors, and thus, their symptom of dyspnea on exertion is 
not due to pulmonary congestion from heart failure [5]. When 
patients with ACHD are admitted to the hospital, there are no 
specific tools to identify the ones at highest risk for heart failure 
and morbidity/mortality from their cardiac conditions, and 
relying on just physical exam findings may be misleading. One 
study demonstrated that use of the Seattle HF model can be 
applied to a population of adults with CHD, and those that have 
a 5-year predicted survival of <70% can be classified as high risk 
of having a cardiovascular event [32]. A high index of suspicion 
should be maintained when treating patients with high risk for 
late heart failure, such as those with bicuspid valves, subvalvular 
or supravalvular pathology, severe aortic stenosis and/or 
regurgitation, unoperated ASD or partial AVSD, ccTGA, atrial-
level switch with dTGA, tetralogy of Fallot with early-era surgery, 
a long-standing shunt, pulmonary regurgitation, pulmonary 
hypertension, single ventricle physiology, and a history of a 
Fontan/Glenn operation [5]. On top of their underlying high-
risk lesions, patients with ACHD may have sequelae from their 
disease or reparative surgeries, such as prolonged cyanosis, 
pressure and volume overload, ventricular scars, residual LVOT 
or RVOT obstructions or shunts, arrhythmias, and obesity, that 
could contribute to the development of heart failure. Finally, 
unrelated conditions may also cause an “imbalance” between the 
heart’s ability to provide for the metabolic demands of the body 
and manifest as heart failure, such as pregnancy, endocarditis, 
illicit drug use, hyperthyroidism, or obstructive sleep apnea [5]. 

Laboratory Analysis and Studies

At the onset of worsening symptoms, the ACHD patient 
and suspected HF should undergo right-sided and left-sided 
anatomic and hemodynamic evaluation with a variety of studies 
best suited for their condition. In addition to basic laboratory 
studies (chemistry panel, liver function studies, and complete 
blood count), a measurement of the serum BNP level may also 
be useful in helping risk-stratify patients [18, 19]. The 2008 
ACC/AHA guidelines for management of ACHD and the 2010 
guidelines for the management of grown-up congenital heart 
disease both also recommend an electrocardiogram, chest X-ray, 
pulse oximetry, and echocardiogram for most patients being 
evaluated in an acute setting [5, 6]. If patients are stable enough, 
data from a cardiopulmonary exercise testing may be helpful for 
quantitative assessment of cardiac function. Advanced imaging, 
such as cardiac MRI, is playing an increased role in the initial 
evaluation, especially in patients with systemic right ventricles 
and single ventricles, and may even be considered the reference 
standard for RV volume quantification, outflow tract obstruction, 
pulmonary valve function, and assessment of the great arteries 
[33, 34]. Cardiac computed tomography is also another option 
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for an imaging modality if MRI is not feasible or available. More 
invasive procedures, such as cardiac catheterization, may be 
necessary for a comprehensive evaluation for an adult patient 
with CHD in clinical HF [8] (Table 2). 

Echocardiogram

Echocardiography remains as a first-line investigative tool. Echo-
cardiography can provide a wealth of information, such as assess-
ment of volume overload, pressure overload, and detailed data 
about structure and function of the ventricle. Echocardiograms 
establish segmental anatomy and can provide measures of and 
follow-up assessments of valves. Echocardiography also provides 
crucial hemodynamic data through measurement of gradients 
across obstructions, conduits, and valves, as well as flow calcu-
lations. Doppler images allow for identifying arterial and venous 
vascular anomalies and shunts. 

Transthoracic echocardiography is complemented by 
transesophageal echocardiography (TEE) and other specialized 
techniques, such as contrast imaging, strain imaging, real-time 
three-dimensional and four-dimensional imaging, and stress 
echocardiography with or without Doppler [3]. Of note, certain 
echocardiographic variables are subject to changes with age, such 
as diastolic flow parameters (E- and A-wave peak velocities) and 
pulmonary pressure cutoffs for pulmonary hypertension [3]. 

Nevertheless, when assessing an adult patient with CHD, 
advanced training is required to properly acquire and interpret 
the echocardiographic images, since many of these patients have 
complicated surgical history and complex anatomy that makes for 
unorthodox or unconventional image views [6, 35]. 

Echocardiographic parameters, besides the Simpson method, 
are required for measuring RV function. Strain imaging is shown 
to be helpful, in addition to FAC (fractional area change) and tissue 
Doppler [34]. Non-geometric techniques for assessing ventricular 
function are also useful in patients with CHD, and include the 
rate of pressure rise (dP/dt), the Tei (myocardial performance) 

index, and tissue Doppler imaging, strain imaging, and tricuspid 
annular plane systolic excursion (TAPSE) [34]. 

Strain imaging is a new technique that can identify ventricular 
dysfunction in patients with traditional systemic left ventricles, 
as well as systemic RVs or single ventricles. The commercial 
software available for analyzing myocardial strain is designed for 
the morphologic left ventricle, and thus, may not be as useful for 
the right ventricle. Furthermore, the strain measurement varies 
widely depending on the type of machine and software being 
used, so serial measurements must be performed with the same 
device and software package [34]. Nevertheless, multiple studies 
have shown that myocardial strain is predictive of myocardial 
dysfunction and can have prognostic value in patients with a 
systemic right ventricle in dTGA after an atrial switch and in 
patients with repaired tetralogy of Fallot [36, 37]. 

Contrast echocardiography is useful in opacifying heart 
chambers in patients with a large body habitus or with difficult 
acoustic windows. While not approved by the FDA for use in 
patients with right-to-left or bidirectional shunts, the use of agitated 
saline is a useful tool in patients with ACHD. These techniques are 
used to detect residual shunts, baffle leaks, or anatomic anomalies 
like a persistent left-sided super vena cava [3]. 

Stress echocardiography can be used to screen for coronary  
ischemia, assess the physiologic response to severe AV valve regur-
gitation, and evaluate for subaortic stenosis, aortic coarctation, or 
aortic valve disease in the presence of low ejection fraction [34]. 

Transesophageal echocardiography (TEE) is an important 
adjunctive modality to transthoracic studies. Similar to adults 
without CHD, it is useful when the patient has poor acoustic 
transthoracic windows. TEE is effective at assessing the intratho-
racic aorta, native and prosthetic valves, ventricular function, 
atrial-level shunts, baffle function, detecting endocarditis, and 
other cardiac sources of emboli. TEE is also a useful technique 
during procedures and surgeries [3]. One methodology of TEE 
includes the use of a miniature TEE probe to evaluate real-time 
hemodynamic data, including LV function, in critically ill pa-
tients [38]. Another study also found that a TEE-derived cardiac 

Table 2: Imaging modalities used for diagnosis and management of adult congenital heart disease.

Modality Widely 
available

Scan time Advanced 
equipment 
required

Cost Radiation (in 
millisieverts)

Contrast Comments

Echocardiography Yes Slow No $$ None None Workhorse imaging modality, requires 
expert readers dedicated to ACHD

Non-contrast CT Yes Fast No $ 3–7 None Limited to calcification assessments

ECG-gated cardiac 
CT/CTA

No Fast Yes $$$ 8–12 Yes Excellent spatial resolution. Preferred 
method for evaluating coronary artery 
patency and anatomy

MRI/MRA No Slow Yes $$$ None Yes for late 
gadolinium 
enhancement

Good for tissue characterization and 
anatomy. Can also evaluate real-time 
cardiac function and be used for flow 
quantification
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output calculation correlated well with a thermodilution method 
in critically ill ICU patients, and thus, TEE has been demonstrat-
ed to be useful in patients who may be too unstable for transport 
to receive other imaging modalities or invasive procedures [39]. 

Cardiac Magnetic Resonance Imaging (CMR) 

Cardiac magnetic resonance is useful as an alternative to echocar-
diography, as a second method when echocardiography is not ad-
equate, or as a superior imaging modality to echocardiography in 
certain situations, such as quantifying RV volumes, tissue charac-
terization, and evaluation of the great vessels [6, 40]. This imaging 
modality enables excellent three-dimensional anatomical recon-
struction that is not restricted by body size or acoustic windows, 
unless the patient has a pacemaker or dense calcification. CMR 
has limitless angles of acquisition [3]. It is the reference standard 
for assessing the right ventricle for structure and function [34]. 
CMR allows for detailed pre-procedural planning, such as prior 
to a percutaneous valve replacement, an electrophysiology study 
and ablation, or a surgery with redo sternotomy in the setting of 
complex conotruncal anatomy or anomalous coronary arteries 
[3]. The ability for CMR to provide tissue characterization, spe-
cifically identifying patients with scar and fibrosis (through late 
gadolinium enhancement), can have important prognostic value, 
as there have been studies highlighting associations between scar 
and arrhythmias, ventricular dysfunction, and poor clinical out-
comes in patients with CHD [34]. Another promising CMR tech-
nique is fibrosis imaging using extracellular volume (ECV) frac-
tion via T1 mapping, which has been associated with surrogate 
markers of myocardial dysfunction, including higher BNP and 
longer QRS duration [34]. Patients with implanted pacemakers or 
defibrillators may not be able to be imaged with CMR, and thus, 
cardiac CT is a possible alternative. Furthermore, the relatively 
long acquisition times and requirement for repeated breath holds 
in a setting that promotes claustrophobia may make it a prohibi-
tive study for some ACHD patients [3]. 

Cardiac magnetic resonance also allows for accurate 
calculations of shunt fractions and regurgitation volumes 
using two-dimensional phase contrast imaging. In fact, CMR 
is considered the reference standard for assessing the severity 
of pulmonary regurgitation [34]. Four-dimensional magnetic 
resonance velocity mapping (4D flow) also encodes blood flow in 
a 3D volume set over time, which may provide future insight into 
the ventriculo-arterial coupling relationship in complex CHD 
patients, such as in the Fontan circuit [34].

Cardiac Computed Tomography (CT)

Computed tomography has excellent spatial resolution and has 
a much more rapid acquisition time than CMR, which makes it 
attractive in acute settings, but lacks the ability of CMR for tissue 

characterization. Furthermore, CT imaging systems are more widely 
available, and thus, it is a more practical imaging option as well. 
CT delineates epicardial coronary arteries and collateral arteries 
with accurate detail. CT is also useful in ruling out complications 
like intracardiac thrombus, baffle obstruction, and prosthetic valve 
dysfunction [34]. Ionizing radiation is required for CT, which is a 
drawback for using this modality for serial studies [6].

Computed tomography angiography is useful for pre-procedure 
planning prior to a percutaneous catheter-based intervention or a 
redo sternotomy when assessing for the structural relationship of 
the great vessels, coronary arteries, and sternum. Inexperienced in-
terpreters, however, may misdiagnose abnormalities in pulmonary 
vascular blood flow in the setting of known shunt lesions or pallia-
tive circulations, such as making an incorrect diagnosis of pulmo-
nary embolism in a patient with a Fontan surgery [3].

Exercise Testing with CPET

Cardiopulmonary testing is valuable in predicting morbidity 
and mortality. The entire cohort of ACHD patients has reduced 
exercise tolerance when compared to an age-matched control, 
and even asymptomatic patients have reduced VO2 consumption 
[9]. CPET, especially peak VO2 and heart rate reserve, may 
provide prognostic information in ACHD [41], but this study 
modality may be too strenuous for patients who are critically ill 
in heart failure.

Procedures

Invasive Hemodynamic Monitoring

The ESCAPE trial did not show much benefit in using Swan-
Ganz catheters routinely [42]. Furthermore, many adults with 
CHD will have limited vascular access, and using a Swan-
Ganz catheter in patients with intracardiac shunts and Fontan 
physiology may not give accurate information that can be used 
for clinical decision-making.

Arterial Line

If placing an arterial line, caregivers need to make sure it is in an 
artery that has adequate blood flow; patients with previous BT 
shunts may not have a reliable waveform, and achieving access 
may be impossible.

Peripheral IV with Bubble Filters 

If a patient with ACHD has a right-to-left shunt, there is always a 
risk of paradoxical air or thromboembolism traveling to the brain. 
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Thus, all intravenous lines, including peripheral IVs, should have 
23 micron bubble filters attached [24].

Implantable Hemodynamic Monitors

Newer technologies, including the use of implantable hemody-
namic monitors, such as the CardioMEMS™ device, have demon-
strated that they can reduce the incidence of heart failure hospital-
izations [43]. While it has not been approved for use in the ACHD 
population, one study did show that implantation of this device 
was possible in a patient with a Fontan procedure, and thus, the 
utilization of this device in the ACHD population will most likely 
be increased in the future [44]. Risk of clot in a low-flow circula-
tion is a reason to use judicious caution in placing such devices in 
higher-risk patients. 

Cardiac Catheterization

With the advent and development of advanced imaging 
techniques, cardiac catheterization is an invasive procedure that is 
reserved to resolve specific anatomic or physiological questions or 
for interventional treatment. For example, cardiac catheterization 
procedures can assess for pulmonary hypertension, measure 
pressure gradients, be used for closure of aortopulmonary, 
arteriovenous, or venovenous collaterals, and shunt calculations. 
Catheterization procedures in ACHD patients can be more 
complex due to vascular access issues and abnormal anatomy that 
limits appropriate entry to desired chambers of the heart. Usually, 
a team of operators is needed, one with expertise in CHD lesions 
and evaluation of intracardiac shunts and one with experience in 
coronary artery angiography and intervention of left-sided heart 
disease [3].

Therapies

Medications

The role of neurohormonal agents like ACE inhibitors, angiotensin 
receptor blockers, and beta-blockers for patients with reduced 
systolic function is not as established for patients with ACHD. Yet, 
some guidelines state that without specifically tailored evidence, 
caregivers have to carefully extrapolate evidence and apply them 
to patients with CHD [8, 45]. These therapies may be helpful 
in patients with two-ventricle circulations and a dysfunctional 
systemic LV but may be less helpful with diastolic dysfunction, 
systemic RV, Eisenmenger syndrome, or single ventricle patients. 
Standard heart failure therapies may even have worse adverse 
effects [8]. In one trial, losartan was given to patients with a 
systemic RV and it did not improve exercise tolerance or reduce 
BNP levels [46]. Another study did not demonstrate a benefit 
of beta-blockers in patients with systemic right ventricles [47]. 

Nevertheless, the medical therapies for each set of congenital 
lesions will be described here.

Systemic LV

If patients have left-sided pressure overload lesions, they will need 
intervention for the coarctation or stenosis. For patients with systolic 
failure of the left ventricle, many guidelines suggest that evidence for 
traditional medications used for adults with HF can extrapolated 
to adults with CHD and HF [8, 24]. Thus, beta-blockers, ACE 
inhibitors or angiotensin receptor blockers, aldosterone inhibitors, 
and diuretics can all be used in these patients. 

Systemic RV

The systemic RV will eventually fail. No data exist about when 
a systemic RV with impaired ejection fraction should warrant 
treatment. If the patient is asymptomatic, it is difficult to ascertain 
when the appropriate time is to initiate treatment. Some studies 
(using arbitrary measures) state that heart failure occurs in 22% 
of dTGA with Mustard and 32% of patients with ccTGA [13]. 
Diagnosis with the use of a BNP and echocardiography is helpful. 
Cardiac MRI provides detailed RV imaging and can be useful in 
diagnosing RV dysfunction as well. In patients with a Mustard 
or Senning procedure, vasodilators may reduce preload and 
reduce cardiac output due to a concomitant baffle obstruction. 
Beta-blockers may have some beneficial effects in these patients 
in terms of AV valve regurgitation and RV remodeling [47], 
but a lot of these patients have conduction abnormalities that 
may be exacerbated by the use of an AV nodal blocking agent. 
Studies investigating the use of neuromodulators of the renin-
angiotensin-aldosterone system (RAAS) system did not show a 
benefit in patients with HF and a systemic RV [46, 48]. Despite 
inconsistent evidence and lack of data supporting improved 
clinical outcomes, the use of ACE-I/ARB is common for 
patients with a systemic RV [8]. If the patient is suffering from 
symptomatic HF, many physicians will start neurohormonal 
therapy empirically [49, 50]. 

Systolic Failure of the Morphologic Sub-pulmonary RV

These patients usually have Ebstein’s anomaly of the tricuspid 
valve or repaired TOF with pulmonary regurgitation. Long-term 
sequelae of these conditions lead to volume overload, dilation, 
myocardial dysfunction and clinical HF. RV dysfunction and 
enlargement can lead to LV dysfunction due to ventricular 
interdependence. Poor RV output also leads to low LV preload. 
As both ventricles share myocardial fibers, fibrosis can affect 
both ventricles and neurohormonal activation will also lead to 
long-term structural changes in both chambers [8]. The use of 
beta-blockers and ACE inhibitors in these patients is common, 
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but evidence does not suggest robust outcomes [26, 51]. There 
are no randomized controlled trials for medical therapies for 
this group of patients. Even the traditional guidelines have few 
recommendations about therapies in this group of adults without 
CHD. Diuretics are the main treatment option for symptomatic 
patients. If pulmonary hypertension is thought to be the primary 
cause of RV failure, then advanced therapy may play a role, 
although the data for these drugs do not include many ACHD 
patients [24]. That being said, there have been some studies 
showing that advanced therapies (mainly bosentan) do have 
a favorable effect on exercise capacity and hemodynamics in 
Eisenmenger patients [52].

Systolic Failure of the Single Ventricle

These patients do not have the benefit of a sub-pulmonary 
pumping chamber and thus, have to rely on passive filling of the 
pulmonary vasculature. This results in improved oxygenation, 
but at the sacrifice of elevated CVP. These patients are dependent 
on respiratory mechanics, the diastolic function of the ventricle, 
and the pulmonary vascular resistance [8]. Low velocity flow 
through an atriopulmonary or cavopulmonary connection can 
increase the risk of thrombosis, which can lead to an increase 
in the pulmonary vascular resistance. The high CVP in a Fontan 
circuit can lead to hepatic congestion and dysfunction. Right-to-
left shunting through a fenestration in the Fontan can also lead to 
cyanosis. Thus, CHF findings of cyanosis, hepatic dysfunction, 
and increased pulmonary vascular resistance may arise in the 
setting of preserved myocardial function. When managing 
a Fontan patient in HF, clinicians must search for potentially 
reversible causes of HF, such as arrhythmias, obstruction of the 
Fontan pathway, and residual shunting [8]. In Fontan patients, 
where increased pulmonary vascular resistance can impair 
ventricular filling, the use of phosphodiesterase inhibitors may 
improve exercise performance and myocardial performance [29, 
53]. The use of spironolactone may also improve endothelial 
function and reduce the incidence of PLE [54, 55]. One study 
did not show beneficial effects with RAAS inhibition in Fontan 
patients, so their use is uncertain in this group [56]. Use of 
diuretics and digoxin is also popular, but without evidence. 
Carvedilol has been shown to improve HF signs and symptoms in 
Fontan patients [57], so reducing pulmonary vascular resistance 
and afterload may have the best benefits, while diuretics should 
be used judiciously as it may induce cardiorenal syndrome from 
reduced preload.

Heart Failure with Preserved Ejection Fraction (HFpEF)

There are no good evidence-based treatments that reduce 
morbidity or mortality in adults with heart failure with preserved 
ejection fraction [7, 23]. Diuretics are mainly used for symptomatic 
relief (Fig. 2).

Of note, there are no studies looking at the newer treatments, 
including ivabradine [58] and the neprilysin inhibitors [59] in 
patients with CHD. Nevertheless, the data can be extrapolated to 
patients with systolic dysfunction and systemic left ventricles. For 
ACHD patients with systemic RVs or single ventricle physiology, 
use of these newer treatments cannot be recommended at this 
time. Iron deficiency anemia is an important comorbidity that 
should be addressed in patients with CHD and heart failure, 
especially in those who are chronically hypoxic [60]. 

Pulmonary HTN and Eisenmenger Physiology 

These patients often present with failing right or sub-
pulmonic ventricles. Patients with Eisenmenger physiology 
are recommended to avoid pregnancy, dehydration, severe 
strenuous exercise, exposure to excessive heat, high altitudes, 
and iron deficiency. The 2008 ACC/AHA guidelines also 
encourage prompt treatment of arrhythmia [5]. Treatment with 
advanced therapies, such as endothelin antagonists, showed 
improved mortality in retrospective studies [61], and some 
patients may even need long-term dual vasodilator therapy for 
improved outcomes [62].

Drips, Inotropes, and Vasopressors

There are no robust studies with the use of inotropes and 
vasopressors in critically ill patients with CHD in heart failure. 
Right ventricular failure manifests as an increase in jugular venous 
pressure and renal and hepatic dysfunction. Management includes 
inotropic support of the RV with phosphodiesterase inhibitors 
like milrinone, adrenaline, aggressive management of pulmonary 
hypertension (inhaled NO, prostacyclins), and systemic blood 
pressure support [30]. Use of such drugs must be aimed at 
optimizing blood pressure and cardiac output understanding that 
ACHD patients are acutely sensitive to changes to SVR and PVR, 
especially if they have intracardiac shunts.

Percutaneous Interventions

Percutaneous techniques and interventions may be helpful in 
certain patients. For example, percutaneous replacement of the 
pulmonary valve for severe PR in repaired TOF patients may lead 
to improved outcomes [10]. Percutaneous closure of shunts like 
ASDs and VSDs and coiling of AP (aortopulmonary) collaterals 
are now commonplace [3] and carry a lower morbidity than with 
surgical interventions [63]. Percutaneous clips to treat severe mi-
tral regurgitation are becoming more popular [64], and while the 
use of this new technology has not been studied on a wide scale, 
there are reports of the use of the MitraClip™ in the tricuspid po-
sition [65]. Other technologies, such as the Mitralign™, TriCinch™, 
and even percutaneous tricuspid valve replacements are being 
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tested and studied currently and will provide a wealth of options 
for interventional cardiologists aiming to treat severe valvular 
dysfunction in the future [66]. As adults with CHD often have 
right-sided valvular dysfunction, or even systemic atrioventricu-
lar valve regurgitation, the use of these new technologies has the 
potential to be very appealing; one study has already proven that 
percutaneous clipping of a systemic atrioventricular but morpho-
logically tricuspid valve is feasible in patients with ccTGA [67].

Arrhythmias

In principle, patients with CHD are at high risk for arrhythmias, 
especially patients with prior surgeries and Fontan patients. In 
patients with repaired TOF, risk factors for death and sustained 
VT include RVH [68]. EKG is an essential diagnostic tool, and 
the use of adenosine is also helpful for diagnosing arrhythmias. 
If the patient is unstable, direct current cardioversion ought 
to be considered, but it is very important that the staff knows 
if the patient has levocardia or dextrocardia when placing the 
pads [45]. Furthermore, patients with CHD are likely to require 
epicardial wires when implanting permanent devices due to 
complex anatomy or residual shunts [25].

The Pediatric and Congenital Electrophysiology Society 
(PACES) and Heart Rhythm Society (HRS) statement on 
management of arrhythmias in 2014 stated that implantable 
cardioverter defibrillator (ICD) implantation is indicated 
for secondary prevention of cardiac arrest due to ventricular 
fibrillation/ventricular tachycardia (VF/VT) or hemodynamically 
unstable VT after reversible causes have been excluded [69]. They 
also recommend ICDs for patients with spontaneous sustained 
VT who have already undergone a cardiac electrophysiology 
study and ablation. They also recommend ICDs for patients with a 
systemic LVEF <35%, biventricular physiology, and NYHA (New 
York Heart Association) class II–III symptoms. The PACES/HRS 
guidelines have weaker recommendations for implanting ICDs 
for primary prevention. For patients with tetralogy of Fallot, 
appropriate secondary prevention guidelines should be used as 
the incidence of SCD, VT, or appropriate ICD shock is between 
6% and 14% [8]. Use of ICD for primary prevention has yet to be 
shown to be beneficial.

Cardiac resynchronization therapy (or multisite pacing in 
patients with a single ventricle) may be useful in patients with 
ACHD, but this therapy has limited evidence demonstrating 
its benefit in this population at this time. Small retrospective 
studies have shown a benefit in a heterogeneous population of 

Fig. 2: Medical treatment for heart failure related to intrinsic myocardial dysfunction.
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setting of preserved myocardial function. When managing a Fontan patient in HF, 
clinicians must search for potentially reversible causes of HF, such as arrhythmias, 
obstruction of the Fontan pathway, and residual shunting [8]. In Fontan patients, 
where increased pulmonary vascular resistance can impair ventricular filling, the 
use of phosphodiesterase inhibitors may improve exercise performance and myo-
cardial performance [29, 53]. The use of spironolactone may also improve endothe-
lial function and reduce the incidence of PLE [54, 55]. One study did not show 
beneficial effects with RAAS inhibition in Fontan patients, so their use is uncertain 
in this group [56]. Use of diuretics and digoxin is also popular, but without evi-
dence. Carvedilol has been shown to improve HF signs and symptoms in Fontan 
patients [57], so reducing pulmonary vascular resistance and afterload may have the 
best benefits, while diuretics should be used judiciously as it may induce cardiore-
nal syndrome from reduced preload.

14.9.1.5  Heart Failure with Preserved Ejection Fraction (HFpEF)
There are no good evidence-based treatments that reduce morbidity or mortality in 
adults with heart failure with preserved ejection fraction [7, 23]. Diuretics are 
mainly used for symptomatic relief (Fig. 14.2).

Of note, there are no studies looking at the newer treatments, including ivabradine 
[58] and the neprilysin inhibitors [59] in patients with CHD. Nevertheless, the data
can be extrapolated to patients with systolic dysfunction and systemic left ventri-
cles. For ACHD patients with systemic RVs or single ventricle physiology, use of
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patients with CHD [70–72]. The recent PACES/HRS guidelines 
for arrhythmia management in patients with CHD [69] adapt 
the existing North American and European heart failure and 
device therapy guidelines to the CHD population. In terms of 
implanting CRT, the only Class I recommendation they have are 
for the patients with a systemic LV, EF of ≤35%, sinus rhythm, 
NYHA II–IV, and LBBB with a QRS ≥150 ms. Other patients, 
including those with systemic RV and single ventricle, have 
Class IIa and IIb indications depending on their ventricular 
ejection fraction and the width of their QRS complex [69]. Use 
of CRT (multisite pacing) may be beneficial in patients with 
single ventricles, but the evidence is limited [8]. Similarly, 
there are no good studies for the use of CRT and systemic RV 
dysfunction and RBBB [8]. Our center has anecdotal success 
with using CRT in patients with ccTGA; however, patient 
numbers are small, and further data collection is necessary with 
this unique population (Fig. 3).

Catheter ablation is an accepted procedure in this population, 
understanding that experience is limited and that repeat proce-
dures for recurrent arrhythmias are common [73]. Maintenance 
of sinus rhythm is important in most patients with CHD, and 
Class III (amiodarone, dofetilide) are the most accepted agents 
[73]. If the patient is unstable, then synchronized cardioversion 
is effective, as long as intra-atrial thrombus is excluded.

If the patient has VT, then cardioversion (synchronized for 
monomorphic VT, defibrillation for polymorphic or VF) is re-
quired. The chronic management of VT/VF involves ICD place-
ment with antiarrhythmic medication and catheter ablation [73].

Mechanical Support

The use of mechanical support devices is not common in the 
current state due to potential barriers, such as pulmonary vascular 

Fig. 3. Cited from [69].
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for the use of CRT and systemic RV dysfunction and RBBB [8]. Our center has 
anecdotal success with using CRT in patients with ccTGA; however, patient num-
bers are small, and further data collection is necessary with this unique population 
(Fig. 14.3).

Catheter ablation is an accepted procedure in this population, understanding that 
experience is limited and that repeat procedures for recurrent arrhythmias are com-
mon [73]. Maintenance of sinus rhythm is important in most patients with CHD, 
and class III (amiodarone, dofetilide) are the most accepted agents [73]. If the 
patient is unstable, then synchronized cardioversion is effective, as long as intra- 
atrial thrombus is excluded.

If the patient has VT, then cardioversion (synchronized for monomorphic VT, 
defibrillation for polymorphic or VF) is required. The chronic management of 
VT/VF involves ICD placement with antiarrhythmic medication and catheter 
ablation [73].
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Fig. 14.3 Cited from [69]
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disease, multiple prior sternotomies, and multiorgan dysfunction. 
One study showed that while VAD usage is increasing for patients 
on the heart transplant waitlist for patients with acquired heart 
disease, the rate of VAD use has not increased for patients 
with ACHD on the transplant waitlist [74]. Nevertheless, these 
advanced therapies have been described in ACHD patients [25, 
75] and in patients with systemic right ventricles [8].

Transplantation

Heart transplantation is not a common outcome for patients with 
ACHD, but 3% of patients who undergo transplant have CHD. As 
more and more patients develop end-stage HF with CHD, this will 
become a more common occurrence. ACHD patients have higher 
early mortality, but similar long-term survival as those who do 
not have CHD. ACHD patients have special considerations with 
regards to transplant. They have sometimes unique and complex 
anatomy. They are possibly at higher risk due to their previous 
sternotomies and possible highly sensitized HLA antibodies. They 
may also have higher incidence of pulmonary hypertension and 
liver cirrhosis, all of which complicate their pretransplant workup 
and possibly their organ matching and posttransplant course [76].
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Device Therapy in the Heart Failure

Troy Rhodes and Raul Weiss

9.1  Introduction

In patients with heart failure (HF), the two main causes of 
death are sudden cardiac death (SCD) and progressive pump 
failure. In the Framingham Heart Study, HF increased over-
all and SCD mortality fivefold [1]. In patients with Class II 
or III HF, the mode of death is more likely be to “sudden” 
while in patients with Class IV HF, it is more likely to be due 
to pump failure [2]. The most common cause of SCD is the 
degeneration of ventricular tachycardia (VT) to ventricular 
fibrillation (VF), although pulseless electrical activity (PEA) 
and bradyarrhythmias account for up to one-third of cases 
[3]. Electrical defibrillation is the only effective approach for 
terminating VF. Following success with external defibrilla-
tion, an implantable defibrillator was developed in the mid-
1960s and the first automatic internal defibrillator was 
implanted in humans in 1980 [4, 5].

Primary prevention of SCD refers to a therapy intended to 
prevent SCD who have not yet experienced symptomatic sus-
tained VT or VF or sudden cardiac arrest (SCA) but are at 
increased risk for such events due to their heart failure since 
SCD may be the first presentation of a ventricular arrhythmia. 
The role of a primary prevention implantable cardioverter- 
defibrillator (ICD) depends upon the severity and etiology of 
the left ventricular (LV) dysfunction and the severity of clini-
cal heart failure. Patients with heart failure who experience 
sustained ventricular tachycardia or SCA are at high risk for 
recurrence and will typically have an ICD implanted for sec-
ondary prevention of SCD. This chapter will discuss device 
therapy in HF, clinical trials and guidelines for implantation 

of ICDs and cardiac resynchronization therapy (CRT), ambu-
latory device monitoring, and the management of patients 
with VT and ICD therapies.

9.2  Implantable Cardioverter 
Defibrillators (ICDs)

9.2.1  Ischemic Cardiomyopathy

Patients who have had a myocardial infarction (MI) leading 
to a reduced systolic function are at increased risk of SCD, 
most commonly due to ventricular tachyarrhythmias, and 
prophylactic ICD implantation in selected patients with isch-
emic cardiomyopathy reduces mortality. ICD therapy for pri-
mary prevention of SCD in patients with ischemic 
cardiomyopathy due is recommended for those with LV ejec-
tion fraction (LVEF)  ≤  35% with New  York Association 
(NYHA) functional Class II or III and those with LVEF ≤ 30% 
with NYHA I symptoms. Patients should be at least 40 days 
post MI and more than 3 months following revascularization 
and on guideline-directed medical therapy (GDMT) since 
these interventions may lead to significant improvement in 
systolic function and heart failure class and potentially elimi-
nate the need for a primary prevention device. The indications 
for ICD implantation were derived from the inclusion criteria 
of several major randomized trials enrolling patients with 
ischemic cardiomyopathy in the first weeks (early) and more 
than 4–6 weeks following MI (late) [6].

The Multicenter Automatic Defibrillator Implantation 
Trial (MADIT-I) was the first randomized clinical trial (RCT) 
to show the role of ICDs in primary prevention of SCD in 
asymptomatic patients with prior MI, nonsustained VT 
(NSVT) on ambulatory monitoring, LVEF ≤ 35%, and induc-
ible sustained monomorphic VT (SMVT) during electrophys-
iology study (EPS) that remained inducible following the 
administration of procainamide. Patients were randomly 
assigned to pharmacologic therapy including an anti-
arrhythmic medication at the discretion of the clinician 
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(most   commonly amiodarone) or to ICD therapy were fol-
lowed an average of 27  months. There was a significant 
reduction in overall mortality, cardiac mortality, and arrhyth-
mic deaths in the ICD group with an average survival of 
3.7 years compared to 2.8 years in those receiving medical 
therapy. Subset analysis showed a survival benefit for ICD for 
patients with LVEF < 26%, more severe CHF or QRS dura-
tion of ≥120 ms. MADIT-I was limited by a small number of 
patients (<200) and events, a low incidence of subsequent 
NSVT on ambulatory monitoring, only enrolling patients 
with inducible VT not suppressed or slowed by procainamide, 
and higher beta-blocker use in the ICD group. While a land-
mark study for the use of ICDs in primary prevention of SCD, 
MADIT-I has been supplanted by subsequent trials [7].

The Multicenter Automatic Defibrillator Implantation 
Trial II (MADIT-II) randomized 1232 patients with prior MI 
(>30  days and more than 3  months if bypass surgery had 
been performed) and LVEF ≤ 30% to prophylactic ICD or 
conventional therapy. MADIT-II addressed some of the 
limitations of MADIT-I by eliminating the requirement of 
EP study and the presence of NSVT. After an average 
follow-up of 20 months, the study was stopped early due to 
the survival benefit of ICD therapy. Those receiving an ICD 
had a significantly reduced all-cause mortality of over 5% 
compared to conventional therapy (14.2% vs 19.8%); the 
survival benefit was seen in all patient groups and was 
entirely due to a reduction in sudden cardiac death. There 
was a nonsignificant trend toward greater benefit in patients 
with a QRS > 150 ms. An unexpected finding was a higher 
rate of HF hospitalizations in the ICD group (20% vs 15%), 
possibly due to a higher incidence of HF progression with 
the prevention of SCD, myocardial injury as a result of ICD 
shocks, and the negative impact of unintentional right 
ventricular pacing [8].

The Coronary Artery Bypass Graft (CABG) Patch trial 
randomized 900 patients to an epicardial ICD implanted at 
the time of bypass surgery or medical therapy. Patients had a 
LVEF <36% with severe CAD requiring surgical revascular-
ization, abnormal signal-averaged ECG, but no history of sus-
tained ventricular tachyarrhythmia or syncope. There was no 
significant difference in overall or cardiovascular mortality 
with an average follow-up of 32 months. It is likely that ICD 
therapy did not improve mortality due to the beneficial effect 
of coronary revascularization itself in the prevention of sud-
den cardiac death. It is worth noting the high percentage of 
epicardial implantation and the high complication rate in ICD 
Group (approximately 6%) While the impact of percutaneous 
coronary revascularization was not evaluated, this negative 
trial is the primary reason why current guidelines do not rec-
ommend ICD implantation for patients who have recently 
undergone coronary revascularization [9].

While not designed as a randomized ICD trial, the 
Multicenter Unsustained Tachycardia Trial (MUSTT)  utilized 

EPS in the management of high-risk patients enrolling 704 
patients with prior MI (4 days to >3 years), LVEF ≤ 40%, 
asymptomatic NSVT (at least 4 days post MI or post revascu-
larization but within 6 months of enrollment), no history of 
sustained ventricular tachyarrhythmia or syncope with induc-
ible sustained VT during EPS to standard medical therapy or 
EPS guided antiarrhythmic therapy, or an ICD (if at least one 
antiarrhythmic medication was ineffective). After a median 
follow-up of 39 months, the 2 year (12% vs 18%) and 5 year 
(25% vs 32%) rates for arrhythmic death or resuscitated SCA 
were significantly lower for the EPS-guided patients. The 
reduction in the primary endpoint was largely attributable to 
ICD therapy and at 5 years, arrhythmic death or resuscitated 
SCA occurred in 9% of patients with an ICD and 37% of 
those treated with an antiarrhythmic drug [10]. A subsequent 
analysis of the MUSST trial in patients with an LVEF 30–40% 
showed the rate of arrhythmic death at 5 years was signifi-
cantly increased for those with inducible VT suggesting EP 
testing may have predictive value in this group [11].

The Sudden Cardiac Death in Heart Failure Trial (SCD- 
HeFT) randomized 2521 patients with both ischemic (52%) 
or nonischemic (48%) cardiomyopathy, LVEF ≤ 35% with 
NYHA Class II or III HF treated with beta-blocker and ACE 
inhibitor for at least 3  months prior to enrollment to ICD 
implantation, amiodarone, or placebo with a median 
follow-up of 46 months. ICD therapy significantly reduced 
total mortality at 5 years (29% vs 36% with placebo). The 
benefit of an ICD was comparable for patients with either 
ischemic or nonischemic cardiomyopathy while amiodarone 
provided no benefit compared to placebo [12].

9.2.1.1  Early Post-MI Trials
The Defibrillator in Acute Myocardial Infarction Trial 
(DINAMIT) randomized 674 patients with prior MI 
(6–40 days, mean of 18 days), LVEF ≤ 35%, and reduced 
heart rate variability or elevated resting heart rate (≥80 bpm) 
to either prophylactic ICD or standard medical therapy. With 
a mean follow-up of 30  months, there was no significant 
difference in annual all-cause mortality. Arrhythmic deaths 
were more frequent in the medical therapy group while 
nonarrhythmic deaths were more frequent in the ICD group 
[13]. This negative trial provides rationale for the current 
guidelines that ICD implantation is not recommended until 
at least 40 days following a MI.

The Immediate Risk Stratification Improves Survival 
(IRIS) trial randomized 898 patients with a MI in the prior 
5–31 days and at least one of the following: LVEF ≤ 40% 
and resting HR ≥ 90 bpm, NSVT ≥ 150 bpm, or both to ICD 
therapy or standard medical therapy. With an average 
follow-up of 37 months, there was no difference in all-cause 
mortality. As seen in DINAMIT, SCD was higher in the 
medical therapy group while nonarrhythmic deaths were 
more frequent in the ICD group [14].
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The lack of benefit in the early post-MI trials were likely 
due to: recovery of LV function, SCD in the early post-MI 
period due to recurrent ischemia or mechanical complica-
tions that an ICD would not effectively treat, and additional 
risk of ICD implantation immediately following MI [15]. 
Higher resting HR and reduced HR variability may identify 
a group of patients with higher mortality from non-arrhyth-
mic causes [16].

9.2.2  Nonischemic Cardiomyopathy

Patients with nonischemic cardiomyopathy are at increased 
risk for sudden cardiac death from ventricular arrhythmias. 
While smaller trails suggested no benefit of ICD therapy to 
these patients, larger trials and meta-analyses have 
demonstrated mortality benefit from prophylactic ICD 
implantation. Current guidelines recommend ICD 
implantation for patients with nonischemic cardiomyopathy 
with LVEF ≤ 35%, NYHA Class II-III, treated with a beta- 
blocker and ACE inhibitor for at least 3  months prior to 
implantation.

The Cardiomyopathy Trial (CAT) enrolled 104 patients 
with ≤9  months of nonischemic dilated CM with 
LVEF ≤ 30% to ICD implantation versus medical therapy. 
The Amiodarone Versus Implantable Cardioverter- 
Defibrillator trial (AMIOVIRT) randomized 103 patients 
with nonischemic dilated CM with LVEF ≤ 35%, Class I to 
III CHF, and asymptomatic NSVT to ICD vs amiodarone 
therapy. Both showed no significant benefit to ICD therapy 
for all-cause mortality but both were limited by small patient 
numbers and unexpectedly low mortality rate; also there was 
no placebo control group in AMIOVIRT [16, 17].

The Defibrillators in Non-Ischemic Cardiomyopathy 
Treatment Evaluation (DEFINITE) randomized 458 patients 
with NICM, LVEF ≤ 35%, NSVT or premature ventricular 
contractions (PVCs) to ICD or medical therapy. There was a 
trend towards a reduction in all-cause mortality with an ICD 
(7.9% vs 14.1% with medical therapy) with a significant 
reduction in patients with NYHA Class III CHF. While fewer 
sudden deaths occurred in the ICD group (3 deaths vs 14 
deaths in the medication group), the mortality rate in the 
medical arm was lower than anticipated during study design 
leading to the trial being underpowered for its primary 
endpoint [18].

As discussed earlier, SCD-HeFT randomized patients 
with both ischemic and non-ischemic CM to ICD therapies, 
amiodarone, or placebo and a significant reduction in overall 
mortality was seen with ICD therapy with comparable 
benefit in ischemic and nonischemic patients [12]. ICD 
therapy was also associated with a short term improvement 
in psychological wellbeing [19]. There was no survival 
benefit with amiodarone over placebo [12].

9.2.3  ICD Therapy Is NOT Recommended

ICD therapy is not indicated: ventricular arrhythmias are due to 
completely reversible conditions (metabolic abnormalities, 
drugs, trauma) in the absence of structural heart disease; life 
expectancy less than 1 year; incessant VT or VF; significant 
psychiatric illness that could be aggravated by ICD therapies or 
limit follow-up; NYHA Class IV HF refractory to GDMT who 
are not candidates for transplantation, LVAD, or CRT; syncope 
without inducible VT or structural heart disease; and patients 
with structurally normal heart amenable to ablation [6].

9.2.4  ICD System

The transvenous ICD system includes pace-sense and 
defibrillation electrodes on a single ventricular lead and a 
pulse generator. Pacing and sensing functions require a pair 
of electrodes (bipolar): a distal electrode at the tip of the lead 
and a second ring electrode several millimeters back from 
the tip. Bipolar leads provide high amplitude, narrow 
electrograms for more accurate sensing and reduce the risk 
of sensing extracardiac signals, which could lead to 
inappropriate device function. With the vast majority of new 
ICD implantations, the ICD lead is placed transvenously via 
the cephalic, axillary, or subclavian vein with the distal 
electrode at the right ventricular apical endocardium.

The defibrillation electrode is a “coil” of wire along the 
distal lead body that provides a relatively large surface area 
to maximize the density of current flow through the 
ventricular myocardium. In addition to the distal shock coil 
in RV, some leads have a second proximal coil (SVC coil) to 
reduce the amount of energy for defibrillation. The metal 
housing of the pulse generator can also serve as a shock 
electrode but requires pectoral location. The ICD system 
should achieve a minimum energy for successful defibrillation 
(defibrillation threshold) that is at least 10  J less than the 
maximum output of the device. The pulse generator contains 
the high voltage capacitors, battery, and sensing circuitry and 
will typically last 8–10 years or more.

In rare cases (due to prior infection, lack of venous access, 
high defibrillation energy requirements, or concurrent 
cardiac surgery), electrodes and defibrillation patches can be 
placed on the epicardium. In patients with normal sinus and 
AV nodal function (who do not have a pacemaker indication), 
a single chamber ICD is implanted. Some devices utilize an 
ICD lead with electrodes incorporated on the lead for atrial 
sensing for detection of atrial arrhythmias. A dual chamber 
ICD has an additional right atrial lead for atrial sensing and 
pacing in patients where bradycardia support is indicated. A 
subcutaneous ICD (S-ICD) has a lead that is placed 
subcutaneously (no lead within the vasculature or the heart) 
for defibrillation only.
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The device categorizes any detected heart rate above 
programmed cut-offs as a ventricular arrhythmia. Current 
ICDs offer multiple programming and therapeutic options 
including multiple detection zones, arrhythmia discrimi-
nation (ventricular vs supraventricular), and multiple 
therapies (antitachycardia pacing, cardioversion, and defi-
brillation). The ICD can be programmed to provide differ-
ent therapies (also known as tiered therapy) in up to 3 
different heart rate zones so that therapies can be tailored 
in each zone. Slower VTs may not lead to loss of con-
sciousness and may be terminated with antitachycardia 
pacing (ATP) while faster VTs are more likely to be poorly 
tolerated, unstable, and may become more difficult to 
treat if definitive therapy (defibrillation) is delayed. In 
each zone, multiple sequential therapies can be delivered 
(ATP, then cardioversion, defibrillation); following each 
therapy, the device will reevaluate the rhythm and if it 
persists or accelerates, the next therapy in the appropriate 
zone is delivered.

Patients at risk for ventricular arrhythmias are also at risk 
for supraventricular arrhythmias and if the ICD interprets a 
SVT incorrectly as VT, the patient may experience 
inappropriate shocks which occur in up to 20–25% of 
patients [20–23]. ICDs utilize additional features to improve 
discrimination between ventricular and supraventricular 
arrhythmias. With a dual chamber device also detecting the 
atrial rhythm, the primary discriminator remains heart rate. If 
the atrial rate is faster than the ventricular rate (A > V), the 
arrhythmia is classified as a SVT, most commonly atrial 
fibrillation or atrial flutter and therapy is withheld. An 
arrhythmia with a faster ventricular than atrial rate (V > A) is 
consistent with atrioventricular dissociation with VT and 
therapy is delivered.

The device will also record a template of the ventricular 
electrogram during sinus rhythm which it then compares to 
the electrogram seen during a tachyarrhythmia. Changes in 
morphology, duration, polarity from baseline increase the 
likelihood of categorizing it as ventricular arrhythmia. The 
device will also detect the stability (lack of R- R variability) 
of the tachycardia; VT will typically be more regular while 
AF will not be. It also utilizes an onset criterion since VT 
will tend to be sudden onset while sinus tachycardia will 
have more gradual onset. Of course, SVTs can also be sudden 
onset and stable, this is one of the reasons why patients may 
receive inappropriate shocks.

While the discriminators are designed to prevent an SVT 
being incorrectly categorized as VT or VF and limit 
inappropriate shocks, no combination of discriminators is 
100% specific for SVT. Also, for persistent tachyarrhythmias, 
the discriminators have a “time out” so that the ICD will treat 
the arrhythmia as VT or VF.

Once criteria for delivering a shock are met, the capaci-
tors charge which take several seconds; after charging, the 

ICD will take a “second look” to determine if the arrhythmia 
has spontaneously terminated. If the tachycardia persists, the 
shock will be delivered. If the first shock fails, the defibrillator 
will deliver up to five more shocks in an attempt to terminate 
the arrhythmia.

9.2.5  Antitachycardia Pacing (ATP)

Reentrant arrhythmias can be terminated by pacing at a rate 
faster than the arrhythmia. The reason for termination is an 
antegrade and retrograde collision of the pacing wave front 
within the VT circuit that leads to termination of the 
arrhythmia. ATP refers to the delivery of short bursts of rapid 
ventricular pacing (typically 8/10 beats) to terminate VT. It is 
typically programmed to be delivered 10–20% faster than 
the rate of the tachycardia. Several prospective randomized 
and observational studies have shown that up to 95% of 
spontaneous VTs can be successfully terminated with ATP 
with similar efficacy to low energy (≤10 J) cardioversions 
[24–28].

ATP has also been shown to be effective with more rapid 
VTs. In the PainFREE Rx II trial, 634 patients were randomly 
assigned to empiric ATP or ICD shock for initial therapy of 
rapid VT (188–250 bpm). With mean follow-up of 11 months, 
98 patients experienced 431 episodes of rapid VT and 81% 
were successfully pace terminated. There was no difference 
in the incidence of VT acceleration, syncope, sudden death, 
or median VT duration between the ATP and ICD shock 
arms [29].

Unfortunately, ATP tends to be less successful in 
patients with multiple VT morphologies. In one cohort of 
52 patients with 833 episodes over mean follow-up of 
30 months, ATP terminated 95% of VT episodes in patients 
with 1 morphology, 85% with 2 morphologies, and 70% 
with ≥3 morphologies [30].

9.2.6  Cardioversion

A shock that is delivered at the peak of the R wave 
(synchronized) is referred to as a cardioversion. If a shock is 
not synchronized and delivered during the vulnerable period 
of repolarization, this can cause VT to degenerate into VF.

9.2.7  Defibrillation & Threshold Testing

A shock delivered randomly during the cardiac cycle 
(unsynchronized) is defibrillation. Since VF is an unorganized 
rhythm, synchronized cardioversion is not necessary or 
possible. The amount of energy that is necessary to 
defibrillate the heart is the defibrillation threshold (DFT). 
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Historically, DFT was tested at device implant and generator 
changeout but recent studies have shown, in left sided 
implants, this is not necessary with modern ICDs. When 
performing DFTs at implant, VF is induced by a programmed 
shock on the T wave or with high frequency (50 Hz) pacing. 
The ICD should appropriately detect VF, charge, and deliver 
a shock. If the shock defibrillates the heart, the testing is 
repeated after a 5 min delay with a lower energy shock (step- 
down). Testing is repeated until defibrillation does not occur 
and the patient is rescued with a maximum output shock or 
external defibrillation. The DFT is defined as the lowest 
successful energy. Current clinical practice is one induction 
of VF and successful defibrillation occurs at 17  J or 2 
inductions and successful defibrillation at 21 J occurs [31], 
an appropriate safety margin is confirmed. Early ICDs had a 
monophasic shock waveform while current ICDs have a 
biphasic waveform with an initial positive phase followed by 
a negative phase which is significantly more effective. With 
modern ICD systems with biphasic shocks, the DFT is 
typically ≤15 J.

Given clinical variations (CHF, ischemia, autonomic 
tone) and probabilistic nature of defibrillation, a shock at the 
energy level of the DFT may not always successfully 
defibrillate [32]; thus, an ICD must be able to deliver a shock 
at a higher energy than the DFT and a safety margin of at 
least 10  J is typically recommended. If DFTs have been 
performed at implant, the 1st shock is typically programmed 
10 J above the threshold allowing a shorter charge time prior 
to therapy. If this shock is unsuccessful, subsequent shocks 
are delivered at higher energies, typically at the maximum 
output of the ICD.

As ICD technology has improved, DFTs have substantially 
decreased and it is uncommon for adjustments to be required 
at implant to ensure an adequate safety margin. Several 
studies have shown that DFT testing at implant may not be 
necessary for most patients. A small study of 145 patients 
undergoing ICD implant with or without CRT randomized 
patients to DFTs or no DFT.  All patients in the DFT arm 
were successfully defibrillated and only 4% required any 
system modifications and there were no differences in 
outcomes between the 2 groups [33]. In the Shockless 
Implant Evaluation (SIMPLE) [34] and NORDIC [35] ICD 
trials, patients undergoing initial ICD implant were 
randomized to DFTs or no DFTs; no DFT testing was non- 
inferior to DFT testing (with a trend towards superiority). 
Based on these studies, DFTs are not routinely performed at 
implantation and ICD shocks are programmed at maximum 
output.

There are patients where DFTs are still performed (those 
with known elevated DFTs, on antiarrhythmic drug therapy 
that may raise the DFT, and those with right sided devices). 
Current recommendations also encourage performing DFTs 
in patients undergoing implantation of a S-ICD.

9.2.8  Programming to Minimize Right 
Ventricular Pacing

RV pacing is associated with an increased incidence of HF 
hospitalizations, AF, and death [36–38] by causing ven-
tricular dyssynchrony due to functional LBBB. Whenever 
possible, both ICDs and pacemakers are programmed in 
modes to minimize RV pacing. For single chamber ICDs, 
the lower rate limit is typically programmed to 40  bpm 
(VVI 40 bpm). Dual chamber ICDs have algorithms that 
allow for intrinsic AVN conduction (AAI-DDD) and only 
provide ventricular pacing when AV block occurs. CRT is 
currently recommended for patients on GDMT with 
LVEF  ≤  35% undergoing new implantation or device 
replacement with anticipated requirement for significant 
(>40%) ventricular pacing [6].

9.2.9  Optimal ICD Programming

Historically the goal of ICD programming was to deliver 
ICD therapies with minimal possible delay for any ventricular 
arrhythmia. Many times, ICD therapies were delivered for 
arrhythmias that were non-sustained and may have 
spontaneously terminated if longer detection times prior to 
therapy were present [39]. Both appropriate and inappropriate 
ICD shocks are painful, psychologic stressful, and adversely 
affecting quality of life [40, 41], myocardial function [42], 
and are associated with increased mortality [40, 43, 44].

Several trials have investigated the impact of extended 
VT/VF detection intervals. In the Pooled Analysis of the IDE 
Study and EFFORTLESS a time to therapy of 19.2 ± 5.3 s 
was associated with spontaneous termination of 37% of all 
ventricular arrhythmias [45].

9.2.10  MADIT–RIT

The aims of this study were to evaluate the effect of device 
programming on inappropriate therapy and mortality. 1500 
patients undergoing primary prevention ICD implantation 
were randomized to three different programming strategies: 
conventional (2.5 s delay at rates of 170–199 bpm with 1 s 
delay at rates of >200 bpm), delayed (60 s delay at rates of 
170–199  bpm with 12  s delay at rates 200–249  bpm, and 
2.5 s delay at rates >250 bpm), and high-rate (no therapy for 
170–199 bpm, 2.5 s delay at rates of >200 bpm).

With delayed and high rate programming, inappropriate 
therapies were lower; all-cause mortality was lower in the 
high-rate group with a trend toward lower mortality in the 
delayed therapy group. The risk of mortality was higher in 
patients who received appropriate or inappropriate therapies, 
including ATP, regardless of programming strategy [46].
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The ADVANCE III Trial randomized 1902 patients under-
going primary or secondary ICD implantation to one of two 
detection strategies (ATP and ICD shock programming was 
the same in both groups) for ventricular tachycardia 
>187 bpm. The two groups were: standard detection inter-
vals 18/24 (5.4–7.2 s for detection with VT 200 bpm) and 
long detection intervals 30/40 (9–12 s for detection with VT 
200 bpm).

Patients in the long detection group had fewer delivered 
therapies, lower likelihood of receiving ATP and near sig-
nificant trend towards lower likelihood of delivered shock, 
and no significant change in mortality between the 2 groups 
[47]. Both MADIT-RIT and ADVANCE III showed that lon-
ger detection intervals prior to ICD therapies is both safe 
and effective in both primary and secondary prevention 
patients. It is important to notice that the increase in time to 
therapy or higher detection rates were not associated with 
increase in syncopal episodes. A meta-analysis of 4 studies 
showed that patients programmed with longer detection 
intervals had significantly fewer inappropriate shocks and 
lower mortality [48].

9.2.11  ICDs in Patients with LVADs

Ventricular arrhythmias are common in patients with left 
ventricular assist devices (LVADs) and are often better tol-
erated due to the hemodynamic support from the 
LVAD. Patients may remain in rapid ventricular arrhyth-
mias for prolonged periods of times and SCD is an uncom-
mon method of death in LVAD patients. The role of ICDs 
and optimal programming in LVAD patients has been 
uncertain. Recent meta-analyses have shown ICD use is 
associated with a significant mortality reduction in LVAD 
patients. In those with continuous-flow LVADs, there was 
a nonsignificant trend for improved survival in those with 
an ICD [49, 50]. Further randomized clinical trial data is 
needed to fully address this issue. It has been uncertain if 
ICD programming should be adjusted in LVAD patients to 
allow ventricular arrhythmias (permissive programming) 
or maintain traditional programming to avoid the compli-
cations of sustained ventricular arrhythmias. With permis-
sive programming, VT/VF detections limits are increased 
to only treat faster HRs with prolonged detection intervals 
and increased use of ATP prior to delivering a shock. In a 
small study, permissive ICD programming lead to a non-

significant trend toward fewer ICD shocks with no change 
in mortality or time to first hospitalization [51]. Larger 
studies are needed to define optimal ICD programming in 
LVAD patients.

9.2.12  Ambulatory Monitoring

ICDs allow for remote monitoring that allow physicians to 
interrogate the ICD, evaluate device and lead parameters and 
event EGMs over the telephone or internet without requiring 
the patient to come to the office or hospital. Programming 
changes cannot be made remotely but require in person inter-
rogations. Multiple parameters may trigger an alert on 
remote monitoring (Table 9.1).

In a study assessing the clinical impact of remote moni-
toring, (TRUST-trial [34]) randomized patients with single 
and dual chamber defibrillators to remote monitoring or rou-
tine office visits. Remote monitoring reduced in-hospital 
device interrogation visits by 45% with no increase in 
adverse events and problems were identified 30 days earlier 
with remote monitoring [52]. In the Clinical Evaluation of 
Remote Notification to Reduce Time to Clinical Decision 
(CONNECT), a decreased length of stay was seen with 
remote monitoring of patients with ICDs or CRT-Ds [53]. In 
the ALTITUDE study, 185,778 patients with ICD or CRT-D 
were randomized to remote monitoring 3–4 times per month 
with office visits twice a year or to routine office visits only. 
A 50% reduction in mortality was seen at 1 and 5 years and 
the lowest mortality was seen in patients who reported 
weight and BP readings, suggesting that improved survival 
may be attributable to better patient self-care rather than 
remote monitoring alone [54]. The above benefits were seen 
across all manufacturers.

Remote monitoring also offers data that may assist in the 
treatment of HF patients. As a surrogate for pulmonary vascu-
lar fluid status, intrathoracic impedance can be measured 

Table 9.1 Remote monitoring parameters triggering patient alerts

New onset, duration of SVTs, AF
RV pacing over programmable percentage
BiV pacing under programmable percentage
Significant change in lead function (impedances, capture 
thresholds)
NSVT, VT, ICD therapies
Generator at recommended replacement interval
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between the tip of ICD lead and the pulse generator. The 
Medtronic OptiVol system is a measurement of the difference 
between the daily and reference impedances plotted against a 
programmable threshold and when crossed an alert will trig-
ger. Figure OptiVol Fluid Trends (Dec-2014 to Feb-2016) 
shows an Optivol trend seen on remote monitoring for a 
patient with an acute exacerbation of HF. An alert should lead 
to patient evaluation not reflexive medication adjustment 
since the transthoracic impedance can be affected by pneu-
monia, pleural effusion, pocket edema, or inflammation.

In one study of 532 patients, CHF hospitalizations were sig-
nificantly reduced in patients with OptiVol monitored turned 
“on” [55]. However, in the Diagnostic Outcome Trial for Heart 
Failure (DOT-HF), an audible alert was emitted by the device 
when the Optivol threshold was crossed; leading to increased 
outpatient visits and admissions for CHF with no change in 
mortality [56]. In the OptiLink HF Study, OptiVol monitoring 
did not reduce CV hospitalizations or mortality [57].

Devices can also monitor patient activity and heart 
rate variability; decreased levels of both may predict heart 

failure exacerbation. The use of multiple clinical variables 
may assist the predictive value of impedance measurements. 
In the Program to Access and Review Trending Information 
and Evaluate Correlation to Symptoms in Patients with 
Heart Failure (PARTNERS HF) trial, 694 patients with 
CRT-Ds were evaluated. Patients with a fluid i ndex > 100 
and any 2 of the following: long duration of AF, AF with 
RVR, low patient activity, high nocturnal HR, low HR vari-
ability, low CRT- pacing, or ICD shocks had a 5.5-fold 
increased risk of CHF admission in the next 30 days [58].

One important advance in device follow up is the 
devel-opment of remote monitoring. In the Influence of 
Home Monitoring on Mortality and Morbidity in 
HF Patients with Impaired LV function (IN-TIME), 
all-cause mortality in the tele-monitoring group was 3.4% 
versus 8.7% in the control group [59]. Similarly, in a “big-
data” Registry analysis of 269,471 US patients, 
remote monitoring was associated with improved 
survival and survival was associated to the level of 
adherence to remote monitoring [60].
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9.2.13  ICD System Integrity

In addition to notification that the pulse generator has reached 
the recommended replacement time (RRT), the device 
monitors for early lead failure. An insulation break or inner 
conductor fracture can lead to failure to capture or oversensing 
with inhibition of pacing which could be catastrophic in 
pacemaker dependent patients. Inner conductor fracture of 
an ICD lead can lead to oversensing and inappropriate ICD 
shocks. An alert for a sudden change in lead impedance can 
result in earlier identification and management to reduce the 
chance for inappropriate shocks. Remote monitoring has 
shown that lead malfunctions are identified 54 days earlier 
and inappropriate shocks from lead fracture were reduced by 
50% (53–27%) [61, 62].

9.2.14  Approach to the Patient Presenting 
with Suspected ICD Therapies

Reported ICD shocks are due to 3 possible situations: appro-
priate shock, inappropriate shock, or a phantom shock. Within 
2 years of ICD implantation, one-third of patients will experi-
ence an appropriate ICD therapy for a ventricular tachyar-
rhythmia that satisfied programmed detection criteria [63]. 
Inappropriate therapies can occur due to SVTs that satisfied 
VT/VF criteria, oversensing of environmental electrical 
noise, or ICD malfunction due to sensing of noise (i.e., ICD 
lead fracture). A phantom shock is the sensation of an ICD 
shock in the absence of an arrhythmia or ICD therapy [64].

Some patients may receive multiple ICD therapies within 
minutes to hours following the initial shock. VT storm is 
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OptiVol fluid index is an accumulation of the difference between the daily and reference impedance.
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defined as 3 or more sustained episodes of VT, VF, or appro-
priate ICD shocks within 24  h [65]. Patients who receive 
more than 1 ICD therapy, require emergent evaluation for 
persistent arrhythmia not adequately treated by the ICD, 
concomitant illnesses such as myocardial infarction, decom-
pensated HF, metabolic derangements, or ICD malfunction 
[66]. Prompt device interrogation should be performed to 
assess the nature of the arrhythmias and device therapies, 
and ensure appropriate device function. Patients with ongo-
ing arrhythmias should be treated according to advanced car-
diac life support (ACLS) guidelines.

In the event of device malfunction causing repeated 
inappropriate ICD therapies, VT/VF detection and thera-
pies can be disabled by placing a magnet directly over the 
ICD.  Magnet placement still allows backup bradycardia 
pacing but will not cause asynchronous pacing (DOO or 
VOO) as seen with pacemakers. With a magnet in place, the 
patient must remain on continuous monitoring with prepa-
rations for external cardioversion-defibrillation since nei-
ther SVTs, VT, of VF will be detected or treated by the 
ICD.  Once the magnet is removed, normal ICD function 
will resume [64].

9.2.15  Management of VT & ICD Therapies

ICD shocks are associated with decreased quality of life 
[67] and lead to increased risk of hospitalization, HF, and 
death. While ICDs therapies effectively terminate VT-VF, 
they do prevent them and concomitant antiarrhythmic drug 
(AAD) therapy is frequently necessary. In the first year of 
treatment, amiodarone reduced recurrent arrhythmias by 
71% [68] and the rate of arrhythmic death [69] but with 
long term use is associated with significant side effects that 
often lead to discontinuation [70]. If VT recurs despite 
AAD therapy, either escalation of AAD therapy or catheter 
ablation of VT are the next steps [71]. Randomized trials of 
catheter ablation in patients with ischemic cardiomyopathy 
reduced the rate of VT recurrence [72, 73] and observa-
tional studies have shown increased survival [74]. The 
Ventricular Tachycardia Ablation versus Escalated 
Antiarrhythmic Drug Therapy in Ischemic Heart Disease 
(VANISH) trial randomized 259 patients to VT ablation or 
escalated AAD therapy with a significantly lower rate of 
appropriate ICD shocks, VT storm, and death in those 
undergoing catheter ablation [75]. Current guidelines rec-
ommend catheter ablation when AAD therapy is ineffective 
[65, 71, 76] but this trial supports catheter ablation over 
escalation of AAD therapy in patients with ischemic VT 
[75]. Unfortunately, VT ablation in patients with nonisch-
emic CM have not been as successful likely due to the dif-
ferences in arrhythmic substrate [77].

9.2.16  Driving with ICDs

Patients with ICDs are at risk for syncope secondary to VT/
VF and incapacitation due to surprise and pain from ICD 
shocks and therefore, driving restrictions should be recom-
mended. Primary prevention patients may drive 1 week fol-
lowing device implantation. Secondary prevention patients 
(at implant) and those who receive appropriate ICD therapies 
for VT and VF, should be restricted from driving for 6 months 
from their last ICD therapy [78]. These recommendations 
differ among countries.

9.2.17  Wearable Cardioverter-Defibrillator

For patients at risk for SCD but do not meet accepted criteria 
for ICD implantation, those with infectious issues awaiting 
device re-implantation or awaiting cardiac transplantation, a 
wearable cardioverter-defibrillator (WCD) offers short term 
protection. The WCD also plays a role for protection of 
newly diagnosed HF patients to allow time for medical ther-
apy with potential recovery of LV systolic function so per-
manent ICD implantation is unnecessary. In a recent 10 year, 
single center, retrospective study of newly diagnosed isch-
emic and non-ischemic CM patients treated with WCDs, no 
appropriate therapies were seen in patients with 
NICM. Additional prospective studies are needed, but newly 
diagnosed ischemic CM patients may benefit from WCD 
more than NICM patients [79].

9.3  Cardiac Resynchronization Therapy

Ventricular dyssynchrony can worsen heart failure symptoms 
by impairing pump function. Cardiac resynchronization ther-
apy (CRT) involves pacing both ventricles (biventricular or 
BiV pacing) to reduce dyssynchrony, improve pump func-
tion, reduce functional mitral regurgitation, and reverse ven-
tricular remodeling. In randomized controlled trials, CRT 
reduces mortality, HF symptoms and hospitalizations.

The Comparison of Medical Therapy, Pacing, and 
Defibrillation in Heart Failure (COMPANION) trial random-
ized 1520 patients with LVEF ≤ 35%, NYHA Class III-IV 
HF, and QRS ≥ 120 ms to CRT with a defibrillator (CRT-D), 
CRT without a defibrillator (CRT-P), or optimal HF medical 
therapy. CRT-D was better than optimal medical therapy at 
all QRS durations (≤147 ms, 148–168 ms, and >168 ms) but 
the greatest effect was seen with increasing QRS duration 
and CRT-P benefited those with QRS ≥ 150 ms [80]. A sub-
sequent analysis using QRS cutoffs of <150 ms and ≥150 ms 
showed a reduction in death and all-cause hospitalization for 
those with a QRS ≥ 150 ms.

T. Rhodes and R. Weiss

This copy belongs to 'dutta'



47

Device Therapy in the Heart Failure

147

The Cardiac Resynchronization Heart Failure trial 
(CARE-HF) randomized 813 patients with QRS ≥ 120 ms, 
LVEF  ≤  35%, and NYHA III-IV to CRT-P or optimal 
medical therapy (no ICD arm) with the primary endpoint of 
mortality and unplanned cardiovascular hospitalization 
reported according to QRS intervals above or below 160 ms. 
Echocardiographic evidence of ventricular dyssynchrony 
was required for patients with QRS 120–149 ms. As seen in 
COMPANION, CRT was better than medical therapy for all 
QRS durations but the greatest benefit was in those with 
QRS ≥ 160 ms [81].

Three trials investigated the benefit of CRT in 
predominantly NYHA II patients: REVERSE 
(Resynchronization Reverses Remodeling in Systolic Left 
Ventricular Dysfunction), MADIT-CRT (Multicenter 
Automatic Defibrillator Implantation Trial with Cardiac 
Resynchronization Trial), and RAFT (Resynchronization- 
Defibrillation for Ambulatory Heart Failure Trial).

REVERSE enrolled 610 patients with NYHA I-II HF, 
EF ≤ 40%, and QRS duration ≥ 120 ms were enrolled to 
either CRT-P or CRT-D based on clinical indications and 
were then randomized to active CRT On or Off for 
12  month follow-up with a clinical composite score as 
the primary endpoint. Remodeling, as measured by 
change in LV index volume, progressively improved with 
increasing QRS duration with shortest QRS cutpoint of 
134 ms [82] while a further analysis showed progressive 
CRT benefit when QRS duration > 120 ms was evaluated 
as a continuous variable for each 10  ms increase in 
QRS  duration [83]. No CRT benefit was seen with 
QRS < 120 ms [82].

MADIT-CRT enrolled 1820 patients with EF  <  30%, 
NYHA Class I-II, and QRS duration ≥ 130 ms to CRT-D or 
ICD alone and the benefit of CRT-D on death or nonfatal HF 
event was only seen in those patients with QRS duration 
≥  150  ms [84]. While female patients benefited across all 
QRS durations, male patients received benefit mainly when 
the QRS duration was at least 160  ms [85]. Nonetheless, 
with long term follow-up, CRT-D improved all-cause 
mortality in the 1281 patients with LBBB QRS morphology, 
regardless of the QRS duration [86].

In RAFT, 1798 patients with NYHA I-II, EF ≤  30%, 
and QRS durations ≥ 120 ms were randomized to CRT-D 
or ICD alone with a primary endpoint of all cause death or 
HF hospitalization. CRT benefit was only observed in 
patients with QRS duration  ≥  150  ms compared with 
patients with QRS  <  150  ms or a paced QRS dura-
tion ≥ 200 ms [87].

Meta-analyses of these CRT trials have added further sup-
port that QRS duration is a useful surrogate for electrome-
chanical dyssynchrony but is not the sole determinant of 
CRT response [88, 89].

9.3.1  AV Block and CRT

In BLOCK HF trials, 691 patients with high grade AV block, 
NYHA Class I-III HF, and LVEF ≤ 50% were randomized to 
BiV pacing or RV pacing. With mean follow-up of 37 months, 
the combined primary endpoint of all-cause mortality, urgent 
HF visit requiring intravenous therapy, or ≥15% increase in 
LV end-systolic volume index was significantly less likely to 
occur in the BiV pacing group [90]. Similarly, in the PACE 
trial, 177 pacemaker candidates with LVEF ≥  45% under-
went implant of a CRT system were then randomized to 
either BiV pacing or RV pacing. At 12 months follow-up, 
those receiving RV pacing had significantly lower LVEF and 
higher LV end-systolic volume than those with BiV pacing 
[38]. Current guidelines recommend CRT in patients with 
LVEF ≤ 35% with significant (>40%) anticipated or present 
RV pacing at implant or device replacement, respectively. 
Based upon BLOCK HF, FDA approved CRT for patients 
with LVEF ≤ 50%, NYHA I-III, and AV block with signifi-
cant RV pacing.

9.3.2  CRT & Narrow QRS

In patients with a QRS duration  ≤  120  ms, 20–40% have 
evidence of mechanical dyssynchrony by echocardiography 
and is a predictor of mortality. Four trials have investigated 
patients with normal or near normal QRS durations 
(<130 ms) and echocardiographic mechanical dyssynchrony 
who then underwent implantation of CRT-D with 
randomization to CRT on or off.

EchoCRT (Echocardiography Guided Cardiac 
Resynchronization Therapy) was stopped early due to futility 
and showed a nonsignificant trend towards harm in patients 
with an EF  <  35% a NYHA III-IF HF and QRS 
durations < 130 ms who received CRT-D [91]. Similarly, the 
LESSER EARTH (Evaluation of Resynchronization Therapy 
in Heart Failure) Trial was terminated early due to safety 
concerns and futility [92]. NARROW CRT (Narrow QRS 
Ischemic Patients Treated with Cardiac Resynchronization 
Therapy) trial enrolled 120 patients with echocardiographic 
dyssynchrony to CRT-D or dual chamber ICD.  At 1  year, 
CRT was associated with an improved HF clinical composite 
response (primary endpoint) and at 16  months, improved 
survival from the combined endpoint of HF hospitalization, 
HF death, and spontaneous VF [93]. Differences in the 
results between the three trials are likely due to variable 
patient populations, endpoints, and follow-up intervals [94].

RethinQ (Resynchronization Therapy in Normal QRS or 
slightly prolonged QRS (130 ms) enrolled 85 patients prior 
to study termination with 27% of patients with QRS duration 
of 120–130 ms showing an improvement in NYHA functional 

9 Device Therapy in the Heart Failure

This copy belongs to 'dutta'



48

T. Rhodes and R. Weiss 

148

class and maximal oxygen consumption but no benefit for 
the primary endpoint of an increase of peak oxygen 
consumption >1.0 ml/kg during cardiopulmonary testing at 
6 months. Symptoms improved in all QRS duration groups 
but exercise capacity increased significantly only in those 
with QRS duration > 120 [95].

9.3.3  QRS Morphology & CRT Response

While patients were not enrolled in randomized controlled 
CRT trials on the basis of QRS morphology, important obser-
vations have been obtained from post hoc analyses. The major-
ity of patients enrolled had a LBBB or nonspecific IVCD and 
those with LBBB have shown the greatest response to CRT 
whereas those with non-LBBB have responded poorly. 
Overall, trial data support CRT for LBBB patients when the 
QRS duration is at least 120 ms but the greater response to 
CRT is seen as the QRS duration lengthens [94].

While few patients with RBBB were enrolled, it is clear 
that patients with RBBB received little to no benefit from 
CRT. A meta-analysis of 5 trials (MIRACLE, CONTAK CD, 
CARE-HR, RAFT, and MADIT-CRT) identified 259 patients 
with RBBB and there was no benefit from CRT [96]. In 
predominantly NYHA Class II HF patients with non-LBBB, 
IVCD, or RBBB morphologies (REVERSE, MADIT-CRT, 
and RAFT) reduced or no CRT benefit was seen [82, 84, 87].

Using data from the Medicare ICD Registry in 14,946 
patients who underwent CRT-D implantation with RBBB, 
decreased survival was seen compared to those with LBBB 
[97]. Among 24,169 patients who underwent CRT-D implan-
tation in the National Cardiovascular Data Registry ICD 
Registry, 1 year hospital readmission rates and 3 year mortal-
ity were higher in those with non-LBBB and LBBB <150 ms 
[98]. In another study, the benefit of CRT only emerged in 
non-LBBB patients, once the QRS ≥ 160 ms [96].

In MADIT-CRT, seven factors were associated with reverse 
remodeling (reduced LV end-diastolic volume): female sex, 
nonischemic CM, LBBB ≥ 150 ms, prior admission for HF, 
LVEDV ≥ 125 ml/m2, and left atrial volume <40 ml/m2. All 
factors were worth 2 points except 3 points for left atrial vol-
ume. The response score predicted CRT response with a 13% 
increase per each point in the response score and correlated 
with reduced risk of HF or death [99].

9.3.4  Other Factors Affecting CRT Response

While the optimal LV lead position is not fully defined; the 
lateral and posterolateral wall have been the preferred 
location since it is often the last segment to contract in 
dyssynchronous LV. Reverse remodeling was significantly 
greater in patients where the LV lead was placed at the site 

of maximal delay [100]. Unfortunately, placing a transve-
nous lead at this site may be limited by coronary sinus 
anatomy, diaphragmatic stimulation, or scar burden. A 
lower CRT response rate has been seen in patients with 
transmural posterolateral scar by cardiac magnetic reso-
nance imaging [101].

A meta-analysis of five CRT trials involving 3872 patients 
showed a similar mortality benefit in men and women [102] 
which was in contrast to a subset analysis of MADIT-CRT 
showing that both the mortality benefit and adverse event 
rate were higher in women [84, 103].

Clinical trials have not specifically addressed the benefit 
of CRT in elderly patients. A meta-analysis of five randomized 
CRT trials (median age 66, range 58–73  years) found no 
significant interaction between age and CRT effect on all- 
cause mortality or heart failure hospitalization [102].

AF is common in patients with HF affecting 10–25% of 
patients with NYHA Class II-III and 50% of patients with 
NYHA Class IV [104]. Studies have suggested that CRT 
may not be as effective for patients with AF. Randomized, 
controlled clinical trials have almost always excluded 
patients with AF. With AF, there is loss of atrioventricular 
synchrony and rapid ventricular rates lead to electrical fusion 
and reduced true biventricular pacing capture. AV nodal 
agents have been the main treatments for controlling 
ventricular response while atrioventricular junction ablation 
(AVJA) has also been used as an alternative to drug therapy 
to control the ventricular rates in patients with permanent 
AF. In patients with HF and permanent AF undergoing CRT, 
AVJA is associated with a significant reduction in all-cause 
mortality, cardiovascular mortality, and improvements in 
NYHA functional class compared to those treated with AV 
nodal agents [105].

The majority of patients enrolled in CRT trials were 
NYHA HF Class III while some had NYHA Class IV 
HF. There has been concern that NYHA Class IV HF patients 
may not benefit from CRT or CRT-D since implantation may 
destabilize their HF and their life expectancy would limit 
long term benefits. In the COMPANION trial, 217 patients 
had NYHA Class IV HF but this represented a relatively 
stable patient group (“Ambulatory Class IV”) since patients 
were excluded if cardiac transplantation was expected within 
6  months and no HF hospitalizations within 30  days of 
enrollment. In this group, CRT and CRT-D significantly 
reduced the time to hospitalization or death with a trend 
towards reduced all-cause mortality in both arms [106].

9.3.5  CRT Impact on Ventricular 
Tachyarrhythmias

The reverse remodeling seen in CRT responders is associated 
with a reduced risk of ventricular tachyarrhythmias (VTA). 
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In MADIT-CRT, the risk of first VTA was lowest among high 
CRT responders and highest for low responders [107]. 
Continued CRT following LVAD lead to significant reduction 
in VTA burden and ICD shocks [108].

9.3.6  Interruption of CRT

Loss of CRT due to malfunction or cessation typically leads 
to rapid deterioration with subsequent HF exacerbation. In a 
report of 20 patients who underwent temporary cessation of 
BiV pacing, there was a significant decline in the maximal 
rate of rise of LV systolic pressure (711–442 mm Hg) with a 
twofold increase in mitral regurgitation at 72 h [109].

9.3.7  Alternatives to Coronary Sinus Lead

Unfortunately, a large number of patients do not receive 
CRT due to inability of deploying a lead via the coronary 
sinus or receive a suboptimal position of the left ventricular 
epicardial lead related to anatomic constraints. This is 
likely a contributing factor to the high non-responder rate 
to CRT [110].

In these cases, the leads can be implanted epicardially via 
a thoracotomy or thoracoscopically [111, 112]. This 
approach, due to it higher morbidity and mortality, is mainly 
reserved for patients that failed the transvenous CS approach. 
A variant to the surgical approach, is the implantation of 
epicardial lead with via percutaneous subxiphoid approach. 
This less invasive technique has been already validated in 
animal studies [113].

More recently, an in an attempt to prevent extensive 
surgical procedures in patients with compromised 
hemodynamic parameters, LV endocardial pacing have been 
attempted. This technique has been described in a small 
number of patients, mainly single center experiences and 
lack the large randomized clinical trial that support the 
transvenous coronary sinus approach. Endocardial LV-pacing 
appears to have hemodynamic advantage to CS-epicardial 
pacing [114] and have the disadvantage of exposing the lead 
to the systemic circulation, increasing the risk for 
thromboembolic stroke and the need for lifelong 
anticoagulation [115]. There are descriptions of LV lead 
deployment via a transseptal puncture [116, 117] or even a 
transventricular septal puncture [118].

9.3.8  Assessing CRT Response at Follow-up

In the MIRACLE trial, clinical and QOL improvement was seen 
at 1 month [119] while in CARE-HF & COMPANION, benefit 
was assessed at 3 months [120, 121]. Multiple criteria have been 

used to assess CRT response at follow-up: one level improve-
ment in NYHA class, improved 6 min walk, quality of life mea-
sures, and decreased HF admissions. Up to one third of patients 
do not have a clinical response to CRT and over 40% do not 
show evidence of reverse remodeling [122]. For those patients 
who do not show clinical improvement following CRT, the fol-
lowing considerations are recommended:

9.3.9  Evaluation of Non-Responders at 3 
Month Follow-up

 1. Does 12 lead ECG show evidence of BiV pacing?
 2. Is patient in sinus rhythm or AF
 3. Device interrogation, capture thresholds
 4. What is the percentage of BiV pacing?
 5. CXR evaluation for lead position (stable, lateral position)?
 6. 6 min walk time (if done pre-implant)
 7. Repeat echocardiogram to assess LVEF and LVESV

Some patients exhibit a super-response to CRT defined as 
a two-fold or more increase in LVEF or LVEF  >  45%, a 
decrease in LV end-systolic volume, and a decrease in 
NYHA HF functional class ≥1. Super-responders had sig-
nificantly smaller mitral regurgitation and LV end- diastolic 
diameter (LVEDD) and mitral regurgitation jet, and heart 
failure symptoms for <12 months prior to implant [123]. In 
MADIT-CRT, 6 factors predicted super-response: female 
sex, no prior myocardial infarction, QRS duration ≥ 150 ms, 
left bundle branch block, body mass index <30 kg/m2, and 
smaller baseline left atrial volume index. Super- response 
was associated with significantly reduced risk of HF or all-
cause death [124] prompting the question if these patients 
should be changed to a CRT-P system at subsequent genera-
tor replacement.
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Comorbidities and Co-Existing 
Conditions in Heart Failure Around 
Pregnancy

Denise Hilfiker-Kleiner, Johann Bauersachs, 
and Karen Sliwa

4.1  Introduction

It is estimated that 0.2 to 4% of all pregnancies in industrial-
ized countries are complicated by cardiovascular diseases 
(CVD) with increasing number of women who develop car-
diac problems during pregnancy [1]. Indeed, pregnancy 
challenges the cardiovascular system and may lead to dis-
ease states such as hypertensive complications with its 
severe forms preeclampsia and the HELLP syndrome (H: 
hemolysis, EL: elevated liver enzymes, LP: low platelets 
counts) [2]. Especially the phase towards the end of preg-
nancy, during delivery and postpartum is a special challenge 
for the cardiovascular system since it has to cope with mas-
sive hormonal fluctuations, fluid changes and mechanical 
stress. Alterations in metabolism (subclinical insulin resis-
tance in pregnancy) and immune response (repressed in 
pregnancy and activated after delivery) take place as well. 
Moreover, endothelial stress promotes hypertensive disor-
ders and additional enhanced coagulation activity lead to 
higher risk for myocardial infarction and stroke and cardio-
myopathies as outlined below. It is therefore not surprising 
that acceleration of heart failure towards the end of the sec-
ond trimester, under delivery or in the early postpartum 
phase is frequently observed in women with pre- existing 
cardiomyopathies or pulmonary hypertension and is associ-
ated with adverse maternal and perinatal outcome [3]. 
Moreover, the cardiac stress model “pregnancy” may even 

unmask unrecognized genetic and non-genetic heart dis-
eases [2, 4, 5].

It is also important to note, that cardiovascular disease 
around pregnancy provides substantial challenges for the 
patient and the treating physician because evidence-based 
clinical data are scarce and even the understanding for nor-
mal physiological processes operating on the maternal car-
diovascular system during pregnancy are poorly 
understood. Moreover, medical therapy is limited since 
many well established medications are contra-indicated 
during pregnancy and large clinical trials are rarely 
performed.

In this chapter we summarize the current knowledge on 
comorbidities and co-existing conditions in heart failure as 
well as new onset cardiovascular disease around pregnancy. 
We will discuss state of the art treatment options, prognosis 
and novel insights in pathophysiological mechanisms behind 
pregnancy-mediated cardiovascular diseases.

4.2  What Is Known on Normal 
Physiological Changes 
of the Cardiovascular System During 
Pregnancy

The nature of physiological stress factors to the cardiovascu-
lar system such as hemodynamic changes, increased cardiac 
workload and cardiac output around pregnancy are summa-
rized in articles by Hilfiker-Kleiner et al. and by Chung et al. 
[6, 7]. In brief, marked hemodynamic changes in the mater-
nal circulation occur in the first trimester of pregnancy and 
cause a profound decline in systemic vascular resistance 
that, in turn, abets a reciprocal increase in cardiac output of 
approximately 40% or 2  L/min lasting throughout preg-
nancy. These circulatory changes are thought to condition 
the maternal system for the rapid growth phase of the foetus 
and placenta in the 2nd half of pregnancy, when oxygen and 
nutrient demands are rising exponentially. At the same time 
powerful dilatory mechanism(s) are started that counteract 
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compensatory structural and functional hypertrophy for 
which pregnancy hormones such as progesterone and relaxin 
seem to be responsible [6, 8].

The hormonal changes during pregnancy alter also the 
propensity to blood clotting and haemorrhage thereby 
increasing the risk for embolic complications such as stroke 
and myocardial infarction [9].

In addition, a metabolic switch is induced in the mother’s 
system away from glucose towards fatty acids and glycogen 
since glucose has to be efficiently shuttled to the foetus, a 
feature that leads to a “physiological” type of insulin resis-
tance in the mother [9].

In summary, pregnancy leads to a system-wide hor-
monal, hemodynamic and metabolic reprogramming for 
which our current understanding is limited. Therefore, 
intensive research in this field is needed to better define 

what is “normal” and where serious disturbance and dis-
ease starts.

4.3  Pregnant or Postpartum Women 
with Heart Failure

Heart failure in pregnant or postpartum women may arise 
newly or may have pre-existed already prior pregnancy. Pre- 
existing conditions can be known to the patient and treating 
physician or be unknown and unmasked due to the above 
mentioned stress condition of pregnancy. We therefore sug-
gest a systematic approach in these patients as outlined in 
Fig. 4.1. Using this scheme, a first classification in patients 
with pre-existing vs patients with new onset cardiovascular 
disease can be made.

An approach to a pregnant or peripartum
women presenting with heart failure

Comorbidities?
Aggravating factors?

Yes
Manage

according
to

underlying
disease

No
Follow

diagnostic
algorithm

< 16
weeks:

Pregnancy
desired?

?
Termination

>16
weeks:
Can the

patient be
stabilized?

Intervention
needed?

Early
delivery?

Important Questions
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Is the patient known to have
an underlying heart disease?
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Others:
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Constritive pericarditis
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balloon

valvotomy

Medical
therapy

Not
operated:

Single
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needed (e.g.

MRI for
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Fig. 4.1 Scheme to classify 
heart failure in pregnant and 
peripartum women
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4.4  Pre–Existing Cardiovascular Disease 
in Pregnant Women

In the world-wide Registration Of Pregnancy And Cardiac 
disease (ROPAC), 7% of pregnancies in women with cardio-
vascular diseases involved cardiomyopathies [3, 10–13]. In 
ROPAC women with cardiomyopathies had a 2.4% mortality 
compared to women with other underlying heart diseases 
(0–2.1%).

Women known with cardiomyopathy or mutation carriers 
of an inheritant cardiomyopathy and their partners need to be 
counselled before pregnancy addressing maternal risk of 
complications while pregnant and postpartum and the influ-
ence of maternal disease on fetal outcome. The possible 
influence of pregnancy on cardiac function after pregnancy 
must be taken into account. Date on longer-term impact of 
pregnancy on deterioration of cardiac function are unknown 
and not studied so far. The most common pre-existing car-
diomyopathies are dilated cardiomyopathies (DCM) or 
hypertrophic cardiomyopathy (HCM),

Dilated Cardiomyopathy DCM in women of child-bear-
ing age is commonly idiopathic. Secondary causes for DCM 
can be myocarditis, hypertensive heart disease (particularly 
common in Africans) and cardiotoxins such as anti-neoplas-
tic drugs [14]. Currently, more than 30 genes are known to be 
responsible to DCM [15]. Among 88 pregnancies in women 
with cardiomyopathies in the ROPAC registry one death 
occurred in a women with DCM and another in a women 
with anthracycline related cardiomyopathy [10]. However, 
6 months outcome data were not available for all and no date 
for long-term maternal mortality (≥1 year post partum were 
recorded). A recent study from South Africa showed that 
eight out of nine death of women with heart disease occurred 
later than the standard rate of maternal mortality reporting of 
42 days [16]. In a series from Canada studying 36 pregnan-
cies in women with DCM, no death occurred but 39% of 
women developed heart failure or arrhythmias during preg-
nancy with moderate to severe LV systolic dysfunction and 
NYHA functional class III or IV with adverse cardiac event 
rates of 72% and 83% respectively [17]. Fetal and neonatal 
complications are also common in pregnancies in women 
with DCM. In the series from Canada 20% of the pregnan-
cies had adverse fetal or neonatal outcomes [17].

Left Ventricular Noncompaction Cardiomyopathy 
(LVNCCM) LVNCCM is a condition characterized by 
thickening of the myocardium, which consists of a thin com-
pacted and thick non-compacted layer of myocardium. 
LVNCCM has a familial occurrence in a large proportion of 
patients with several underlying gene mutations being identi-
fied. A recent study by Gati S [18] showed that increased 
trabeculations fulfilling the criteria of non- compaction 

develop in a substantial proportion of healthy pregnant 
women. Their data suggest that increased preload is associ-
ated with LV trabeculations resembling LVNCCM. A new 
diagnosis of LVCCM should be made with caution in preg-
nant women, especially when there is no heart failure or 
familial disease [18]. Only limited data from case reports are 
available regarding pregnancy in women with LVNCCM 
[19]. Clinical presentation varied from uneventful pregnancy 
to arrhythmias and severe heart failure. Increase in thrombo-
embolic events have not been reported.

Hypertrophic Cardiomyopathy (HCM) HCM occurs in 
the general population in 1:500 individuals (0.2%). 
Localization and severity of hypertrophy differs between 
individuals due to heterogeneous expression of sarcomeric 
genes. Limited data are available on the outcome of preg-
nancy in women with HCM. Mortality appears rare (0.5%) 
and has only been reported in high risk patients [20]. A meta-
analysis on 408 pregnancies in 237 women reported a mater-
nal complication rate of 29% [21]. These complications 
included heart failure in up to 30% and arrhythmias in up to 
48%. All women with HCM should have risk assessment and 
counselling before pregnancy according to current guide-
lines, giving attention to both maternal risk and offspring 
risk, including the risk of transmission of disease [1].

4.5  Newly Onset Cardiovascular Disease 
Around Pregnancy

Hypertension in Pregnancy Hypertensive complications 
in pregnancy occur with an estimated frequency of 8% 
worldwide and are responsible for substantial maternal and 
foetal morbidities and mortalities [22–24]. Most recent data 
from an American study suggest that the frequency of hyper-
tensive complications is even higher and may affect one fifth 
of all pregnancies [25]. The severity of maternal hyperten-
sion ranges from slightly elevated systolic and diastolic 
blood pressure to severe and life threatening conditions. The 
study of Coel et al. [25] showed that 23% of women with 
antepartum hypertension were diagnosed with preeclampsia, 
60% with transient hypertension, 9.4% with gestational 
hypertension, and 7.5% with chronic hypertension. 
Preeclampsia as a severe form of pregnancy associated 
hypertension is defined as onset of sustained hypertension 
(>140 mmHg systolic or > 90 mmHg diastolic blood pres-
sure) with development of proteinuria of at least 1+ on dip-
stick or  >  300  mg per 24  h after 20  weeks of gestation. 
Critical preeclampsia or HELLP syndrome (H: hemolysis, 
EL: elevated liver enzymes, LP: low platelets counts) are 
defined as blood pressure  >  160  mmHg systolic 
or > 110 mmHg diastolic, proteinuria >5 g per 24 h, neuro-
logical symptoms such as seizures, pulmonary edema, 
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hepatic or renal dysfunction, thrombocytopenia or fetal 
growth restriction [8]. Preeclampsia and HELLP are leading 
causes for premature delivery with high risk for maternal, 
foetal and neonatal morbidity and mortality [8]. Treatment of 
hypertension in pregnancy is limited since only a few com-
pounds as summarized in the guidelines for treatment of car-
diovascular disease in pregnancy [1] are considered safe in 
pregnancy not harming mother and child. Therefore, the only 
“cure” for severe hypertensive complications is often (pre-
mature) delivery. After delivery acute symptoms and renal 
damage resolve relatively fast. However, hypertension may 
take up to 2  years to disappear implying that endothelial 
injury may be long-lasting. Women with transient left ven-
tricular hypertrophy or preeclampsia appeared more likely to 
develop postpartum hypertension compared with women 
with chronic or gestational hypertension [25, 26]. A novel 
observation is the development of postpartum hypertension 
in women who had no hypertension during pregnancy [25, 
26]. This observation indicates that in general more careful 
cardiovascular monitoring is required in women not only 
during pregnancy but also in the first postpartum months. 
Postpartum women with a specifically high risk for postpar-
tum hypertension had a higher body mass index at delivery 
and were more likely to have a history of diabetes mellitus 
[25, 26]. Hypertensive disorders and preeclampsia during 
pregnancy are associated with additional cardiovascular dis-
orders such as a higher risk for developing PPCM [27]. 
Indeed, since preeclampsia and PPCM share common 
pathomechanisms including endothelial damage hyperten-
sive disorders in pregnancy may predispose women to PPCM 
[4, 28]. Moreover, women with preeclampsia have 3- to 
eight-fold increased risk for ischemic heart disease, hyper-
tension and stroke as well as obesity, dyslipidemia and end-
stage renal disease later in life [29–31].

Finally, hypertensive disorders in pregnancy seem also to 
impact on the foetus since children resulting from these 
pregnancies have higher risks for high blood pressure and 
stroke [24].

Pregnancy as a Stress Test for Underlying Genetic Forms 
of Heart Failure The physiological impact of pregnancy on 
the human heart with regard to hormonal and mechanical 
stress is substantial and is therefore able to unmask unno-
ticed genetic forms of cardiomyopathies. Indeed, a subset of 
patients with peripartum heart failure turned out to be carri-
ers of mutations associated with familial forms of dilated 
cardiomyopathies (DCM), including mutations MYH7, 
SCN5A, PSEN2, MYH6, TNNT2, cardiac troponin C 
(TNNC1), and MYBPC3 [32, 33] [5]. The German PPCM 
registry reports around 16% of patients with a positive fam-
ily history for cardiomyopathies [27]. A recent study on a 
large international collective of PPCM patients reported a 

significantly higher prevalence (15% v.s. 4.7%) of truncating 
variants of genes whose mutations are associated with car-
diomyopathies in PPCM patients compared to normal col-
lectives [5]. Interestingly, two thirds of the identified 
truncating variants were affecting the Titin gene [5]. 
Additional genetic factors may also contribute to the suscep-
tibility to peripartum heart failure, a feature that is especially 
interesting in the light of the higher incidence of the disease 
observed in patients with African ancestry [34, 35].

However, in general it is not easy to distinguish non- 
genetic from genetic forms of peripartum heart failure to 
date. May be the emerging field of next generation sequenc-
ing may help to identify disease causing factors and co-fac-
tors in patients presenting with new-onset heart failure 
around pregnancy. Moreover, since the pathophysiology 
between genetic and non-genetic forms of peripartum heart 
failure may differ, biomarkers could be developed for a cost 
saving pre-screening process. This would be important since 
“true” non-genetic PPCM patients seem to have a higher 
chance for recovery compared to the genetic forms [27] and 
family counselling would be recommended if mutations are 
detected.

Peripartum Cardiomyopathy (PPCM) Among peripar-
tum diseases affecting the heart, PPCM is one of the more 
severe forms. PPCM is an independent disease that is defined 
as “an idiopathic cardiomyopathy presenting with heart fail-
ure secondary to left ventricular (LV) systolic dysfunction 
towards the end of pregnancy or in the months following 
delivery, where no other cause of heart failure is found” as 
proposed by the Working Group on PPCM from the Heart 
Failure Association of the ESC [35]. For many years PPCM 
has been considered a very rare disease in Western countries. 
Meanwhile, it is recognized as an important condition for 
women’s health worldwide with increasing incidence in the 
USA and in Europe (from 1 in 4350 in 1990 to 1993 to 1 in 
2229  in 2000 to 2002  in the USA [36]. Socio-economic 
changes in Western societies such as rising maternal age and 
a substantial increase in multifetal pregnancies due to repro-
ductive techniques may account for the higher prevalence [2, 
36, 37]. Additionally, the rising awareness of pregnancy 
related cardiovascular complications, the EURObservational 
Research Programme on PPCM (http://www.eorp.org) [38] 
and other national and international reporting facilities [27, 
39–41] may also contribute to the larger number of PPCM 
cases diagnosed in recent years.

In contrast to the above mentioned hypertensive disorders 
of the cardiovascular system or the genetic forms of peripar-
tum heart failure, the etiology of PPCM is not known. The 
clinical presentation of PPCM patients is highly variable 
ranging from phenotypes similar to dilated cardiomyopathy 
(DCM), cases with almost normal ventricular dimensions or 
borderline non-compaction cardiomyopathies [2]. No typical 
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ECG pattern has been described and to date the diagnosis is 
only based on reduced ejection fraction (EF nearly always 
below 45%) and the exclusion of other forms of cardiomy-
opathies [35, 42].

PPCM can present with acute heart failure needing 
immediate admission to the intensive care unit, or it may 
develop subtly over several weeks. Especially in the slow 
developing PPCM, it is difficult to distinguish between nor-
mal peripartum discomfort, i.e. fatigue, mild shortness of 
breath or mild edema, and pathological symptoms of heart 
failure. Due to these overlapping symptoms even if accom-
panied by typical heart failure symptoms (congestion, 
abdominal discomfort, pleuritic chest pain and/or palpita-
tions) diagnosis is often late and subsequent heart failure 
treatment delayed [2, 4, 35].

Therefore, biomarkers are needed to identify PPCM 
patients and refer them to expert physicians for further diag-
nostic assessment. So far, NT-proBNP, a well established 
marker for heart failure, turned out to be increased in most 
PPCM patients [27, 43] and would therefore be an easy 
marker for any peripartum woman reporting discomfort. In 
addition, enhanced shedding of endothelial microparticles 
has been reported in PPCM patients [44]. A long the same 
line, microRNA-146a (miR-146a), present in endothelial 
exosomes, has been shown to be specifically upregulated in 
PPCM patients but not in healthy postpartum women or 
patients with DCM [27, 45]. Since miR146a is directly asso-
ciated with the pathophysiology of PPCM (outlined below) it 
appears to be the first PPCM specific marker.

The etiology of PPCM is still unknown but several 
pathomechanisms that contribute and/or drive the disease 
have been identified in recent years. For example low sele-
nium level, various viral infections, stress-activated cyto-
kines, inflammation and autoimmune reaction and a 
pathologic response to hemodynamic stress are suspected 
factors [34, 46]. Meanwhile, it is suggested that several fac-
tors may induce PPCM but finally all merge into a common 
pathway, which includes the coincidental presence of unbal-
anced oxidative stress and high levels of the nursing hor-
mone Prolactin (PRL), which lead to the proteolytically 
produced angiostatic and pro-apoptotic 16  kDa PRL frag-
ment [45, 47]. The 16 kDa PRL complexes with the fibrino-
lytic inhibitor plasminogen activator inhibitor-1 (PAI- 1), and 
via binding to the PAI-1-urokinase-type plasminogen activa-
tor (uPA)-uPA receptor (uPAR), exerts antiangiogenic effects 
mainly via activation of NFkappaB and subsequent upregu-
lation of miR-146a [45, 48].

Together with additional anti-angiogenic factors such as 
soluble fms-like tyrosine kinase-1 (sFlt1) the 16 kDa PRL 
disturbs the angiogenic balance in the peripartum phase 
damaging the endothelium, which subsequently induces a 
metablic shortage leading to heart failure [4, 28]. Indeed, 
there is evidence that the maternal heart needs protection 

against these angiogenic dysbalance and up-regulates the 
expression of pro-angiogenic factors, i.e. vascular endothe-
lial growth factor (VEGF) [28, 47]. However, there is exper-
imental and clinical evidence that pathways responsible for 
the upregulation of VEGF, i.e. the signal transducer and 
activator of transcription 3 (STAT3) and peroxisome prolif-
erator-activated receptor gamma coactivator 1-alpha 
(PGC1α) related signaling, seem to be compromised in 
PPCM [28, 47, 49]. The same signalling pathways are also 
required for protection from oxidative stress, which in nor-
mal pregnancy rises specifically towards the end of preg-
nancy [50]. STAT3 and PGC1a play central roles in the 
anti-oxidative defence of the maternal heart during the peri-
partum phase because they increase the expression of anti-
oxidative enzymes such as manganese superoxide dismutase 
(MnSOD) [28, 47]. STAT3 is downregulated in cardiac tis-
sue form PPCM patients and cardiomyocyte specific knock-
out of STAT3 or PGC1a lead to PPCM in mice [28, 47, 49]. 
Latest data suggest that hyperosmolar stress caused by 
excessive bleeding during delivery or by ethnic traditions 
with high salt intake in the postpartum phase may accidently 
cause a decrease of the protective STAT3  in the heart of 
peripartum women [49].

Taken together, these data indicate that PPCM may 
often start as a disease of the endothelium, leading to loss 
or damage of the vasculature. Moreover, PPCM may be a 
multifactorial disease caused by the coincidential pres-
ence of unbalanced oxidative stress, impaired cardiopro-
tective and pro-angiogenic signalling and high expression 
of anti- angiogenic factors. Part of these mechanisms may 
already be initiated during pregnancy for example by pre-
eclampsia. The current understanding of pathomecha-
nisms inducing PPCM is explained in more detail in recent 
reviews [2, 4].

4.6  Therapeutic Concepts 
and Management of Peripartum 
Heart Failure

Currently, peripartum heart failure is treated according to the 
ESC guidelines for heart failure in pregnancy [1]. In brief, 
late in pregnancy therapeutic interventions need to consider 
the health of the mother and the foetus while after delivery 
standard therapy for heart failure (beta-blockers, ACE- 
inhibitors/AT1-blockers, diuretics, mineralocorticoid recep-
tor antagonists) is recommended. The more recent insights 
into the pathophysiology of peripartum heart failure and 
especially PPCM provide novel and more disease specific 
therapeutic concepts. In this regard, prolactin blockade with 
the dopamine D2 receptor agonist bromocriptine to elimi-
nate the prolactin (the full-length nursing hormone and its 
angiostatic and pro-apoptotic 16  kDa form) has been 
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successfully tested in several experimental models and in 
small clinical pilot trials and case reports [28, 47, 51, 52]. 
The concept of bromocriptine treatment is investigated in a 
larger controlled randomized multicenter trial in Germany 
evaluated the dosing of bromocriptine (ClinicalTrials.gov, 
study number: NCT00998556) [53]. This study showed that 
2.5 mg bromocriptine and anticoagulation therapy applied 
daily on top of heart failure medication is sufficient to pro-
mote healing in the majority of PPCM patients while severely 
diseased patients may need longer (6 weeks) and higher 
doses (5mg per day) of bromocriptine [43, 54–56]. Since at 
the same time, PPCM patients have a good chance to recover 
from the disease early implantation of a defibrillator (ICD) is 
not recommended and ICD therapy might be even unneces-
sary [57]. In turn, a first study using wearable cardioverter/
defibrillator (WCD) in PPCM patients with severely 
depressed cardiac function and/or ventricular arrhythmias 
confirmed their high risk for ventricular tachyarrhythmias in 
the early phase of the disease. In addition, this study showed 
that WCD provides protection against sudden cardiac death 
in the vulnerable phase of the first 3–6 months, and ordinates 
the need for necessary  ICD- implantation in patients recover-
ing from reduced LV-function [57]. An additional, recent 
study shows that the early therapeutic concept might also 
crucially influence the patient’s chance for recovery. In this 
respect, analyses of data from the German PPCM registry 
indicated that patients who were treated with the 
β1-adrenergic receptor (AR) agonist dobutamine developed 
frequently terminal heart failure needing either heart trans-
plantation and/or ventricular assist devices [2, 49]. 
Experimental studies confirmed that low cardiac STAT3 lev-
els in PPCM seem to be responsible for cardiomyocyte 
necrosis and energy deficits induced by β1-AR agonist treat-
ment [49]. It is important to note that bromocriptine treat-
ment is inefficient to prevent these β1-AR agonist induced 
heart failure progression. These data support the concept of a 
restricted use of dobutamine during acute heart failure in 
PPCM patients. One of the most frequently asked question 
concerns the possibility of future pregnancies in PPCM 
patients. Interestingly, PPCM patients seem to tolerate the 
pregnancy state quite well, especially if they enter the subse-
quent pregnancy with fully recovered cardiac function [35, 
58]. However, cardiac dysfunction re-emerges often in the 
peri- and postpartum phase [35, 58]. Therefore, PPCM 
patients should carefully be informed about the risk of 
relapse and should in general be discouraged from having 
additional pregnancies. They should be informed about con-
traceptive options (we recommend IUD since hormonal con-
traceptives may interact with heart failure medication, and 
counsel them about the risk for relapse in subsequent preg-
nancies). However, if they get pregnant again, termination of 
pregnancy may not prevent PPCM as we observe the disease 

also in pregnancies terminated in the first and second trimes-
ter. In turn, since they tolerate pregnancy normally quite 
well, they should carefully be followed in experienced cen-
tres with close collaboration between obstetricians and heart 
failure cardiologists. This is especially important in PPCM 
patients who become pregnant without complete recovery of 
LV function.

4.7  Conclusion

In recent years the awareness for cardiovascular disease 
around pregnancy has increased for the benefit of women’s 
health in general. Larger clinical data sets are collected and 
analysed, thus allowing more insight into the pathophysiol-
ogy of these diseases and providing important information 
for diagnosis and management of these patients. Large clini-
cal registries as for example the ones of the EURO OBS pro-
gram (ESC EUROOBS program (www.escardio.org) on 
pregnancy and cardiac disease (ROPAC) [3, 10–13] or on 
PPCM [38] together with experimental research are needed 
to further broaden our understanding of pathophysiology, 
prevention, treatment and management of cardiovascular 
disease around pregnancy.
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12.1  Anemia in Heart Failure

12.1.1  Prevalence and Pathophysiology 
of Anemia in CHF

Estimates of the prevalence of anemia in CHF patients vary 
broadly due to the use of inconsistent definitions of anemia 
in different studies. In a meta-analysis derived from 34 pub-
lished studies, involving more than 150′000 CHF patients, 
the mean prevalence of anemia was estimated 37.2% with 
lower prevalence in mild and higher prevalence in severe 
CHF [1]. Consistent with these data, a recent observational 
study involving 4456 consecutive patients referred to a cardi-
ology outpatient clinic in the UK reported a prevalence of 
anemia of 33%, if defined according to the World Health 
Organization (WHO) criteria as hemoglobin (Hb) concentra-
tion <12 g/dl in women and <13 g/dl in men [2]. Anemia is 
equally prevalent in patients with heart failure with reduced 
ejection fraction (HFrEF) and those with preserved ejection 
fraction (HFpEF) [1].

Factors associated with anemia include older age, chronic 
kidney disease, volume overload, diabetes mellitus, advanced 
myocardial remodelling, chronic inflammation and most 
predominantly iron deficiency (ID) [2, 3]. Other nutritional 
deficits such as Vitamin B12 or folate acid deficiency are 
uncommon [2]. The pathophysiology of anemia in HF is 
complex and multifactorial (Fig.  12.1). The predominant 
mechanisms that contribute to anemia in HF patients are 
listed below.

Iron Deficiency ID is the major cause of anemia in HF 
patients. Parameters of ID (e.g. serum iron, transferrin 

 saturation) are strongly associated with anemia in newly 
diagnosed HF patients [2]. ID in HF may occur in the context 
of anemia of chronic disease (functional iron deficiency) or 
as a consequence of depletion of iron stores (absolute iron 
deficiency).

Inflammatory Cytokines and Erythropoietin (EPO) 
Resistance CHF is a chronic inflammatory condition with 
chronic elevation of various inflammatory cytokines [4]. 
This chronic inflammatory state mitigates EPO production in 
the kidneys and reduces EPO sensitivity in the bone marrow. 
EPO resistance in the bone marrow may contribute to anemia 
in HF. Indeed, there is the phenomenon of a veritable bone 
marrow dysfunction in patients with CHF [5]. In some ane-
mic CHF patients EPO serum levels are inadequately high, 
suggestive of profound EPO resistance of the bone marrow. 
Inadequately high EPO levels are inversely correlated with 
the prognosis in CHF patients [6].

From the inflammatory perspective, anemia in CHF 
shares many mechanisms seen in anemia of chronic diseases 
(e.g. inflammatory bowel disease, chronic rheumatoid 
diseases).

Chronic Kidney Disease (CKD) CKD affects 30–50% of 
patients with CHF. Renal hypoxia constitutes the main stim-
ulus for EPO production in the kidneys. In CKD the capacity 
of appropriate EPO production in response to hypoxia is 
impaired. Also reduced renal perfusion due to low cardiac 
output may lead to inappropriately low EPO levels, if cor-
rected to hemoglobin levels. Therefore, reduced synthesis of 
EPO in the context of CKD or low cardiac output are impor-
tant causes of anemia [7].

Hemodilution In most patients with CHF hemodilution is a 
contributing factor to anemia. However, a true red cell deficit 
is found in the majority of anemic CHF patients on top of 
hemodilution [8].
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Malabsorption Altered intestinal function due to 
redistribution of blood away from the splanchnic region or 
increased bowel wall thickness due to edema may affect iron 
absorption in the gut thereby contributing to iron deficient 
anemia.

12.1.2  Diagnostic Work-Up of Anemia in CHF

According to the WHO criteria, anemia is defined as 
Hb < 120 g/l in women and Hb < 130 g/l in men. Regardless 
of erythrocyte size (microcytosis vs. normocytosis vs. 
macrocytosis) evaluation of iron stores (ferritin) should be 
performed in all cases of anemia to exclude iron deficient 
anemia (see diagnosis of ID below). The reticulocyte count 
helps to distinguish hyporegenerative anemia (e.g. renal 
anemia, anemia of chronic disease, myelodysplastic 
syndrome) from hyperregenerative anemia (hemolysis, 
blood loss). In general, any unexplained anemia or ID should 
be regarded as a potential sign of chronic bleeding and 
should trigger screening for occult gastrointestinal blood 
loss. Anemia due to vitamin B12 or folic acid deficiency is 
rare and of secondary importance in patients with CHF.

12.1.3  Prognostic Impact of Anemia in CHF

Anemia in patients with CHF is an independent risk factor 
for reduced exercise tolerance, low quality of life, HF 
hospitalizations and all-cause mortality with an inverse and 
linear association between Hb values and the risk of death 

[9]. The risk of hospitalization for HF was increased by 43% 
in anemic patients compared to non-anemic patients 
(p < 0.0001) in the COMET trial [10]. Even relatively mild 
degrees of anemia (Hb < 116 g/l for women, and Hb < 126 g/l 
for men) may confer increased morbidity and mortality [11], 
such that each 1 g/dl decrease in Hb was associated with a 
16% increase in mortality. In terms of mode of death, the 
presence of anemia is a predictor of both progressive 
HF-related death and sudden cardiac death [2].

12.1.4  Treatment of Anemia in CHF

Treating anemia in CHF is a clinical challenge due to the fact 
that its main driver is chronic inflammation. Because the 
inflammatory process interferes with the production of EPO, 
the sensitivity of the bone marrow to EPO and the delivery of 
iron to the bone marrow, protocols for the treatment of 
anemia in HF have focused primarily on the chronic 
substitution of erythropoiesis-stimulating agents (ESAs) and 
the administration of intravenous (i.v.) iron.

Although single-centre, open-label studies have suggested 
an improvement of exercise capacity and reduced 
rehospitalisation rates with ESAs in CHF patients with 
anemia, big randomized trials failed to reproduce these 
findings [12, 13]. In STAMINA-HeFT administration of the 
EPO derivate darbepoetin-alpha every 2 weeks for 1 year did 
not result in any benefit in terms of exercise tolerance, 
NYHA class or quality of life. There was, however, a trend 
towards lower risk of all-cause mortality and first HF 
hospitalization in the darbepoetin-treated group compared to 
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alpha could increase hemoglobin concentration with only 
modest improvement in quality of life and no reduction in 
hospitalization and mortality [13].

Moreover, concerns have emerged regarding the safety of 
chronic ESA treatment in patients with cardiovascular 
diseases. Two studies in patients with CKD (CHOIR, 
CREATE), where EPO was administered to reach either a 
higher (up to 15.0 g/dl) or a lower (up to 11.5 g/dl) target Hb 
showed that EPO administration aiming at higher Hb level 
may be associated with increased risk of morbidity and 
mortality [14, 15]. The results of the TREAT study, which 
randomized 4044 patients with type 2 diabetes, CKD, and 
anemia to treatment with darbepoietin-alpha or placebo with 
a target Hb of 13.0  mg/dl was neutral in terms of overall 
mortality but revealed an excess rate of stroke in the 
darbepoietin treated group (101 versus 53) [16]. Therefore, 
current international guidelines do not recommend therapy 
with ESAs in CHF patients with anemia [17].

12.2  Iron Deficiency in Heart Failure

12.2.1  Definition and Diagnosis

Serum ferritin reflects total body iron stores. Transferrin is a 
transport protein that circulates iron in a nonreactive state. A 
widely established cut-off value for the diagnosis of ID in the 
general population is a serum ferritin level <30  ug/l [18]. 
Being an acute phase protein, ferritin is increased in chronic 
inflammatory states such as CHF, independently of iron 
stores. Therefore, the diagnostic threshold to diagnose ID in 
CHF is already met at higher ferritin levels. Current 
international guidelines utilise ferritin and transferrin 
saturation (Tsat) for the diagnosis of ID, with the following 
cut-off values: ferritin <100 ug/l (absolute ID = depleted iron 
stores); or ferritin 100–299 ug/l and Tsat < 20% (functional 
ID = sufficient iron stores but impaired mobilization to target 
tissues), Table 12.1 [17].

The ratio of soluble transferrin receptor (sTfR) to log 
serum ferritin has been proposed to be a sensitive predictor 
of functional ID in patients with chronic inflammation [19]. 
sTfR reflects the cellular iron demand and therefore might be 
a more sensitive indicator of ID than ferritin. However, to 

date, no cut-off levels of sTfR have been defined for CHF 
patients. The gold standard for the diagnosis of absolute ID 
remains bone marrow aspiration. Due to its invasiveness, 
bone marrow aspiration is, however, not suitable for 
diagnosing ID in clinical practice.

12.2.2  Prevalence

Depending on the definition and diagnostic algorithm the 
prevalence of ID in CHF patients varies between 37% and 
73%, with higher prevalence in more advanced CHF patients 
(Table  12.2). In anemic patients admitted to the hospital 
because of advanced CHF (NYHA IV), absolute ID was 
present in 73% as assessed by the absence of iron staining in 
bone marrow biopsies (gold standard diagnosis of absolut 
ID) [20]. In a pooled analysis of five European CHF Cohorts 
(n  =  1506), the prevalence of ID defined according to the 
ESC-criteria was 61.2% in anemic and 45.6% in non-anemic 
patients [21]. According to current European registry data, 
50% of in- and outpatients with reduced left ventricular 
ejection fraction (LVEF < 40%) fulfil the ESC-criteria for ID 
[21, 22]. Independent clinical predictors of ID include female 
sex, higher NYHA functional class, higher NT-pro BNP, 
unstable disease and presence of anemia. As for anemia, the 
prevalence of ID is similar in patients with HFrEF and 
HFpEF [2].

12.2.3  Etiology and Pathophysiology

ID in CHF is characterized by impaired gastrointestinal iron 
uptake and impaired mobilization of existing iron stores. In 
some patients chronic blood loss also contributes to ID, 
particularly in the context of chronic anti-platelet therapy or 
oral anticoagulation. The liver protein hepcidin is a key 
regulator of iron hemostasis (Fig.  12.1). Hepcidin inhibits 
ferroportin, a protein that is responsible for the transport of 
iron from enterocytes, macrophages and hepatocytes to cir-

Table 12.1 Definition of iron deficiency in chronic heart failure

Ferritin (ug/l)
Transferrin-saturation 
(Tsat), %

Absolute iron 
deficiency
(depleted iron stores)

<100

Functional iron 
deficiency
(iron sequestration)

100–299 20

Table 12.2 Prevalence of iron deficiency in selected registries and 
cohorts

RAID-HF [22]
2016
(n = 923)

Klip et al. [21]
2013
(n = 1506)

Jankowska et al. [30]
2010
(n = 546)

LVEF % 27 33 26
NYHA ≥ III 
%

71 54 49

Women % 25 26 12
Age (years) 70 64 55
Anemia % 44 28 ND
ID % 55 50 37

LVEF left ventricular ejection fraction, NYHA New  York Heart 
Association Class, ID iron deficiency
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culating transferrin. Thus, by blocking ferroportin, hepcidin 
blocks gastrointestinal iron absorption and the release of iron 
from its storage sites. As a result, high levels of hepcidin 
“trap” iron in storage cells [23]. HF-associated inflammatory 
cytokines and hepatic congestion both increase hepcidin 
serum levels resulting in decreased availability of functional 
iron, despite adequate total iron stores (iron sequestration). 
This type of ID is referred to as “functional ID”. High levels 
of circulating hepcidin typically characterize early stages of 
HF with predominant functional ID [24]. As the severity of 
CHF progresses chronic mucosal edema and reduced gastro-
intestinal blood flow may impair iron uptake from the gut 
resulting in vanishing iron stores and the development of 
absolute ID [25]. Also, poor nutritional state may further 
contribute to absolute ID. Therefore, in advanced CHF, hep-
cidin levels may be low in order to facilitate iron uptake. 
Low hepcidin levels have been shown to be associated with 
poor outcome in CHF [24].

Iron is a vital element involved in many physiologic pro-
cesses. Iron is crucial for hematopoiesis and plays a pivotal 
role in oxygen transport (hemoglobin), oxygen storage 
(myoglobin) and oxygen-dependent ATP generation in the 
mitochondria (element of the respiratory chain). ID leads to 
a decrease in the number of mitochondria and their cristae, 
thereby promoting energy deprivation of muscle tissue [26]. 
Normal cardiac and skeletal muscle function is thus depen-
dent on sufficient iron uptake and proper intracellular iron 
handling. The effects of ID in CHF are manifold. (1) 
Impairment of oxygen delivery; (2) impairment of energy 
(ATP) generation; (3) impairment of skeletal and cardiac 
muscle function. These pathophysiolgical mechanisms add 
to the inherent exercise intolerance of the HF syndrome.

12.2.4  Impact on Morbidity and Mortality

The impact of ID on morbidity and mortality in CHF patients 
has been evaluated in various studies. These studies provide 
solid evidence that patients with CHF and ID suffer from 
lower exercise capacity, impaired quality of life and increased 
mortality. Cardiopulmonary exercise testing (CPET) 
demonstrated lower mean peak oxygen consumption (PVO2) 
and steeper VE/VCO2 slopes in patients with ID versus 
those without ID [27]. This relationship was independent 
from Hb levels or NYHA class, suggesting that ID alone 
may impair exercise capacity. There is also good evidence 
that ID is independently associated with lower quality of life 
[28, 29]. Jankowska et  al. provided first evidence that ID, 
independently of anemia, might exert detrimental effects on 
prognosis, including hospitalizations and mortality. In a 
large cohort of patients with HFrEF the presence of ID was 
associated with a 12% increase in mortality within 3 years of 
follow up (p = 0.0006) [30]. The independent association of 

ID with mortality was further substantiated in an international 
pooled analysis of a mixed population of 1506 HF patients. 
In this analysis, patients with ID exhibited a more than two- 
fold higher mortality (8.7% versus 3.6%) at 6 months follow 
up, independently of the presence of anemia [21]. Taken 
together these observational data suggest that ID is a stronger 
prognostic marker than anemia in patients with CHF.

12.2.5  Treatment of Iron Deficiency

Oral Iron Oral iron is inexpensive and widely used to treat 
iron deficient states in various clinical situations. However, 
oral iron therapy might have important shortcomings in the 
context of ID and CHF. (1) Due to impaired gastrointestinal 
absorption in CHF patients, oral iron therapy might have 
limited efficacy to increase storage iron and Hb. (2) Treatment 
adherence for oral iron therapy might be limited due to its 
propensity for gastrointestinal side effects. (3) Oral iron 
therapy is inadequate to achieve rapid treatment effects or 
might be insufficient to overcome the rate of chronic iron 
loss in CHF patients.

Data about oral iron therapy in CHF patients is scarce. A 
small retrospective analysis of HFrEF patients taking oral 
iron supplementation suggested similar improvement of iron 
stores as previously reported with the use of intravenous iron 
therapy [31]. To date, randomized controlled multicenter 
trials exploring the efficacy of oral iron in CHF patients are 
still lacking. The National Institute of Health-sponsored 
IRONOUT HF trial (NCT02188784) will be the first to 
address this important question [32].

Intravenous Iron In contrast to oral iron, intravenous (i.v.) 
iron therapy bypasses the problem of malabsorption and 
malcompliance. At present, the safety and efficacy of i.v. 
iron administration for the treatment of ID in CHF patients 
was evaluated in nine studies (Table  12.3) [33–41]. Five 
studies were double-blinded, randomized and placebo- 
controlled by design [34, 38, 40–42]. In these trials, i.v. iron 
was administrated in the form of iron sucrose or iron 
carboxymaltose. Both formulations were well tolerated 
without evidence of serious adverse effects compared to 
placebo. Anemic CHF patients exhibited a significant 
increase in Hb levels. The magnitude of Hb increase across 
the studies seems dependent on the total iron dose 
administered, suggesting a possible dose-response 
relationship. In addition to Hb correction, i.v. iron 
administration resulted in significant improvement in NYHA 
class [33–36, 38], exercise tolerance and quality of life [33–
35, 38], LVEF [34, 36], N-terminal pro BNP [34] and renal 
function [38]. There was also a trend towards less cardiovas-
cular events. Importantly, the CONFIRM-HF trial was the 
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first study to show a significant reduction in the number of 
hospital admissions secondary to worsening HF, although 
the reductions in all hospital admissions was not significant 
[42]. The simplified i.v. administration scheme used in 
CONFIRM-HF is particularly attractive for application in 
clinical practice. In this study, an undiluted bolus of ferric-
carboxymaltose (500–1000 mg) was injected intravenously 
over 1  min. Interestingly, clinical improvements occurred 
rapidly within the first month of treatment. Subgroup analy-
ses demonstrated that not only anemic patients benefited 
from i.v. iron but also iron deficient patients without anemia, 
suggesting that part of the treatment efficacy is 
Hb-independent. Two meta-analyses including around 600 
patients have evaluated the treatment efficacy of i.v. iron in 
CHF patients with HFrEF [43, 44]. They consistently show 
improvement of NYHA class, 6-minute walking test and 
quality of life and reduced rehospitalisation rates. Neither 
meta-analysis demonstrated a mortality benefit, possibly due 
to the short follow-ups and inadequate patient numbers in 
included studies. The results of a number of randomized con-
trolled trials of i.v. iron in different CHF populations are still 
pending (IRON-MAN, EFFECT-HF, ICHF, FAIR-HF-
HFpEF, PRACTICEASIAHF).

12.2.6  Recommendations for Clinical Practice

Current international HF guidelines recommend checking 
for Hb, ferritin and Tsat in all patients with CHF as part of 
the initial work-up [17]. These measurements should be 
repeated every 6–12  months. The ESC Guidelines 
recommend i.v. iron substitution if ferritin is <100 ug/l or 
100–299 ug/l if Tsat < 20% (Table 12.1) [17]. In order to 
prevent potentially deleterious iatrogenic iron overload, it is 
mandatory to estimate the total iron dose required to restore 
iron stores. The total cumulative iron dose can be calculated 
according to the Ganzoni formula (Table  12.4). In most 
cases, 1000  mg of iron will be a good starting dose to 
replenish iron stores [45]. As shown in CONFIRM-HF, 
1000 mg can be administered as a single bolus or divided in 
two boli of 500 mg that are administered within 2–4 weeks. 
Except for a history of allergic reaction to components of the 
iron preparation used and the absence of iron deficiency, 
there are no contraindications to i.v. iron therapy. If Hb levels 
exceed 15 g/l, iron substitution is not recommended. Because 
of the possibility of longstanding skin “tattooing” in cases of 
transcutaneous iron infusion, a solid intravenous access is 

absolutely mandatory for the administration of i.v. iron. The 
patient should be observed for at least 30 min following each 
injection and the administration staff must be trained to 
diagnose and manage possible anaphylactic reactions. Iron 
therapy should be stopped if ferritin levels exceed 500 ug/l or 
Hb levels reach 15 g/dl. Because serum ferritin levels are not 
representative for total iron stores within the first 3 months 
after i.v. iron administration, serum ferritin and Tsat should 
only be measured at least 3  months after the last iron 
administration in order to document successful repletion of 
iron stores.

References

 1. Groenveld HF, Januzzi JL, Damman K, van Wijngaarden J, Hillege 
HL, van Veldhuisen DJ, et al. Anemia and mortality in heart failure 
patients a systematic review and meta-analysis. J Am Coll Cardiol. 
2008;52(10):818–27.

 2. Cleland JG, Zhang J, Pellicori P, Dicken B, Dierckx R, Shoaib 
A, et al. Prevalence and outcomes of anemia and hematinic defi-
ciencies in patients with chronic heart failure. JAMA Cardiol. 
2016;1(5):539–47.

 3. O'Meara E, Rouleau JL, White M, Roy K, Blondeau L, Ducharme 
A, et al. Heart failure with anemia: novel findings on the roles of 
renal disease, interleukins, and specific left ventricular remodeling 
processes. Circ Heart Fail. 2014;7(5):773–81.

 4. Deswal A, Petersen NJ, Feldman AM, Young JB, White BG, Mann 
DL.  Cytokines and cytokine receptors in advanced heart failure: 
an analysis of the cytokine database from the Vesnarinone trial 
(VEST). Circulation. 2001;103(16):2055–9.

 5. Westenbrink BD, Voors AA, de Boer RA, Schuringa JJ, Klinkenberg 
T, van der Harst P, et al. Bone marrow dysfunction in chronic heart 
failure patients. Eur J Heart Fail. 2010;12(7):676–84.

 6. van der Meer P, Lok DJ, Januzzi JL, de la Porte PW, Lipsic E, 
van Wijngaarden J, et al. Adequacy of endogenous erythropoietin 
levels and mortality in anaemic heart failure patients. Eur Heart J. 
2008;29(12):1510–5.

 7. van der Putten K, Braam B, Jie KE, Gaillard CA. Mechanisms of 
disease: erythropoietin resistance in patients with both heart and 
kidney failure. Nat Clin Pract Nephrol. 2008;4(1):47–57.

 8. Abramov D, Cohen RS, Katz SD, Mancini D, Maurer 
MS. Comparison of blood volume characteristics in anemic patients 
with low versus preserved left ventricular ejection fractions. Am J 
Cardiol. 2008;102(8):1069–72.

 9. O'Meara E, Clayton T, McEntegart MB, McMurray JJ, Lang CC, 
Roger SD, et al. Clinical correlates and consequences of anemia in 
a broad spectrum of patients with heart failure: results of the cande-
sartan in Heart Failure: Assessment of Reduction in Mortality and 
Morbidity (CHARM) program. Circulation. 2006;113(7):986–94.

 10. Komajda M, Anker SD, Charlesworth A, Okonko D, Metra M, Di 
Lenarda A, et al. The impact of new onset anaemia on morbidity 
and mortality in chronic heart failure: results from COMET. Eur 
Heart J. 2006;27(12):1440–6.

 11. Horwich TB, Fonarow GC, Hamilton MA, MacLellan WR, 
Borenstein J. Anemia is associated with worse symptoms, greater 
impairment in functional capacity and a significant increase in mor-
tality in patients with advanced heart failure. J Am Coll Cardiol. 
2002;39(11):1780–6.

 12. Ghali JK, Anand IS, Abraham WT, Fonarow GC, Greenberg B, 
Krum H, et al. Randomized double-blind trial of darbepoetin alfa 

Table 12.4 Estimation of required total iron dose according to the 
Ganzoni formula

Body weight (kg) × (15 − Hb (g/dL)) × 2.4 + 500 = iron dose (mg)
Example: Patient 80 kg with Hb 12 g/dl: 
→ 80 × 3 × 2.4 + 500 mg = 1076 mg

12 Anemia and Iron Deficiency in Heart Failure



69

Anemia and Iron Deficiency in Heart Failure

178

in patients with symptomatic heart failure and anemia. Circulation. 
2008;117(4):526–35.

 13. Swedberg K, Young JB, Anand IS, Cheng S, Desai AS, Diaz R, 
et al. Treatment of anemia with darbepoetin alfa in systolic heart 
failure. N Engl J Med. 2013;368(13):1210–9.

 14. Singh AK, Szczech L, Tang KL, Barnhart H, Sapp S, Wolfson M, 
et al. Correction of anemia with epoetin alfa in chronic kidney dis-
ease. N Engl J Med. 2006;355(20):2085–98.

 15. Drueke TB, Locatelli F, Clyne N, Eckardt KU, Macdougall 
IC, Tsakiris D, et  al. Normalization of hemoglobin level in 
patients with chronic kidney disease and anemia. N Engl J Med. 
2006;355(20):2071–84.

 16. Solomon SD, Uno H, Lewis EF, Eckardt KU, Lin J, Burdmann EA, 
et al. Erythropoietic response and outcomes in kidney disease and 
type 2 diabetes. N Engl J Med. 2010;363(12):1146–55.

 17. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats 
AJ, et al. 2016 ESC guidelines for the diagnosis and treatment of 
acute and chronic heart failure: the Task Force for the diagnosis and 
treatment of acute and chronic heart failure of the European Society 
of Cardiology (ESC). Developed with the special contribution of 
the Heart Failure Association (HFA) of the ESC. Eur J Heart Fail. 
2016;18(8):891–975.

 18. Goodnough LT, Nemeth E, Ganz T.  Detection, evaluation, 
and management of iron-restricted erythropoiesis. Blood. 
2010;116(23):4754–61.

 19. Punnonen K, Irjala K, Rajamaki A. Serum transferrin receptor and 
its ratio to serum ferritin in the diagnosis of iron deficiency. Blood. 
1997;89(3):1052–7.

 20. Nanas JN, Matsouka C, Karageorgopoulos D, Leonti A, Tsolakis 
E, Drakos SG, et al. Etiology of anemia in patients with advanced 
heart failure. J Am Coll Cardiol. 2006;48(12):2485–9.

 21. Klip IT, Comin-Colet J, Voors AA, Ponikowski P, Enjuanes C, 
Banasiak W, et al. Iron deficiency in chronic heart failure: an inter-
national pooled analysis. Am Heart J. 2013;165(4):575–82. e3

 22. Wienbergen H, Pfister O, Hochadel M, Michel S, Bruder O, 
Remppis BA, et al. Usefulness of iron deficiency correction in man-
agement of patients with heart failure [from the Registry Analysis of 
Iron Deficiency-Heart Failure (RAID-HF) registry]. Am J Cardiol. 
2016;118:1875–80.

 23. Weiss G, Goodnough LT.  Anemia of chronic disease. N Engl J 
Med. 2005;352(10):1011–23.

 24. Jankowska EA, Malyszko J, Ardehali H, Koc-Zorawska E, Banasiak 
W, von Haehling S, et al. Iron status in patients with chronic heart 
failure. Eur Heart J. 2013;34(11):827–34.

 25. Sica DA. Pharmacotherapy in congestive heart failure: drug absorp-
tion in the management of congestive heart failure: loop diuretics. 
Congest Heart Fail. 2003;9(5):287–92.

 26. Stugiewicz M, Tkaczyszyn M, Kasztura M, Banasiak W, 
Ponikowski P, Jankowska EA.  The influence of iron deficiency 
on the functioning of skeletal muscles: experimental evidence and 
clinical implications. Eur J Heart Fail. 2016;18(7):762–73.

 27. Okonko DO, Mandal AK, Missouris CG, Poole-Wilson 
PA.  Disordered iron homeostasis in chronic heart failure: preva-
lence, predictors, and relation to anemia, exercise capacity, and 
survival. J Am Coll Cardiol. 2011;58(12):1241–51.

 28. Comin-Colet J, Enjuanes C, Gonzalez G, Torrens A, Cladellas M, 
Merono O, et  al. Iron deficiency is a key determinant of health- 
related quality of life in patients with chronic heart failure regard-
less of anaemia status. Eur J Heart Fail. 2013;15(10):1164–72.

 29. Enjuanes C, Klip IT, Bruguera J, Cladellas M, Ponikowski P, 
Banasiak W, et al. Iron deficiency and health-related quality of life 
in chronic heart failure: results from a multicenter European study. 
Int J Cardiol. 2014;174(2):268–75.

 30. Jankowska EA, Rozentryt P, Witkowska A, Nowak J, Hartmann O, 
Ponikowska B, et al. Iron deficiency: an ominous sign in patients with 
systolic chronic heart failure. Eur Heart J. 2010;31(15):1872–80.

 31. Niehaus ED, Malhotra R, Cocca-Spofford D, Semigran M, Lewis 
GD.  Repletion of iron stores with the use of oral iron supple-
mentation in patients with systolic heart failure. J Card Fail. 
2015;21(8):694–7.

 32. Lewis GD, Semigran MJ, Givertz MM, Malhotra R, Anstrom 
KJ, Hernandez AF, et  al. Oral iron therapy for heart failure with 
reduced ejection fraction: design and rationale for oral iron reple-
tion effects on oxygen uptake in heart failure. Circ Heart Fail. 
2016;9(5):e000345.

 33. Bolger AP, Bartlett FR, Penston HS, O'Leary J, Pollock N, 
Kaprielian R, et  al. Intravenous iron alone for the treatment of 
anemia in patients with chronic heart failure. J Am Coll Cardiol. 
2006;48(6):1225–7.

 34. Toblli JE, Lombrana A, Duarte P, Di Gennaro F. Intravenous iron 
reduces NT-pro-brain natriuretic peptide in anemic patients with 
chronic heart failure and renal insufficiency. J Am Coll Cardiol. 
2007;50(17):1657–65.

 35. Okonko DO, Grzeslo A, Witkowski T, Mandal AK, Slater RM, 
Roughton M, et al. Effect of intravenous iron sucrose on exercise 
tolerance in anemic and nonanemic patients with symptomatic 
chronic heart failure and iron deficiency FERRIC-HF: a ran-
domized, controlled, observer-blinded trial. J Am Coll Cardiol. 
2008;51(2):103–12.

 36. Usmanov RI, Zueva EB, Silverberg DS, Shaked M.  Intravenous 
iron without erythropoietin for the treatment of iron deficiency ane-
mia in patients with moderate to severe congestive heart failure and 
chronic kidney insufficiency. J Nephrol. 2008;21(2):236–42.

 37. Drakos SG, Anastasiou-Nana MI, Malliaras KG, Nanas JN. Anemia 
in chronic heart failure. Congest Heart Fail. 2009;15(2):87–92.

 38. Anker SD, Comin Colet J, Filippatos G, Willenheimer R, Dickstein 
K, Drexler H, et  al. Ferric carboxymaltose in patients with heart 
failure and iron deficiency. N Engl J Med. 2009;361(25):2436–48.

 39. Gaber R, Kotb NA, Ghazy M, Nagy HM, Salama M, Elhendy 
A.  Tissue Doppler and strain rate imaging detect improvement 
of myocardial function in iron deficient patients with congestive 
heart failure after iron replacement therapy. Echocardiography. 
2012;29(1):13–8.

 40. Beck-da-Silva L, Piardi D, Soder S, Rohde LE, Pereira-Barretto 
AC, de Albuquerque D, et al. IRON-HF study: a randomized trial to 
assess the effects of iron in heart failure patients with anemia. Int J 
Cardiol. 2013;168(4):3439–42.

 41. Toblli JE, Di Gennaro F, Rivas C. Changes in echocardiographic 
parameters in iron deficiency patients with heart failure and chronic 
kidney disease treated with intravenous iron. Heart Lung Circ. 
2015;24(7):686–95.

 42. Ponikowski P, van Veldhuisen DJ, Comin-Colet J, Ertl G, Komajda 
M, Mareev V, et  al. Beneficial effects of long-term intravenous 
iron therapy with ferric carboxymaltose in patients with symp-
tomatic heart failure and iron deficiencydagger. Eur Heart J. 
2015;36(11):657–68.

 43. Avni T, Leibovici L, Gafter-Gvili A. Iron supplementation for the 
treatment of chronic heart failure and iron deficiency: systematic 
review and meta-analysis. Eur J Heart Fail. 2012;14(4):423–9.

 44. Kapoor M, Schleinitz MD, Gemignani A, Wu WC. Outcomes of 
patients with chronic heart failure and iron deficiency treated with 
intravenous iron: a meta-analysis. Cardiovasc Hematol Disord 
Drug Targets. 2013;13(1):35–44.

 45. Filippatos G, Farmakis D, Colet JC, Dickstein K, Luscher TF, 
Willenheimer R, et  al. Intravenous ferric carboxymaltose in 
iron-deficient chronic heart failure patients with and without 
anaemia: a subanalysis of the FAIR-HF trial. Eur J Heart Fail. 
2013;15(11):1267–76.

O. Pfister



Notes

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................

....................................................................................................................................................................................



N
O
AU

TH
OR CHARGES

FO
R
COLORPRINTING

HEART 
FAILURE
REVIEW S

H
E

A
R

T
 FA

IL
U

R
E

 R
E

V
IE

W
S

Springer

Volume 23
Number 1

January 2018

1 3
10741 • ISSN 1382-4147
23(1) 1–146 (2018)

V
O
L
U
M
E

2
3

—

N
U
M
B
E
R

1

—

J
A
N
U
A
R
Y

2
0
1
8

Sidney Goldstein, M.D. and Hani N. Sabbah, Ph.D. Editors

springer.com/ebooks

Springer eBooks
The world’s largest collection of STM books

 • Critical, must-have content

 • Continuous access with archival rights

 • No DRM – no limit on users, printing & 
downloads

 • All on SpringerLink – anytime, anywhere,
any device

015420x

springer.com

#Books
Change

Volume 44 • Number 4 • November 2017

 Catheter ablation for AF improves global thrombotic profi le and enhances fi brinolysis 

 Reducing catheter-related thrombosis using a risk reduction tool centered on catheter to vessel ratio 

 High number of newly initiated direct oral anticoagulant users switch to alternate anticoagulant therapy 

N-terminal pro-B-type natriuretic peptide and the risk of stroke among patients hospitalized with acute heart failure: an APEX trial substudy

Effects of purifi ed human fi brinogen modifi ed with carbon monoxide and iron on coagulation in rabbits injected with  Crotalus atrox  venom

A systematic review of cost-effectiveness analysis of screening interventions for assessing the risk of venous thromboembolism in women considering combined oral contraceptives

Highlights from the Ninth International Symposium of Thrombosis and Anticoagulation (ISTA IX), October 15, 2016, Salvador, Bahia, Brazil

11239 • 44(4) 413–570 (2017)
ISSN 0929-5305 (Print)
ISSN 1573-742X (Electronic)

Sp
rin

g
er

V
O
L
U
M
E

4
4

—

N
U
M
B
E
R

4

—

N
O
V
E
M
B
E
R

2
0
1
7

Jo
u

rn
al o

f T
h

ro
m

b
o

sis an
d

 T
h

ro
m

b
o

lysis

Journal of
THROMBOSIS and 
THROMBOLYSIS
A Journal for Translation, Application and Therapeutics in Thrombosis and Vascular Science

Journal of Thrombosis and Thrombolysis

A Journal for Translation, Application and Therapeutics in 
Thrombosis and Vascular Science

Volume 44 · Number 4 · November 2017

For detailed table of contents please see inside

Current Atherosclerosis Reports 
 

2017 Vol 19 No 12 

CURRENT
ATHEROSCLEROSIS
REPORTS
EDITOR-IN-CHIEF Antonio M. Gotto Jr
ASSOCIATE EDITOR Anders G. Olsson

VOLUME 19  I  NUMBER 12  I  DECEMBER 2017

Genetics and Genomics
Section Editor  ■   Ali J. Marian

Lipid and Metabolic Effects
of Gastrointestinal Surgery
Section Editor  ■   Ricardo Cohen

Statin Drugs
Section Editor  ■   Barbara Wiggins

Cardiovascular Disease and Stroke
Section Editor  ■   Shyam Prabhakaran

Vascular Biology
Section Editor  ■   James Hamilton

Nonstatin Drugs
Section Editor  ■   Emil deGoma 

1 3

 Genetics and Genom
ics / Lipid and M

etabolic Effects of Gastrointestinal Surgery / Statin Drugs / Cardiovascular Disease and Stroke / Vascular Biology / Nonstatin Drugs

CURRENT
CARDIOLOGY
REPORTS
EDITOR-IN-CHIEF Steven E. Nissen
ASSOCIATE EDITOR Raimund Erbel

Current Cardiology Reports is indexed by MEDLINE

Invasive Electrophysiology and Pacing
Section Editor  ■   E. Kevin Heist

Stroke
Section Editor  ■   James F. Meschia

Cardiovascular Genomics
Section Editor  ■   Themistocles L. Assimes

Valvular Heart Disease
Section Editor  ■   Todd Kiefer

Cardiac PET, CT, and MRI
Section Editors  ■   Francesca Pugliese 

and Steffen E. Petersen

Hypertension
Section Editors  ■   David S. Geller and Debbie L. Cohen

Heart Failure
Section Editor  ■   Howard J. Eisen

Echocardiography
Section Editors  ■   Julius M. Gardin and Alfonso H. Waller

VOLUME 19  I  NUMBER 12  I  DECEMBER 2017

1 3

Invasive Electrophysiology and Pacing / Stroke / Cardiovascular Genom
ics / Valvular Heart Disease / Cardiac PET, CT, and M

RI / Hypertension / Heart Failure / Echocardiography
2017 Vol 19 No 12

Current Cardiology Reports

Volume 107 • Number 1 • January 2018 

123

Clinical Research in

Official Journal of the German Cardiac Society

Cardiology
Chief Editors
M. Böhm, Homburg/Saar
H. A. Katus, Heidelberg

Assistant Editors
R. Bekeredjian, Heidelberg
S. Ewen, Homburg/Saar

Consulting Editors
T. Eschenhagen, Hamburg
G. Heusch, Essen

392
Clinical Research in Cardiology 

Volum
e 107 • N

um
ber 1 • January 2018  •  pp. 1–94

 
FÜR SICH SELBST WÜRDEN SIE AUCH AUF

WIRKSAMKEIT UND VERTRÄGLICHKEIT1* 
VERTRAUEN

ELIQUIS® verbindet beides
1*

1*

# ®

1‡

Literaturangaben: 1. et al
Eliquis 2,5 mg Eliquis 5 mg Wirkstoff : Zusammensetzung:

Anwendungsgebiete: 

Gegenanzeigen:

Nebenwirkungen: Häufi g:
Gelegentlich:

Selten: Weitere Hinweise:
Pharmazeutischer Unternehmer:

Stand:

2018, Vol. 18, No. 1 (pp. 1–74)
ISSN: 1175-3277 (Print); 1179-187X (Online)

Review Articles
Macitentan in Combination Therapy for PAH
Pharmaceutical Interventions for Diabetes Prevention 
Benefit-Risk Assessment of Crataegus Extract WS 1442

Original Research Articles
Selexipag in PAH Patients Receiving Two Drugs
Preventing Acute Kidney Injury After Cardiac Surgery

Short Communications
Ivabradine in POTS: Preliminary Experience in Children
Lifestyle Counseling and Prescribing for Hyperlipidemia

Research Letter
Long-Term Follow-up of Coronary Slow Flow Phenomenon

A
dis

American Journal of

Cardiovascular Drugs
DRUGS, DEVICES AND OTHER INTERVENTIONS

Official Journal of the 
International Academy of Cardiovascular Sciences

A
m

erican Journal of C
ardiovascular D

rugs · 2018, Vol. 18, N
o. 1, pp. 1–74

adis.com 2017, Vol. 24, No. 4 (pp. 351–550)
ISSN: 1120-9879 (Print); 1179-1985 (Online)

H
igh Blood Pressure &

 C
ardiovascular Prevention·  2017, Vol. 24, N

o. 4, pp. 351–550

High Blood Pressure &
Cardiovascular Prevention

Official journal of
Società Italiana dell’Ipertensione Arteriosa

ArteriosaLega Italiana contro l’Ipertensione

Editorial
Tocci Giuliano, Educational Interventions May Promote Better Blood Pressure Control in Russia

Review Articles
Gerli Roberto, Role of Infl ammatory Diseases in Hypertension
Stabile Eugenio, Hypertension Survey in Italy: Novel Findings from the Campania Salute Network

Original Articles
Zócalo Yanina, Children and Adolescents Macrovascular Reactivity Level and Dynamics, But Not the 
Microvascular Response, is Associated with Body Mass Index and Arterial Stiff ness Levels
Shiber Shachaf, Can Diastolic Blood Pressure Decrease in Emergency Department Setting be Anticipated?
Grassi Guido, Long-term Saxagliptin Treatment Improves Endothelial Function but not Pulse Wave 
Velocity and Intima-Media Th ickness in Type 2 Diabetic Patients
Volpe Roberto, Hypertriglyceridemia, an Underestimated Cardiovascular Risk Factor: An Epidemiological 
Study of the Rome Area
Li Shijun, Prognostic Signifi cance of Low Systolic Blood Pressure at Discharge in Patients with Heart 
Failure and Preserved Ejection Fraction
Salvo Francesco, Nocturnal Blood Pressure Dipping is Abolished in Old-Elderly Hospitalized Patients
Del Brutto Oscar, Th e Role of Brachial Pulse Pressure as an Indicator of Intracranial Atherosclerosis: 
Th e Atahualpa Project
Kiselev A, Impact of Clinical Factors on the Achievement of Target Blood Pressure in Hypertensive 
Patients from Ivanovo Region of Russia: Data of 2015
Zócalo Yanina, Comparative Analysis of Arterial Parameters Variations Associated with Inter-Individual 
Variations in Peripheral and Aortic Blood Pressure: Cross-Sectional Study in Healthy Subjects Aged 2–84 years
Khalesi Saman, Dietary Patterns, Nutrition Knowledge, Lifestyle, and Health-Related Quality of Life: 
Associations with Anti-Hypertension Medication Adherence in a Sample of Australian Adults

Position Paper
Volpe Massimo, Personalised Single-Pill Combination Th erapy in Hypertensive Patients: 
An Update of a Practical Treatment Platform

Letter to the Editor
Scullin Evan, Response to Improving Adherence to Treatment and Reducing Economic Costs 
of Hypertension: Th e Role of Olmesartan-Based Treatment

Abstracts
Selected Abstracts From XXXIV National Congress of the Italian Society of Hypertension (SIIA), 
Milan, 5–7 October 2017

A
dis

Publisher of:

Adis Journals

American Journal of Cardiovascular Drugs

American Journal of Clinical Dermatology

Applied Health Economics and Health Policy

BioDrugs

Clinical Drug Investigation

Clinical Pharmacokinetics

CNS Drugs

Drug Safety

Drugs

Drugs & Aging

Drugs & Therapy Perspectives

Drugs in R&D (Open Access)

European Journal of Drug Metabolism and

 Pharmacokinetics 

High Blood Pressure & Cardiovascular Prevention

Molecular Diagnosis & Therapy

Pediatric Drugs

Pharmaceutical Medicine

PharmacoEconomics

Targeted Oncology 

The Patient: Patient-Centered Outcomes 

 Research

Adis Rapid+ Journals (Open Access)

Advances in Therapy (Open Choice)

Biologics in Therapy

Cardiology and Therapy

Dermatology and Therapy

Diabetes Therapy

Infectious Diseases and Therapy

Neurology and Therapy

Ophthalmology and Therapy

Pain and Therapy

Rare Cancers and Therapy

Rheumatology and Therapy

Adis Local-language Journals

PharmacoEconomics Italian Research Articles

PharmacoEconomics Spanish Research Articles

Adis Newsletters

PharmacoEconomics & Outcomes News

Reactions Weekly 

Adis Databases

Clinical Trials Insight

Pharmacovigilance Insight

R&D Insight

Adis Books

Books on drugs and related topics as well as the pathogenesis, 

diagnosis and clinical management of disease

THE HEART IN SPACE
Effects of microgravity and radiation 
on the heart and vasculature

Marijuana and synthetic 
cannabinoids
Influence on the cardiovascular system

CARDIOLOGY
March 2018 volume 15 no. 3     
www.nature.com/reviews

T
D
CCARDIOVASCULAR
DRUGS AND
THERAPY

 
Cardiovascular Drugs and Therapy 

Volum
e 31, Issues 5-6, 2017 

pp. 485
–

644 
Springer

Editors-in-Chief: Willem J. Remme and Robert S. Rosenson

Listed in Current Contents and Index Medicus

Volume 31, Nos. 5-6, 2017 ISSN 0920-3206

1 3

this issue includes:
Editorial

Find and Plug the Leak: Improving Adherence to Anti-Hypertensive Medicines

Basic Pharmacology

Unraveling the Interaction of Aspirin, Ticagrelor, and Rosuvastatin on Progression of Atherosclerosis 
and Inflammation in Diabetes

Novel Synthesized Radical-Containing Nanoparticles Limit Infarct Size Following Ischemi/- Reperfusion

Sodium Thiosulfate Preconditioning Ameliorates I/R Injury Via Reduction of Oxidative Stress 
and Apoptosis

A New Class III Antiarrhythmic Drug Niferidil Prolongs Action Potentials in Atrial Myocardium 
via Rapid Delayed Rectifier Inhibition

Clinical Pharmacology and Drug Studies

Diuretic or Beta-Blocker for Hypertensive Patients Already Receiving ACEI/ARB and Calcium 
Channel Blocker

Clinical Trials

Prevalence of Prediabetes and Undiagnosed Diabetes in Patients with HFpEF and HFrEF 
and Associated Clinical Outcomes

 (continued at the back cover)

Study Design

Rationale and Design of Low-dose Administration of Carperitide for Acute Heart Failure (LASCAR-AHF)

Pharmaco-epidemiology

Barriers to Beta-Blocker Use and Up-Titration Among HF Patients with Reduced Ejection Fraction

Assessing Adherence to Antihypertensive Therapy in Primary Health Care in Namibia: Findings 
and Implications

Review

Diabetic Nephropathy: a Tangled Web to Unweave

Immunity, Inflammation, and Oxidative Stress in Heart Failure: Emerging Molecular Targets

Antithrombotic Therapy for ACS in Elderly Patients

Chelation Therapy as a Cardiovascular Therapeutic Strategy: Rationale and Data in Review

The Impact of Vascular Disease Treatment on Platelet-Derived Microvesicles

U HEEFT 
EEN DOEL

U KIEST 
DE KRACHT

KIES DE KRACHT1

Productinformatie en referenties elders in deze uitgave. SANL.ALI.17.03.0145

RACHT1KIES DE KR

Volume 26
January 2018

Gold open access

Outcomes of coronary vasospasm

Volunteer alert system

1Volume 33 Number 1 January 2018

K. Yonezu, K. Sakakura, Y. Watanabe, 
Y. Taniguchi, K. Yamamoto, H. Wada, 
S. Momomura, H. Fujita
Determinants of survival and favorable 
neurologic outcomes in ischemic heart 
disease treated by veno-arterial extracorporeal 
membrane oxygenation 25

K. Yamamoto, K. Sakakura, N. Akashi, Y. Watanabe, 
M. Noguchi, Y. Taniguchi, H. Wada, S. Momomura, 
H. Fujita
Clinical outcomes of left main crossover 
stenting for ostial left anterior descending 
artery acute myocardial infarction 33

N. Onishi, K. Kaitani, M. Amano, S. Imamura, 
J. Sakamoto, Y. Tamaki, S. Enomoto, 
M. Miyake, T. Tamura, H. Kondo, C. Izumi, 
Y. Nakagawa
Relationship between left ventricular 
diastolic dysfunction and very late 
recurrences after multiple procedures 
for atrial fi brillation ablation 41

Original articles
j Clinical investigations
K. Matsuura, H. Ueda, H. Kohno, Y. Tamura, 
M. Watanabe, T. Inui, Y. Inage, Y. Yakita, 
G. Matsumiya
Does the presence of coronary artery disease 
affect the outcome of aortic valve replacement? 1

M. Komiyama, H. Wada, K. Ono, H. Yamakage, 
N. Satoh-Asahara, S. Shimada, M. Akao, T. Morimoto, 
A. Shimatsu, Y. Takahashi, T. Sawamura, K. Hasegawa
Smoking cessation reduces the lectin-like 
low-density lipoprotein receptor index, an 
independent cardiovascular risk marker of 
vascular infl ammation 9

M.-N. Kim, H.-L. Kim, S.-M. Park, M.S. Shin, 
C.W. Yu, M.-A. Kim, K.-S. Hong, W.-J. Shim
Association of epicardial adipose tissue with 
coronary spasm and coronary atherosclerosis in 
patients with chest pain: analysis of data collated 
by the KoRean wOmen’S chest pain rEgistry 
(koROSE) 17

380 Heart Vessels ISSN 0910-8327 HEVEE 0 33(1) 1–94 (2018)

H
eart and V

essels 
V

ol. 33 
N

o. 1 
2018 

pp. 1–
94 

380

Contents continued in back cover

j Basic science
E. Luyckx, B.R. Everaert, B. Van der Veken, 
W. Van Leuven, J.-P. Timmermans, C.J. Vrints, 
G.R.Y. De Meyer, W. Martinet, S. Dewilde
Cytoprotective effects of transgenic neuroglobin 
overexpression in an acute and chronic mouse 
model of ischemic heart disease 80

Short communication
M. Kuwabara, K. Niwa, U. Yamada, D. Ohta
Low body mass index correlates with low left 
ventricular mass index in patients with severe 
anorexia nervosa 89

Y. Hen, M. Tsugu-Yagawa, N. Iguchi, Y. Utanohara, 
K. Takada, H. Machida, A. Takara, K. Teraoka, 
K. Inoue, I. Takamisawa, M. Takayama, T. Yoshikawa
Prognostic value of cardiovascular magnetic 
resonance imaging for life-threatening arrhythmia 
detected by implantable cardioverter-defi brillator 
in Japanese patients with hypertrophic 
cardiomyopathy 49

V. Roule, A. Placente, R. Sabatier, M. Bignon, 
V. Saplacan, C. Ivascau, P. Milliez, F. Beygui
Angles between the aortic root and the left 
ventricle assessed by MDCT are associated with 
the risk of aortic regurgitation after transcatheter 
aortic valve replacement 58

X. Sun, H. Yang, X. Li, Y. Wang, C. Zhang, Z. Song, 
Z. Pan
Randomized controlled trial of moderate 
hypothermia versus deep hypothermia anesthesia 
on brain injury during Stanford A aortic 
dissection surgery 66

K. Furukawa, M. Yano, E. Nakamura, M. Matsuyama, 
M. Nishimura, K. Kawagoe, K. Nakamura
Comparison of mitral competence after mitral 
repair with papillary muscle approximation versus 
papillary muscle relocation for functional mitral 
regurgitation 72

Contents continued

Indexed in Index Medicus, Current Contents, EMBASE

            JANUARY 2018

Vol.33 No.1

C
A

R
D

IO
 V

A
S

C
U

L
A

R
  IN

T
E

R
V

E
N

T
IO

N
  A

N
D

 T
H

E
R

A
P

E
U

T
IC

S
  

 
 

 
   V

o
l. 3

3
   N

o
.1  J

a
n

u
a
ry

  2
0

18
  P

P
 1–9

8
 

         12
9

2
8

VOLUME 19 I  NUMBER 12  I  DECEMBER 2017

Imaging
Section Editor  ■   Q. Truong

Pregnancy and Cardiovascular Disease
Section Editor  ■  N. Scott

Current Treatment Options in

CARDIOVASCULAR
MEDICINE

EDITOR-IN-CHIEF 

Jagmeet P. Singh

Im
aging / Pregnancy and Cardiovascular Disease

2017 Vol 19 N
o 12

Current Treatm
ent Options in Cardiovascular M

edicine

ASNC

Predictable, fi xed cost with 
fewer logistic hassles compared 
to unit dose agents

A complete Rb-82 rest-stress PET 
study can be acquired in approximately 
30 minutes1

CardioGen-82® (Rubidium Rb 82 
Generator) delivers safe cardiac PET 
MPI with low radiation exposure for 
both patients and staff 2-4

Optimize practice management.

“Myocardial perfusion PET is a robust nuclear 
cardiology test that supports the Centers 
for Medicare & Medicaid Services’ initiatives 
to improve the quality and effi ciency of 
healthcare while controlling costs.” 5

– Brian Abbott, MD, ASNC President 

CardioGen-82 (Rubidium Rb 82 Generator): Generating 
confi dence in cardiac PET for more than 25 years.

Typical 82Rb ECG-Gated Rest-Stress 
Acquisition Protocol for a Line-Source 

or Hybrid PET/CT System1

Tx Scan
Emission Scan, 3D with Gating

Pharmacologic
Stress

1
min

3.5
mins

1
min

3.5
mins

Rb-82 40 mCiRb-82 40 mCi

Total Protocol Completion Time Approx. 30 mins

for Positron Emission Tomography Myocardial Perfusion Imaging

The individuals shown are for illustrative purposes only. All persons depicted are models and not real patients/physicians.

CardioGen-82 (Rubidium Rb 82 Generator) is a closed system used to produce rubidium Rb 82 chloride injection for intravenous administration. Rubidium Rb 82 chloride injection is indicated for 
Positron Emission Tomography (PET) imaging of the myocardium under rest or pharmacologic stress conditions to evaluate regional myocardial perfusion in adult patients with suspected or existing 
coronary artery disease. IMPORTANT SAFETY INFORMATION:

WARNING: UNINTENDED STRONTIUM-82 (Sr-82) AND STRONTIUM-85 (Sr-85) RADIATION EXPOSURE
Unintended radiation exposure occurs when the levels of Sr-82 or Sr-85 in the rubidium Rb 82 chloride injection exceed specifi ed limits [see Warnings and Precautions (5.1)].
Perform generator eluate tests: 
1) Record each generator eluate volume, including waste and test volumes, and keep a record of the cumulative eluate volume [see Dosage and Administration (2.4)].
2) Determine Rb-82, Sr-82, Sr-85 levels in the eluate: 

•  Once daily, prior to any drug administrations, and
•  At additional daily tests after detection of an Alert Limit. Alert Limits are:

14 L for the generator’s cumulative eluate volume, or 
An eluate Sr-82 level of 0.002 μCi/mCi Rb-82, or 
An eluate Sr-85 level of 0.02 μCi/mCi Rb-82.
Perform the additional daily tests at time points determined by the day’s elution volume; tests are performed every 750 mL [see Dosage and Administration (2.5)].

3) Stop use of a generator at an Expiration Limit of: 
17 L for the generator’s cumulative eluate volume, or 
42 days post generator calibration date, or 
An eluate Sr-82 level of 0.01 μCi/mCi Rb-82, or 
An eluate Sr-85 level of 0.1 μCi/mCi Rb-82 [see Dosage and Administration (2.6)].

Pharmacologic induction of cardiovascular stress may be associated with serious adverse events such as myocardial infarction, arrhythmia, hypotension, bronchoconstriction, and 
cerebrovascular events. Perform pharmacologic stress testing in accordance with the pharmacologic stress agent’s prescribing information and only in the setting where cardiac 
resuscitation equipment and trained staff are readily available.
You are encouraged to report negative side effects of prescription drugs to the FDA. Visit www.fda.gov/safety/medwatch, or call 1-800-FDA-1088.
Please consult brief summary of the full Prescribing Information for CardioGen-82 (Rubidium Rb 82 Generator) including boxed WARNING on adjacent page. 
CardioGen-82 (Rubidium Rb 82 Generator) is manufactured for Bracco Diagnostics Inc., Monroe Township, NJ 08831, by GE Healthcare, Medi-Physics, Inc., South Plainfi eld, NJ 07080 
CardioGen-82 is a registered trademark of, and We are Cardiac PET is a trademark of, Bracco Diagnostics Inc.
Bracco Diagnostics Inc., 259 Prospect Plains Road, Building H, Monroe Township, NJ 08831 USA
Phone: 609-514-2200  |  Toll Free: 1-877-272-2269 (U.S. only)  |  Fax: 609-514-2446
©2017 Bracco Diagnostics Inc. All Rights Reserved.

Visit www.cardiogen.com or call 1-877-BRACCO-9 (1-877-272-2269) to fi nd out what hundreds
of cardiac care facilities and prestigious teaching institutions already know: We are Cardiac PET.™
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