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Abstract
Background  Newborns with hypoplastic left heart (HLH) are usually palliated with the Norwood procedure or a hybrid stage 
I procedure. Hybrid is our preferred approach. Given the critical relationship between stage I, interstage, and comprehen-
sive stage II or advanced biventricular repair, we hypothesized that appropriate drug treatment is a significant therapeutic 
cornerstone, especially for the management of the high-risk interstage.
Methods  We report a single-center observational study addressing the cardiovascular effects of, in particular, oral β-blockers 
and the additional use of angiotensin-converting enzyme (ACE) and mineralocorticoid inhibitors.
Results  In total, 51 newborns—30 with HLH syndrome (HLHS) and 21 with HLH complex (HLHC)—with a median 
bodyweight of 3.0 kg (range 1.9–4.4; nine with bodyweight ≤ 2500 g) underwent an uneventful “Giessen hybrid approach” 
using a newly approved duct stent. All patients were discharged home with a single, double or triple therapy consisting 
of ß-blockers, ACE and mineralocorticoid inhibitors; 90% of the patients received bisoprolol, 10% received propranolol, 
72% received lisinopril, and 78% received spironolactone. Resting heart rate decreased from 138 bpm (range 112–172; 
n = 51) at admission to 123 bpm (range 99–139; n = 51) at discharge and 110 bpm before stage II/biventricular repair/
heart transplantation (range 90–140; n = 37) accompanied by favorable bodyweight gain. No side effects were evident.
Conclusion  In view of drug risk/benefit profiles, as well as the variable morphology and hemodynamics, the highly 
selective β1-adrenoceptor blocker bisoprolol is our preferred drug for treatment of HLHS/HLHC in the interstage. 
We avoid using ACE inhibitor monotherapy and exclude potential risks for coronary and cerebral perfusion pressure 
beforehand.
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Key Points 

The interstage after the Norwood/hybrid approach is a 
time of increased risk for babies born with hypoplastic 
left heart.

Success relies on heart protection and balancing of 
the systemic-pulmonary circulation. The long-acting 
β1-adrenoceptor blocker bisoprolol can be used for both 
indications without any obvious adverse effects.

Based on our institutional experience, a β1-selective 
adrenoceptor blocker is recommended as first-line treat-
ment. Tissue angiotensin-converting enzyme inhibitors 
such as lisinopril should only be used in a combined 
therapy if no contraindications exist.

1  Introduction

Since 1998, our first choice of treatment for newborns 
with hypoplastic left heart syndrome (HLHS) or hypo-
plastic left heart complex (HLHC) has been the hybrid 
approach, with the aim of providing three-stage relief for 
patients with a single ventricle (SV) or of transferring 
advanced biventricular repair (BVR) from the neonatal 
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period to later infancy [1]; in some cases, this approach 
has also been used as a bridge to heart transplantation 
(HTx). The Giessen hybrid approach is characterized by 
the fact that only the bilateral banding of the pulmonary 
artery branches (bPAB) requires open-chest surgery [2]. 
All other measures, such as duct stenting or manipula-
tions of the atrial septum and aortic isthmus, are carried 
out via percutaneous transcatheter procedures. Our cur-
rent survival rate of 78% after an average follow-up of 
almost 10 years (maximum 22 years) is acceptable but 
still leaves room for improvement [3–5]. One of the 
main reasons for our success in treating congenital heart 
defects, particularly those with SV physiopathology, has 
been the switch from a pressure-based to a flow-based 
treatment strategy [6]. In addition to the reduced use of 
perioperative β-adrenergic receptor agonists (i.e., cat-
echolamines) and the preferred use of inodilators for 
acute treatment [2, 7–9], we have introduced cardiopro-
tective drugs that support the fragile interstage with a 
pressure- and volume-loaded subpulmonary ventricle. 
In the absence of sufficient evidence-based randomized 
trials, cardiovascular drugs were selected based on their 
pharmacological profiles and age- and disease-related 
molecular differences between pediatric and adult heart 
failure [10–13]. We preferred a personalized concept of 
“responder phenotype” [14]. In our center, bisoprolol (a 
highly specific β1-adrenoreceptor β-blocker), lisinopril (a 
tissue angiotensin-converting enzyme inhibitor [ACEI]), 
and spironolactone (a mineralocorticoid antagonist) are 
firmly established in the treatment of pediatric patients 
with heart failure with reduced ejection fraction, congeni-
tal left–right shunt defects, and—in particular—HLHS 
with a parallel connected lung and systemic circulation 
according to the hybrid approach [14]. As far as possi-
ble, we have avoided the chronic use of diuretics given 
their neurohumoral and cardiovascular effects. Instead, 
bisoprolol was used as a single cardiovascular drug or 
in combination with lisinopril and spironolactone as 
these drugs are long acting and easy to use so are readily 
accepted by the parents [14]. Accordingly, we report on 
our experience with oral drug treatment (bisoprolol–lisin-
opril–spironolactone) in 51 patients with HLHS, HLHC, 
and variants who were palliated with the Giessen hybrid 
stage I when a newly developed self-expandable stent 
(SinusSuperFlex-DS®, OptiMed, Karlsruhe, Germany 
[SSF-DS]) was introduced at our institution for neonatal 
duct stenting. The main aim of our retrospective analysis 
was to present the efficacy and safety of a β1-specific 
β-blocker alone or in combination with renin–angioten-
sin–aldosterone (RAAS) inhibitors during the susceptible 
interstage period, especially up to comprehensive stage II, 
but also BVR or HTx. To the best of our knowledge, the 
greatest benefit of β-blockers is shown in patients with a 

high pre-treatment heart rate (HR) or circulating norepi-
nephrine levels [15] as is already found physiologically 
in catecholamine-driven cardiovascular systems of infants 
and young children. We did not use an ACEI as mono-
therapy without an accompanying β-blocker [16, 17].

2 � Methods

Our retrospective observational study began in 2010 with 
the evaluation of the SSF-DS for the ductal stenting part 
of the Giessen hybrid stage I procedure in newborns with 
HLHS or HLHC according to ethical rules in place in our 
institution. Over a period of 5 years, we analyzed the clini-
cal course of all hybrid-treated newborns who received the 
SSF-DS. Accordingly, we excluded all patients in whom the 
ductus arteriosus (DA) was not “stented” with an SSF-DS. 
The data analysis of the clinical course of included patients 
was based on medical reports, records, and all internal docu-
mentation of the Giessen & Frankfurt Pediatric Heart Center 
from admission to discharge through to comprehensive stage 
II, BVR, or HTx. Table 1 summarizes the drugs in routine 
use with hybrid stage I. Resting HR was analyzed during 
the patient’s sleep phase. In the intensive care unit, HR was 
determined from the patient file. The “Aristotle score” [18] 
was used for general risk assessment. Most of the data were 
examined descriptively. For this purpose, we obtained all 
relevant circulatory parameters, medications, peculiarities, 
and complications, as well as treatment up to stage II in 
patients with SV and HLHS or up to BVR in all other new-
borns with duct-dependent systemic blood flow.

3 � Results

During the observation period, 51 patients (28 male; 55%) 
received a Giessen hybrid approach using the SSF-DS 
without mortality; one patient died during the interstage 
(Fig. 1). The congenital heart defect was known prena-
tally in 35 patients (69%). The median gestational age was 
38 weeks (range 33–41), and the median body weight was 
3.0 kg (range 1.9–4.4). Admission to our heart center took 
place at a mean age of 1.27 days (range 0–17). In total, 30 
neonates had HLHS (57% with aortic valve atresia), ten neo-
nates had HLHC, six patients had borderline left ventricle, 
and two had congenital corrected transposition of the great 
arteries with hypoplastic systemic right ventricle, crisscross 
heart, or other complex cardiovascular diagnoses. Given the 
duct-dependent systemic blood flow, all patients received 
a continuous infusion of prostaglandin E1 19 ng/kg/min 
(range 5–170). The mean resting HR was 138 bpm (range 
112–172). Tricuspid valve regurgitation of first or maximal 
second degree was registered in 21 (41%) newborns. The 
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“Giessen hybrid” procedure for patients with HLHS (n = 31) 
or HLHC (n = 21) was performed at a mean age of 6 days 
(range 1–50); nine patients had a body weight < 2500 g. 
Overall, bilateral open-chest PAB was performed before 
ductal stenting, except in two cases where the sequence was 
reversed. DA stenting was performed in 19 of 51 patients 
(37%) immediately after bPAB while they were still intu-
bated and ventilated. Eight of the 19 ventilated patients were 
transferred directly from the operating room to the cath-
eterization laboratory. The majority of patients received duct 
stenting and possibly other necessary percutaneous inter-
ventions while extubated and spontaneously breathing and 
with only mild analgosedation. The median Aristotle score 
of the HLHS and SV variants was 17.0 (range 14.5–21.5). 

Prior to the hybrid procedure, 16% of patients received 
bisoprolol, 4% lisinopril, 12% spironolactone, 24% furo-
semide, and 12% hydrochlorothiazide. Five patients (10%) 
were treated with milrinone, and one also received norepi-
nephrine. Immediately after the surgical bPAB, milrinone 
was used in eight patients, five with additional low-dose 
norepinephrine (< 0.1 µg/kg/min), and one in combination 
with adrenaline. In this context, it should be noted that the 
interatrial septum (IAS) had to be manipulated in 22 patients 
(43%). Nine patients received an IAS stent as first-line treat-
ment; four IAS stents were placed following primary balloon 
atrioseptostomy. In addition, 15 additional interventions on 
the already stented duct were required immediately or dur-
ing the interstage. Seven additional stents were placed. Five 

Table 1   Interstage therapy for hypoplastic left heart syndrome or hypoplastic left heart complex

CoA aortic coarctation, DA ductus arteriosus, HR heart rate, IAS interatrial septum, Rp pulmonary vascular resistance, Rs systemic vascular 
resistance, SAP systemic arterial blood pressure, SD single dose

Drug name Dosage Comments/surveillance

Bisoprolol 0.05–0.1–(max. 0.2) mg/
kg/d as a SD

HR guided (aim HR < 125 bpm at rest); adaption Rp to Rs (diastolic left-to-right shunt); almost 
no contraindications

Lisinopril 0.05–0.1–(max.0.2) mg/
kg/d as a SD

Adaption to SAP/fluid status; not in case of rare diuretic treatment or compromised diuresis; not 
indicated in (potential) obstructed aortic isthmus

Spironolactone 1–(2) mg/kg/d as a SD Anti-remodeling, not diuretic dosage (in advance of RV remodeling after stage II)
Digoxin Saturation dosage 0.01 mg/

kg/8 h
Daily dosage: 0.008 mg/

kg/d (blood level: 
0.5–0.8 nmol/l)

HR control together with bisoprolol, if necessary

Clopidogrel 0.2 mg/kg/d as a SD No routine; only in case of complicated stenting of the DA, IAS, CoA

Giessen-Hybrid-approach
(n=51)

HLHS 
(n=30)

Stage II                  
(n=21)

TCPC (n=8)

BVR                        
(n=1)

HTX 

(n=1)
Died

interstage               
(n=1)

HLHC 
(n=10)

BVR

(n=4)

Stage II 

(n=1)
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(n=5)
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Fig. 1   Summary of the follow-up surgeries after hybrid stage I. BVR 
biventricular repair, ccTGA​ congenital corrected transposition of the 
great arteries, HLHC hypoplastic left heart complex, HLHS hypoplas-

tic left heart syndrome, HTX heart transplantation, LV left ventricle, 
TCPC total cavo-pulmonary connection



198	 T. Mienert et al.

patients required aortic manipulation; three isthmus stents 
were placed. A comprehensive stage II (n = 26) with an 
age of 134 days (range 86–276) was carried out during the 
study period. Fontan circulation had been completed in ten 
patients at the end of the observational period. The BVR was 
performed on ten infants at a mean age of 181 days (range 
82–354). HTx was performed in two infants, 169 and 44 days 
after the hybrid approach, which had been performed with 
the aim of bridging to HTx. At the end of the data collection, 
all patients but one were discharged to home, at a mean age 
of 20 days (range 7–44), after the hybrid approach. At the 
time of writing, ten patients were awaiting comprehensive 
stage II and three BVR. There was a single death in the 
entire patient population, including all interventional and 
surgical procedures. The patient died of complications from 
cardiogenic shock when he was brought from home at the 
age of 52 days. He received an urgent stent placement to 
treat an obstructed aortic isthmus; however, he experienced 
hypoxic-ischemic encephalopathy, and treatment was ceased 
with parental consent.

As per institutional guidelines (Table 1), oral bisoprolol 
0.1 to a maximum of 0.2 mg/kg was administered to 90% 
of all newborns and infants at discharge. The remaining 
10% of patients with supraventricular tachycardia received 
the nonspecific β-blocker propranolol. Additional therapy 
with lisinopril took place in 73% and with spironolactone 
in 78% of the patients. One patient received furosemide 
and nine patients received low-dose hydrochlorothiazide; 

acetylsalicylic acid was not used. Four patients received 
clopidogrel 0.2  mg/kg/day, but most patients did not 
receive any antiaggregating drug. The mean resting HR 
decreased from 138 bpm on admission (range 112–172 
[n = 51]) to 123 bpm at discharge (range 99–139 [n = 51]) 
and 110 bpm (range 90–140 [n = 37]) before stage II/BVR/
HTx. Upon discharge, all patients received food orally, 
with some also receiving food via gastric tube. Figure 2 
summarizes the body weight gain progress in patients with 
HLHS.

Uncorrected body weight was between the 3rd and 25th 
percentile. No drug-related side effects were observed. No 
symptoms of β-blocker-related hypoglycemic episodes 
occurred, so no treatment was necessary. Parents easily 
learned and appreciated the daily administration of the 
drugs as single doses in similar dosage sizes.

4 � Discussion

Mortality in newborns with HLHS and high-risk HLHC 
treated with the hybrid approach depends primarily on the 
quality of the surgical and catheter-based interventions. 
However, a good initial hybrid result does not guarantee a 
stable interstage up to a comprehensive stage II or BVR.

The interstage is a particularly vulnerable time for 
patients with HLHS [3, 19, 20]. The risk is lower in 
patients with adequate antegrade blood flow serving the 

Fig. 2   Body weight data from 
patients with hypoplastic left 
heart syndrome at admission 
and discharge, and weight gain 
before comprehensive stage II
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coronary arteries and cerebral perfusion. The Giessen 
hybrid stage I approach and follow-up operations, such 
as the comprehensive stage II, BVR, or HTx, were per-
formed without mortality, but one patient died during the 
interstage. The cohort of 51 newborns presented a broad 
spectrum of HLH variants in which a novel self-expand-
able stent (SSF-DS) was used for the first time for ductal 
stenting and possibly also atrial septum. The main reason 
for the Giessen procedure, in which surgical bPAB and 
transcatheter ductal stenting are split up, is the need for 
additional manipulation of the atrial septum and deline-
ation of the precise anatomy of the aortic-duct junction, 
which varies considerably from case to case. After the 
hybrid stage I, at least 34 patients (67%) required addi-
tional transcatheter intervention either before discharge or 
later during the interstage, which reflects the vulnerability 
of patients at this point. The deceased patient experienced 
acute ischemia caused by an aortic isthmus obstruction, 
although a stent was still inserted as an emergency meas-
ure. Therefore, even with close monitoring by experienced 
pediatric cardiologists and parents well trained to observe 
their babies, interstage mortality cannot be completely 
avoided. Analyzing the additional influence of drug treat-
ment on such a fragile cardiovascular condition remains 
difficult, especially if mortality is an endpoint of a study. 
Nor will a study design with evidence-based criteria work 
if mortality is dominated by drug-independent and more 
mechanical factors. Therefore, substitute pathophysi-
ological and clinical criteria are preferred to analyze the 
risk–benefit profile of drugs used in a phase as difficult as 
that after hybrid stage I [14]. Although the interstage after 
the Norwood procedure is not directly comparable with 

that after hybrid stage I, the use of drug study results—
whether negative or positive—can only be limited. Nev-
ertheless, two retrospective cohort studies reported that 
treatment with digoxin was associated with significantly 
reduced mortality in the interstage period after Nor-
wood or Sano palliation [21, 22]. However, a prospective 
study would require inclusion of 1000 infants to allow 
an observed difference in interstage mortality of 10% in 
the no-digoxin and 5% in the digoxin group if the inter-
stage mortality was 8% and course performance was 80%. 
Therefore, the interpretation of negative results from pro-
spective randomized studies is even more problematic if 
results come from a patient cohort where mortality was 
influenced by several factors and where clinical syndromes 
such as heart failure, failing Fontan, or pulmonary arterial 
hypertension were not treated according to their clinical 
phenotypes. One consequence could be that good drugs 
are classified as inappropriate, as has already happened 
based on results of studies in carvedilol [23], enalapril 
[24], and sildenafil [25]. The carvedilol study [23] led to 
β-blockers being classified as unsuitable for the treatment 
of pediatric heart failure. Similarly, the enalapril study led 
to the drug being classified as ineffective in patients with 
a SV physiology [24]. Regarding these few studies, it has 
repeatedly been noted [26, 27] that evidence for the use of 
β-blockers and RAAS inhibitors in pediatric heart failure 
with biventricular physiology or as a therapeutic target for 
failing (right) SV are sparse. However, clinical experience 
(including parental observations of surrogate parameters 
such as heart and respiratory rate and nutritional improve-
ment with subsequent body weight gain) and clinical con-
dition are often neglected as scientific parameters. Since 

Fig. 3   Echocardiographic four-chamber view showing the volume-
loaded RV in hypoplastic left heart syndrome before (a) and unloaded 
and hypertrophied after comprehensive stage II (b). Based on this 
well-known phenomenon following comprehensive stage II, we 

hypothesized that a bisoprolol–lisinopril–spironolactone treatment 
strategy might be beneficial to reduce the severity of a diastolic dys-
functional RV. hLV hypoplastic left ventricle, LA left artery, LV left 
ventricle, RA right artery, RV right ventricle
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digoxin led to statistically reduced mortality between the 
stages, the reason for the improved survival rate due to 
digoxin remained unclear [21, 22]. Regardless of the nar-
row therapeutic range of digoxin, we believe that its abil-
ity to reduce HR outweighs the possible negative effects 
with restrictive ventricular physiology and increasing sys-
temic vascular resistance (Fig. 3a,b). Therefore, in view 
of SV and left ventricle-borderline pathophysiology after 
hybrid stage I, and based on our clinical experience, we 
hypothesized that treatment with β-blockers would be 
beneficial for both an SV (right) and a borderline sub-
aortic ventricle. An extension to a triple therapy with 
additional administration of a tissue angiotensin enzyme 
inhibitor and a mineralocorticoid inhibitor is considered 
if obvious side effects or contraindications are excluded. 
The highly specific β1-adrenergic receptor blocker biso-
prolol was used in 90% of our patients, whereas the non-
specific β-blocker propranolol was used in the other 10% 
of patients when its antiarrhythmic properties were more 
necessary and supraventricular tachycardia dominated. 
The main parameters of β-blocker effectiveness were HR 
monitoring and body weight gain up to stage II. Our thera-
peutic goal, which was almost always achieved, was an 
HR of < 120 bpm with a normal respiratory rate at rest. 
No hemodynamic (drop in blood pressure) or metabolic 
(hypoglycemia) side effects requiring treatment were 
observed. We hypothesize that, in patients for whom oxy-
gen delivery can only be increased to a limited extent, 
reducing oxygen consumption by lowering the HR to an 
individual optimum is the best strategy to enable good 
nutrition and avoid early stressors. Periods with increased 
myocardial metabolic demand, such as the higher HRs 
associated with stress and physical activity (e.g., crying), 
should be kept to a minimum to avoid the combination of 
reduced oxygen levels (additional hypoxemia in cyanotic 
patients) and myocardial ischemia. Patients with SV are 
at risk of inconsistent coronary blood flow, which is gen-
erally present because of anatomical considerations and 
a hypertrophied right ventricle [20]. An adequate dias-
tolic time, which ensures adequate subendocardial blood 
flow, is essential for any ventricle operating at a systemic 
pressure level. This is especially true for a morphologi-
cal right ventricle. One primary therapeutic goal to allow 
patients with parallel pulmonary and systemic circulation 
to achieve adequate systemic blood flow is also decreasing 
systemic vascular resistance without compromising coro-
nary and cerebral perfusion pressure. In addition to clini-
cal characteristics, such as feeding behavior, body weight 
gain, urine output, and sufficient blood pressure amplitude, 
the echocardiographic diastolic Doppler profile and the 
extent of diastolic left–right shunt through the (stented) 
duct are both important parameters for observing not only 

early coronary steal but also the quality of the medical 
drug therapy [14].

In summary, oral bisoprolol, a highly β1-specific blocker, 
is safe and effective for use during the interstage following 
hybrid stage I. Bisoprolol can also be used in exceptional cir-
cumstances, such as in patients who receive catecholamines, 
to ensure adequate coronary perfusion pressure, with the 
goal being to avoid high HRs (when intravascular volume 
depletion is excluded) and harmful β1-receptor agonistic 
side effects in the event of a failing biventricular or SV myo-
cardium. Parents are carefully taught to monitor the surro-
gate parameters or HR and especially respiratory rate at rest; 
extensive monitoring of pulse oximetry at home is neither 
necessary nor comparably meaningful. We used the miner-
alocorticoid blocker spironolactone in relatively low, mainly 
non-diuretic dosages in approximately 80% of our patients, 
even though cardiac fibrosis is less pronounced in infants 
and small children [28]. Furthermore, we preferentially used 
the long-acting tissue ACEI lisinopril for additional balanc-
ing of pulmonary and systemic circulation, particularly in 
terms of persistence of high systemic vascular resistance 
following stage I. Long-term treatment with ACEIs seems to 
also be effective in reducing volume overload and ventricular 
hypertrophy in volume overloaded systemic ventricles of 
growing children [29]. However, unlike bisoprolol, the effi-
cacy and safety of drugs such as spironolactone and lisino-
pril cannot easily be demonstrated by surrogate parameters. 
Therefore, when in doubt, ACEIs were not administered to 
patients at risk of inadequate retrograde aortic blood flow 
or any kidney problems. In view of the catecholamine-con-
trolled cardiovascular physiology of newborns in particular, 
we avoid ACEI monotherapy, as was recently reported after 
Norwood stage I [17]. In our series, in which about 70% 
of the patients received combined treatment with the long-
acting lisinopril and the long-acting β1-blocker bisoprolol, 
no side effects were observed. Furthermore, no electrolyte 
imbalances such as high potassium levels were observed, 
even with the addition of the potassium-sparing spironolac-
tone. Theoretically, ACEI and renin escape can be avoided 
with the combination of a β1-receptor blocker, but this was 
not analyzed in this study.

The limitations of our observational study relate to the 
design, the lack of data to support our hypothesis-driven 
drug therapy, and the lack of a control group. In addition, the 
hypothetical beneficial myocardial effects have not yet been 
systematically assessed or evaluated in randomized studies.

5 � Conclusion

The drug treatment described is safe during interstage. In 
particular, bisoprolol monotherapy is the cornerstone of our 
interstage treatment. Triple drug therapy, particularly with 
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an ACEI, can also be safely administered so long as volume 
depletion and retrograde aortic obstruction are excluded.

Given that increased systemic vascular resistance and 
end-diastolic ventricular pressures are an almost general fea-
ture after stage II or BVR of the borderline left ventricle, and 
not least in the de-privatized heart after Fontan completion, 
we hypothesized that a long-term strategy using triple ther-
apy is promising, especially when compared with probably 
counterproductive chronic diuretic treatment. In the future, 
only individualized treatment with a “responder phenotype,” 
based on a drug’s pharmacological profile and tailored to 
the patient’s specific pathophysiology and molecular mecha-
nisms [30] will prevent heart failure in infants and children 
and improve our ability to satisfactorily treat it.
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