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Abstract

Introduction
Hypertrophic cardiomyopathy (HCM) is a hereditary heart disease associated with sudden 
cardiac death (SCD). Patients are advised to undergo yearly risk stratification for SCD since an 
implantable defibrillator can prevent SCD in high risk patients. Asymptomatic relatives carrying 
the disease causing mutation can also be at risk for SCD. Although yearly risk stratification is 
also recommended for this group, this is not evidence based. Our aim was to identify a more 
optimal cardiac screening strategy for asymptomatic mutation carrying relatives by means 
of a cost-effectiveness analysis, which compares several screening strategies with the above 
described reference strategy.

Methods and results
We modelled observed data on manifest disease, risk factors for SCD, and ‘interval' SCD in 
a cohort of 423 asymptomatic carriers. 75% of carriers showed manifest HCM at the age of 
75 years and almost 5% developed a high risk for SCD. Average costs per carrier per year 
varied between €701 and €942 for the different screening strategies. The most cost-effective 
screening strategy –with lowest costs per case of ‘interval’ SCD compared to the reference 
strategy- involved yearly risk stratification in carriers with manifest HCM and every two year an 
ECG and echocardiography in the rest.

Conclusions
The most cost-effective cardiac screening strategy in asymptomatic mutation carriers involves 
yearly risk stratification for SCD in carriers with manifest HCM and ECG and echocardiography 
every two years in carriers without manifest HCM. 
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Introduction
Hypertrophic cardiomyopathy (HCM) is the most common genetic heart disease affecting 
about 1 in 500 people worldwide.1  Sudden cardiac death (SCD) is the most feared compli-
cation, often occurring in asymptomatic young patients. Several clinical risk factors have 
been associated with an increased risk of SCD in patients with manifest disease –that is 
left ventricular hypertrophy-, including a previous cardiac arrest, nonsustained ventricular 
arrhythmias, a family history of premature SCD, unexplained syncope, an abnormal blood 
pressure response during exercise testing, and extreme left ventricular hypertrophy.2 

In patients at high risk for SCD, implantation of an internal cardioverter defibrillator 
(ICD) has been shown an effective intervention to prevent SCD.3, 4 Consensus documents 
advise implantation of an ICD in every patient with manifest HCM with either a previous 
cardiac arrest, or with two of the other clinical risk factors being present. In patients with only 
one of the other clinical risk factors an ICD can be discussed.2, 5, 6

 Nowadays diagnostic genetic testing can reveal a causative mutation in about 
half of the HCM patients.7 In these cases predictive genetic testing can detect relatives at 
risk of (developing) HCM and associated SCD. The ACC/ESC consensus document on HCM 
recommends yearly cardiac screening including risk stratification for SCD in proven mutation 
carriers.2 This recommendation is based on the assumption that mutation carriers have the 
same risk of SCD and that risk factors for SCD have the same prognostic value –even when a 
mutation carrier shows no hypertrophy yet.
 Recent studies showed a delayed development of clinical disease –that is, left 
ventricular hypertrophy- in asymptomatic mutation carrying relatives.8, 9 Besides, the risk of 
SCD is probably also considerably lower compared to patients with manifest disease, although 
SCD has been described in relatives without clinical disease.10 Since predictive genetic testing 
is disseminating, more asymptomatic mutation carriers are detected, which stresses the 
need for guidelines on how, when and how often cardiac screening should be performed, 
in an efficient way such that a considerable portion of SCD is avoided at reasonable costs. 
Annual cardiac screening is potentially effective in detecting high risk carriers which enables 
prevention of SCD by an ICD; however, it may give rise to health capacity problems and can 
have far-reaching psychosocial effects (anxiety/distress, depressed health and quality of life).
 In this study we aim to develop a more optimal screening strategy for asymptomatic 
mutation carrying relatives by means of cost-effectiveness analysis. Such an analysis aims to 
compare all health effects –intended and unintended- for various strategies, and to find that 
strategy of –in this case- cardiac screening and treatment to prevent SCD which gives best 
value for money, as a useful point of departure in the development of guidelines.

Methods

Cost-effectiveness analysis approach
We used a decision tree for all the relevant possible screening strategies and their costs and 
outcomes (Figure 1). Because our focus is on the optimal cardiac screening strategy our starting 
point is the newly detected mutation carrying relative. Analysis starts after predictive genetic 
testing; the costs of genetic counselling and testing are therefore excluded from analyses as 
they are invariant under any of the screening strategies. The decision tree shows all possible 
outcomes. The probabilities for each branch or pathway have to be determined; here we 
derived these data from clinical data of all known Dutch predictively tested mutation carriers 
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(n=423, to be published) and we extrapolated these data to be used for lifelong follow-up 
(conveniently defined as the age of 75 years). 

The primary choice to be made is on the extensiveness of cardiac screening, which 
can be ‘elementary’ consisting of echocardiography and ECG detecting manifest disease 
only, or ‘extended’ with besides echocardiography and ECG also 24h Holter recording and an 
exercise test to achieve risk stratification for SCD. In strategy A all mutation carries with and 
without known manifest disease undergo ‘extended’ cardiac screening, in strategy B ‘extended’ 
screening is only performed in mutation carriers with manifest HCM, where others receive 
‘elementary’ screening. 

Besides the extensiveness of cardiac screening we also added different frequency 
parameters: 
(1) cardiac evaluation once every year in all mutation carriers (combined with strategy A 
conform the consensus document ),2 
(2) cardiac evaluation yearly in carriers with manifest disease and once every two years in 
carriers without manifest disease,
(3) and cardiac evaluation yearly in carriers with manifest disease and in carriers without 
manifest disease > 40 years, and once every two years in carriers without manifest disease 
<40 years.
In this way six different screening strategies will be analysed (A1, A2, A3, B1, B2, and B3). In 
the analysis we use strategy A1, which is advised in the consensus document as reference 
strategy. We also show data of a strategy without any form of cardiac screening (strategy C).
 
Data – clinical data
Clinical data were derived from the ESCAPE-HCM study population.11 From families with a 
(probably) pathogenic mutation in one of the sarcomeric genes we included asymptomatic 
relatives with a proven familial mutation. All eight Dutch University Hospitals included patients. 
Probands and relatives who had been clinically diagnosed with HCM before genetic testing 
were excluded. For this study we included only asymptomatic mutation carriers between 10 

Figure 1. Decision tree. Strategy A: all mutation carries with and without known manifest disease undergo cardiac 
screening including risk stratification. Strategy B: risk stratification is only performed in mutation carriers with 
manifest HCM. 
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and 75 years old at the moment of DNA-diagnostics (n=423). 
From all mutation carriers a family tree was constructed including data on SCD in 

relatives up to the third degree. In the Netherlands carriers are advised to undergo cardiac 
evaluation including complete risk stratification with an ECG, echocardiogram, 24-hour 
ambulatory Holter recording, and an exercise test regularly.2 Clinical parameters from all their 
cardiac evaluations (often performed in local hospitals) after predictive genetic testing were 
recorded in a clinical database. 

Mean age of the 423 mutation carriers was 39±16 years and 182 (43%) were male. 
Mean follow-up time between first and last cardiac screening was 2.86±1.58 years; some 
carriers received only one cardiac screening. 

Data - costs
The total costs were estimated as total of resource volumes used multiplied with estimated 
costs per unit. The resource volumes were the elements of screening (‘elementary’ or 
‘extended’ screening) and ICD implantation. The costs per unit estimates were based on the 
‘true economic costs’-principle12 and obtained from the 2004 hospital management and 
accounting systems and indexed for the year 2007. The costs of ICD consisted of the costs 
associated with ICD surveillance (twice a year), ICD replacement (once every 5 years), and 
replacement of ICD leads (once every 20 years). Table 1 displays the cost estimates as used in 
our study.

Table 1. Estimated costs per unit of resource volume.
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Assumptions
From the clinical database of the ESCAPE-HCM study we obtained distributions of incidences of 
any of the risk factors and manifest disease, according to age of detection and follow-up time. 
In the ESCAPE-HCM study a clinical diagnosis of HCM is made when on echocardiography the 
maximal left ventricular wall thickness was ≥ 13mm and/or severe systolic anterior movement 
of the mitral valve (SAM) was present.13 In children the clinical diagnosis is made when on 
echocardiography a maximal wall thickness ≥ 2 SD for their body surface area was present. All 
clinical risk factors are assessed using definitions according to medical literature.8

The clinical data showed age dependent expression of manifest disease. In the 
decision tree, age is therefore an important factor. Data on disease expression per age category 
showed a biphasic curve suggesting that our population of asymptomatic HCM mutation 
carriers consisted of two different populations; one population of mainly older mutation 
carriers (>20-30 years) who had not developed manifest disease yet and a second population 
of mainly younger mutation carriers, who might have become our future probands if they 
had not been detected as mutation carrier by genetic testing before the onset of disease. We 
therefore decided for disease expression to rely on a combined curve based on cumulative 
disease expression in asymptomatic mutation carriers and symptomatic probands (n=126). 
Based on pedigree information and clinical experience for each age category we made an 
assumption on the proportion of mutation carriers that would otherwise have become 
probands and also used information on disease expression from probands (these probands 
were not subjected to the decision tree). For example, in asymptomatic mutation carriers 
aged between 10 and 15 years, we assumed 30% of them would show cumulative disease 
expression as seen in probands and 70% as seen in our cohort of asymptomatic mutation 
carrying relatives. In carriers aged between 60 and 65 years this ratio was 5%/95%. In this 
way a higher proportion of carriers detected at young age had manifest disease at age 75 
compared to asymptomatic carriers detected at age 50. 

Data on high risk status for SCD (manifest disease and ≥ 2 risk factors for SCD) were 
modelled from the clinical data of our cohort. We assumed all mutation carriers who develop 
manifest disease and two or more clinical risk factors for SCD are at high risk for SCD and 
invariably have an ICD implanted, which prevents SCD effectively.2, 4 We assumed ICD to be 
fully (100%) protective of SCD at all ages. Without ICD implantation, we assumed SCD to be 
always lethal. However, before ICD implantation, carriers can develop a high risk for SCD in 
the time period between cardiac evaluations and can still experience SCD (‘interval’ SCD). To 
estimate the number of ‘interval’ SCDs we assumed a SCD rate of 5% per year for mutation 
carriers with a high risk status.14 Part of the carriers with high risk status also originate from the 
group who did not have manifest HCM at their last evaluation. We used three assumptions: 
a low proportion (0.5%) of high risk carriers and thus of all ‘interval’ SCD derived from non-
manifest mutation carriers), a medium proportion (1.0%) and a high proportion (2.0%). The 
number of ‘interval’ SCDs in non-manifest mutation carriers was assumed to double when 
cardiac evaluations did not include risk stratification or when cardiac evaluations were 
performed on a two-year basis. Moreover, we assumed that SCD does not occur in carriers 
without a high risk status.

Analysis
The differences in costs and in ‘interval’ SCDs between the reference strategy (strategy A1) and 
the other strategies were calculated. Efficacy was measured in terms of ‘interval’ SCD. Cost-
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efficacy of each strategy was calculated by the difference in costs with the reference strategy 
divided by the difference in ‘interval’ SCD.

Results
According to our model, 75% of all carriers developed manifest HCM at the end of follow-up 
at the age of 75 years. Almost 5% of carriers also had two or more risk factors for SCD and 
were therefore at high risk for SCD and had an ICD implanted. Distribution of the proportion 

Table 2. Proportions of manifest HCM and high risk status for SCD in all mutation carriers at the end of screening at 
age 75.

Table 3. Screening strategies, their costs and 
‘interval’ SCDs.
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of carriers developing manifest disease and a high risk status per age category can be found 
in Table 2.

Table 3 shows that the number of ‘interval’ SCDs in our cohort, assuming all 423 
mutation carriers are followed until the age of 75 years, is extremely low. Depending on the 
screening strategy and the assumed proportion of SCD victims in the group of mutation 
carriers without manifest HCM the absolute number of unprevented SCDs varies between 
0.523 and 0.554 (or 0.124-0.131% of the entire cohort). Only strategy C, which involves no 
cardiac screening or prevention measures, harbors 19 SCDs (4.5% of our cohort), showing that 
no cardiac screening of mutation carriers is not a feasible option. From the remaining screening 
strategies, strategy B2, the least extensive screening strategy, is the most cost-effective. This 
strategy saves the most money per case of ‘interval’ SCD compared to the reference strategy 
A1. 

In all screening strategies, carriers with manifest HCM and ≥ 2 risk factors for SCD 
were the most costly patient group (Table 4). In strategies A2 and B2, the lowest costs were 
made by mutation carriers without manifest HCM. Average costs per mutation carrier vary 
between €24,502 and €32,929 for a mean cardiac screening period (until 75 years of age) of 
35 years, or on average €701 to €942 per carrier per year.

Discussion
This cost-effectiveness analysis shows that the least extensive and intensive cardiac screening 
strategy, strategy B2, is the most cost-effective. This screening strategy involves yearly risk 
stratification for SCD only in mutation carriers with manifest HCM; carriers still without manifest 
disease are to be screened on a two-year basis by ECG and echocardiography, irrespective of 
their age. However, average costs for cardiac screening per carrier per year are small and do 
not differ considerably between screening strategies. The number of ‘interval’ SCDs under any 
form of cardiac screening is extremely low compared to the 4.5% SCD rate under no cardiac 
screening, showing that cardiac screening of asymptomatic mutation carriers is strongly 
recommended. 
 Our study also reveals that all strategies are cost saving and do not create considerable 
numbers of ‘interval’ SCDs compared to the reference strategy (A1), which is based on the ACC/

Table 4. Distribution of total costs per type of mutation carrier per screening strategy.
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ESC consensus document. The outcomes of our model also support that risk stratification 
should only be performed in carriers with manifest HCM. This outcome was expected since 
we assumed no SCD in carriers without manifest HCM, as supported by the clinical data of our 
cohort. We made this assumption because SCD in carriers without manifest disease is a very 
rare event, because the prognostic impact of risk factors for SCD has never been validated 
in mutation carriers without manifest disease, and because this assumption was supported 
by the clinical follow-up data of the ESCAPE-HCM study cohort. We feel it is therefore not 
only cost-effective but also safe to perform risk stratification only in carriers without manifest 
disease. 
 The frequency of screening did not greatly affect the number of ‘interval’ SCDs, due 
to the assumed low event rate of 5% per year in carriers with a high risk status without an 
ICD implanted which is based on literature. Further research is needed to investigate if the 
frequency of cardiac screening can even be reduced beyond once every two years from a 
cost-effectiveness point of view. 
 The carriers’ age was taken into account to determine the frequency of screening 
in two of the strategies (A3 and B3), with a higher frequency of screening in carriers >40 
years. This age dependent strategy was deduced from our observational data showing an age 
dependent penetrance of disease with an age independent penetrance of the risk factors. 
A high risk status was therefore more often present in older carriers and there was a clear 
difference in the rate of development of a high risk status between carriers under and over 40 
years of age. Our observational data in asymptomatic carriers assume a milder disease course 
(lower proportion of high risk status for SCD) in the young, but literature on HCM shows SCD 
to occur frequently in asymptomatic patients (with manifest disease) in adolescence. SCD, 
however, was often the first symptom of the disease in these youngsters who were often 
not known to have HCM before the event. If these youngsters had been evaluated by ECG 
and echocardiography manifest disease would have been present. We feel it is therefore 
safe to reduce cardiac screening to once every two years in youngsters as our observational 
data suggest no faster development of manifest disease or risk factors over time in younger 
carriers.

Limitations
We have to be aware that our results may be subject to bias for several reasons. Firstly, long 
term follow-up data of mutation carrying relatives currently are unavailable. Secondly, the 
natural history of HCM is largely unknown and absence of external long term follow-up data 
disables a formal model validation. Our study was performed on observed data from the 
largest known cohort of asymptomatic mutation carriers currently available. We expect that 
our results, especially related to the frequency of SCD, can become more accurate when our 
cohort is expanded and follow-up extended. 
 We made several assumptions to develop our model. One of them is that only 
carriers with a high risk can experience SCD. Medical literature, however, describes cases of 
SCD in carriers without manifest HCM or in HCM patients without any of the risk factors. Since 
we did not take these case studies into account, we may therefore have underestimated the 
number of SCDs and possibly also costs, if for example all carriers with one risk factor and 
manifest disease would have an ICD implanted.
 We also assumed a 100% uptake of cardiac screening in mutation carriers. Previous 
studies have shown that uptake of genetic testing is only 40% and that not all mutation 
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carriers receive regular cardiac screening.15, 16 This is disturbing since our study clearly shows 
that no cardiac screening cannot be regarded a viable strategy. When adjusting for incomplete 
uptake, the costs would be lower but the number of SCDs would definitely be higher. 
 We did not take into account quality of life of mutation carriers. An impact on quality 
of life may be expected, especially when manifest disease and symptoms become present, 
when an ICD is implanted and when screening is frequent (anxiety related to the process of 
screening). These outcomes have never been evaluated under the various screening strategies. 
Previous studies show that carriers often have a positive attitude towards genetic and cardiac 
screening and that quality of life is only depressed in carriers with manifest disease.16, 17  

Our analysis started when asymptomatic relatives were identified as mutation carrier 
since we were interested in the most cost-effective cardiac screening strategy. The costs of 
genetic counselling and DNA diagnostics were therefore excluded. Unpublished data have 
already shown that cascade genetic testing of relatives of HCM patients is cost-effective for 
the primary prevention of SCD (www.herc.ox.ac.uk/research/genetics/suddencardiacdeath).

Conclusions
The most cost effective cardiac screening strategy in asymptomatic mutation carriers involves 
extensive yearly screening including risk stratification for SCD in carriers with manifest HCM 
and ECG and echocardiography every two years in carriers without manifest HCM. This 
recommendation differs from the currently proposed ACC/ESC Consensus Document. The 
most cost-effective screening strategy is mainly determined by the costs of the screening 
strategy since the number of ‘interval’ SCDs is very small regardless of strategy. Since SCD is 
extremely rare in mutation carriers without manifest disease, we feel it is also safe to implement 
this cardiac screening strategy.
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