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After the first annual review of the project, Task 9.2 was changed.  

 

Task 9.2 includes the development of a pilot economic model and the conduct of a comparative 

study to assess the impact of image-based simulation modelling on clinical decision-making. 

 

This deliverable contains two items, reflecting the two elements of Task 9.2. 

- Item 1: Pilot economic model to evaluate the simulated cost savings associated with a 

hypothetical reduction in the adverse outcomes of interventions in CoA 

- Item 2: Planning of a randomized controlled experiment to determine the impact of 

image-based modelling on clinical decisions 
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Item 1: Pilot economic model to evaluate the simulated cost savings 

associated with a hypothetical reduction in the adverse outcomes of 

interventions in CoA 
 

This item is made up of three parts: 

- A report with details on the motivation, methods, results, and implications of the economic 

model 

- The model itself, implemented in Microsoft Excel (in attachment) 

- A short document explaining the contents of the Microsoft Excel workbook (appendix to the 

report) 
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Summary 
 

Background: The development of image-based simulation tools in CARDIOPROOF has the potential 

to benefit patients by providing clinicians with additional information in the clinical decision-making 

process. To improve patient outcomes, treatment decisions must take into account all relevant 

factors, including patient anatomy and individual patient’s response to the treatment. Under such 

circumstances adverse outcomes and their associated costs can be reduced. It is, however, unknown 

to what extent potential improvements in patient outcomes translate into cost savings for health 

care facilities and the wider health care system.  

 

Coarctation of the aorta (CoA) is one of the most common congenital heart diseases. Stenting is an 

effective treatment for patients with CoA. Nevertheless, stenting poses some risk of serious 

complications, and outcomes at follow-up show scope for significant improvement. 

 

Objective: To develop an economic model to quantify potentially avoidable costs associated with 

stenting for CoA. 

 

Methods: The primary outcome of our analysis was expected avoidable cost associated with stenting 

in patients with CoA. Our model was based on costs in the United Kingdom National Health Service. 

We first calculated expected costs per patient associated with stenting for CoA as currently used in 

clinical routine. These baseline costs reflect the current state of the intervention and the costs of 

associated complications. We then specified four hypothetical scenarios of improved effectiveness 

and safety which could potentially be achieved through the patient-centred approach of the 

simulation tool developed in CARDIOPROOF. We compared the costs of each scenario to the 

baseline costs to obtain estimates of avoidable costs. Three scenarios were based on potential 

increases in stenting treatment success and reductions in complications and reintervention rates. 

The last scenario represents the ‘ideal’ scenario in which the probability of treatment success is 

100% and no complications and reinterventions occur.  

 

Results: Baseline costs were £16,688 per patient. Avoidable costs ranged from £137 per patient in a 

scenario assuming a 10% reduction in aortic wall injuries and reinterventions at follow-up, to £1,627 

in a Best-case scenario with 100% treatment success and no complications. Overall costs in the Best-

case scenario were 90.2% of overall costs at Baseline. Reintervention rate at follow-up was identified 

as the most influential lever for overall costs. Probabilistic sensitivity analysis showed a considerable 

degree of uncertainty for avoidable costs with widely overlapping 95% confidence intervals.   

 

Conclusion: Stenting for CoA is a procedure with relatively high treatment success and low levels of 

severe complications. In an ideal world scenario with perfect treatment outcomes, cost savings were 

approximately 10% of total baseline costs.  
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1. Introduction 
In previous Virtual Physiological Human (VPH) projects, tools have been developed for early 

diagnosis, prediction of disease behaviour and evolution, and prediction of treatment outcomes. The 

VPH approach promises personalized treatment decisions through the use of individual patient data. 

Just as in other areas of personalized medicine, potential benefits are manifold and include 

improving mortality and morbidity, and reducing health care expenditures. (1)  

 

The development of image-based modelling tools in the CARDIOPROOF project is based on the 

hypothesis that the use of simulation modelling will result in treatment decisions which are tailored 

to each patient, which in turn lead to better outcomes than guideline-based treatment decisions. 

Such improved clinical decision-making is anticipated to impact beneficially on patient-relevant 

outcomes and thus improve the quality of health care interventions. Simultaneously, personalized 

treatment decisions arguably have the potential to reduce costs as they lower the risk of adverse 

outcomes in individual patients due to ‘off the peg’ treatment.  

 

A business case can be made for improvements in the quality of care delivery. (2) In addition to the 

adverse effects of ineffective treatments and treatment-related complications on patients’ health, 

they cause excess costs. Sometimes referred to as ‘waste’, the inefficiencies associated with sub-

optimal care can be quantified as avoidable costs. Excess costs associated with undesirable 

outcomes have been studied in various health care settings. (3–7) Health care providers would gain 

financially by improving patient safety. 

 

There is potential for such gains from potential improvements in patient safety and treatment 

effectiveness in congenital heart disease (CHD). CHD is seen in 96 per 10,000 live births. (7) Despite 

this relatively low incidence CHD patients consume a disproportionately large share of health care 

spending. Hospital admissions among adults with CHD are 3.5 times more frequent than in the 

general population and at least half of all adult CHD patients is hospitalized over a 5-year 

period.(8,9)   

 

There is a paucity of evidence on the economic implications of treatment complications in CHD. An 

American multicentre study found that complications and extended hospital stay after surgery for 

CHD were associated with an average excess cost per case of $56,584 ($132,483 for major 

complications). (10) Another study found complications to be associated with a 3-fold risk of high 

resource utilization (above the 90th percentile) in CHD patients undergoing surgery. (11)  

 

Coarctation of the aorta (CoA) is one of the most common CHD with an incidence of between 3 and 

4 cases per 10,000 live births. (12,13) It significantly reduces life expectancy and is associated with 

morbidity even after successful repair. (14–16) Treatment of CoA and subsequent follow-up are 

resource-intensive. Implementation of a stent is effective to repair the obstructed site of the aorta. 

However, injuries to the aortic wall sometimes occur during the intervention; such injuries in turn 

necessitate further intervention in order to avoid aneurysm formation. In addition to interventions 

due to aortic wall injuries, recurrent CoA contributes to a reintervention rate of approximately 14% 

at follow-up. (17)  
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Interventional treatment for patients with CoA has improved over time. What started with balloon 

dilatation developed into stenting with ever safer stent types. Yet, patients are still at risk of 

experiencing serious complications while undergoing treatment, and outcomes at follow-up show 

scope for significant improvement. The development of image-based simulation tools in 

CARDIOPROOF has the potential to benefit patients by providing clinicians with additional 

information in the clinical decision-making process. To improve patient outcomes, treatment 

decisions must take into account all relevant factors, including patient anatomy and individual 

patient’s response to the treatment. Under such circumstances adverse outcomes and their 

associated costs can be reduced. It is, however, unknown to what extent potential improvements in 

patient outcomes translate into cost savings for health care facilities and the wider health care 

system.  

 

We developed an economic model to quantify potentially avoidable costs associated with stenting 

for CoA. 

 

 

2. Methods 
 

The objective of this analysis was to quantify the costs associated with stenting treatment of CoA 

that are potentially avoidable through improved patient-relevant outcomes resulting from image-

based modeling. 

 

We first calculated expected costs per patient associated with stenting for CoA as currently used in 

clinical routine. These baseline costs reflect the current state of the intervention and the costs of 

associated complications. We then specified four hypothetical scenarios of improved effectiveness 

and safety which could potentially be achieved through the patient-centred approach of the 

simulation tool developed in CARDIOPROOF. We compared the costs of each scenario to the 

baseline costs to obtain estimates of avoidable costs. Three scenarios were based on potential 

increases in stenting treatment success and reductions in complications and reintervention rates. 

The last scenario represents the ‘ideal’ scenario in which the probability of treatment success is 

100% and no complications and reinterventions occur.  

 

2.1 Structure of the model 

The analytical approach of comparing expected costs in the Baseline scenario, Scenarios 1-3, and 

Best-case scenario, is presented in Figure 1. The model structure of events and sequelae remained 

constant for all scenarios, with varying probabilities for events subject to change in the scenarios. 

 

Figure 1 depicts the model during initial intervention and at follow-up. Since all patients undergo 

stenting, the model consists exclusively of chance nodes and branches emanating from this 

treatment decision. Each chance node has a set of mutually exclusive events which are displayed in 

the model structure as boxes. Each event is associated with costs. The value of each chance node is 

determined by the probabilities and costs attached to its events.  

 

The first chance node in the model is success at the initial stenting intervention. Stenting success is 

defined as achieving a post-treatment blood pressure gradient ≤20mm Hg, which represents the 
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threshold for intervention indication in patients with CoA.(18,19) Aortic wall injuries caused by the 

catheter or dilatation of the stenotic aortic segment are possible despite successful gradient 

reduction, as indicated by the next chance node. In this model, we only included aortic wall injuries 

that warrant intervention. In some cases, aneurysms will develop over the years following the 

intervention. In order to assign a cost to these complications, our model includes them at the time 

when they require treatment, i.e. either immediately after the initial intervention, or at short- or 

mid-term follow-up. The branch of aortic wall injuries leads to a chance node where repair of the 

injury is conducted either percutaneously or surgically. 

 

In the lower branch of the initial intervention period model, we assumed that patients who did not 

achieve a post-intervention treatment gradient ≤20mm Hg underwent a second intervention, which 

could be either repeat stenting or surgery. The branch for repeat stenting then leads to a chance 

node of experiencing an aortic wall injury, and further to the percutaneous or surgical treatment of 

the injury.  

 

The model includes the same events for the short-term and mid-term follow-up period, although 

different probabilities are assigned to them according to the specific period. The branches 

emanating from the first chance node at follow-up are either no reintervention or reintervention 

due to aortic wall injuries or recurrence of coarctation. The branch for reintervention for re-

coarctation is identical to that after successful stenting at the initial intervention. The branch for 

reintervention due to aortic wall injury leads to a chance node of percutaneous or surgical 

treatment. 

 

We considered two events, hypertension medication and imaging, as independent from the 

remainder of the model structure. 

 

We applied a 5-year timeframe for our analysis, distinguishing between costs and events during or 

immediately after the initial treatment; during short-term follow-up (3-18 months); and mid-term 

follow-up (18 months-5 years). Expected costs were obtained for each of these three time periods 

separately. Discounting the results at short- and mid-term follow-up, we also calculated expected 

overall costs over a 5-year period. 

 

Actuarial survival of non-infant patients after CoA stenting repair is almost 100% even 10 years after 

treatment.(20) We assumed no mortality in the model period (5 years follow-up after intervention). 

Since there is no loss to mortality in the transition between initial intervention, short-term, and mid-

term follow-up, all three time periods can be combined to give the overall expected costs of the 

treatment over a course of 5 years. 
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Figure 1: Analytical approach and model structure illustrating alternative events and their sequelae 

The primary outcome of this analysis is difference in costs between the Baseline scenario and four hypothetical scenarios of improved treatment effectiveness and patient safety. All scenarios 
include the same events at initial intervention, short-term, and mid-term follow-up. Scenarios differ in the probabilities attached to events. 
The figure shows possible events in the first period of the model (during or immediately after the initial intervention), and at short- and mid-term follow-up. The same events are included for 
short- and mid-term follow-up. Hypertension medication and imaging are not dependent on any other events and are therefore not connected to the other events. Hypertension is not 
directly influenced by other events at follow-up and does not impact on complications or reintervention rates itself. Imaging is recommended for all patients after CoA repair at least every 
two years.(18) 
Full circles indicate event probabilities subject to change in scenarios. Dotted circles indicate exogenous event probabilities. 
 



D. CARDIOPROOF -  FP7-ICT-2013-10 (611232) 

 
 

12 
 
 

2.2 Model input 

Baseline values for event probabilities and costs are presented in Tables 1 and 2, respectively.  

 

Event probabilities 

Estimates of event probabilities were derived primarily from a meta-analysis comparing the 

effectiveness of stenting and balloon dilatation in CoA patients. (17) For event probabilities at 

different follow-up periods, we used pooled estimates for aortic wall injuries after stenting; overall 

reintervention rates at short- and mid-term follow-up; and the proportion of patients requiring anti-

hypertensive medication at short- and mid-term follow-up. . Our data were based on studies that 

were randomized controlled trials with a minimum of 50 participants, or other study designs with at 

least 50 participants and that were conducted in high income countries. Additional details are 

available elsewhere (14).   

 

We made assumptions about the proportion of patients undergoing repeat stenting (as opposed to 

surgery) after unsuccessful initial stenting repair; the proportion of patients receiving percutaneous 

treatment (as opposed to surgery) after aortic wall injury; and the proportion of patients requiring 

reintervention due to aortic wall injury (as opposed to recurrent CoA). Sensitivity of our findings to 

assumptions was extensively tested, as described below.  
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Table 1: Event probabilities 

Event Probability 
estimate 

SD Distribution Source 

Treatment success after 
stenting 

0.967 0.0128 Beta (17) 

Intervention after 
unsuccessful stenting: 

    

Repeat stenting 0.5 0.1 Beta Assumption 
Surgery 0.5 0.1 Beta Assumption, inverse probability of 

repeat stenting 

Aortic wall injury after 
stenting 

0.008 0.0026 Beta (20–33) 

Intervention after aortic wall 
injury: 

    

Percutaneous treatment  0.9 0.02 Beta Assumption 
Surgery 0.1 0.02 Beta Assumption, inverse probability of 

percutaneous treatment 

Short-term follow-up     

Imaging 1 0.01 Beta (18) 

Patients requiring anti-
hypertension medication 

0.43 0.0301 Beta (24,25) 

Patients requiring 
reintervention 

0.091 0.0286 Beta (23,25) 

Reintervention for aortic 
wall injury 

0.1 0.02 Beta Assumption, based on literature 
(23–25,33)  

Reintervention for re-
coarctation 

0.9 0.02 Beta Assumption, inverse probability of 
reintervention for aortic wall injury 

Mid-term follow-up     

Imaging 1 0.01 Beta (18) 

Patients requiring anti-
hypertension medication 

0.389 0.1051 Beta (21,24,25,31) 

Patients requiring 
reintervention 

0.185 0.0413 Beta (20–22,24,26,27,29,31,32) 

Reintervention for aortic 
wall injury 

0.5 0.02 Beta Assumption, based on literature 
(20–22,24–27,29,31,32) 

Reintervention for re-
coarctation 

0.95 0.02 Beta Assumption, inverse probability of 
reintervention for aortic wall injury 

 

 

Cost estimates 

Our model adopted the health care provider’s perspective and included direct costs only.  

 

Cost estimates for the treatment of CoA and complications arising from the initial treatment are 

based primarily on United Kingdom National Health Service (NHS) reference costs 2013-14. The NHS 

provides the average unit treatment costs for every fiscal year, collected from all NHS trusts. 
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Reference costs reflect the full costs of providing services. (20) NHS reference costs do not 

distinguish between reasons for admissions. To obtain estimates for cost input parameters we first 

identified all relevant variants of treatments (currency codes). For each cost item in our model we 

then calculated average costs from the currency codes relating to that item. We weighted average 

costs with the number of patients having undergone the various treatments. For example, we 

obtained an estimate of the cost of stenting for CoA by adding up all treatments with stents in 

peripheral arteries (non-coronary stents) and subsequently weighting them based on their 

frequency. Our cost estimates are likely to be conservative as they are based on all patients 

undergoing any given intervention instead of exclusively CHD patients who are typically complex 

cases with multiple comorbidities. 

 

All costs were discounted at the standard NHS discount rate of 3.5% per year. Where necessary we 

adjusted costs to 2014 Great British Pounds. We assumed health care costs to increase 2 percentage 

points above annual inflation rate. (35) 

Table 2: Cost estimates 

Item Estimate (£) SD Distribution Source Comment 

Stenting for CoA £4,507.72 £2,612.84 Gamma (34) Currency codes YR12Z; 
YR13Z; YR14A; YR14B; 
YR15A; YR15B; YR15C 

Surgery for CoA £7,497.61 £5,600.01 Gamma (34) Currency codes EC01A; 
EC01B; EC01C; EC02A; 
EC02B; EC02C; EC03A; 
EC03B; EC03C 

Aortic wall injury requiring 
interventional treatment 

£10,913.59 £5,790.90 Gamma (34) Currency codes YR01Z; 
YR02Z; YR20Z 

Aortic wall injury requiring 
surgery 

£8,545.20 £2,305.29 Gamma (34) Currency codes YQ01A; 
YQ01B; YQ02Z; YQ03A; 
YQ03B 

Follow-up imaging £5,660.04 £1,698.01 Gamma (34) Currency code YZ04Z 

Hypertension medication £67.53 £20.26 Gamma (36) Average cost per patient 
per year. Medication plus 
annual check-up with GP. 
Adjusted to 2014 prices. 

 

 

2.3 Analytic strategy 

The primary outcome of our analysis was expected avoidable cost associated with stenting in 

patients with CoA. In our base case analysis, we calculated the expected costs for the immediate 

treatment period, expected costs at short-term follow-up, and expected costs at mid-term follow-up 

by multiplying the event probabilities with their associated costs in each branch of the model. We 

then summed the expected costs from the three periods to obtain an estimate of the total expected 

costs. We discounted the expected costs at short-term and mid-term follow-up at 3.5% p.a.  
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We compared the costs of this Baseline scenario, including costs incurred by complications and 

other undesired events, with the costs that would incur if no or fewer undesired events occurred. 

(3,4) We refer to the difference between the baseline cost estimate and the cost estimate in such 

scenario as the avoidable costs associated with stenting for CoA. In addition to the Baseline scenario, 

we specified four scenarios with varying rates of hypothetical treatment success and rates of 

complications (Table 3). We calculated expected avoidable costs compared to the Baseline scenario 

for each of the four scenarios.  

Table 3: Input probabilities for scenarios 

Table shows probabilities (change compared to Baseline) of events subject to change in the four scenarios.  

 Baseline 
scenario 

Scenario 1 Scenario 2 Scenario 3 Best-case 
scenario 

Stenting treatment 
success 

96.7% 96.7% 
(=) 

96.7% 
(=) 

100% 
(+3.4%) 

100% 
(+3.4%) 

Aortic wall injuries 
after stenting 

0.8% 0.7% 
(-10%) 

0.6% 
(-25%) 

0.4% 
(-50%) 

0.0% 
(-100%) 

Reinterventions at      

Short-term 9.1% 8.2% 
(-10%) 

6.8% 
(-25%) 

4.6% 
(-50%) 

0.0% 
(-100%) 

Mid-term 18.5% 16.7% 
(-10%) 

13.9% 
(-25%) 

9.3% 
(-50%) 

0.0% 
(-100%) 

Hypertension 
medication at 

     

Short-term 43.0% 43.0% 
(=) 

38.7% 
(-10%) 

32.3% 
(-25%) 

0.0% 
(-100%) 

Mid-term 38.9% 38.9% 
(=) 

35.0% 
(-10%) 

29.2% 
(-25%) 

0.0% 
(-100%) 

 

 

Scenario 1 

In the first scenario, the proportion of patients with initial treatment success remains constant at the 

baseline value of 96.7%. Proportion of patients with aortic wall injuries decreases by 10% to 0.7%. 

Proportion of patients with reinterventions at follow-up decreases by 10% to 8.2% at short-term and 

16.7% at mid-term follow-up. Hypertension medication is required by the baseline proportion of 

43.0% of patients at short-term and 38.9% at mid-term follow-up. 

 

Scenario 2 

Scenario 2 assumes a constant initial treatment success rate (96.7%). Both aortic wall injuries and 

follow-up reinterventions are assumed to be reduced by 25% from baseline. Proportion of patients 

with aortic wall injuries is 0.6% in this scenario. Reintervention rates at short-term and mid-term 

follow-up are 6.8% and 13.9%, respectively. Furthermore, a 10% reduction in the proportion of 

patients requiring anti-hypertensive medication to 38.7% at short-term and 35.0% at mid-term 

follow-up is assumed. 
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Scenario 3 

In the third scenario, the initial treatment success rate increases to 100%. Aortic wall injuries are 

reduced by 50% from baseline to a proportion of 0.4% of patients. Reinterventions at follow-up are 

also reduced by 50% from baseline, leading to values of 4.6% at short-term and 9.3% at mid-term 

follow-up. The proportion of patients requiring anti-hypertensive medication is assumed to be 

reduced by 25% to 32.3% at short-term and 29.2% at mid-term follow-up. 

 

Best-case scenario 

Finally, we calculate the costs of stenting for CoA under ideal conditions. In this scenario, treatment 

success is 100%, with no complications during the initial treatment and at follow-up. The scenario 

assumes that no reinterventions are necessary and that no patient requires anti-hypertensive 

medication. 

 

2.4 Sensitivity analysis 

Deterministic sensitivity analysis 

We conducted one-way sensitivity analyses. We varied key probability and cost inputs by 10% and 

plotted the effect on costs avoided compared to baseline, in a tornado diagram. The tornado 

diagram presents the relative impact that each input factor has on the outcome, holding all other 

variables constant. 

 

We then varied input variables for all five scenarios to assess the sensitivity of the model with 

respect to (1) the overall level of input values, and (2) the expected avoidable costs in the scenarios 

relative to the Baseline scenario. Holding all other parameters constant, we inspected the extent to 

which each parameter had an impact on the difference in avoidable costs in the four scenarios. We 

did not include the Best-case scenario in one-way sensitivity analyses of parameters that were 

assumed to be ideal (i.e. 100% treatment success and 0% complication rates) in this scenario. 

 

We chose a range from 0 to twice the initial input value for event probabilities and half to twice the 

initial value for costs in most cases. The range of plausible cost estimates includes values reported 

for stenting and surgery in CoA patients from studies conducted in Sweden and the United States. 

(37,38)  

 

Probabilistic sensitivity analysis 

We conducted probabilistic sensitivity analysis (PSA) to simultaneously take into account the 

uncertainty associated with all input factors in our model.  

 

We generated 1,000 random values for each input parameter based on its point estimate and 

standard deviation (SD). We assigned a beta distribution to event probabilities and a gamma 

distribution to cost estimates. The values were therefore restricted to between 0 and 1 for 

probabilities, and to non-negative values for costs. SD for cost estimates were derived from 

published NHS reference costs for procedures at the aggregate level, which did not show much 

variation, potentially underestimating SD. We assessed the impact of potentially underestimated SD 
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of cost parameters on our primary outcome, avoidable costs, by rerunning PSA with inflated SD 

(twice the initial value). 

 

We then ran 1,000 iterations of the model. Each iteration used a different value of the random value 

distribution of input parameters. We summarized the results of PSA using the mean value of the 

1,000 iterations and its 95% confidence interval (CI). We also present all 1,000 PSA estimates of total 

costs for each of the scenarios (including Baseline) in a single diagram, which demonstrates the 

uncertainty surrounding estimates of total costs in the model. 

 

The model and sensitivity analyses were implemented in Microsoft Excel (Microsoft; Redmond, WA). 

 

3. Results 
 

3.1 Results of base case analysis 

Expected costs per patient at initial treatment, short-term, and mid-term, as well as overall expected 

costs are displayed for Baseline, Scenarios 1 to 3, and Best-case scenario in Table 4. The last row 

shows expected avoidable costs compared to Baseline for all four scenarios. 

Table 4: Results from base-case analysis: expected costs of stenting for CoA and avoidable costs in four scenarios 

 Baseline Scenario 1 Scenario 2 Scenario 3 
Best-case 
scenario 

Expected costs initial 
treatment 

£4,790 £4,781 £4,769 £4,550 £4,508 

Expected costs short-
term 

£5,980 £5,933 £5,861 £5,741 £5,492 

Expected costs mid-
term 

£5,919 £5,836 £5,709 £5,498 £5,061 

Expected costs 
overall 

£16,688 £16,551 £16,338 £15,790 £15,061 

Expected avoidable 
costs vs. Baseline 

 £137 £350 £898 £1,627 

 

 

We calculated the overall expected costs per patient as £16,688. Expected overall costs in Scenario 1 

were £16,551 with avoidable costs amounting to £137.  

 

Scenario 2 showed slightly lower overall costs (£16,338) and conversely higher savings from 

avoidable costs (£350). Optimistic assumptions in Scenario 3, including a 100% initial treatment 

success rate, brought overall expected costs down to £15,790 with expected avoidable costs at an 

estimated £898. 

 

In the best-case scenario, overall expected costs were £15,061, translating into £1,627 in avoidable 

costs. The most substantial cost savings compared to Baseline were accumulated at follow-up (£488 

at short-term and £858 at mid-term), while avoidable costs at the initial treatment amounted to 

£282.  



D. CARDIOPROOF -  FP7-ICT-2013-10 (611232) 

 
 

18 
 
 

 

3.2 Deterministic sensitivity analysis 

The tornado diagram (Figure 2) shows that cost of imaging at follow-up; cost of the stenting 

procedure; probability of successful stenting; and reinterventions at follow-up have the largest 

impact on total costs, when considering a 10% increase or decrease in key model parameters while 

holding all other parameters constant.  

 

The asymmetrical impact of stenting success is due to the high initial probability of treatment 

success. Reductions in overall costs are capped at 100% treatment success, which is reached when 

the initial success rate increases by as little as 3.5%. 

Figure 2: Tornado diagram 

 
 

 

We assessed the sensitivity of expected avoidable costs in the four scenarios with respect to all 

model input parameters. We first display results of univariate analysis for key parameters as 

identified in the tornado diagram (Figures 3-6). Sensitivity analyses of remaining event probabilities 

are shown in Figures 7-11, and sensitivity analyses of remaining cost parameters in Figures 12-15. 

 

Figure 3 displays expected avoidable costs in Scenarios 1-3 and the Baseline scenario when varying 

treatment success rate from a decrease by 100% from the initial value to an increase by 20%. At the 
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initial input level there were no expected avoidable costs in the Baseline scenario and the maximum 

avoidable costs were seen in Scenario 3 at £898 (Best-case scenario, at a constant success rate of 

100%, was not included in the sensitivity analysis). At a rate of 0% treatment success, total costs in 

all four scenarios were considerably higher. The difference in total costs, however, decreased only 

slightly (from £898 to £680 between Baseline and Scenario 3). The estimates for all four scenarios 

reached a floor at treatment success improvement rates over 3.5%, as this coincided with achieving 

treatment success in 100% of patients. At this level of treatment success, the maximum difference in 

total costs between Baseline and Scenario 3 was £701. Even when varying treatment success rates 

to the extreme values of 0% and 100%, the result for maximum avoidable costs did not differ 

substantially from that obtained with the initial input value.  

Figure 3: Univariate sensitivity analysis for stenting success 

The diagram shows the relationship between varying probabilities for treatment success (horizontal axis) and expected 
total costs compared to the initial input value (vertical axis) in Scenarios 1-3, as well as the Baseline scenario. Varying 
values of treatment success are displayed relative to the initial input (96.7% treatment success).  
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At the extremes of the sensitivity analysis for reinterventions at follow-up, we observed significant 

differences between the magnitude of avoidable costs associated with the four scenarios (Figure 4). 

Compared to avoidable costs of £898 in Scenario 3 associated with the initial parameter values, the 

difference in total costs between the Baseline scenario and the Scenario 3 was £258 when 0% of 

patients required reinterventions at follow-up, and increased to £1,538 when the estimate was set 

to twice its initial value. Avoidable costs decreased for reintervention rates below the initial value. 

For example, avoidable costs were £137 in Scenario 1 with the initial input, but decreased to £59.9 

when reintervention rate was set at 50% of the initial value. Conversely, avoidable costs increased at 

reintervention rates above the initial input level. 

Figure 4: Univariate sensitivity analysis for follow-up reinterventions 

The diagram shows the relationship between varying probabilities for reinterventions at follow-up (horizontal axis) and 
expected total costs compared to the initial input value (vertical axis) in Scenarios 1-3, as well as the Baseline scenario. 
Varying values of reintervention rates are displayed relative to the initial input of 9.1% at short-term and 18.5% at mid-
term follow-up. 
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Cost of stenting was identified as one of the most influential model parameters in the tornado 

diagram. Using the initial cost input of £4,508, we obtained an estimate for overall avoidable costs of 

£137 in Scenario 1 and £1,627 in the Best-case scenario. A study of the cost-effectiveness of stenting 

and surgery for CoA in the US reported mean costs for the stenting procedure of £7,596 (converted 

and purchasing power parity adjusted to 2014-£’s). (37) Using this estimate we obtained potential 

cost savings of £212 in Scenario 1 and £2,425 in the Best-case scenario. Similar estimates for 

avoidable costs were obtained when using cost estimates from a Swedish cost-study (PPP 2014-£’s 

7,913). (38) When doubling the original cost input, avoidable costs amount to £244 in Scenario 1 

and £2,768 in the Best-case scenario (Figure 5).   

Figure 5: Sensitivity analysis for cost of stenting 

The diagram shows the relationship between varying costs for stenting (horizontal axis) and expected total costs compared 
to the initial stenting cost (vertical axis) in each of the four scenarios, as well as the baseline scenario. Varying values of 
stenting cost are displayed relative to the initial input of £5,408. 
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Figure 6 shows sensitivity analysis for cost of follow-up imaging. Overall levels of total costs change 

considerably when using varying values for the cost of imaging. However, the difference between 

total costs in the Baseline scenario and the Best-case scenario remains constant at £1,627 

irrespective of changes in the parameter. In fact, differences between all other scenarios also remain 

constant since all patients are assumed to undergo imaging at follow-up, regardless of hypothetical 

treatment improvements in the scenarios.  

Figure 6: Sensitivity analysis for cost of imaging 

The diagram shows the relationship between varying costs for follow-up imaging (horizontal axis) and expected total costs 
compared to the initial imaging cost (vertical axis) in each of the four scenarios, as well as the baseline scenario. Varying 
values of imaging cost are displayed relative to the initial input of £5,660. 
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The maximum difference in total costs between Baseline and Scenario 3 was £898 when using the 

initial probability for aortic wall injury after stenting (0.8%). Doubling this value to 1.6% leads to a 

slightly higher maximum difference between the two scenarios of £954. Setting the probability of 

aortic wall injury to 0% gives a maximum difference between Baseline and Scenario 3 of £842. 

Figure 7: Sensitivity analysis for aortic wall injury 

The diagram shows the relationship between varying probabilities for aortic wall injury after stenting (horizontal axis) and 
expected total costs compared to the initial input value (vertical axis) in Scenarios 1-3, as well as the Baseline scenario. 
Varying values of the probability are displayed relative to the initial input (0.8%).  
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Hypertension medication accounts for a relatively small share of total costs. Consequently, varying 

the proportion of patients requiring medication at follow-up from 0 to twice the initial proportion 

did not impact substantially on total cost estimates in the scenarios (Figure 8). Maximum difference 

between Baseline and Scenario 3 changed by only +/- £19 in the extreme cases of 0% or double 

proportion. 

Figure 8: Sensitivity analysis for hypertension at follow-up 

The diagram shows the relationship between varying proportions of patients with hypertension at follow-up (horizontal 
axis) and expected total costs compared to the initial input value (vertical axis) in Scenarios 1-3, as well as the Baseline 
scenario. Varying values of proportions are displayed relative to the initial input of 43% at short-term and 39% at mid-term 
follow-up. 
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Figure 9 shows sensitivity of total costs with respect to one of the parameters that were based on 

assumptions, rather than evidence from meta-analysis. Patients experiencing aortic wall injury after 

stenting undergo either interventional treatment or surgery. Varying the proportion of patients 

receiving interventional treatment of aortic wall injury from 0% to 100% (and conversely, the 

proportion of patients undergoing surgery from 100% to 0%) did not change total costs substantially. 

Change in the differences in costs between the scenarios was modest when varying the parameter. 

At an interventional aortic wall injury treatment rate of 0% the maximum difference between 

Baseline and Scenario 3 was £868. At an interventional treatment rate of 100% it was £901. 

Figure 9: Sensitivity analysis for interventional aortic wall injury treatment 

The diagram shows the relationship between varying probabilities for interventional treatment of aortic wall injury (as 
opposed to surgery) (horizontal axis) and expected total costs compared to the initial input value (vertical axis) in Scenarios 
1-3, as well as the Baseline scenario. Varying values of the probability are displayed relative to the initial input of 90%. 
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Another assumption we made in the model was that among patients with unsuccessful initial 

stenting 50% would undergo repeat stenting and 50% would be referred for surgery. The results of 

the sensitivity analysis of this assumption are shown in Figure 10. The difference in total costs 

between Baseline and Scenario 3 was £898 with the initial distribution of treatments after 

unsuccessful stenting. In the case that all patients underwent surgery, the difference increased 

slightly to £955, while it decreased slightly to £850 in the case where all patients underwent repeat 

stenting. 

Figure 10: Sensitivity analysis for repeat stenting 

The diagram shows the relationship between varying probabilities for repeat stenting (as opposed to surgery) after 
unsuccessful initial stenting (horizontal axis) and expected total costs compared to the initial input value (vertical axis) in 
Scenarios 1-3, as well as the Baseline scenario. Varying values of the probability are displayed relative to the initial input of 
50%%. 
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We included two reasons for reinterventions at follow-up in the model, aortic wall injury and re-

coarctation. Figure 11 shows the sensitivity of the results with respect to the distribution of patients 

undergoing reintervention for one or the other reason. The initial input assumed that at short-term 

follow-up 10% of reinterventions would be due to aortic wall injuries (90% due to re-coarctation) 

and at mid-term follow-up 5% (95% rec-coarctation). The difference in total costs between Baseline 

and Scenario 3 with these values was £898. The difference decreased to £846 when none of the 

reinterventions was due to aortic wall injury (all reinterventions done for re-coarctation) and 

increased to £950 when the proportion of reinterventions due to aortic wall injury doubled to 20% 

at short-term and 10% at mid-term follow-up. 

Figure 11: Sensitivity analysis for aortic wall reinterventions at follow-up 

The diagram shows the relationship between varying probabilities for reinterventions at follow-up due to aortic wall injury 
(as opposed to re-CoA) (horizontal axis) and expected total costs compared to the initial input value (vertical axis) in 
Scenarios 1-3, as well as the Baseline scenario. Varying values of probabilities are displayed relative to the initial input of 
10% at short-term and 5% at mid-term follow-up. 
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Figure 12 shows sensitivity analysis for cost of interventional aortic wall injury treatment. At the 

initial cost of £10,914 per case the difference in total costs between Baseline and Best-case scenario 

was £1,627. This was reduced slightly to £1,495 with 50% lower treatment costs and increased to 

£1,891 when the cost of interventional aortic wall injury treatment was doubled. 

Figure 12: Sensitivity analysis for cost of interventional aortic wall injury treatment 

The diagram shows the relationship between varying costs for interventional aortic wall injury treatment (horizontal axis) 
and expected total costs compared to the initial treatment cost (vertical axis) in each of the four scenarios, as well as the 
baseline scenario. Varying values of treatment cost are displayed relative to the initial input of £10,914.  
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Sensitivity analysis of cost of surgical aortic wall injury treatment showed no substantial changes in 

total costs (Figure 13). The difference in total costs between Baseline and Best-case scenario 

remained relatively close to the initial value of £1,627 regardless of whether a reduction in surgery 

costs by 50% was assumed (difference in total costs between scenarios, £1,615) or an increase in 

surgery costs by 100% (difference between scenarios, £1,650). 

Figure 13: Sensitivity analysis for cost of surgical aortic wall injury treatment 

The diagram shows the relationship between varying costs for surgical aortic wall injury treatment (horizontal axis) and 
expected total costs compared to the initial treatment cost (vertical axis) in each of the four scenarios, as well as the 
baseline scenario. Varying values of surgical cost are displayed relative to the initial input of £8,545. 
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Surgical CoA repair was included in our model as alternative to repeat stenting after unsuccessful 

initial stenting. Varying the cost of this procedure from its initial value (£7,498) did not impact 

substantially on total costs (Figure 14). We varied the parameter from half to three times its initial 

value to accommodate surgical CoA repair cost estimates from two other studies. (37,38) 

Differences in total costs between Baseline and Best-case scenario increased from £1,627 to £1,874 

when the highest input value was assumed. However, in the Best-case scenario and Scenario 3 we 

assumed that no patient would need another intervention because of a 100% initial treatment 

success rate. When looking at the other scenarios we see no change in the difference in total costs 

between the scenarios.  

Figure 14: Sensitivity analysis for cost of surgical CoA repair 

The diagram shows the relationship between varying costs for surgical CoA repair (horizontal axis) and expected total costs 
compared to the initial treatment cost (vertical axis) in each of the four scenarios, as well as the baseline scenario. Varying 
values of surgical repair cost are displayed relative to the initial input of £7,498. 
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Hypertension medication accounts for a relatively small share of total costs. Varying the costs of 

hypertension medication at follow-up from half to twice its initial value did not impact substantially 

on total cost estimates in the scenarios (Figure 15). Even at double the initial input costs, the 

difference between Baseline and Best-case scenario was only £75 larger than with the initial input. 

Figure 15: Sensitivity analysis for cost of hypertension medication 

The diagram shows the relationship between varying costs for hypertension medication (horizontal axis) and expected 

total costs compared to the initial medication cost (vertical axis) in each of the four scenarios, as well as the baseline 

scenario. Varying values of medication cost are displayed relative to the initial input of £67.5 p.a. 

 

 
 

 

3.3 Probabilistic sensitivity analysis   

We conducted PSA to simultaneously account for uncertainty in all input parameters of the model.  

 

After 1,000 iterations of the model using random values drawn from relevant distributions for each 

input parameter, mean estimated avoidable costs were similar to expected avoidable costs in the 

deterministic base case analysis (Figure 6). This is particularly true for Scenarios 2, 3, and Best-case, 

where only small deviations occurred in point estimates between base case analysis and PSA. 

Avoidable costs in Scenario 1 were estimated at £259 (95% CI 71-622) in PSA compared to £137 in 

the base case analysis. 

 

The results of PSA show a wide overlap of 95% CIs between avoidable costs in Scenarios 1 and 2, and 

to some extent between Scenarios 2 and 3. There was minimal overlap in the 95% CIs between 

Scenario 1 and Best-case.  
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Figure 16: Estimated avoidable costs in four scenarios; probabilistic sensitivity analysis 

Blue circles represent mean expected avoidable costs compared to Baseline, with bars indicating 95% CIs. Red circles show 

estimates of the base-case analysis. 

 

 
 

 

PSA of total costs showed wide overlap between the Baseline scenario and all four scenarios of 

hypothetical improvements in treatment effectiveness and safety (Figure 7). Total costs in the Best-

case scenario were 90.2% of costs in the Baseline scenario. Potential cost savings in the other 

scenarios ranged from 1.6% to 5.4% of total costs at baseline. Overall, PSA results demonstrated a 

considerable degree of uncertainty associated with the results of the model, which stems from 

relatively small potential cost savings compared to total costs as well as from uncertainty in input 

parameters. 
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Figure 17: Estimated total costs; probabilistic sensitivity analysis 

Results of PSA of total costs at Baseline and in four scenarios. Each circle represents expected total costs in one of n=1,000 

iterations. Red bars show the mean result of iterations.  

 

 
 

 

Sensitivity analysis of the SD of cost parameters did not reveal a significant impact on our main 

results. After inflating SD of all cost parameters to twice their initial value mean expected avoidable 

costs in the four scenarios did not deviate from the results obtained with unadjusted SD (results of 

SD sensitivity analysis not shown).  

 

4. Discussion 
 

Strategies aimed at individualizing treatment decisions present a key opportunity for optimizing 

treatment success in CoA. Patients with CHD are challenging cases for cardiologists. Treatment 

decisions must take into account the patient’s age, anatomy, treatment history, and lifestyle. 

Comorbidities add to the complexity of clinical decisions in CHD. Currently, treating cardiologists rely 
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on treatment recommendations provided by clinical guidelines. Recent advances in the development 

of the VPH promise a path towards increasingly individualized and patient-centered treatment 

decisions with better patient outcomes. In the CARDIOPROOF project, image-based modelling of the 

aorta was used to create a virtual stenting tool which could aid clinical decision-making by providing 

cardiologists with essential information about the individual patient. (39,40)  

 

Stent placement in patients with CoA is an effective treatment. However, complications at the initial 

intervention and a non-negligible reintervention rate at follow-up show that there is some scope for 

improving care. The virtual stenting tool developed in the CARDIOPROOF project simulates blood 

flows in the patient’s aorta. Cardiologists can simulate the hemodynamic effect of stent placement 

and try out different scenarios of intervention timing, stent size and target diameter for dilatation of 

the stent. Compared to current practice, this approach allows the clinical team to make decisions 

regarding the timing and type of intervention that are personalized for each patient.  

 

We found that significant improvements in treatment effectiveness are required to achieve 

noticeable cost savings. The tornado diagram summarizing the findings of our one-way sensitivity 

analyses suggested that cost of imaging at follow-up; cost of the stenting procedure; and probability 

of successful stenting had the largest impact on total costs. This is not surprising given that all 

patients in the model undergo both stenting and imaging at follow-up. Varying values for the cost of 

the stenting procedure and follow-up imaging impact on the overall cost levels, but possess little 

influence on avoidable costs as defined in our analysis. 

 

Initial treatment success of stenting in patients with CoA is already very high, limiting the scope for 

cost reductions from averted repeat procedures. However, detailed patient-specific information on 

the anatomy of the aorta and the coarcted segment, as well as the possibility of simulating 

treatment scenarios with post-intervention hemodynamics can contribute to improved treatment 

success and save up to £567 per patient if a perfect treatment success rate can be achieved. 

 

Our analysis identified reinterventions at follow-up as the most important lever for realistically 

achieving cost savings. Aneurysm formation and recurrent CoA, along with hypertension, have long 

been identified as weaknesses of CoA repair. (41) We observe that reinterventions due to aortic wall 

injuries and recurrent CoA are also important drivers of avoidable costs in stenting repair of CoA. For 

example, a 25% reduction in the rate of reinterventions at follow-up alone would avoid £317 per 

patient over 5 years. Simulation of the patient’s aorta could arguably reduce the risk of aortic wall 

injuries by allowing the ideal size and position of the stent to be selected at the initial intervention. 

Ideal stent positioning and extent of stent dilatation could also contribute to a decreased risk of 

recurrent CoA.  

 

Another potential opportunity for improvements in treatment effectiveness and patient safety is the 

use of covered stents. However, comparative effectiveness between covered and bare-metal stents 

has only been studied in one randomized controlled trial to date; this trial found no statistically 

significant difference between the two stent types for aortic wall injuries, recurrent CoA, and 

hypertension at approximately 3 years follow-up. (31) Stenting is an accepted treatment option for 

CoA but details of the intervention, including choice of stent type and length, as well as timing of the 
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intervention, are likely to be best decided for each patient individually, which leads back to the 

potential of personalized treatment approaches as explored in CARDIOPROOF. 

 

Proposals for cost reduction in health care are often met with skepticism. Cost cuts are often 

perceived to be associated with lower staff-per-patient ratios, reduced investment and, 

consequently, worse quality in care provision. However, high treatment costs are not necessarily a 

reliable indicator of high quality. (43) There is an area where cost reductions are unlikely to meet 

any resistance. Sub-optimal provision of care and complications associated with treatments are both 

harmful (for patients) and costly. Berwick and colleagues estimated the annual cost of failures of 

care delivery in the US health care system between $102 and $154 billion. (44) Costs associated with 

theoretically avoidable complications and potential improvements in effectiveness can be labelled as 

avoidable costs and provide an attractive target for cost reduction efforts. Optimization of clinical 

outcomes is desirable from the perspective of the patient and the payer. Simultaneous cost savings 

and improvement of patient outcomes have been demonstrated in various settings. (2,45–47) 

 

Limitations 

Our analysis was limited by the data available to model undesirable outcomes at follow-up. We 

included reinterventions due to aortic wall injuries and recurrent CoA as well as antihypertensive 

medication therapy but did not account for other complications that might occur late after CoA 

repair due to limited data availability. Our model was also restricted to a 5-year period. Long-term 

follow-up studies of patients undergoing stenting are still relatively rare and often conducted 

retrospectively in small cohorts. For example, long-term studies are required to assess the 

consequences of exercise-induced hypertension after CoA repair. (48)  

 

We focused on costs and events that were related to stenting repair of CoA. We did not aim to 

obtain estimates of all costs and events associated with CoA. Expected costs of stenting for CoA 

repair therefore do not represent a true estimate of all costs associated with the disease.  

 

Due to data availability, cost estimates were restricted to aggregate level information from the UK 

NHS reference costs. A European-level analysis is needed to fully understand the extent of cost 

savings that can be achieved across the European Union. However, scattered data availability on 

frequencies and costs of procedures significantly complicate the development of such economic 

models at the European level.  

It is possible that mean costs of procedures are higher for patients with CHD than other patients due 

to comorbidities. A potential systematic underestimation of all cost parameters included in the 

model has implications for the overall cost level but should not affect relative comparisons of 

avoidable costs in the specified scenarios. PSA results demonstrated a considerable degree of 

uncertainty associated with the results of the model, which stems from relatively small potential 

cost savings compared to total costs as well as from uncertainty in input parameters. Total costs in 

the four scenarios ranged from 98.5% to 90.2% of Baseline costs.  

 

We derived SD for cost estimates from aggregate cost items in the NHS reference costs. It is 

therefore possible that SD were underestimated for the procedures included in the model. Apart 
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from the expected increase in variance, inflating SD to twice their initial value did not change our 

results. 

 

Conclusion 

We examined the potential cost savings associated with improvement in effectiveness and reduction 

of complications in stenting treatment of aortic coarctation, Such improvements could be realized by 

individualizing treatment approaches using image-based modeling. The biggest potential for cost 

savings lies in the reduction of reintervention rates at follow-up and improvements in initial 

treatment success. However, even in an ideal world scenario with perfect treatment outcomes, cost 

savings were limited to approximately 10% of total baseline costs.  
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Appendix 
 

Documentation of the economic model implemented in MS Excel 

 

The economic model to quantify avoidable costs associated with stenting for aortic coarctation was 

implemented in Microsoft Excel. This documents describes the contents of the workbook which 

forms part of deliverable 9.2. 

Model inputs: Lists all cost inputs and event probabilities as point estimates, including their standard 

deviation (SD), distribution, and source. The sheet also includes the factors by which baseline event 

probabilities are multiplied in each of the four scenarios of hypothetical improvements in treatment 

effectiveness and patient safety.  

Model structure: Displays the model structure with the three time periods: initial intervention; 

short-term follow-up; mid-term follow-up. The model calculates total costs according to the input 

parameters shown in the grey box. The default is baseline. The user can change all parameters using 

dropdown menus and explore how changing one or more parameters impacts on total costs.  

I. Deterministic results: Displays results of the deterministic (‘base-case’) analysis for Baseline and 

four scenarios. 

II. 1-way sensitivity analysis: This worksheet shows total costs and costs avoided associated with 

varying values for all input parameters. Only one parameter can be changed at a given time. 

III. Probabilistic sensitivity analysis: Displays results of probabilistic sensitivity analysis (PSA), which 

varies all input parameters simultaneously. Expected costs for each scenario are the average of 

1,000 iterations of the model (III-C.) using 1,000 random values for cost inputs (III-A) and event 

probabilities (III-B). 

III-A. PSA cost input: Displays the distribution of 1,000 random values (sampled from specified 

distribution) for cost inputs used in PSA. 

III-B. PSA event probabilities: Displays the distribution of 1,000 random values (sampled from 

specified distribution) for event probabilities used in PSA. 

III-C. PSA expected costs: Displays the calculation of expected costs in 1,000 iterations using 

random values (sampled from specific distribution) generated in III-A and III-B. 

IV. PSA of SD: Results of PSA using inflated SD for cost inputs (2X initial SD) and comparison with 

results from PSA with regular SD. 

IV-A. Inflated SD cost input: Distribution of 1,000 random values (sampled from specific 

distribution) for cost inputs with inflated SD used in PSA. 

IV-B. Inflated SD expected costs: Calculation of expected costs in 1,000 iterations using random 

values (sampled from specific distribution) generated in IV-A and III-B. 
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Background 

 

CARDIOPROOF aims to achieve the development and integration of software technologies and 

human-computer interaction techniques into decision support and treatment planning systems in 

congenital heart diseases. Using powerful personalised models of organ and disease, CARDIOPROOF 

focuses on patients with aortic valve disease and aortic coarctation, which, if left untreated, can 

result in irreversible heart failure. In particular, CARDIOPROOF aggregates information from multiple 

biological levels with regard to the patient-specific disease state and subsequently uses these data to 

model the response to various treatment strategies.  

 

The overall implication of these technological developments is that the application of modelling and 

simulation tools may allow clinicians to obtain early diagnosis, prediction of disease behavior and 

evolution and treatments outcomes in patients with aortic coarctation and aortic valve disease. 

Work Package 9 (WP9) of CARDIOPROOF aims to evaluate the impact of the cardiac simulation 

modelling tools as compared to current standard practice on clinical decision making.  

 

This document outlines LSE’s proposed research plan to evaluate the impact of image-based 

modelling on clinical decisions in coarctation of the aorta using a randomized controlled experiment 

design.  

 

 

Objective and Experiment Overview 

 

The objective of WP9 is to address the following research question: “Would image-based modelling 

result in different clinical decisions as compared to clinical practice guidelines?” To address this 

question, we will conduct a randomized controlled experiment. 

 

In collaboration with our three clinical partners, we will first generate two separate imaging datasets 

for a maximum of three patients recruited to participate in CARDIOPROOF. The first dataset will 

include the imaging parameters currently recommended by clinical practice guidelines (referred to 

as “limited dataset”). The second dataset will include an expanded list of parameters, inclusive of 

information that is available from traditional imaging parameters (as recommended by the 

guidelines) and simulation modeling (referred to as “image-based modelling dataset”). The list of 

imaging parameters that will be included in the limited and image-based modelling datasets are 

listed in the BOX. 

 



D. CARDIOPROOF -  FP7-ICT-2013-10 (611232) 

 
 

44 
 
 

BOX – Overview of information provided to participating cardiologists. 

  
 

We will carefully select the patient(s) (maximum of 3). Selected patients will be ‘borderline’ cases. 

Borderline cases are regularly encountered in clinical practice and pose great challenges to the 

clinical team as the information obtained from imaging parameters currently recommended by 

clinical practice guidelines is often insufficient to suggest a straight-forward treatment course. The 

image-based modelling tool developed in CARDIOPROOF is expected to support treatment decisions, 

including whether or not to intervene, stent location, and stent size in patients with coarctation of 

the aorta. In borderline cases, 'decision to intervene' is the most important decision. The benefit of 

image-based modelling lies in the provision of additional information in these cases. We will include 

 

Information provided to all cardiologists: 
  

 Clinical history 

 Current problems 

 Medication 

 Patient characteristics / physical exam: 
o Age 
o Weight 
o Height 

 Arterial Blood pressure 

 No signs of heart failure 

 Good exercise capacity 

Group A:  
Imaging findings (limited dataset) 

  
Echo: 

 Peak velocity at CoA 

 Pressure gradient at CoA 

 Left Ventricle (LV):  
o slight myocardial (concentric) 

hypertrophy,  
o EDV not enlarged (EDDE in 

mL) 

 Aortic valve: normal (no reguritation, 
not stenosies) 

  
MRI: 

 LV:  
o EDV not enlarged (EDV in 

mL/m2) 
o ESV not enlarged (EDV in 

mL/m2) 
o EF (%) 
o Dimensions: 

 Ao acendens (mm) 
 Ao arch (mm) 
 CoA (mm) 
 Ao descendens (mm) 

Group B:  
Imaging findings (image-based modelling 

dataset) 
  

 All information provided to Group 
A, plus: 

  
 Screen shot of Tissue Doppler 

  
 Movie of the LV 

  
 Screen shot of: 

o Cine of CoA 
o 3D reconstruction (moveable 

simulation, via UCL webpage) 
  

 Movie of: 
o Cine of CoA 
o 3DWH 
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up to three patients to ensure generalizability of the experiment’s results to borderline cases 

encountered by cardiologists in clinical practice. 

 

In collaboration with our clinical partners, we will then prepare the imaging datasets and make them 

available electronically through the online survey platform Qualtrics. We will use a computerized 

random-sample function to randomly allocate interventional cardiologists (and in particular teams 

responsible for making intervention decisions) into two separate groups and present them with one 

set of imaging data (SEE FIGURE 1). Both study teams will consist of interventional cardiologists not 

directly involved in CARDIOPROOF. The first group will receive a “limited” dataset including only 

information that is available from traditional diagnostics (as recommended by the clinical practice 

guidelines) for a pre-specified number of patients (maximum of 3). The second group will receive the 

full, detailed dataset inclusive of information that is available from traditional diagnostics (as 

recommended by the guidelines) and simulation modelling for the same set of patients.  

 

 

FIGURE 1 – Overview of the randomized controlled experiment design. 

 

 
 

We will then ask the interventional cardiologists in the two groups to make (hypothetical) clinical 

decisions using the dataset of imaging parameters presented to them. The clinical decisions will be 

hypothetical because patients will have been treated according to clinical practice guidelines and 

this experiment will retrospectively involve interventional cardiologists who are not directly involved 

in the care of the patients participating in CARDIOPROOF.   
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The analysis will focus on each individual patient and compare the proportions of cardiologists 

making different types of intervention decisions in the two randomly allocated groups.  

 

Survey questions and outcome measures 

 

In congenital heart diseases, and in particular coarctation of the aorta, the timing and type of 

intervention (intervention now vs later; stent size; etc.) are crucial to prevent potentially life 

threatening sequelae (e.g. heart failure), and to avoid early intervention which might in turn increase 

the risk for re-operation.  

 

Our primary outcome of interest in this randomized experiment will be “decision to intervene” by 

cardiologists evaluating imaging data obtained from patients with aortic coarctation. Interventional 

cardiologists will be asked the following question:  

 

 Based on the information presented to you, would you intervene in this patient now? Please 

provide a yes/no answer.  

 

Secondary questions of interest will reflect the type of intervention, and will include: 

 What type of stent would you use? Please select between the following options: bare-metal 

and covered. 

 What length stent would you use? Please select between the following options: 10 mm and 

20 mm.  

 

Additional questions will ask the cardiologists whether they found it very easy, somewhat easy, 

somewhat difficult, or very difficult to make a decision to intervene. Similarly, a question will ask 

whether the cardiologist would hypothetically perform the intervention because of the adequacy of 

the information available to them. Possible response categories will be “certainly,” “probably,” 

“probably not,” or “certainly not.” 

 

All decisions regarding the survey questions (i.e. options for treatment decisions) will be made in 

collaboration with the clinical consortium partners, and will be piloted with interventional 

cardiologists participating in CARDIOPROOF before the actual experiment date (please see the 

timeline below).  

 

We will statistically test the null hypothesis that there is no difference in the proportion of 

interventional cardiologists presented with different imaging datasets in making a given clinical 

decision.  

 

Sample size 

 

The key parameter that will have to be specified before the sample size can be determined is the 

estimated effect size. The effect size in this randomized experiment can be interpreted as a 

“clinically important difference” between the two groups of interventional cardiologists. 
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Given the difficulty in predicting the magnitude of difference in proportions between the two groups 

of interventional cardiologists, we have discussed with the clinical partners the potential expected 

impact of the image-based simulation modeling. This has given us an indication of a “clinically 

meaningful difference” between the two groups presented with limited vs. image-based modeling 

datasets.  Based on these conversations, we anticipate that an estimated 40% of interventional 

cardiologists randomized to “limited” dataset as compared to an estimated 65% of those 

randomized to “expanded” dataset will decide to intervene, giving an estimated effect size of 25%.  

 

Using this effect size for the primary outcome, we can use this estimated difference in proportions 

between the two groups (pA vs. pB) to calculate the sample size, m, using the following formula: 

 

m = (z1-(α/2)+z1-β2 [pA (1-pA)+pB (1-pB)]/(Δ)2 

 

where  

 

α : two sided significance  

1- β : power 

z1-(α/2) and z1-β : the appropriate values from the standard Normal distribution for the 100(1-(α)/2) 

and 100(1- β) percentiles respectively 

 

Using this formula indicates that we will need to recruit 59 interventional cardiologists for each of 

the treatment arms of this randomized experiment.  

 

As the required sample size exceeds the number of interventional cardiologists in the three clinical 

centers not participating in CARDIOPROOF, we will involve interventional cardiologists external to 

the project. We will be organizing and delivering a workshop and inviting interventional cardiologists 

to participate in the randomized experiment. In general, dissemination activities of CARDIOPROOF 

will be geared towards recruiting a large number of interventional pediatric cardiologists to 

participate in this experiment. 

 

Administration of experiment 

 

Recruitment of participants will be (1) through a workshop to be held during a cardiology conference 

(Association for European Paediatric and Congenital Cardiology, AEPC) in June 2016 and (2) via e-

mail invitation. We will capitalise on the leading position of the clinical partners in interventional 

cardiologic associations to advertise the experiment to cardiologists. 

 

We will use the online survey platform Qualtrics to administer the questionnaire. Qualtrics is LSE’s 

primary partner for web-based surveys and allows inclusion of multimedia content in 

questionnaires. Using a web-based survey allows us to administer the questionnaire in an identical 

way for all participants. Cardiologists attending the workshop at the AEPC conference will be asked 

to bring their laptops to fill out the questionnaire. Cardiologists not participating in the workshop 

will be able to take the survey using a link provided to them.  
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FIGURES 2-4 show screenshots of a pilot version of the questionnaire (no actual patient data used). 

 

FIGURE 2 – Pilot case presentation in online questionnaire. 

 
 

FIGURE 3 – Pilot presentation of simulation modelling in online questionnaire. 
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FIGURE 4 – Pilot questions for treatment decisions in online questionnaire (questions and answer 

alternatives to be confirmed). 

 
 

Ethics 

 

We have confirmed that this experiment does not require ethics committee approval. We have filled 

out the LSE’s research ethics review questionnaire, concluding that adequate safeguards in relation 

to ethical issues can and will be put in place. We will not collect any data qualified to identify 

participating cardiologists or their institutions. Treatment decisions made in the experiment are 

entirely hypothetical and will therefore neither harm nor benefit any patient. Cases presented to 

cardiologists will be de-identified, fully anonymised patients enrolled in CARDIOPROOF. The patients 

have given informed consent for their data to be published anonymously. This study will require 

informed consent from participating cardiologists, which will be obtained and documented before 

data collection begins.  

 

Timeline of activities* 

 

The figure below shows the proposed timeline of relevant activities to undertake the randomized 

experiment. As of October 2015 we have compiled a list of relevant imaging parameters for the two 

groups and estimated the required sample size. We have further set up a pilot online data system 

through which the experiment will be administered.   

 

We will work together with our clinical partners to agree on a maximum of three cases to be 

included in the experiment. We will then compile the required information for the cases (imaging 

sets; patient characteristics; clinical history – see BOX). The online questionnaire will be piloted by 

May 2016. We will work with our clinical partners and CARDIOPROOF coordinator to recruit 
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interventional cardiologists to participate in the randomized experiment. Once all subjects are 

recruited and randomized to either limited or image-based modeling datasets, data collection will 

last for two months until June 2016. We will use the period between June 2016 and August 2016 to 

analyze the data and report the findings.  

 
* Under the assumption that the development of patient imaging datasets can be completed by May 

2016. 

 

Mar-15 Jun-15 Oct-15 Jan-16 Apr-16 Aug-16

Final list of imaging parameters

Estimation of sample size

Finalization of online data system

Recruitment of participants for experiment

Development of patient imaging datasets

Pilot study

Data collection for randomized experiment

Analysis and reporting of findings


