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Key questions

What is already known about this subject?
►► Interventional MRI has been investigated since 
the early 2000s. Currently, it is technically feasi-
ble to guide several commonly performed proce-
dures using MRI (eg, flutter ablations or cardiac 
biopsy). However, not much is known about cost-
effectiveness. As direct procedural costs are likely 
higher for MRI-guided procedures, in order to be 
cost-effective, outcomes would likely need to be 
better than using current techniques (which could 
lead to better quality of life and to reduced subse-
quent healthcare expenditures).

What does this study add?
►► Using a decision tree model, we analysed potential 
cost-effectiveness of MRI guidance of pulmonary 
vein isolations for atrial fibrillation. The required clin-
ical benefit of the procedure in order to reach cost-
effectiveness depends on the willingness to pay for 
one additional quality-of-life adjusted life year. We 
make estimates for required clinical effectiveness 
based on realistic bounds of the willingness to pay.

How might this impact on clinical practice?
►► Clinical translation of (technical) innovations only 
make sense if researchers and commercial part-
ners believe it is potentially cost-effective. Analysing 
this question early in development of new tech-
nology allows time, effort and costs to be saved if 
new technologies are unlikely to be successfully 
implemented.

Abstract
Next to anticoagulation, pulmonary vein isolation (PVI) 
is the most important interventional procedure in the 
treatment of atrial fibrillation (AF). Despite widespread 
clinical application of this therapy, patients often require 
multiple procedures to reach clinical success. In contrast 
to conventional imaging modalities, MRI allows direct 
visualisation of the ablation lesion. Therefore, the use 
of real-time MRI to guide cardiac electrophysiology 
procedures may increase clinical effectiveness. An 
essential aspect, from a decision-making point of view, 
is the effect on costs and the potential cost-effectiveness 
of new technologies. Generally, health technology 
assessment (HTA) studies are performed when innovations 
are close to clinical application. However, early stage 
HTA can inform users, researchers and funders about 
the ultimate clinical and economic potential of a future 
innovation. Ultimately, this can guide funding allocation. 
In this study, we performed an early HTA evaluate MRI-
guided PVIs.
Methods  We performed an economic evaluation using a 
decision tree with a time-horizon of 1 year. We calculated 
the clinical effectiveness (defined as the proportion 
of patients that is long-term free of AF after a single 
procedure) required for MRI-guided PVI to be cost-effective 
compared with conventional treatment.
Results  Depending on the cost-effectiveness threshold 
(willingness to pay for one additional quality-of-life 
adjusted life year (QALY), interventional MRI (iMRI) 
guidance for PVI can be cost-effective if clinical 
effectiveness is 69.8% (at €80 000/QALY) and 77.1% 
(at €20 000/QALY), compared with 64% for fluoroscopy-
guided procedures.
Conclusion  Using an early HTA, we established a clinical 
effectiveness threshold for interventional MRI-guided 
PVIs that can inform a clinical implementation strategy. If 
crucial technologies are developed, it seems plausible that 
iMRI-guided PVIs will be able to reach this threshold.

Introduction
Atrial fibrillation (AF) is the most common 
cardiac arrhythmia. It is characterised by 
rapid and disorganised electrical activity in 
the cardiac atria. AF can lead to thrombus 

formation in the atria (specifically in the left 
atrial appendage) and may cause cerebral 
infarction as well as heart failure. AF and its 
sequelae are a significant cause of significant 
mortality and morbidity. The European Heart 
Network estimates that over 33.5 million 
people live with AF worldwide.1

Two main treatment strategies for AF exist 
currently: rate control and rhythm control. 
In rate control, medication is used to control 
conduction to the ventricles and decrease the 
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ventricular heart rate while AF persists. In rhythm control 
medication, cardioversion, catheter ablation and some-
times surgery are used to terminate AF and to maintain 
sinus rhythm.2

The most common interventional treatment of AF is 
catheter ablation of the pulmonary vein ostia. In this 
so-called pulmonary vein isolation (PVI) procedure, 
the four pulmonary veins are electrically isolated from 
the rest of the atrial myocardium. The pulmonary veins 
often contain triggers that initiate and sustain the atrial 
arrhythmia. In about 87.5% of patients, PVI is a successful 
strategy for reducing the overall burden of AF.3 However, 
a significant portion of these patients need more than 
one procedure. In 90% of redo procedures, a pulmonary 
vein reconnection can be identified.3 4 In a pulmonary 
vein reconnection, a pulmonary vein that was electrically 
isolated after the prior ablation procedure can regain its 
connection to the rest of the atrium because not all the 
acutely ablated area turns into permanent scar. Although 
the causal relationship is still topic of discussion,5 it is 
generally accepted that pulmonary vein reconnection is a 
major contributor to recurrence of AF.

Cardiac interventions generally use fluoroscopy for 
treatment guidance. During ablation procedures, fluo-
roscopy is often supplemented with electroanatomical 
mapping (EAM). EAM allows the measurement and visu-
alisation of local electrical activity. Treatment guidance 
by MRI (interventional MRI (iMRI)) is an alternative 
for fluoroscopy and has several distinct advantages when 
compared with fluoroscopy: it can provide anatomical 
information in three-dimensional (3D), it has excel-
lent soft tissue visualisation and it does not use harmful 
ionising radiation. iMRI can be combined with EAM. 
Interventional MRI is already clinically being applied 
for a multitude of right-sided cardiac interventions.6 
In cardiac ablations, it offers a unique potential: the 
possibility to visualise the tissue characteristics prior to 
the ablation and the formation of the ablation lesion 
formation in real-time.7 We hypothesise that, if iMRI-
EAM-guided PVI therapy allows direct assessment of the 
radiofrequency (RF) ablation lesion, effectiveness of RF 
ablation could be improved compared with fluoroscopy-
EAM-guided procedures.

Cost-effectiveness has become a central question for 
new innovations due to rapidly increasing healthcare 
costs. Cost effects of new innovations (such as iMRI-EAM 
guided PVI therapy) should be balanced with clinical 
effects. Due to resource constraints, willingness to pay 
for one additional quality-adjusted life year (QALY) 
cannot be taken for granted. Health technology Assess-
ments (HTAs) are a tool to evaluate the additional cost 
or cost savings and to compare them to clinical bene-
fits. As such they are very often used by decision makers 
and are endorsed by the WHO.8 9 Generally, such HTAs 
are performed for technologies or innovations that are 
close to clinical translation or after one or more clinical 
trials have been completed. At that stage, a clear picture 
can be acquired of financial and health benefits and 

costs. However, if an innovation turns out to be not cost-
effective, many years of research may have already been 
invested.

In contrast to the ‘late stage’ use, HTAs can also be 
used at an ‘early stage’, when both costs and effects of the 
innovation are still largely unknown (early HTA). These 
early HTAs aim to evaluate potential costs and benefits 
of technologies that are not yet (fully) developed. This 
information can be used to effectively allocate research 
budget to innovations that have high potential and to 
guide further development past potential bottlenecks. 
Main outcome of HTAs generally is the incremental 
cost-effectiveness ratio (ICER), in which costs and health 
effects of current standard of care are compared with the 
new intervention. The ICER calculates the cost per QALY 
and therefore also indicates the total amount of effect to 
be gained by an innovation.

In this report, we performed an early HTA and inves-
tigated at which clinical effectiveness (ie, at what recur-
rence rate) iMRI-EAM guidance becomes cost-effective 
when compared with fluoroscopy-EAM-guided PVI inter-
ventions. We defined the clinical effectiveness as the 
percentage of patients free of AF after the first procedure.

Methods
Various HTA methods can be used to link both costs and 
effects. In this instance, a standard HTA decision tree was 
constructed in Microsoft Excel (Microsoft, Redmond, 
Washington, USA). A decision tree is a form of analyt-
ical model, in which distinct branches are used to repre-
sent a potential set of outcomes for a patient or patient 
cohort. A decision tree consists of a series of nodes where 
branches meet: each node may take the form of a choice 
(a decision about which alternative intervention to use) 
or a probability (an event occurring or not occurring, 
governed by chance). Costs and outcomes are assigned to 
each segment of each branch, including the end (‘leaf’) 
of each branch.

The model consisted of two main branches repre-
senting the fluoroscopy-EAM-guided therapy and the 
iMRI- EAM therapy (figure 1). In both branches, all the 
possible subsequent outcomes of the therapeutic steps 
were modelled. Patients entered the model in one of 
the two main branches. After the initial procedure, the 
procedural complications and outcomes were modelled. 
Patients who did not benefit from the initial procedure 
either underwent a second procedure after 6 months 
or pharmaceutical treatment of AF was given according 
to current guidelines. Complications were modelled as 
a weighted average of: vascular complications, cardiac 
tamponade, cerebral embolism and pulmonary vein 
stenosis.

The primary outcome of the model was the minimal 
required ‘clinical effectiveness’ of MRI-guided PVI to 
reach a predefined cost-effectiveness threshold (CET). 
The clinical effectiveness is expressed as the proportion 
of patients being free of AF after the first procedure (ie, 
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Figure 1  Decision tree model. Fluoroscopy-guided treatment and MR-guided treatment both had an identical main branch. 
PVI, pulmonary vein isolation; QALY, quality-adjusted life year.

Table 1  Probability inputs

Input parameter Probabilities

AF free after ablation 
(fluoroscopy guided)

0.64

Complication (weighted 
sum)

0.071

Repeat procedure (after 
recurrence)

0.18

Inputs are reused for every procedure.
AF, atrial fibrillation.

one minus the recurrence rate). Within the iMRI branch 
of the decision, the clinical effectiveness is allowed to 
vary. Note that, as this parameter increases, cost goes 
down, utility increases and therefore cost per QALY 
decreases.

To compare cost-effectiveness for new innovations, the 
ICER can be calculated. The ICER represents the addi-
tional costs incurred for each QALY gained. It is calcu-
lated by dividing the difference in cost between the old 
and new pathway by the difference in health outcomes 
(ie, the difference in utility, measured in QALY (see 
equation 1)).

Equation 1. calculation of the ICER

	﻿‍ ICER = Total CostsiMRI−Total CostsConventional
Total EffectsiMRI−Total EffectConventional

= ∆ Costs
∆ Effects ‍�

In our analysis, the ICER was set to equal a threshold 
varying between 20 000 to 80 000 €/QALY, and the 
model was used to find the value for the ‘clinical effec-
tiveness’ that satisfies this equation. In other words, we 
used the model to find the ‘clinical effectiveness’ at 
which health gains achieved were less expensive than 
the different thresholds. These thresholds are based 
on recommendations for reimbursement by the Dutch 
Council for public health and healthcare (Raad voor de Volks-
gezondheid en Zorg).

Model inputs
All data used to determine node probabilities (table 1) 
correspond to earlier research conducted at University 
Medical Center (UMC) Utrecht.3 4 The UMC Utrecht 
is a large tertiary, academic medical centre in the Neth-
erlands. Over this period (2010–2014), around 110 
primary PVI procedures were performed yearly. Rates of 
recurrence and complications are comparable with rates 
mentioned elsewhere in the literature.10

Cost estimates
The costs for the treatments and subsequent care were 
gathered from multiple sources and were based on 
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Table 2  Cost input parameters

Input parameters Cost

Direct procedural costs (conventional treatment) €9643

MRI use cost €1800

Diagnostics €612

Ward stay €657

Other treatment €325

Complication costs (weighted average) €626.87

 � Vascular €125

 � Tamponade €2692

 � Cerebovascular accident(CVA)/Transient Ischemic 
Attack (TIA)

€5816

 � Pulmonary vein (PV) stenosis €376.43

 � Mortality €0

Follow-up €667

Prescription treatment €1.86/day

CVA, cerebrovascular accident; TIA, transient ischaemic attacks.

Table 3  Utility inputs for disease states

Health state Utilities Source

AF free 0.81 14

AF recurrence 0.73 14

Other treatment 0.73 14

Complications (weighted sum) −0.1 14,15

treatment guidelines. Costs of the different processes 
were determined according to the Zorginstituut Neder-
land cost manual,11 the Dutch online database for medi-
cation costs,12 and the maximum tariffs set by the Dutch 
Healthcare Authority (Nederlandse Zorgautoriteit).13 All 
costs were calculated in euros (corrected for inflation 
to 2017). Specific procedure related costs are based on 
an internal business case. An overview of all costs can be 
found in table 2.

The costs of the iMRI procedure were modelled by 
taking the control procedure cost, subtracting costs 
specific to use of the fluoroscopy lab and adding costs 
specific to the MR-guided procedure. Costs for using 
the MR machine were calculated from internal cost 
figures for diagnostic cardiac magnetic resonance, 
adjusted for 4.5 hours of procedural time. These costs 
include use of the machine and operator and physician 
wages. Catheter costs were set to be equal between the 
procedures.

Utility scores and quality of life
Utility estimates are indispensable when calculating 
QALYs. To determine the exact QALY value, the utility 
value associated with a given health state is multiplied by 
the years lived in that state. Utilities for each different 
outcome and events were derived from utilities previously 
published research. The utilities for AF and sinus rhythm 
were derived from other ablation cost-effectiveness 
studies.14 The decrement multiplier for cerebrovascular 
accidents (CVAs) and transient ischaemic attacks (TIA) 
were taken from a meta-analysis of quality of life estimates 
in CVA/TIA.15 The utility input parameters are summa-
rised in table 3.

Complications
Complication rates are low during these procedures. 
Based on expert opinion (PL), we did not expect compli-
cations to differ between the fluoroscopy-guided and 
iMRI-guided procedures. A weighted sum for the costs 
and the disutility’s for all complications was created, and 
it was treated as a dichotomous variable.

Sensitivity analysis
To determine which of the input parameters had the 
largest impact on the cost-effectiveness of MRI guided 
ablation, one-way sensitivity analyses were performed. 
Analyses were performed that showed the effect of 
changing the mean of all individual model input param-
eters with plus or minus 20%.

Results
After filling in all parameters, the model showed that 
total healthcare costs for fluoroscopy-guided ablation was 
€12 773 with an average utility of 0.776 QALY. For the 
interventional MRI arm of the model, all cost estimates 
and all probabilities, except for the recurrence rate (ie, 
the inverse of clinical effectiveness), were entered. After 
fixing the CET at a given threshold, we calculated the 
minimum clinical effectiveness to achieve an ICER below 
that threshold (so that the costs per QALY gained is less 
than the threshold) (see eq 1).

With a CET of €20 000/QALY, the minimal required 
success probability for MRI-guided ablation was 0.771, at 
a CET of €50 000/QALY, this was 0.721 and at €80 000/
QALY, the required success probability was 0.698. For 
each of the different CET thresholds, the corresponding 
healthcare costs and health gains realised for MRI-guided 
ablation can be found in table 4. These costs include all 
costs incurred in the period modelled (including, eg, 
probability weighted costs for repeated procedures and 
follow-up).

Sensitivity analysis
A probabilistic sensitivity analysis with a Monte Carlo 
Simulation having 10 000 iterations was carried out, but 
since most parameters do not differ between treatment 
strategies, little to no variation in ICERs was found.

Discussion
We performed an early HTA to establish an estimate for 
the clinical effectiveness required to be cost-effective for 
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Table 4  Estimated clinical effectiveness required for cost-
effectiveness at different cost-effectiveness thresholds

Cost-
effectiveness
threshold

Minimal 
required 
success 
probability Total costs

Utility 
(QALY)

€20 000/QALY 0.771 €12 983 0.786

€50 000/QALY 0.721 €13 102 0.782

€80 000/QALY 0.698 €13 156 0.780

QALY, quality-adjusted life year.

iMRI guidance of PVI. Since our analysis is performed 
early in the development of this technique, it is not based 
on clinical data, as such data are not available. Therefore, 
our analysis cannot address the question if MRI-guided 
PVIs are cost-effective directly, rather it is meant to 
inform researchers in this field about the clinical effective-
ness that is required to be cost-effective. Only when researchers 
believe they can reach this threshold does it make sense 
to attempt clinical translation.

MRI is considered the gold standard for infarct assess-
ment, and as a diagnostic tool, it is widely used within the 
field of cardiology. Increasingly, attempts have been made 
to use MRI for the guidance of invasive procedures.6 MRI 
has distinct advantages when compared to the current 
standard in treatment guidance: fluoroscopy; MRI offers 
excellent 3D soft tissue imaging without using harmful 
ionising radiation. In animal experiments, MRI has been 
shown to be able to predict histological lesion size and 
even identify gaps in ablation lines.16 If MRI is able to 
assess lesion quality in real-time, or can help predict 
lesion durability, for example, using thermography,17 it 
seems plausible that MR guidance can improve effective-
ness of catheter ablation.

Recently, more focus is put on the valorisation of 
research findings. Increasingly, HTAs are a prerequisite 
for funding or a mandatory part of newly funded proj-
ects.18 Here, we analysed the use of MR guidance and its 
cost-effectiveness for the use of PVIs in case of AF. Our 
analysis was focused on this procedure because it is a 
high-volume procedure performed in many centres glob-
ally, but approximately 30% of patients end up requiring 
one or multiple repeated procedures to achieve clinical 
success.3 4 Any innovation that can reduce this number 
can have major impact on quality of life for patients as 
well as healthcare costs and should be pursued. Many 
technical solutions have been proposed and investigated 
recently such as contact-forcing catheters, 3D naviga-
tional systems and other forms of lesion formation (such 
as cryoablation).

To date, no reports have evaluated the use of iMRI 
for ablation of AF, but several groups have reported on 
ablation of atrial flutter using iMRI.19–21 Although earlier 
works reported significantly longer procedural times than 
fluoroscopy-guided treatment,20 21 the most recent case 
series19 shows procedural times that are comparable with 

fluoroscopy-guided treatment (45.9 min vs 48.4 min for 
iMRI-guided and conventional treatment, respectively) 
with similar results with regards to direct procedural 
success and short-term follow-up. In this publication, 
a strong learning effect is noted, and procedural times 
initially decreased sharply and plateaued after 12 proce-
dures. Although a PVI is a more complicated procedure, 
these data suggest that treatment times may be compa-
rable between iMRI-guided treatment and conventional 
treatment after a relatively short run-in period.

We hypothesise that there are two ways in which PVI 
might fail to relieve AF. The first way is when incomplete 
lesion sets lead to insufficient electrical isolation between 
the pulmonary veins and the rest of the left atrium. 
The second way is when other drivers of AF are (also) 
present in a significant portion of patients and even 
complete isolation of the pulmonary veins is not suffi-
cient to treat all patients satisfactorily. Under this hypoth-
esis, we expect that most improvements in iMRI-guided 
procedures would be due to more complete lesion sets 
in the primary procedure and that a smaller proportion 
of patients would require repeated procedures but that 
the cumulative effect after repeated procedures remains 
similar.

The difference between treatment options then arises 
at discrete and predictable timepoints that are well 
modelled by a decision tree model. Other model types 
(eg, Markov chain model) can be used to model expo-
sure to continuous risks over time. In this analysis, we did 
not assume any time-dependent risks. Under our assump-
tions, most of the benefit would be captured in a rela-
tively short time period, but the nature of possible future 
benefits is by definition speculative. It is plausible that a 
longer time horizon under different assumptions would 
yield different results.

Although a non-negligible proportion of patient under-
goes more than one repeated procedure, these number 
decrease exponentially and therefore have decreasing 
impact on this type of analyses. To account for multiple 
repeated procedures would require assumptions about 
the efficacy of repeated iMRI-guided procedures, which 
again would be difficult to substantiate.

Outcomes and complication rates of ablations may vary 
between institutions. The data used in our model were 
gathered from a publication reporting on outcomes in 
our own institutions and are generally in line with other 
reports.10 22 23

In the Netherlands, the CET for reimbursement 
varies according to disease severity between €20 000 and 
€80 000 per quality of life adjusted life year.11 13 24 In this 
perspective, at a utility of 0.71, AF is a relatively mild 
disease. Therefore, we expect the CET in practice to be 
near the lower end of this range. Our analysis shows that, 
at the lower end of this range (€20 000 per QALY), iMRI-
guided procedures need to achieve long-term success 
after the first procedure in 77.1% of patients to be cost-
effective. For reference, the number used in our model 
for fluoroscopy guided procedures is 64%.3
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It seems unlikely that these thresholds can be reached 
with currently available technologies as essential parts 
of the required tools for PVI are currently unavailable. 
Over the past decade, the first applications of inter-
ventional MRI are getting close to clinical translation 
(atrial flutter ablations19) or have already been success-
fully adopted in select medical centres (diagnostic right 
sided heart catheterisation).25 However, these applica-
tions are currently limited to relatively low complexity, 
right-sided procedures. In contrast, for ablations for 
AF, access to the left atrium is required, and a more 
specialised toolkit is necessary. A trans-septal punc-
ture kit, a circular mapping catheter and a pressure-
sensitive, irrigated radiofrequency ablation catheter 
are not available for use in the MRI and would need to 
be developed to be able to compete with fluoroscopy. 
Lesion mapping techniques, especially for the thin-
walled atria, would need to be further researched and 
validated to make optimal use of the potential of MRI 
for treatment guidance.

Our analysis is not meant to determine if iMRI-guided 
procedures are cost-effective today; instead, we intend to 
set the bar researchers and developers within the field of 
iMRI should strive to reach.

Limitations
In our analysis, we used a time horizon of 1 year. If we 
suppose that MRI guidance reduces recurrence mainly 
by recognition of insufficient lesions during the initial 
procedure, we expect most of the benefit of MRI guid-
ance to be expressed in a reduced need for repeated 
procedures. However, this does not account for other 
methods by which MRI guidance may improve outcomes, 
for example, by identification of additional substrate. 
Various highly relevant factors are also unaccounted for 
in this model, such as ergonomics or radiation exposure 
(both for patient and operator). This analysis applies first 
and foremost to our own institution as specific parts of 
the costs (such catheter prices) may differ between insti-
tutions.

Upfront costs (eg, for acquisition of an MR scanner 
or catheterisation lab) were not analysed. These costs 
were excluded because acquisition costs may vary wildly 
between countries and institutions and depend heavily 
on the type of room and equipment acquired (eg, hybrid 
MRI/fluoroscopy of MRI only). Furthermore, such anal-
ysis would require assumptions about how the machine is 
used in practice (ie, how many cardiac and non-cardiac 
procedures are performed, how often it is used for scan-
ning and so on). Instead, this analysis supposes a hospital 
that has both treatment modalities available and costs of 
acquisition are accounted for in use cost of both modal-
ities, basing the cost-estimates on local experience. 
Although an interventional MRI suite is presumably not 
available in many general hospitals yet, several groups 
from various countries have published case series from 
cardiac procedures in interventional MRI suites.19 20 25

Conclusions
Our early HTA shows that the use of interventional MRI to 
guide PVI for treatment of AF is likely to be cost-effective 
if clinical effectiveness of MRI-guided procedures is 
above 72.1% (depending on CET, range: 69.8%–77.%). 
Given the current effectiveness of fluoroscopy-guided 
procedures of 64%, if MRI can predict gaps in ablation 
lesions, this appears to be a realistic goal.
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