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ORIGINAL ARTICLE

Cost-effectiveness of cardiovascular magnetic
resonance in the diagnosis of coronary heart
disease: an economic evaluation using data from

the CE-MARC study

Simon Walker," Francois Girardin, %3 Claire McKenna,' Stephen G Ball,*
Jane Nixon,” Sven Plein,* John P Greenwood,* Mark Sculpher’

ABSTRACT

Objective To evaluate the cost-effectiveness of
diagnostic strategies for coronary heart disease (CHD)
derived from the CE-MARC study.

Design Cost-effectiveness analysis using a decision
analytic model to compare eight strategies for the
diagnosis of CHD.

Setting Secondary care out-patients (Cardiology
Department).

Patients Patients referred to cardiologists for the
further evaluation of symptoms thought to be angina
pectoris.

Interventions Eight different strategies were
considered, including different combinations of exercise
treadmill testing (ETT), single-photon emission CT
(SPECT), cardiovascular magnetic resonance (CMR) and
coronary angiography (CA).

Main outcome measures Costs expressed as UK
sterling in 2010-2011 prices and health outcomes in
quality-adjusted life-years (QALYs). The time horizon was
50 years.

Results Based on the characteristics of patients in the
CE-MARC study, only two strategies appear potentially
cost-effective for diagnosis of CHD, both including CMR.
The choice is between two strategies: one in which CMR
follows a positive or inconclusive ETT, followed by CA if
CMR is positive or inconclusive (Strategy 3 in the
model); and the other where CMR is followed by CA if
CMR is positive or inconclusive (Strategy 5 in the
model). The more cost-effective of these two rests on
the threshold cost per QALY gained below which health
systems define an intervention as cost-effective. Strategy
3 appears cost-effective at the lower end of the
threshold range used in the UK (£20 000 per QALY
gained), while Strategy 5 appears cost-effective at the
higher end of the threshold range (£30 000 per QALY).
The results are robust to various sources of uncertainty
although prior likelihood of CHD requiring
revascularisation and the rate at which false negative
patients are eventually appropriately identified do impact
upon the results.

Conclusions The CE-MARC study showed that CMR
had superior diagnostic accuracy to SPECT and
concluded that CMR should be more widely used in the
investigation of patients with CHD. The economic
evaluation results show that using CMR s also a cost-
effective strategy and supports the wider adoption of this
modality.

INTRODUCTION

Coronary heart disease (CHD) is a leading cause of
death and disability worldwide. In the UK, over 2
million people are living with CHD and, in 2007,
it was estimated to account for over 94 000 deaths,
of which over 31 000 were considered premature.’

A variety of investigations may be used to diag-
nose CHD and identify patients who require cor-
onary revascularisation; all these tests, however,
have their limitations. Increasingly, non-invasive
imaging has replaced exercise treadmill testing
(ETT), with single-photon emission CT (SPECT)
being the most commonly used test for myocardial
ischaemia worldwide.> Cardiovascular magnetic
resonance (CMR) imaging is increasingly used
for the diagnosis of CHD as a result of its safety
(no ionising radiation), high spatial resolution
and ability to assess multiple aspects of CHD path-
ology in both the stable and unstable clinical set-
tings.>™®

The diagnosis of CHD has no direct health benefit
in itself; instead, any improved accuracy in diagnosis
should result in more appropriate treatment which
can confer health benefits on patients. The optimal
management of patients with CHD continues to be
debated, but options include medical therapy, percu-
taneous coronary intervention (PCI) or coronary
artery bypass grafting (CABG). Many patients with
CHD, however, do not have significant coronary
artery stenosis and so do not require revascularisa-
tion. In the absence of detectable ischaemia, current
guidelines recommend risk factor modification and
optimal medical therapy as first line therapy for
angina symptom control.”

Establishing the best diagnostic strategy for patients
with suspected CHD is central to providing appropri-
ate therapeutic interventions. To inform this decision,
Clinical evaluation of magnetic resonance imaging in
coronary heart disease study (CE-MARC) was the
largest prospective evaluation to date of the diagnos-
tic accuracy of CMR compared with the reference
standard of coronary angiography (CA) for patients
referred to cardiologists for the further investigation
of symptoms thought to be angina pectoris.'® ' All
patients underwent ETT if physically able, and were
scheduled for SPECT and CMR (in random order)
followed by CA irrespective of clinical intention. This
evaluation considers the cost-effectiveness of differ-
ent diagnostic strategies for CHD based on the
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evidence gathered in the CE-MARC study together with other
published evidence.

METHODS

Overview

The aim of the analysis was to determine the cost-effectiveness
of alternative diagnostic strategies derived from the CE-MARC
study for patients referred to cardiologists with suspected
angina. The methods employed are consistent with those
detailed by the National Institute for Health and Clinical
Excellence (NICE).'? Costs falling on the NHS and Personal
Social Services are considered and outcomes are measured in
terms of quality-adjusted life-years (QALYs). The time horizon is
50 years and future costs and QALYs are discounted at 3.5% per
annum. All costs are calculated in UK sterling in 2010-2011
prices. For the base case analysis, the case of a 60-year-old male
with grade 2 symptoms on the Canadian Cardiovascular Society
(CCS) angina grading scale'® and prior likelihood of significant
stenosis requiring revascularisation of 39.5% is used; 15.9% of
patients are considered to have CHD but not significant coron-
ary artery stenosis (based on CE-MARC data)."! It is assumed
the patients are fit enough to undergo ETT. The choice of the
base case characteristics are based on patients’ characteristics
from the CE-MARC study and clinical opinion. Alternative
scenarios for age, gender, CCS grade, prior likelihood of disease
and costs of the diagnostic tests are also considered.

Diagnostic pathways

The aim of diagnostic testing is to identify patients with signifi-
cant coronary artery stenosis who require revascularisation
(either PCI or CABG). It is assumed all patients who are sus-
pected of having significant coronary stenosis must undergo a CA
as a definitive test before revascularisation. As the CA is regarded
as the ‘gold standard’ test (ie, it is assumed to have sensitivity and
specificity of 100%), it is assumed that there can be no false posi-
tives, so no patients will receive an inappropriate revascularisa-
tion procedure. However, as most of the non-invasive diagnostic
tests (ETT, SPECT and CMR) are not sufficiently accurate (ie,
sensitivities and specificities below 100%), some patients with
clinically significant stenosis requiring revascularisation will not
progress across the diagnostic pathways to CA, as a consequence
of a false negative (FN) test. Similarly, some patients without clin-
ically significant stenosis will progress to CA, as a consequence of
a false positive test, with its associated cost and morbidity/mortal-
ity risk. Patients incorrectly identified as not having significant
stenosis will not receive an appropriate revascularisation proced-
ure and, as a result, may experience less relief from their angina
symptoms until their disease is subsequently correctly managed.
It is assumed, however, that these ‘false negative’ cases in terms
of selection for revascularisation will have their ischaemia treated
by optimal medical therapy. Equally, there will be patients
without clinically significant stenosis and hence who do not
require revascularisation, but who do suffer from angina; these
patients are assumed to receive risk factor modification and
optimal medical management.

Identification strategies
Eight possible diagnostic strategies are derived from the
CE-MARC study and compared in the analysis based upon con-
sideration of how the tests are likely to be sequentially used in
clinical practice:

1. CA only

2. ETT, followed by CA if ETT is positive or inconclusive

3. ETT, followed by CMR if ETT is positive or inconclusive,
followed by CA if the CMR is positive or inconclusive

4. ETT, followed by SPECT if ETT is positive or inconclu-

sive, followed by CA if the SPECT is positive or

inconclusive

CMR, followed by CA if CMR is positive or inconclusive

6. SPECT, followed by CA if SPECT is positive or
inconclusive

7. ETT, followed by CA if positive, or followed by CMR if
ETT is inconclusive, followed by CA if CMR is positive or
inconclusive

8. ETT, followed by CA if positive, or followed by SPECT if
ETT is inconclusive, followed by CA if SPECT is positive
or inconclusive.

b

Model structure

To conduct the economic evaluation a decision analytic model
was developed. For the initial diagnosis a decision tree allocates
patients to the appropriate diagnostic group. The prognostic
implications of being in one of these groups are then quantified
using three distinct Markov models. An example of the decision
tree for Strategy 2 (ETT, followed by CA if ETT is positive or
inconclusive) is shown in figure 1.

Patients with significant stenosis requiring revascularisation are
allocated to one of three states as a result of the diagnostic strat-
egy: true positive who are correctly identified and revascularised;
FN who are misidentified and not revascularised; or dead as a
result of the mortality risks associated with CA, PCI and CABG.
Patients without significant stenosis can be separated into those
with and without CHD, and allocated to the states true negative
(TN) with angina, TN without angina and dead. The proportion
of patients in each state is dependent upon the sensitivities and
specificities of the various tests in a diagnostic strategy.

The prognostic Markov model is based on a previously pub-
lished model for angina based on the EUROPA trial and captures
future cardiovascular events and mortality.'* Submodels relate to
patients with significant stenosis (see figure 2) and to patients
without significant stenosis but with angina (see figure 3). For
patients without significant stenosis or angina, a simple Markov
model was developed incorporating only two states, alive and
dead. Full descriptions of the models can be found in online
supplementary appendix 1. Improved identification of patients
with significant stenosis will result in more patients receiving
appropriate revascularisation, and therefore receiving greater
symptom relief and higher health related quality of life
(HRQoL). The model allows for FN patients to be subsequently
identified and revascularised.

Parameter estimates
Parameter estimates are derived from the CE-MARC study,
the EUROPA study'* and from reviews of the published litera-

ture. 15717

10 11

Patient characteristics, effectiveness and natural history data

In the base case, the prior likelihood of significant stenosis
requiring revascularisation and the proportion of patients
without a significant stenosis but with CHD (based on patients
with between 10% and 69% coronary luminal stenosis) is taken
from CE-MARC. An alternative scenario was considered where
up to 20% of patients with significant stenosis would not be
scheduled for revascularisation, for example, due to patient
preference or comorbidity. Following a positive test, these
patients were assumed to receive optimal medical therapy
instead (based on CE-MARC data).
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Structure of decision tree using Strategy 2 as an example. CA, coronary angiography; CABG, coronary artery bypass grafting;

CHD, coronary heart disease; ETT, exercise treadmill testing; PCl, percutaneous coronary intervention.

The CE-MARC study also provides estimates of test accur-
acy.!! To account for correlations between tests within diagnos-
tic strategies, the sensitivities and specificities of tests are
calculated conditional on positive/uncertain results in earlier
tests in the strategy. The proportions of patients with severe
stenosis suitable for PCI and CABG are based on estimates from
UK practice.’>™'® Mortality rates for the procedures are based on
UK estimates. ® The parameter estimates for the diagnostic
strategies are shown in table 1.

The risks of cardiovascular events for true positive, FN and
TN patients with angina are based on the equations from a pre-
viously published model and patient covariates, which allow risk

Figure 2 Markov model for patients
with severe stenosis. CV, cardiovascular;
FN, false negative; TP, true positive.

cv
th

Non
dea

to be conditioned on factors such as age and gender.'* The
equations also allow for the capture of increased risk following
a non-fatal cardiovascular event. The non-cardiovascular mortal-
ity risk was derived from UK life tables.'®

To capture the increased risk of cancer mortality as a result of
ionising radiation from certain diagnostic tests and revascularisa-
tion procedures (CA, SPECT and PCI), evidence on radiation
dose and the consequential lifetime risk of cancer mortality is
incorporated into the model (for more details see online
supplementary appendix 2)."72!

No evidence was identified on the time it would take to cor-
rectly diagnose FN patients. Therefore, an exercise was

Entry Entry
FN TP
A 4
Non fatal
[——--.. =1 @
event y

Non fatal event
post 12 months
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Figure 3 Markov model for patients
with angina but without severe
stenosis. CV, cardiovascular; TN, true

Entry

negative.

Non CV
death

conducted with a sample of consultant cardiologists (n=9) to
elicit estimates of the proportion of FN patients who would be
expected to be correctly diagnosed within a year based on a
patient’s CCS grade (full details of the exercise can be found in
online supplementary appendix 3).

For TN patients without angina, the risk of mortality from all
causes was taken from UK life tables.'® The parameter estimates
for the Markov models are shown in table 2.

Resource use and costs

Costs for the diagnostic tests and revascularisation procedures
are taken from UK sources and based on 2010-2011
prices.”* > However, costs may vary as there are presently no
national tariffs for cardiac imaging. Therefore, a scenario ana-
lysis considers the cost differential between SPECT and CMR
imaging. These costs are presented in table 1.

For patients with significant stenosis and those with angina
but without significant stenosis, the costs of the following were
included: general treatment, fatal and non-fatal cardiovascular
events, and fatal non-cardiovascular events. These costs were
derived from the EUROPA trial and inflated to 2010-2011
prices.”* 2* No costs other than those of the initial diagnostic
tests were considered for patients who did not have significant
stenosis or angina. These costs are shown in table 2.

Health related quality of life

HRQoL is incorporated in terms of weights on a scale from 0
(death) to 1 (good health). Evidence was sought based on the
EQ-5D instrument®® which is the preferred measure of NICE.!?
Estimates are based on the combination of several sources and
assumptions®®~® to give HRQoL weights by age, gender, initial
CCS grade and treatment status (whether the patient had
received a revascularisation procedure or medical management).
It is assumed that HRQoL reductions for patients experiencing
angina were a fixed proportion of the HRQoL of the general
population by age; however, this assumption is tested in a scen-
ario analysis using fixed absolute HRQoL decrement from
angina symptoms. Full details of the sources and methods used
are provided in online supplementary appendix 4.

TN with
angina

Non fatal
event

Non fatal event
post 12 months

Analysis

Standard decision rules are used to identify the most cost-
effective diagnostic strategy for CHD based on a given set of
patient characteristics.”” This involves ranking strategies in
terms of their expected costs or effectiveness, removing strat-
egies which are subject to dominance (less effective and more
costly than one or more other strategies), then removing strat-
egies subject to extended dominance (where a linear combin-
ation of other strategies dominates them). Incremental
cost-effectiveness ratios (ICERs) are calculated for all remaining
options: the additional cost per QALY gained of a strategy com-
pared with the next most effective. To assess which option is
potentially cost-effective, the range of cost-effectiveness thresh-
olds used by NICE in the UK (£20 000-£30 000 per QALY) is
used,'? such that the most effective option with an ICER below
the threshold is considered the cost-effective strategy.

To reflect the uncertainty in the evidence used in the model,
input parameters are entered as probability distributions.
Probabilistic sensitivity analysis is then used to calculate the
mean costs and QALYs for each strategy and the probability that
a strategy is cost-effective for a given cost-effectiveness threshold
(in this case for £20 000 per QALY and £30 000 per QALY).>’

A range of alternative scenarios is also considered in the
model including varying CCS grade, gender, age, prior likeli-
hood of CHD requiring revascularisation, the impact of ionising
radiation on cancer, risk of cardiovascular events following
revascularisation, HRQoL decrements and the cost of diagnostic
tests.

RESULTS

Base case

Cost-effectiveness results for the base case and scenario analyses
are presented in table 3 with dominated and extendedly domi-
nated strategies excluded. In the base case (60-year-old male
with suspected CCS grade 2 and a prior likelihood of significant
stenosis of 39.5%), four of the diagnostic strategies are not
dominated or extendedly dominated. The least costly and least
effective of these strategies is Strategy 6, where patients are first
tested with SPECT and those identified as positive or inconclu-
sive then receive a CA to confirm the diagnosis. When the next

876
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Table 1 Parameters for diagnostic strategies

Parameter Mean value (95% CI) Source Comments/distribution
Accuracy of diagnostic devices
Primary analysis
CA—sensitivity 1 Assumed
CA—specificity 1 Assumed
Probability ETT inconclusive given CHD 0.215686 (0.163 to 0.270) CE-MARC"! Non-parametric bootstrap

Probability ETT inconclusive given no CHD
ETT—sensitivity (inconclusive treated as positive)
ETT—specificity (inconclusive treated as positive)
ETT—sensitivity (excluding inconclusive)
ETT—specificity (excluding inconclusive)
CMR—sensitivity

CMR—specificity

CMR—sensitivity given ETT positive/uncertain
CMR—specificity given ETT positive/uncertain
SPECT—sensitivity (inconclusive treated as positive)
SPECT—specificity (inconclusive treated as positive)
SPECT—sensitivity given ETT positive/uncertain

(inconclusive treated as positive)

SPECT—specificity given ETT positive/uncertain

(inconclusive treated as positive)

Mortality rates
CA mortality
PCI mortality
CABG mortality

Procedure costs

ETT cost—base case
CMR cost—base case
SPECT cost—base case
CA cost

PCl cost

CABG cost

Other

Proportion of patients with severe stenosis eligible

for PCI

Proportion of patients with severe stenosis
Proportion of patients without severe stenosis but

0.40694 (0.352 to 0.460) CE-MARC" Non-parametric bootstrap
0.9755 (0.953 to 0.995) CE-MARC" Non-parametric bootstrap
0.1924 (0.152 to 0.239) CE-MARC" Non-parametric bootstrap
0.9688 (0.941 to 0.994) CE-MARC"! Non-parametric bootstrap
0.3245 (0.260 to 0.396) CE-MARC"! Non-parametric bootstrap
0.8627 (0.821 to 0.903) CE-MARC"! Non-parametric bootstrap
0.8312 (0.792 to 0.868) CE-MARC" Non-parametric bootstrap
0.8643 (0.817 to 0.907) CE-MARC" Non-parametric bootstrap
0.8633 (0.817 to 0.903) CE-MARC" Non-parametric bootstrap
0.6784 (0.623 to 0.736) CE-MARC"! Non-parametric bootstrap
0.7980 (0.760 to 0.836) CE-MARC"! Non-parametric bootstrap
0.6784 (0.613 to 0.743) CE-MARC"! Non-parametric bootstrap
0.7969 (0.750 to 0.847) CE-MARC"! Non-parametric bootstrap
0.0007 West 20067 Fixed

0.001281 (0.0009 to 0.0017) BCIS'® B-Distribution

0.007914 (0.0066 to 0.0094) scs™ B-Distribution

£75 NHS reference costs?? Fixed value

£313 NICE costing document?® Fixed value

£293 NICE costing document?® Fixed value

£1052 NHS reference costs?? Fixed value

£2657 NHS reference costs?? Fixed value

£8635 NHS reference costs?? Fixed value

0.6276 (0.623 to 0.632)

0.3947 (0.360 to 0.434)
0.159

BCIS and SCS' '°

CE-MARC"!
CE-MARC"!

B-Distribution

B-Distribution
Fixed value

with angina

BCIS, British Cardiovascular Intervention Society; CA, coronary angiography; CABG, coronary artery bypass grafting; CHD, coronary heart disease; CMR, cardiovascular magnetic
resonance; ETT, exercise treadmill testing; NHS, National Health Service; NICE, National Institute for Health and Clinical Excellence; PC, percutaneous coronary intervention; SCS, The
Society for Cardiothoracic Surgery in Great Britain & Ireland; SPECT, single-photon emission CT.

more effective strategy, Strategy 3 (ETT, followed by CMR if
ETT is positive, followed by CA if CMR is positive or inconclu-
sive), is compared with Strategy 6 an ICER of £7779 per QALY
is generated. When the next more effective strategy, Strategy 5
(CMR followed by CA if CMR is positive or inconclusive), is
compared with Strategy 3, an ICER of £26 858 per QALY is
generated. When the most expensive strategy, Strategy 7 (ETT,
followed by CA if positive, or followed by CMR if ETT is
inconclusive, followed by CA if CMR is positive), is compared
with Strategy 5, an ICER of £113 401 per QALY is generated.

Therefore, below the lower limit of cost-effectiveness thresh-
old range of NICE (£20 000per QALY), Strategy 3 appears to
be the cost-effective option. However, if the upper limit of the
cost-effective threshold range of NICE is used (£30 000per
QALY), Strategy 5 appears to be the cost-effective strategy. The
probabilities of Strategy 3 and Strategy 5 being cost-effective at
a cost-effectiveness threshold of £20 000 per QALY are 0.5534
and 0.4482. At a threshold of £30 000 per QALY, the probabil-
ities are 0.4708 and 0.5082, respectively.

Scenario analyses

Alternative scenarios relating to gender, increasing the base case
age to 70-years-old, assuming the cancer risk from ionising radi-
ation is zero and altering the impact of revascularisation on the
risk of subsequent cardiovascular events have minimal impact
on the results (table 3). Reducing the base case age to
50-years-old, making HRQoL decrements absolute rather than
relative or allowing for patients with significant stenosis, which
is not scheduled for revascularisation, results in Strategy 3
appearing cost-effective at both threshold levels.

Increasing the severity of symptoms from CCS grade 2 to
grade 4 results in Strategy 5 appearing to be the cost-effective
strategy at the lower as well as the higher thresholds. Altering the
prior likelihood of CHD requiring revascularisation does appear
to have a marked impact on cost-effectiveness. Reducing the
prior likelihood to 20% (compared with 39.5% in the base-case)
led to Strategy 3 dominating all other strategies (ie, it has lower
cost and higher outcomes). If the prior likelihood is increased to
809% then Strategy 2 (ETT followed by CA if ETT is positive or
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Table 2 Parameters for Markov models

Comments/
Parameter Value (95% Cl) Source distribution
Transition probabilities
Patients with CHD
Probability of 1st cardiovascular event (TP) Risk equation 1 EUROPA™ Multivariate normal
Probability of 1st cardiovascular event (FN) Risk equation 1 EUROPA™ Multivariate normal
Probability cardiovascular event is fatal Risk equation 2 EUROPA™ Multivariate normal
Probability of another cardiovascular event within 12 months of previous event Risk equation 3 EUROPA™ Multivariate normal
Probability of another cardiovascular event at least 12 months postprevious event Risk equation 4 EUROPA™ Multivariate normal

Proportion of FN patients identified within 12 months with CCS grade 2 (base case)
Proportion of FN patients identified within 12 months with CCS grade 4
Probability of non-cardiovascular death

Patients without CHD
Probability of death

Costs

Patients with CHD

Background costs per quarter (for base case patient)

Additional background cost per quarter following previous non-fatal
cardiovascular event

Cost of non-fatal cardiovascular event
Cost of fatal cardiovascular event
Cost of fatal non-cardiovascular event

0.5759 (0.436 to 0.704)
0.7392 (0.626 to 0.829)
UK life tables

UK life tables

£401
£251

£12 001
£3701
£12 627

Expert clinical experts
Expert clinical experts
UK life tables'®

UK life tables'®

EUROPA' and PSSRU?*
EUROPA' and PSSRU?*

EUROPA™ and PSSRU?*
EUROPA' and PSSRU?*
EUROPA' and PSSRU?*

B-Distribution
B-Distribution
Fixed value

Fixed value

Multivariate normal
Multivariate normal

Multivariate normal
Multivariate normal
Multivariate normal

CCS, Canadian Cardiovascular Society; CHD, coronary heart disease; FN, false negative; TP, true positive.

inconclusive) is the cost-effective strategy with an ICER of £8034
per QALY, as well as being the most effective strategy.

Altering the reidentification rate of FN patients also impacted
upon the cost-effective strategy. When the rate is halved,
Strategy 5 is the cost-effective option at the lower threshold,
while Strategy 7 is the cost-effective option at the higher thresh-
old. However, when the rate of reidentification of FN is
increased, Strategy 6 (SPECT followed by CA if SPECT is posi-
tive or inconclusive), the least costly and effective strategy,
appeared cost-effective across the range of NICE threshold.

Given the lack of a national price tariff for the diagnostic
tests, the cost increment of CMR compared with SPECT was
varied to assess the impact on cost-effectiveness (in the base case
the cost increment was £20). When the cost increment was
reduced to £0, Strategy 5 appears cost-effective even at the
lower threshold of £20 000 per QALY. However, when the cost
increment is increased to £75, Strategy 5 no longer appears
among the non-dominated strategies, with Strategy 3 appearing
cost-effective at both threshold levels. When the cost increment
is increased to £100, Strategy 6 appears to be the cost-effective
option at the lower threshold, while Strategy 3 still appears to
be the cost-effective option at the higher threshold.

DISCUSSION

Principal findings

Based on the characteristics of the patients recruited to, and the
results of, the CE-MARC study and the other evidence and
assumptions, two strategies appear cost-effective at UK NICE
accepted cost-effectiveness thresholds. The choice between
Strategy 3 (ETT, followed by CMR if ETT is positive or incon-
clusive, followed by CA if CMR is positive or inconclusive) and
Strategy 5 (CMR followed by CA if CMR is positive or incon-
clusive) rests upon whether the lower or higher limit of the
NICE cost-effectiveness threshold range is used. The results are
robust under various alternative scenarios. The fact that both
strategies contain CMR supports the results of the CE-MARC

study: that CMR’s high diagnostic accuracy in CHD and super-
iority over SPECT indicates it should be more widely used in
the investigation of CHD.!!

The secondary analysis considering the incremental cost of
CMR to SPECT showed that CMR was likely to remain part of
a cost-effective strategy as long as its incremental cost is not too
large (a threshold analysis showed that the incremental cost
needed to be less than £90 at a threshold of £20 000 per QALY,
and less than £115 at the threshold of £30 000 per QALY). As it
stands, no national tariff for cardiac imaging exists in the UK;
the development of national reference costs for CMR, and
cardiac imaging more generally, would be of great value in
ensuring that incremental cost of CMR does not exceed this
value so that CMR remains cost-effective.

Our results also demonstrated that the prior likelihood of
CHD is an important determinant of which strategy is cost-
effective. There is little contemporary evidence to predict the
prior likelihood of CHD on the basis of a patient’s presenting
characteristics. Recent guidelines from NICE refer to published
data from the 1970s.! 3° Our results suggest that examining pre-
dictors of this prior likelihood would be a valuable area of
further research. In principle, this could facilitate the appropri-
ate stratification of patients on the basis of their prior likeli-
hood, and this is likely to lead to an individualised choice of
diagnostic strategies being cost-effective compared with using a
single strategy for all patients.

Other studies

No other studies were identified which compared SPECT and
CMR for identification of CHD using methods for the economic
evaluation recommended by NICE, that is, which reported a cost
per QALY outcome.'? Dewey and Hamm?! found that CMR was
not cost-effective for any pretest likelihood of CHD but this was
based upon the use of cost per correct diagnosis, which is a limited
outcome measure for economic evaluation. Other published
studies and meta-analyses of the diagnostic accuracy of SPECT and
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Table 3 Cost-effectiveness results

Probability cost-effective

Probability cost-effective

Strategy Expected costs Expected QALYs ICER at £20 000 per QALY at £30 000 per QALY
Base case
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC
Strategy 6—SPECT-CA £18241.22 11.533647 0.0132 0.0006
Strategy 3—ETT-CMR-CA £18 278.46 11.538433 £7778.81 0.5334 0.4708
Strategy 5—CMR-CA £18 284.66 11.538664 £26 858.45 0.4482 0.5082
Strategy 7—ETT-CA/CMR-CA £18 360.94 11.539337 £113 401.09 0.0026 0.0196
Scenario analyses
60-year-old female with suspected CCS2, prior likelihood of disease based on CE-MARC
Strategy 6—SPECT-CA £18639.29 12.095929 0.002 0
Strategy 3—ETT-CMR-CA £18 657.21 12.100839 £3650.01 0.5106 0.4496
Strategy 5—CMR-CA £18 661.01 12.101021 £20913.98 0.4752 0.5048
Strategy 7—ETT-CA/CMR-CA £18 728.15 12.101611 £113 667.98 0.0122 0.0456
60-year-old male with suspected CCS4, prior likelihood of disease based on CE-MARC
Strategy 6—SPECT-CA £18 153.46 11.240582 0.0062 0.001
Strategy 3—ETT-CMR-CA £18 184.43 11.246550 £5188.79 0.4572 0.3606
Strategy 5—CMR-CA £18189.74 11.246889 £15 667.60 0.5068 0.5118
Strategy 7—ETT-CA/CMR-CA £18 263.53 11.248138 £59 103.32 0.0292 0.1262
50-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC
Strategy 6—SPECT-CA £19 268.73 14.260593 0.039 0.0038
Strategy 3—ETT-CMR-CA £19325.10 14.265993 £10 440.04 0.637 0.5988
Strategy 5—CMR-CA £19333.95 14.266170 £49 967.17 0.3172 0.3872
Strategy 7—ETT-CA/CMR-CA £19419.79 14.266693 £164 185.66 0.0004 0.0098
70-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC
Strategy 6—SPECT-CA £16 440.38 8.608474 0.0156 0.0018
Strategy 3—ETT-CMR-CA £16 476.58 8.613096 £7832.88 0.5328 0.4458
Strategy 5—CMR-CA £16 482.54 8.613347 £23 721.50 0.4426 0.51
Strategy 7—ETT-CA/CMR-CA £16 558.84 8.614315 £78 841.61 0.0074 0.042
60-year-old male with suspected CCS2, prior likelihood of disease of 20%
Strategy 3—ETT-CMR-CA £9463.05 11.820481 Dominant 0.96 0.9646
60-year-old male with suspected CCS2, prior likelihood of disease of 60%
Strategy 6—SPECT-CA £27 393.89 11.237285 0.009 0.0016
Strategy 8—ETT-CA/SPECT-CA £27 461.91 11.245557 £8222.96 0.0166 0.0016
Strategy 7—ETT-CA/CMR-CA £27 476.66 11.247217 £8878.23 0.9476 0.9856
Strategy 2—ETT-CA £27 537.40 11.247317 £611188.29 0 0
60-year-old male with suspected CCS2, prior likelihood of disease of 80%
Strategy 6—SPECT-CA £36 330.31 10.944361 0 0
Strategy 8—ETT-CA/SPECT-CA £36 357.00 10.956250 £2244.74 0.0122 0.0008
Strategy 2—ETT-CA £36 383.59 10.959560 £8034.32 0.906 0.9518
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, no cancer
Strategy 6—SPECT-CA £18272.71 11.528218 0.0124 0.0008
Strategy 3—ETT-CMR-CA £18 309.97 11.532987 £7813.29 0.519 0.4526
Strategy 5—CMR-CA £18316.01 11.533223 £25 557.83 0.4644 0.5256
Strategy 7—ETT-CA/CMR-CA £18392.39 11.533912 £110 833.85 0.0008 0.0202
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, revascularisation benefits based on the EUROPA study
Strategy 6—SPECT-CA £18 216.40 11.555109 0.0046 0.0004
Strategy 3—ETT-CMR-CA £18 246.26 11.560269 £5788.65 0.489 0.4142
Strategy 5—CMR-CA £18 251.61 11.560534 £20 134.76 0.499 0.5374
Strategy 7—ETT-CA/CMR-CA £18 323.82 11.561396 £83 829.10 0.0066 0.0472
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, absolute EQ-5D decrement
Strategy 6—SPECT-CA £18213.99 11.536243 0.0132 0.0016
Strategy 3—ETT-CMR-CA £18 251.31 11.541120 £7654.60 0.5882 0.52
Strategy 5—CMR-CA £18 257.60 11.541305 £34 029.55 0.395 0.456
Strategy 7—ETT-CA/CMR-CA £18 334.51 11.541980 £113 840.17 0.0028 0.0222
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, reidentification rate reduced by 50%
Strategy 6—SPECT-CA £18122.30 11.519688 0.001 0.0002
Strategy 3—ETT-CMR-CA £18 185.04 11.530546 £5778.22 0.245 0.1068
Strategy 5—CMR-CA £18 193.98 11.531425 £10 164.82 0.4634 0.289
Strategy 7—ETT-CA/CMR-CA £18 283.70 11.535112 £24 335.95 0.2902 0.604

Continued
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Table 3 Continued

Probability cost-effective

Probability cost-effective

Strategy Expected costs Expected QALYs ICER at £20 000 per QALY at £30 000 per QALY
Strategy 2—ETT-CA £18 407.24 11.535246 £922 885.87 0 0
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, reidentification rate increased by 50%
Strategy 6—SPECT-CA £18 209.45 11.541417 0.1512 0.0366
Strategy 4—ETT-SPECT-CA £18221.04 11.541438 £558 877.72 0.0226 0.0062
Strategy 3—ETT-CMR-CA £18 236.15 11.543805 £6382.18 0.5892 0.6964
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, £0 cost increment of CMR compared with SPECT
Strategy 6—SPECT-CA £18233.24 11.538210 0.0034 0
Strategy 3—ETT-CMR-CA £18 252.93 11.543031 £4084.38 0.4432 0.3964
Strategy 5—CMR-CA £18 256.36 11.543263 £14 767.81 0.5522 0.594
Strategy 7—ETT-CA/CMR-CA £18 346.28 11.543933 £134122.19 0.001 0.0096
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, £50 cost increment of CMR compared with SPECT
Strategy 6—SPECT-CA £18 220.92 11.534299 0.1196 0.0122
Strategy 3—ETT-CMR-CA £18 284.77 11.539085 £13 341.26 0.556 0.5314
Strategy 5—CMR-CA £18 294.70 11.539318 £42 421.27 0.2906 0.3858
Strategy 7—ETT-CA/CMR-CA £18 350.65 11.539985 £83 991.25 0.0136 0.0644
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, £75 cost increment of CMR compared with SPECT
Strategy 6—SPECT-CA £18 204.59 11.534179 0.309 0.052
Strategy 3—ETT-CMR-CA £18 290.04 11.538979 £17 801.45 0.4222 0.5128
Strategy 7—ETT-CA/CMR-CA £18 342.53 11.539887 £57 789.58 0.029 0.129
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, £100 cost increment of CMR compared with SPECT
Strategy 6—SPECT-CA £18 267.50 11.532462 0.5154 0.1302
Strategy 3—ETT-CMR-CA £18 375.08 11.537255 £22 441.83 0.1926 0.3788
Strategy 7—ETT-CA/CMR-CA £18413.91 11.538184 £41 832.10 0.0234 0.176
60-year-old male with suspected CCS2, prior likelihood of disease based on CE-MARC, 20% of TP patients do not undergo revascularisation
Strategy 6—SPECT-CA £17 917.91 11.45855 0.0212 0.0014
Strategy 3—ETT-CMR-CA £17 947.35 11.46251 £7440.79 0.5554 0.5222
Strategy 5—CMR-CA £17 952.48 11.46264 £39 398.46 0.4196 0.473
Strategy 7—ETT-CA/CMR-CA £18 024.81 11.46289 £290 686.98 0 0.003

CA, coronary angiography; CCS, Canadian Cardiovascular Society; CMR, cardiovascular magnetic resonance; ETT, exercise treadmill testing; ICER, incremental cost-effectiveness ratio;

QALY, quality-adjusted life-year; SPECT, single-photon emission CT.

CMR have shown comparable results. For example, the sensitivity
of CMR in CE-MARC was similar to that in a recent CMR
meta-analysis®> (86% vs 89%) and to a prospective study of
women (849%).3® Previous studies of SPECT have shown a wide
range in sensitivity (63%-93%) and specificity (10%-90%) com-
pared with x-ray angiography.>*>° This may be due to the fact that
published SPECT data are heterogeneous for population, radioiso-
tope tracer, mode of stress and protocol; notably, before
CE-MARC, SPECT had never been tested prospectively against CA
in such large numbers and in an unselected patient population of

this kind.

Strengths and limitations

This study provides the first assessment of the cost-effectiveness of
various strategies containing SPECT and CMR for the diagnosis of
CHD which meet UK guidelines for cost-effectiveness analyses.>!
The CE-MARC study is the largest prospective evaluation of
CMR to date and allowed for robust estimates of diagnostic accur-
acy for the different tests, resulting in high internal validity for the
analysis. Access to data from the CE-MARC study also allowed for
correlation in diagnostic accuracies along strategies, removing the
need for assumptions about independence in diagnostic accuracy
between tests. The use of one diagnostic study which allows the
estimation of correlations may be preferable to a synthesis of
summary data from multiple studies, particularly given that the

methods for meta-analysis of diagnostic accuracy are not well
established or validated.’”

A possible weakness of the analysis is the exclusion of other
technologies not included in the CE-MARC study which may
prove to be constituents of a cost-effective diagnostic strategy.
For example, CT coronary angiography (CTCA) is becoming
more widely available for the diagnosis of CHD.! ** However,
as there is a paucity of CTCA data in unselected patient popula-
tions and which are comparable with the CE-MARC study, and
also a dearth of methods for the synthesis of diagnostic data, we
did not want to compromise the high internal validity of the
CE-MARC study by including data on diagnostic accuracy from
other modalities not included in CE-MARC. Further to this, the
use of CTCA in a population with medium to high pretest likeli-
hood of CHD, such as that in CE-MARC, is not currently
recommended in UK NICE guidelines (CG9S5), in part due to
the issue of potential high false positive rates in those with cor-
onary artery calcification.’

This study has not explicitly considered patients who were
unfit to undergo ETT. In the CE-MARC study, around 20% of
patients were unfit for ETT. However, as no difference was
observed in the sensitivities of subsequent tests between the fit
and unfit populations, the use of CE-MARC data for all patients
for the accuracy of SPECT and CMR will not impact upon the
results. In those patients unfit for ETT, only those strategies
excluding ETT should be considered.

This analysis has only considered mortality as a result of
cancers caused by radiation and not the morbidity or costs asso-
ciated with such cancers, which may bias the results in favour of
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those strategies which result in patients receiving a greater radi-
ation dose. However, this effect is likely to be negligible given
the low risk of radiation induced cancer. This focus in the mod-
elling on mortality risks rather than morbidity impacts is also
true for other tests considered but, again, the impact on cost-
effectiveness results is likely to be minimal.

Another possible limitation is that the model assumes that all
diagnostic strategies take the same time from start to finish.
However, this may not be the case, as more tests are likely to
increase the length of the strategy and, therefore, the time until
the patient receives the benefits of revascularisation.

The study is focused on the costs and effects of alternative diag-
nostic tests in a UK NHS context. The focus on a single healthcare
system is an inevitable feature of all economic evaluations given that
much evidence is country specific, particularly costs. The extent to
which this analysis generalises to other settings needs careful consid-
eration. However, the developed model can be readily adapted to
assess the cost-effectiveness in other jurisdictions.

CONCLUSIONS

The results from this economic evaluation suggest that CMR
should be considered as part of a diagnostic strategy for the
identification of patients with CHD suitable for revascularisa-
tion. The exact strategy will depend on the cost-effectiveness
threshold used as well as several other factors, most notably the
prior likelihood of CHD in the population. However, between
the thresholds of £20 000 and £30 000 per QALY (lower and
upper limits considered cost-effective by NICE), CMR forms
part of the optimum investigation strategy for the investigation
of patients with CHD.
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