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ABSTRACT

Objective Given recent data on published diagnostic
accuracies, this study sought to determine the most cost-
effective diagnostic strategy for detection of significant
coronary artery disease (CAD) in stable angina patients
using invasive coronary angiography (ICA) and fractional
flow reserve (FFR) as the reference standard.

Methods A probabilistic decision-analytical model was
developed which modelled a cohort of patients with stable
angina. We investigated 17 diagnostic strategies between
standalone and combination of different imaging tests to
establish a correct diagnosis of CAD, using no testing as
the baseline reference. These tests included CT coronary
angiography (CTCA), stress echocardiography, CT-based
FFR, single-photon emission computed tomography
(SPECT), cardiovascular magnetic resonance (CMR),
positron emission tomography, ICA, and ICA with FFR.
Incremental cost-effectiveness ratios were calculated as
the additional cost per correct diagnosis.

Results SPECT followed by CTCA and ICA-FFR is the
most cost-effective strategy between a cost-effectiveness
threshold (CET) value of £1000—£3000 per correct
diagnosis. CMR followed by CTCA and ICA-FFR is cost-
effective within a CET range of £3000—£17 000 per correct
diagnosis. CMR and ICA-FFR is cost-effective within a CET
range of £17 000-£24 000. ICA-FFR as first line is the
most-cost effective if the CET value exceeds the £24 000
per correct diagnosis. Sensitivity analysis showed that
direct ICA-FFR may be cost-effective in patients with a
high pre-test probability of CAD.

Conclusion First-line testing with functional imaging

is cost-effective at low to intermediate value of correct
diagnosis in patients with low to intermediate risk of CAD.
ICA is not cost effective although ICA-FFR may be at higher
CET.

INTRODUCTION

Coronary artery disease (CAD) is the single
most common cause of death worldwide'
and accurate and timely diagnosis of patients
with suspected CAD is important to initiate
optimal medical therapy and consider revas-
cularisation, which may reduce adverse clin-
ical outcomes. Several diagnostic tests are in
clinical use for the detection of CAD. The

Key questions

What is already known about this subject?

» Coronary artery disease (CAD) remains an important
cause of morbidity and mortality.

» There is recent evidence on diagnostic accuracies
of non-invasive imaging tests compared with inva-
sive coronary angiography (ICA) with fractional flow
reserve (FFR), the reference standard for significant
CAD.

» We sought to determine the cost-effectiveness of
different diagnostic strategies to guide clinical path-
ways over a range of pretest probabilities and cost-
effectiveness thresholds.

What does this study add?

» Direct ICA alone for CAD testing is not cost effective,
although direct ICA-FFR may be cost effective at
high pretest probabilities.

» Non-invasive functional imaging with cardiovascu-
lar magnetic resonance is a cost-effective strategy
for diagnosis of CAD, at low to intermediate pretest
probability, assuming the willingness to pay for a
correct diagnosis falls between £3000 and £24 000,
and could be considered for first line testing for CAD.

How might this impact on clinical practice?

» These findings can help guide clinical decision
making through the appropriate use of different
diagnostic strategies according to patients’ pretest
probabilities and the extent of healthcare funding.

current UK National Institute for Health and
Care Excellence (NICE) guidelines propose
CT coronary angiography (CTCA) as firstline
for investigation for chest pain of suspected
cardiac origin.* A more recently published
guideline from the European Society of
Cardiology (ESC) recommends functional
or anatomical non-invasive imaging for
detection of stable CAD with consideration
of pretest probability.” While the guidelines
produced by NICE include recommendations
based on economic analysis, the ESC guide-
line does not consider cost-effectiveness as
part of the recommendations. An important
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limitation of the NICE guidelines is that the diagnostic
accuracies presented as part of the health economic
evaluation used invasive coronary angiography (ICA) as
the reference standard, which determines anatomical
information only rather than functional significance of
coronary artery lesions. The reference test for detection
of functionally significant CAD is invasive coronary angi-
ography with fractional flow reserve (ICA-FFR). Manage-
ment of patients with FFR-guided care is associated
with better clinical outcomes compared with patients
managed based on ICA alone.*® Based on contempo-
rary meta-analyses of the diagnostic accuracy of anatom-
ical and functional tests,”” we sought to determine the
most cost-effective diagnostic strategy for the detection of
functionally significant CAD in patients presenting with
new onset stable angina using ICA-FFR as the reference
standard.

METHODS

Overview and model structure

We developed a decision-analytical model to assess the
cost-effectiveness of different diagnostic strategies in
patients with suspected stable, functional CAD. A deci-
sion tree was built to capture the results of testing as the

number of true and false positive and negative results,
and the incidence of complications and death. The
model considered a hypothetical cohort of patients
with suspected stable CAD that undergo a diagnostic
test. The model structure for the alternative combina-
tions tested is reported in figure 1. The model consid-
ered a population with a prior risk of 37.6%, as the
base case, based on a previous large study of patients
that underwent coronary angiography for suspected
chest pain.® This risk is adjusted as part of the scenario
analysis, described later. A healthcare perspective was
applied. The time horizon extended to the initial
sequence of tests and the treatment of complications
arising from those tests. Given the short-term horizon,
no discounting was undertaken.

The primary outcome was the expected proportion
of correct diagnoses, a composite parameter calculated
as the sum of true positive and true negative results.
Patients who experienced either death or a complica-
tion were considered not to have received a correct
diagnosis regardless of the test result. This approach
implicitly considers death, a complication, a false nega-
tive or a false positive result to be equally detrimental
outcomes.

Degth {>Death
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Complication

——Comp
No complication rue positives
rue negatives

Death
First test C

Death

First test

{>Death

Negative result

True negative

alse Negative

Figure 1

Positive result

Model structure. (A) Reference test (ICA-FFR). (B) Combination of one test and reference test. (C) Combination of

two tests and reference test. ICA-FFR, invasive coronary angiography with fractional flow reserve.
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Testing strategies

We compared 17 diagnostic strategies based on (1) no
testing, (2) anatomical followed by functional testing
and then ICA-FFR (3) functional following by anatom-
ical testing, and then ICA-FFR (online supplemental
table Al). We considered ICA-FFR to be the reference
test. The diagnostic tests included CTCA, stress echocar-
diography (SE), CT-based FFR, single-photon emission
CT (SPECT), cardiovascular magnetic resonance (CMR),
positron emission tomography, ICA and ICA with FFR
(ICA-FFR). Negative results did not require further inves-
tigation. For clarity, from hereafter we refer to strategies
as their test sequence (eg, CTCA+CMR+ICA-FFR).

Model parameters

The diagnostic accuracies of the different tests were
obtained, from recent meta-analyses that used ICA-FFR
as the reference standard,6 7 of which the largest meta-
analysis was used to inform the recent ESC guideline
on chronic coronary syndrome.®? The parameters that
populated the model are shown in online supplemental
table A2. The predictive values of each test were deter-
mined using the prevalence of the disease and the corre-
sponding values of diagnostic accuracy. The probabilities
of death and non-fatal complications were obtained from
published evidence including large multicentre regis-
tries.'””'* All probabilities were considered independent,
and the results of any previous testing did not influ-
ence the result of the subsequent testing. Furthermore,
patients were assumed to be eligible for all diagnostic
tests.

Costs

Cost of each diagnostic test was taken from National
Health Service (NHS) reference costs 2017/2018."° The
costs of complications were calculated as the weighted
average of relevant Health Resource Group codes.
Weighting was based on the frequency of each complica-
tion. Online supplemental table A2 summarises the costs
used in the model. It was assumed that a fatal outcome of
a test did not incur an additional cost.

Cost-effectiveness analysis

We report cost-effectiveness as the cost per correct diag-
nosis. Using the strategy of ‘no testing’ as the baseline
reference comparator, we calculated and presented
incremental cost-effectiveness ratios (ICERs) for non-
dominated diagnostic strategies for each subgroup. The
ICER represents the additional cost per additional patient
correctly diagnosed for a strategy compared with the next
most effective strategy. Dominated and extendedly domi-
nated strategies were eliminated prior to calculating of
ICERs.'® Dominated strategies are those which generate
poorer outcomes at a higher cost compared with an
alternative strategy. Extendedly dominated strategies are
those which generate poorer outcomes at higher cost
compared with the application of an alternative strategy

to some proportion of the population and a different
alternative to the remaining population.

Sensitivity analysis

Parametric uncertainty was captured with a probabil-
istic sensitivity analysis using 1000-iteration Monte Carlo
simulation. In this approach, appropriate distributions
were assigned to each parameter to reflect the under-
lying uncertainty in that parameter (online supplemental
table A2), for example, with the confidence intervals for
the diagnostic accuracies, costs of tests and complications
costs. A value was then sampled from the specified distri-
bution for each parameter and the model evaluated for
that specific parameter set in each Monte Carlo simula-
tion. The results of the simulation are reported using cost-
effectiveness planes and cost-effectiveness acceptability
curves (CEAC).]7 The latter report the likelihood that
each strategy is the most cost-effective strategy according
to the value placed on the outcome - a correct diagnosis.
ICERs were calculated after determining mean costs and
mean outcomes for each strategy from the probabilistic
analysis.

In scenario analysis, we considered patient subgroups
with pre-test probability of CAD between 15% and 85%
with 10% increments according to recent ESC guide-
lines. We defined optimal diagnostic strategies as those
yielding the maximum net monetary benefit (most cost-
effective) at CET values ranging from £2000 to £50000
per correct diagnosis. We report the best strategy across
the range of pre-test probabilities at each CET along with
the expected costs, proportion of correct diagnoses and
incidence of complication and death.

RESULTS

Costs, outcomes and cost-effectiveness of the non-dominated
strategies in the base case are shown in table 1 and illustrated
in figure 2. Results for all strategies, including dominated
or extendedly dominated strategies, are shown in online
supplemental table A3. Thirteen of the 17 strategies were
dominated or extendedly dominated, suggesting they are
not cost-effective.

From table 1, at a CET for a correct diagnosis of £1027 to
£2,882, the most costeffective strategy is SPECT+CTCA+I-
CA-FFR. If the CET for a correct diagnosis falls between
£2882 and £16 998, the most costeffective strategy was
CMR+CTCA+ICA-FFR. Between £16998 and £24 426, the
strategy of CMR+ICA-FFR is the most cost-effective. First-line
ICA-FFR yields the most correct diagnoses but is only cost-
effective if the CET for a correct diagnosis exceeds £24426.

Impact of parameter uncertainty

Figure 3 shows the CEAC for the base case analysis. For
clarity, we plotted only the non-dominated strategies. The
plot indicates considerable uncertainty in the likelihood
that any one strategy is the most cost-effective across the mid
range of CET values. At very low CET values for a correct
diagnosis there is a high likelihood that SPECT+CTCA+I-
CA-FFR is the most cost-effective strategy. The likelihood
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Table 1 Probabilistic results of base-case scenario
Probability
Expected Expected Incremental of being the
proportion proportion cost per most cost
Strategy Expected Expected of incorrect of correct Expected correct effective
no Description deaths complications diagnoses diagnoses cost diagnosis strategy
1 ICA-FFR 0.08% 0.94% 0.00% 98.97% £2176.02 £24425.97 22%
CMR +ICA-FFR  0.03% 0.46% 4.16% 95.35% £1291.80 £16997.64 31%
16 CMR +CTCA + 0.02% 0.65% 5.25% 94.08% £1075.93 £2881.86 15%
ICA-FFR
15 SPECT+CTCA+  0.02% 0.63% 11.16% 88.18% £905.90 £1027.33 0.00%
ICA-FFR

CMR, cardiovascular magnetic resonance; CTCA, CT coronary angiography; ICA, invasive coronary angiography; ICA-FFR, invasive coronary
angiography and fractional flow reserve; SPECT, single-photon emission CT.

of CMR+CTCA+ICA-FFR being the optimal strategy is high
between £3000 and £15000 per correct diagnosis. Over
the range of £15000-£22000 per correct diagnosis, testing
with CMR+ICAFFR is the most likely to be cost-effective.
However, there is considerable uncertainty over this range,
reflecting the number of reasonable alternative testing strat-
egies compared. At values above £22000 per correct diag-
nosis, the probability that ICA-FFR alone is the most cost-
effective strategy rises rapidly.

Scenario analysis according to pretest probability of CAD
Figure 4 and online supplemental table A4 present the
results of scenario analysis examining a range of pretest

probabilities of CAD. At a low CET value of £2000 per

correct diagnosis, the strategy SPECT+CTCA+ICA-FFR
is cost-effective across the range of pretest risk up to
85%. As the CET increases, CMR+CTCA+ICA-FFR is
cost-effective over a growing range of pretest probabili-
ties and rapidly replaces SPECT+CTCA+ICA-FFR as the
cost-effective strategy even for low pretest probabilities.
ICA-FFR is cost-effective at a high pre-test risk of 85%
at a CET as low as £3000. As the CET increases, ICA-
FFR becomes cost-effective at lower pre-test probabili-
ties, gradually displacing CMR+CTCA+ICA-FFR. The
ranking of cost-effective strategy remains broadly the
same as pre-test probability of disease is varied. ICERs
fall as pretest risk increases, increasing the likelihood
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£3,000 |

£2500 -

£2,000

Expected costs
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£1,000 |
£500 -

£0 x-
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Probabilistic cost-effectiveness results

+ Strategy 1:ICA-FFR
« Strategy 3: CMR + ICA-FFR
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Figure 2 Probabilistic cost-effectiveness results. The solid line across panels represent the cost-effectiveness frontier.
Strategy 1: ICA-FFR. Strategy 3: CMR+ICAFFR. Strategy 16: CMR+CTCA + ICA-FFR. Strategy 15: SPECT+CTCA + ICA-FFR.
CMR, cardiovascular magnetic resonance; CTCA, CT coronary angiography; ICA-FFR, invasive coronary angiography and

fractional flow reserve; SPECT, single-photon emission CT.
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Cost-effectiveness acceptability curve
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Figure 3 Cost-effectiveness acceptability curve. Strategy 1: ICA-FFR. Strategy 3: CMR+ICAFFR. Strategy 16: CMR+CTCA +
ICA-FFR. Strategy 15: SPECT+CTCA + ICA-FFR. CMR, cardiovascular magnetic resonance; CTCA, CT coronary angiography;
ICA-FFR, invasive coronary angiography and fractional flow reserve; SPECT: single-photon emission CT.

that more expensive strategies such as ICA-FFR will be
cost-effective.

DISCUSSION
Our analysis shows that first line testing with CMR is cost-
effective if the additional cost per diagnosis falls in the
range of £3000 to £24000. These results reflect low to
intermediate pretest probability of CAD. However, our
sensitivity analysis demonstrates that at very high pretest
probability of CAD, direct ICA-FFR may be cost-effective.
This study provides important insights for clinical
decision-makers for the diagnosis of functional CAD from
a cost-effectiveness perspective: (1) non-invasive func-
tional testing is generally more cost-effective than inva-
sive testing and direct ICA is not a cost-effective strategy;
(2) SPECT and CMR are cost-effective first-line options at

Pre-test likelihood

£5,000

£2,000 £3,000 £7,500

£10,000

£15,000

low CET values per correct diagnosis and within low risk
subgroups, respectively and (3) direct ICA-FFR is cost-
effective if a correct diagnosis is valued above £24000.

Our findings challenge the recommendations
presented in the most recent NICE guidelines on chest
pain, which recommends CTCA as first line.? The results
suggest a greater role for non-invasive functional testing.
This may in part be explained by a key difference between
our analysis and that by NICE, since we based our analysis
on diagnostic accuracies compared with ICA-FFR, rather
than diagnostic accuracies of an anatomical assessment of
ICA alone, which is a well-recognised limitation acknowl-
edged in the NICE economic assessment. However, in our
analysis, CTCA features as part of a cost-effective strategy
following the results of a positive functional test, at low
CET values per correct diagnosis.

Strategy 1 ICA-FFR
@ Strategy 3 CMR + ICA-FFR
@ sStrategy 5 SE + ICA-FFR
@ Strategy 7 SPECT + ICA-FFR

; ; @ Strategy 15 SPECT + CTCA + ICA-FFR

” Strategy 16 CMR + CTCA + ICA-FFR

£20,000 £30,000 £50,000

Cost-effectiveness threshold per correct diagnosis
Figure 4 Scenario analysis on pretest likelihood and cost-effectiveness threshold per correct diagnosis.
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There has been much debate on the use of direct
first line invasive coronary angiography, and it has been
shown that using ICA alone has a low diagnostic yield for
the detection of CAD." A large multicentre study demon-
strated that patients that underwent ICA-FFR guided
management (functional) had better clinical outcomes
compared with that based on visual estimation of stenosis
(anatomical).* Our analysis indicates that direct ICA is a
dominated strategy (less effective and more expensive)
compared with sequential testing using functional testing
as the first line. Thus, our study supports the notion that
ICA is not an ideal strategy for detection of functional
CAD, from a cost-effectiveness perspective.

We found that CMR is a cost-effective first-line strategy
across a wide range of CET values, particularly in patients
with low risk of CAD. Ultimately, the cost-effectiveness
of diagnostic tests depends on the benefits to patients
that treating the underlying disease provides. In order
to appropriately quantify these potential benefits, anal-
ysis of the downstream costs and outcomes of disease
management is required. Nonetheless, we can make a
comparison with acceptable threshold values for a year in
full health. NICE applies a threshold of £20000-£30 000
per quality-adjusted life-year (QALY, equivalent to a
year in full health) when considering evidence on cost-
effectiveness.'® If a correct diagnosis is believed to lead
to a health gain of more than 0.1 QALYs but less than
0.5 QALYs the implied CET for a correct diagnosis would
range from £2000 to £15 000, with a higher health gain
implying a higher threshold. This range broadly equates
with the range of CET values of £3000—£17 000 over which
CMR followed by CTCA and the ICA-FFR is cost-effective
at a pretest probability of 37%. Hence CMR +CTCA+I-
CA-FFR is likely to be cost-effective in the UK if the health
gain from a correct diagnosis lies between 0.1 and 0.5
QALYs.

Several studies have evaluated the cost-effectiveness of
diagnostic strategies for the detection of CAD in patients
with stable angina. There is a wide heterogeneity in
the methodologies applied and results obtained, which
include short-term and long-term model-based economic
evaluations, as well as trial-based cost-effectiveness anal-
ysis.'? Initial studies that compared CTCA and CMR using
a model-based cost-effectiveness analysis demonstrated
that CTCA was more cost-effective than CMR for the diag-
nosis of CAD.% However, in contrast to the current study,
ICA alone was used as the reference standard rather than
ICA-FFR, which would otherwise favour an anatomical
test such as CTCA.

In contrast to our findings, the Evaluation of Integrated
Cardiac Imaging in Ischemic Heart Disease (EVINCI)
study suggested that combined testing with anatomical
and functional imaging was a cost-effective strategy.21
However, the EVINCI study was also based on a diagnostic
end point of obstructive CAD defined by >50% stenosis
on ICA rather than ICA-FFR.

Studies that have compared SPECT to CMR using ICA
as the reference standard, concluded that CMR was more

cost effective compared with SPECT in the UK* and in
Germany.23 In a recent economic analysis using data from
the CE-MARC 2 trial, CMR and SPECT were compared
against NICE recommendations in guiding management
of CAD, CMR was found to be the most cost-effective
strategy regardless of pretest probability.** In another
study, in which long-term modelling with a range of tests
was examined, CTCA followed by stress testing and inva-
sive angiography was the most cost-effective strategy,25
and the findings are different to our current study, which
may in part relate to the more contemporary data on
diagnostic accuracies used in this current study. More
recently, efforts have been made to determine the cost-
effectiveness of diagnostics using ICA-FFR as the refer-
ence test. A model-based economic evaluation which
compared CTCA, CMR, SPECT and ICA found that CMR
is cost-effective at a pretest likelihood of 32%.%

To the authors’ knowledge, our study is the first
economic evaluation which has incorporated all the
available diagnostic tests for functional CAD over a
broad range of pretest probabilities using ICA-FFR as the
reference standard. We believe that the inclusion of all
reasonable alternative strategies is important to provide
unbiased results to guide decision making. These find-
ings may be used as an adjunct to the ESC chronic coro-
nary syndrome guideline (based primarily on clinical
effectiveness) and provide complementary information
for decision making.

The interpretation of our findings needs to be consid-
ered with the limitations intrinsic to the analysis. First,
our analysis applied a short time horizon in which only
immediate decisions were captured. We did not include
the downstream costs of potential future tests, treat-
ment of stable CAD and costs of treating cardiovascular
events. We deliberately chose not to pursue the long-
term modelling as there is considerable debate as to the
long term outcomes and downstream clinical manage-
ment of patients with stable CAD. For instance, given
the recent findings of the ISCHEMIA trial,”’ it may be
that a correct diagnosis followed by medical therapy
alone is all that is needed for patients with stable CAD.
Future work is warranted to compare strategies which
include the long-term costs and benefits to patients
when long term outcome data are available. This would
improve decision making by allowing a fuller consider-
ation of the health impact of correct diagnosis. Second,
in this decision modelling process, the payer perspective
was that of the UK NHS healthcare system, and there-
fore the extrapolation of findings needs consideration
of local costs in alternative healthcare settings. Third,
the model assumes that all patients were suitable for all
tests. However, in clinical practice, certain tests may not
be suitable for all patients. For instance, CMR may be
contraindicated for patients with metallic implants, SE
may result in poor image quality in patients with large
body habitus and CTCA may not be suitable for patients
with allergy to iodinated contrast agents. However, we
have provided illustrative ICERs for all the available
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options that may be considered by each local health
economy.

Finally, the model considers patients with new onset
stable angina, and not patients with previous established
CAD with previous stents or coronary artery bypass
grafting.

CONCLUSIONS

CMR is a cost-effective first line test for functional CAD
across a range of threshold values placed on a correct
diagnosis. SPECT may be cost-effective at a very low CET.
ICA is not an appropriate first-line strategy, although
direct ICA-FFR may be considered in patients with a high
pretest probability of CAD. These findings support the
use of non-invasive testing for diagnosis of CAD and serve
to inform clinical decision making on the use of these
tests from a cost-effectiveness perspective.
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