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Abstract
Regional myocardial ischaemia is commonly expressed
as exertional angina in patients with stable coronary
artery disease (CAD). It also associates with prognosis,
risk tending to increase with the severity of ischaemia.
The validity of myocardial ischaemia as a surrogate for
adverse clinical outcomes, however, has not been well
established. Thus, in cohort studies, ischaemia testing
has failed to influence rates of myocardial infarction
and coronary death. Moreover, in clinical studies,
pharmacological and interventional treatments that are
effective in correcting ischaemia have rarely been shown
to reduce cardiovascular (CV) risk. This contrasts with
statins and other anti-inflammatory drugs that have no
direct effect on ischaemia but improve CV outcomes
by modifying the atherothrombotic disease process.
Despite this, and with little evidence of patient benefit,
stress testing is commonly used during the follow-up of
patients with stable CAD when the demonstration of
ischaemic change may be seen as a target for treatment,
independently of symptomatic status. Substitution
of a symptom-driven management strategy has the
potential to reduce rates of non-invasive stress testing,
unnecessary downstream revascularisation procedures
and use of valuable resources in patients with stable
CAD without adverse consequences for CV risk.
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In patients with coronary artery disease (CAD), the
burden of ischaemia is related to the extent and
functional significance of luminal obstruction, as
influenced by lesion characteristics, collateral development and other factors affecting the balance of
myocardial oxygen supply and demand. Ischaemia
is an important determinant of symptoms, usually
expressed as angina in patients with stable CAD,
but the relationship is unpredictable, and ‘silent’
myocardial ischaemia can often be demonstrated
in patients with CAD who experience no angina.1
Alternatively, angina may occur in patients with
angiographically unobstructed coronary arteries.2
Detection of ischaemia non-invasively relies
on functional cardiac testing during exertional or
pharmacological stress. Functional responses to
ischaemia are typically regional in distribution and
resolve with relief of the stress. They include electrocardiographic ST segment and T wave changes,
echocardiographic left ventricular wall motion
abnormalities and perfusion defects detected by
single-photon emission computed tomography
(SPECT) or cardiac magnetic resonance (cMR)
perfusion imaging. Alternatively, fractional flow
reserve (FFR) may be used to assess the functional

significance of coronary stenoses.3 FFR is usually
measured during invasive coronary angiography,
but less invasive methods are now available using
analysis of quantitative flow ratio or CT coronary
angiography (CTCA).4 5
Inducible ischaemia during stress testing is widely
used as a surrogate of cardiovascular (CV) risk in
patients with stable CAD and may reduce thresholds for revascularisation in symptomatic and
asymptomatic subgroups according to international
guideline recommendations.6 7 Inducible ischaemia has also been used as a surrogate endpoint
in clinical outcome trials.8 However, its validity as a
surrogate of CV risk merits further scrutiny. In this
article, we examine whether or not myocardial ischaemia meets the following key criteria for surrogacy
of adverse clinical outcomes in patients with stable
CAD: (1) an association with major adverse cardiac
events, (2) a place on the causal pathway and (3)
responsiveness of cardiac events to treatment-related changes in inducible ischaemia.8–10

Ischaemia and the risk of major adverse cardiac
events
Cohort studies in patients with known or suspected
CAD have reported associations between myocardial ischaemia and major adverse cardiac events.
In a 1998 study of 5183 patients undergoing stress
SPECT,11 the risk of cardiac death or myocardial
infarction during follow-up for 2 years was low in
patients with normal scans but increased incrementally with worsening scan abnormalities. A 2012
study of stress SPECT confirmed these findings by
showing that the risk of acute coronary syndromes
during 5–25 years of follow-up of 1287 asymptomatic siblings of people with premature CAD showed
a dose–response relationship with the severity of
ischaemia.12 A 2013 meta-analysis of 19 studies
of stress cMR involving a total of 11 636 patients
followed up for an average of 32 months showed
that patients with ischaemia had a higher incidence
of myocardial infarction (MI) (OR 7.7; p<0.0001),
CV death (OR 7.0; p<0.0001) and the combined
endpoint (OR 6.5; p<0.0001) compared with
those with a negative study.13
In the prospective ‘Heart and Soul’ study of 1024
patients undergoing stress echocardiography, inducible ischaemia was an independent predictor of both
CV (RR 2.28 (95% CI 1.44 to 3.61)) and non-CV
(RR 1.83 (95% CI 1.24 to 2.70)) mortality during
follow-up for 10 years.14 The larger The Prospective
Observational Longitudinal Registry of Patients
With Stable Coronary Artery Disease (CLARIFY)
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registry of >20 000 patients with stable CAD who underwent
non-invasive ischaemia testing (stress ECG, stress echocardiogram or SPECT) also found association between ischaemia and
CV endpoints but only for patients with angina (HR 1.75 (95%
CI 1.34 to 2.29)) and patients with silent ischaemia showing
no excess risk compared with patients with neither angina nor
ischaemia.15

Ischaemia and causal pathways of CV risk

The association of inducible ischaemia with CV endpoints does
not confirm its status as a surrogate if it does not lie on the causal
pathway for these endpoints.8 Evidence questioning a causal
role for ischaemia includes the clinical observation that more
than half of patients presenting for the first time with myocardial infarction have no prior angina.16 17 Similarly, in stable CAD
populations including CLARIFY and cohorts attending chest pain
clinics, a significant proportion of cardiac events occur in patients
without angina or demonstrable ischaemia, no doubt reflecting
rupture of non-obstructive plaque that had not been identified by
functional testing.15 18 These clinical observations suggesting that
ischaemia may not be a necessary prerequisite for adverse coronary events are borne out by angiographic studies which show
that non-obstructive coronary plaques are as likely to provide
a substrate for myocardial infarction as more severely obstructive plaques (figure 1A and B).19 20 This in turn is consistent with
pathophysiological mechanisms of acute coronary syndromes in
which it is not the degree of coronary luminal obstruction but
the vulnerability of the plaque, defined by factors including cap
thickness, lipid pool dimensions and inflammatory infiltrates,
that determines the risk of plaque rupture and thrombotic coronary occlusion.21 Plaque vulnerability may itself induce endothelial dysfunction and myocardial ischaemia, but this does not
put ischaemia on the causal pathway without evidence that its
treatment has plaque stabilising effects.22 These clinical, angiographic and pathophysiological observations argue against ischaemia lying on the causal pathway for CV events and question its
2

biological plausibility as a valid surrogate for acute MI (AMI) and
coronary death in patients with stable CAD (figure 2).

Diagnostic stress testing and CV outcomes

A crucial requirement for validation of ischaemia as a surrogate
endpoint is that its treatment should cause parallel reduction in
the risk of adverse CV outcomes.8–10 This would be unlikely if,
as argued above, ischaemia does not lie on the causal pathway
for these outcomes. Randomised trials of non-invasive ischaemia testing and its contribution to risk reduction in patients
with suspected or established CAD are lacking, but indirect
evidence from cohort studies tends to confirm that coronary
event rates are unaffected by these investigations. In a registry
analysis of nearly 250 000 patients who had undergone percutaneous coronary intervention (PCI), top quartile hospitals for
rates of non-invasive stress testing performed more repeat revascularisation procedures but had almost identical adjusted risk
of myocardial infarction and death compared with hospitals in
the bottom quartile.23 Findings were similar in a study of more
than half a million patients with chest pain in 224 US hospitals who underwent cardiac stress imaging.24 Again, hospitals
with higher imaging rates did not have substantially different
rates of therapeutic interventions or lower readmission rates
for AMI but were more likely to admit patients and perform
angiography. The authors of both studies questioned whether
increased testing is a marker for improved quality of post-PCI
care or simply increased healthcare utilisation.

Interventions targeted at ischaemia and CV outcomes

More direct evidence about the validity of inducible ischaemia as
a surrogate for CV endpoints comes from observations of treatment effects.

Medical therapy

For patients with angina, the benefits of targeting ischaemia are
well documented and underpin the clinical application of all
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Figure 1 (A) Coronary angiogram in a patient who presented with non-ST elevation myocardial infarction showing severe disease proximally in the
LAD coronary artery with collateralisation of an occluded RCA. Coronary artery bypass surgery with grafts to the LAD and RCA produced complete
symptomatic relief. (B) Eighteen months later, the patient presented with unstable angina. Coronary angiography confirmed patency of both grafts,
but the obtuse marginal branch of the circumflex coronary artery had occluded (arrow) due to rupture of subcritical plaque at its origin. LAD, left
anterior descending; RCA, right coronary artery.
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the commonly used antianginal drugs including nitrates, betablockers, ivabradine and calcium channel blockers. Yet, despite
the benefits of these drugs for reducing myocardial ischaemia
and correcting symptoms in patients with stable CAD, there is
no evidence that they protect against CV events. In The Study
Assessing the Morbidity–Mortality Benefits of the If Inhibitor ivabradine in Patients with Coronary Artery Disease, for
example, there was no outcome benefit for the group randomised
to ivabradine despite significant reduction in angina frequency
compared with the placebo group.25 In the Reduction of Atherothrombosis for Continued Health (REACH) registry too, the risk
of composite CV events was comparable in propensity matched
cohorts stratified by beta-blocker therapy, although the effects
of treatment on symptoms or inducible ischaemia were not
recorded in this study.26

Revascularisation

PCI can further augment ischaemia reduction in patients
receiving medical therapy (MT), but convincing evidence that it
protects against CV events in patients with stable CAD is lacking.
Thus, in the landmark Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation trial, the addition of
PCI to optimal MT (OMT) was associated with more effective
reduction of ischaemia yet failed to reduce event rates compared
with OMT alone.27 Patients who exhibited ≥5% reduction in
ischaemic myocardium had better outcomes compared with
patients with a less pronounced response to treatment, but the
difference disappeared in risk-adjusted analysis.28 Similarly, in
Bypass Angioplasty Revascularization Investigation 2 Diabetes,
revascularisation was associated with significantly less ischaemic
myocardium at 1 year compared with MT, yet outcomes were
similar, and there was no significant difference between the
groups in rates of death and major CV events.29
Dissociation between ischaemia reduction in response to revascularisation and CV outcomes in stable CAD is variably borne out
by observational data. In a large study of >10 000 patients who
underwent exercise or adenosine stress myocardial perfusion
scintigraphy during the 1990s, ~7% underwent revascularisation by PCI or coronary artery bypass grafting (CABG), whereas
the remainder continued on medical treatment.30 Mortality was
higher for revascularisation compared with medical treatment,
perhaps reflecting biased selection of sicker patients, and only
after multiple comparisons between these treatment strategies
for subgroups defined by the extent of ischaemic myocardium
Timmis A, et al. Heart 2018;0:1–6. doi:10.1136/heartjnl-2018-313230

could a mortality benefit be demonstrated for revascularisation among patients with >20% ischaemic myocardium. This
study has been presented as supporting a strategy of revascularisation for reducing ischaemia and protecting against cardiac
events despite a substantial overall survival benefit for medically treated patients. Of note was the choice of CABG in the
majority of patients with >20% ischaemic myocardium which
may have contributed to the mortality benefit, less through relief
of ischaemia than protection against the consequences of plaque
events in the proximal coronary circulation (see below). Similarly, inconclusive was an analysis of nearly 40 000 patients with
stable CAD from the REACH registry in which the risk of CV
death at 36 months of median follow-up was lower in patients
with previous PCI but higher in patients with previous CABG
compared with patients managed medically.31 Meanwhile, a
propensity matched study of MT versus revascularisation in
patients with silent ischaemia on myocardial perfusion scintigraphy had found almost identical all-cause mortality in the two
groups during follow-up.32
Evidence from randomised trials for prognostic benefit of
CABG in stable CAD is more robust, and a meta-analysis showed
improved survival for CABG compared with medical treatment
for patients with left main and multivessel disease, particularly
those with left ventricular dysfunction.33 The trials included in this
meta-analysis were conducted over 40 years ago, but, although
relevance to contemporary practice may be questionable, their
findings appear to be borne out by the recent Surgical Treatment
for IsChemic Heart Failure trial, in which a 10-year follow-up of
1212 patients with ischaemic cardiomyopathy showed reduced
rates of death from any cause for patients randomised to CABG
compared with medical treatment.34 The outcome, however, was
independent of inducible ischaemia at baseline, making bypass of
vulnerable plaque in the proximal coronary circulation a more
likely mechanism of benefit than reduction in ischaemia.35 36
PCI offers no protection against plaque events, despite its effectiveness for correcting ischaemia, and this may account for its
association with less favourable outcomes and reduced cost-effectiveness compared with CABG in studies that have recruited
patients with high ischaemic burden.37–39
The treatment data summarised above do not provide a strong
case for validation of ischaemia as a surrogate CV endpoint, but
they have been challenged by the Fractional Flow Reserve Versus
Angiography for Multivessel Evaluation 2 (FAME-2) trial.40 In
FAME-2, 888 patients with stable CAD were randomised to
3
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Figure 2 The causal pathway for AMI and coronary death (red arrows). This simplified diagram identifies inducible ischaemia as a consequence
of coronary artery disease but shows that if it does not lie on the causal pathway for coronary events, then modification of ischaemia will fail to
influence cardiovascular risk. AMI, acute myocardial infarction; PCI, percutaneous coronary intervention.
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Table 1

FAME-2
MT alone (n=441)
n (%)

P value

MACEs

45 (10.1)

97 (22.0)

<0.001

Death

12 (2.7)

16 (3.6)

0.43

MI

28 (6.3)

34 (7.7)

0.41

Urgent revascularisation

19 (4.3)

76 (17.2)

<0.001

Death or MI

37 (8.3)

46 (10.4)

0.28

MACEs at a 3-year follow-up in groups randomised to PCI plus MT or to MT alone.
FAME-2, Fractional Flow Reserve Versus Angiography for Multivessel Evaluation 2;
MACE, major adverse cardiovascular event; MI, myocardial infarction; MT, medical
therapy; PCI, percutaneous coronary intervention.

MT or MT plus FFR-guided PCI in which only functionally significant lesions with the potential to cause ischaemia were stented.
After 3 years, major adverse cardiac events were significantly less
frequent in the PCI group compared with the MT group (10.1%
vs 22.0%; p<0.001). The outcome advantage for the PCI group
was largely driven by a lower rate of urgent revascularisation
(4.3% vs 17.2%; p<0.001) with no significant difference in
rates of death or myocardial infarction (table 1). The extent to
which the unblinded treatment allocation in FAME-2 biased the
outcome is speculative, but knowledge that the MT group had
at least one functionally significant coronary stenosis that had
been left unstented might plausibly have reduced thresholds for
hospital admission and intervention in patients presenting with
recurrent chest pain, resulting in the observed increase in the
rate of urgent revascularisation compared with the FFR-guided
PCI group. In terms of hard endpoints, however, FAME-2 was
a negative trial and when included in a meta-analysis of five
randomised trials investigators concluded that in patients with
stable CAD and objectively documented myocardial ischaemia,
PCI with MT was not associated with a reduction in death or
non-fatal myocardial infarction compared with MT alone.41

Clinical considerations

The data support a unifying hypothesis of ischaemia as a marker
of atheroma burden that drives risk through predisposition to
plaque events. Interventions that modify ischaemia without
affecting plaque stability, therefore, may improve symptoms
but are unlikely to have any effect on the risk of myocardial
infarction or coronary death (figure 2). This accounts for the
failure of antianginal drugs and PCI to reduce CV risk and for
the success of statins and anti-inflammatory drugs which target
the atherothrombotic process but have no direct anti-ischaemic
effects.42 43 Clinically, the evidence favours a symptom-driven
management approach in which treatment decisions are based
more on chest pain characteristics than the results of functional
stress testing. Symptom-driven management recognises that
treatment of ischaemia may offer no protection against myocardial infarction or coronary death but is usually effective for
relieving symptoms although the Objective Randomised Blinded
Table 2

Conclusion

The balance of available evidence weighs against inducible
myocardial ischaemia as a valid surrogate for CV endpoints and a
therapeutic target for risk reduction in patients with stable CAD.
It shows that ischaemia associates with adverse CV outcomes
but does not lie on the causal pathway, and treatment to reduce
ischaemic burden rarely, therefore, protects against myocardial
infarction or coronary mortality. In this respect, ischaemia shows
similarity with other failed surrogates, such as homocysteine
and high-density lipoprotein cholesterol, both of which show
association with CV outcomes that have proved unresponsive
to interventions that modify plasma concentrations of these risk
factors.51 52 This contrasts with established surrogates of CV risk,
such as low-density lipoprotein cholesterol, treatment of which
produces salutary protection against myocardial infarction and
coronary death (table 2).42
Consistent though the data are in portraying inducible
myocardial ischaemia as a failed surrogate for CV endpoints,
they cannot be considered confirmatory. The Hachamovitch
study remains influential based on its finding of improved
outcomes with revascularisation (predominantly CABG) in a
severely ischaemic subgroup,11 and FAME-2 concluded that
FFR-guided coronary stenting plus best available MT was superior to MT alone for reducing rates of composite CV outcomes,
even though rates of death and myocardial infarction were
unaffected.40 Residual uncertainty about the role of a symptom-driven approach in the management of patients with stable
CAD may be resolved by the ongoing International Study of
Comparative Health Effectiveness with Medical and Invasive

Validation criteria for four CV biomarkers

Validation criteria

Inducible
ischaemia

LDL cholesterol

HDL cholesterol Homocysteine

1. Prognostic value: does biomarker correlate with adverse CV outcomes?

+++

+++

+++

++

2. Biological plausibility: is biomarker on the causal pathway for adverse CV outcomes?

+/−

+++

+

−

3. Treatment effects: do changes in biomarker produce similar changes in the outcome?

+/−

+++

−

−

All show strong correlation with adverse CV outcomes (myocardial infarction and coronary death), but only LDL cholesterol meets the validity criteria as a surrogate of CV risk.
CV, cardiovascular; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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PCI+MT (n=447)
n (%)

Investigation with optimal medical Therapy of Angioplasty in
stable angina (ORBITA) trial has cast interesting light on mechanisms contributing to the symptomatic benefit.44 This questions
the logic of stress testing in asymptomatic patients who may have
little to gain prognostically and nothing to gain symptomatically.
Stress testing continues to have a role for the diagnosis of coronary disease, yet there is considerable overuse with failure to
meet appropriateness criteria in up to 70% of tests, resulting
in increased rates of downstream angiography without influencing the risk of myocardial infarction or coronary death.45 46
England’s National Institute for Health and Care Excellence
has recommended a move away from diagnostic stress testing
in favour of anatomical testing with CTCA in patients with
suspected angina, but whether its enhanced diagnostic value will
be realised in practice awaits confirmation.47 Preliminary data
are favourable,48 and the potential added value of CTCA for
identification of vulnerable plaque in patients without inducible ischaemia, if fulfilled, may help identify high risk subgroups
invisible to stress testing.49 Meanwhile, contemporary healthcare
systems face increasing resource constraints with stable CAD
contributing importantly to costs.50 Addressing the overuse of
stress testing represents an important opportunity for reducing
costs without adversely affecting patient outcomes.
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invasive or conservative management strategy with follow-up
for all-cause and CV mortality. Whether the invasive approach
delivers improved CV outcomes as a consequence of more effective reductions in ischaemic burden is an important question
that will further inform debate about management strategies in
patients with stable CAD.
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